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. creep life is reduced significantly. : & = - &

ABSTRACT:

silicon nitride is sintered with the use of additives, such as
¥,0; and Al,03;, in order to enhance densification. After sinte?ing,
these adqitives’aLong with SioO,, preseSE:Bh the s;arting 513N4 poﬁder,

form an intergranular amorphous phase. The presence of a glassy phase

‘'is-generally thought to be detrimeﬂfal to the high temperature creep

properties. In the material analyzed, Kyocera SN220, this intergranular
glassy phase partially devitrifies upon annealing. Thus the effect of
a fully amorphouS'br a partially crystalline intergranular phase on the

creep properties could be assessed. The creep resistance of the

‘material is only :modestly affeé?éd'fby partial@'grain‘ boundary

devitrification in both flexural and compressive creep. However the’

e, e

Extensive analyticai microscopy wésrdong on the amorphous and

partially. crystalline material in order ﬁo determine”what changes were

occurring due to anneélingfand due to creep deformation. A quantitative ”

me§hodology was developed for electron égergy\losa spectroscopy to
anélyze«the intergranular_ phase composition. :gsing"this technique
coneentratioﬁa:of lightﬁglements, such éa oxygén and " nitrogen, and
heavier elementa.couid‘be detérmined.ﬁ Different cryétalliﬁe grain

boundary products were found near the surface of samples annealed in air .

o

1nert‘atmoaphere; However[the_residual amorphous phasé’composition was

thelgame regardless of annealing atmosphere or location. 1In additien,

phasés present aftei'déviﬁrifiéation did not depend on tﬁe'gtress state.

Extensive cavitation, a_commonl?“obnerVed effgcﬁ of creep, did notvoccu;

in Bamplés coﬁthiniqg the maximum obtainable strain-in flekure 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 aon-linear viscous flow of “an _ amorphous

intergranular phase around a hexagonal array of grains. BAn “initial

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

in strain rate as the intergranulai_ 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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FIGURES ~ AEM ANALYSIS

Figure 2.1 EDS spectrum .from an Lntergranular glass'

phase in SlN& illustrating the overlap between Al-X,
Si-K and Y-L peaks.

Figure 2.2 EEL glass phase spectra with extrapolated
background fits to illustrate the two combxnatxons 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 prevent specimen charging. Small N-K edge
verified by background extrapolation. Note the change in
intensity scales at 240 and 1280 eV. .

Figure 2.3 Extrapolated background fits for: )
(a) Si-L edge (Method 1) with log-polynomial fxttxng‘

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 eV. All 3
integrated intensities for a 100 eV window are within 3%
of each other. e

'Figure 2.4 Spectrometer nonl;nearxty at higher channel
count ‘rates for a boron nitride standard. :

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

Figure 2.6 “Beam: damage in glasa phase (a) after a few
minutes with the defocused beam and (b) after 100 sec of
focuaed nanoprobe beam (uethod 2 analys;s) .-

Figure 2 7 Crystalline Lntergranular phase in annealed

o

3 %Ds spectrum with apparent 15 at% Si, «
(b) EEL spectrum with no significant Si.

Figure 2.8 Partially transformed glass phase in annealed
S8i3N4. - 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

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

Figure 3.2. (a) Bright field micrograph of as sintered
SN220. SisN, grains surrounded by an amorphous
intergranular phase. Some grains contain impurities.
SizN, graina at upper left contain dislocations. Centre
dark grain is WSi,. (b) Dark field micrograph clearly
showing distribution of amorphous phase.

Figure 3.3. Bright and dark field micrographs of a
single YAG crystal surrounding several SizN, grains.

Figure 3.4. Faulted Y,5i.0 crystal in SN220
, 2= 2¥7 :
intergranular pocket.

Figure 3.5. TEM micrograph from near compressive surface
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)

pattern of §Y,58i,0, from sample annealed at 1200°C 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
Y ¥,8i,0;;, X, or X, ¥,8i0; or triclinic like a ¥,Si;0,).
fond Bels 18 [0103.2 ] * T
Figure 3.7a. Amorphous phase compositions as determined
by EELS. Samples are SN220 in the as sintered condition
and after annealing at 1250°C from 200 to 500 hours.
Annealed data xncludee 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
creep testing at 1200°C for 28 hours. Samples taken from
tensile and compreseive sides are indicated.

Figure 3.7c. Amorphous phase compositions in SN220 from
centre of samples annealed at 1200°C for 200 hours and
from centre of sample crept at 1200°C for 286 hours after
a 400 hour anneal.

Figure 3.8. . Fraction fttr;mm in amorphous phase as

determined by EDX as a function of annealing time at
1250°cC.

Figure 3.9. Surface of?snzzo after annealing. in an
alumina tube furnace for 400 hours at (a) 1200°C and (b)

- 1250°c. Bar is 10 microns in both cases. Samples.

annealed .while sitting on a SiC support.
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Figure 3.10. Surface of SN220 after annealing in an
alumina tube furnace for 200 hours at 1250°C. Sample
annealed while sitting on an Al,0; boat.

Fiqure 3.11. Surface of bend bar after 1200°C (a) 218
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 11b.

Fiqure 3.12. 'Fracture surface of sample polished,
annealed at 1200°C for 25 hours, following by a creep
test at 1200°C. Sample fractured in 4.25 hours.

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

Figure 3.14. Crack below the fracture surface.

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

Figure 3.16. = Auger spectrum indicating nitrogen
concentration increases after a sputtering time of
approximately 30 minutes.

Figure 3.17a. Weight gain‘of'samples annealed in an
alumina tube furnace (while sitting on a SiC plate), in
air at 1200 and 1250°C as a function of annealing time.

. Pigure 3.17b. Data of fig. 17a. plotted as weight ga;n
squared as a function of annealing time.

Figure 3.18a. Change in density with annealing time at

1200 and 1250°C. Density measurements are relative to a
-dummy, unannealed sample.

i

Figure 3:18b. Change in dgﬁgity {normalized to density -

~of sample before annealing) with annealing time.

//

Figure 3.19. Density change measured after removal of O,

50 and 100 microns of surface oxide for samples annealed

600 hours at 1200 and 1250°C.

Figure 3.20. XRD spectra of fabricated glaases after 2
hour anneal at 1250C and JCPDS standard files of

identified phasea. (a) High silica glaes. (b) Low silica

glass.
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Figure 3.21. Experimental behaviour diagram from O'Meara
et al, 1987. All compositions indicated formed all the
products expected from the compatibility triangles. Also
shown are two compositions investigated by Hyatt and Day
(1987). YAS-7 cryatallizec} forming mullite (3Al,0;°2Si0;)
and Y,03°2Si0,; YAS-2 forming Y,03°SiO, and 3Y,0;°5A1,0;.

Figure 3.22. Phase diagram from Bondar and Galakhov
{1964} and binary phase diagrams from O'Meara et al 1987.
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figures (cont) CREEP IN SN220

Figure 4.1. Dependence of rupture strain and. rupture
time on applied stress indicating a threshold stress
exists below which atmosphere influences rupture
behaviour of 813N4 {Grathwohl 1983).

‘VSfR\ Figure 4.2. Rupture strain dependence on applied stress

for different pretreatments. Below a threshold stress
5 Py the behaviour of precracked hot-pressed Si;N, approached
T that of the machined samples (Grathwohl 1§%4).

f%; Figure 4.3. Creep curves of Si;N, material showing a.
. region ‘of minimum strain rate” and tertiary creep.

\T_ Hxnimum strain rate varies as a function of stress to the
~3power n = 1.9 (Grathwohl 1983).

Fxgure 4.4. Example of creep data from one of four
différent Sis;N, materials all showing the same behaviour.
Bending* st:eas xs 160MPa (Ernstberger et al 1986).

Figure 4. 5."Fracture map for HPSN. Solid lines indicate
behaviour of “artificially flawed material and dotted
lines, that of as-machined material. TLoci of constant
. failure time in hours -are shown."” Overlap of the two
curves ;ndxcate the’ creep fracture regime. (Quinn 1986b)

Figure 4.5. Flexural atress rupture in air for HPSN (as-
machined specimens). The change of slope, as drawn in
for clarity, indicate the creep- fzacture regime. (qunn
1986a)

3 .‘\-\..

Figure i 7.. Nucleation and growth procesa for oblate
holes in thin glass films and spherical holes in: three

grain pockets.  Oblate holes form a full facet cavxty by -

page#
176

177

178

178
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180

coalescence. Spherical holes grow to full facet. size by RN

viscous flow at high local stresses and by solution/rep
recipitation at low local stresses. (Marion et al 1983)

Figure 4.8. Stress distribution in a bend bar (1) for
the elastic case, (2) for n =2, (3) forn =2, §s = 10
{Cohrt et al 1981). : ‘

Figure 4.9. Stress redistribution as a function of time
for asymmetrical material behaviour (Cohrt et al 1984).
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Figure 4.10. Model for creep due to viscous flow unreal
istic as grains movement is not limited by grains
*jamming' into each other as they would in a real
material. (Pharr and Ashby 1983)

Figure 4.11. (a) Two dimensional model for incompressib
le material between rigid hexagons. (b) Expanded view of
three grain junction. Velocity gradients of fluid in
boundary are shown. (Drucker 1964) ‘

‘Figure 4.12. Theoretical pfediéﬁions of strain produced

by percolation of liquid arourd solid grains for copper-
bismuth system (Vaandrager and Pharr 1989). ‘

Figure 4.13. (a) Model for uqcbnstrained fluid flow from
between two parallel plates.. (b) Constrained fluid flow.

Figure 4.14. Strain dependent term S({E) of thezstrain'

rate as a function of normalized_ strain E (where E =

‘strain € [ fraction boundary phase f).

Figure 4.15. Creep of alumina at 1044°C, under 60MPa.
{a)Ro prior annealing. (b) Annealed 96hr prior to
testing. Note annealing resulta in a 200-fold' increase
in lifetime, primarily as a result of grain boundary
devitrification. (Wiederhorn et al 1986)°

Figure 4.16. Effect of high temperature exposure time on

~ the strength of a Mgo doped HPSN (Wiederhorn 1983).

Figure 4.17. Compression testing rig for MTS.

Figure 4.18. Typical creep curves for SN220 crept in four
_point . bending at 1200°C under a variety of stresees.

Figure 4.19. Examples of SN220 gsample to sample
variations in four point bend creep results. (a) Strain -
time plots (b) COrresponqingth:ain rate - strain plots.

"Figure 4.20. SN220 stress rupture data for‘cémparison‘tc
',data:obtaingd-by-Grathwohlh(fig.;4;1;ﬁ.aﬁd;guinn‘(fig.
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4.6). Arrows indicate samples which have not-fractqred;‘-j”

Figure 4.21. Failure strain as a function of stress for
SN220 crept in bending. Arrows indicate samples which
have not fractured. : T . '
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- pFlgur )
|, Stzdin rated ™
'*,Qitemperatures. both as sintered and preannealed samples).

*F;gure 4.26.

Figure 4.22. Honkman—Grant type plot using initial
constant strain rates vs. time. Arrows indicate samples
which have not fractured. 3

Figure 4.23. Creep resistance as a function of (a) strain
(b) time for SN220 crept in bending at. 1200°C, 63.5MPa.

.nygure 4.24. Activation energy for initial steady state
icreep rate. Data from creep testa shown in fig. 4.23.

{1200°¢, 60xPa).

4;25.\Stress dependence of initial steady state
Data shown includes all bend tests (at all

partially crystalrxze -grain boundary phaae} on the strain

Ef ect\of preannealxng SN220 (in order to.

191

192
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194 o

rate “dependence- on“—(a} Ttime (b) strain. Tests and}ff

preanneals done at 1200°c, 63 SHPa.

P oL -.\._ ._ .

Figure 4.27. Effect of preanneallng SN220 ({in - order to}
partially crystall;ze grain. boundary phase) ‘on the strain

rate dependence on “(a)- time® (b) strain. Tests and
preanneals done at 1200°C,\74 0MPa.= ": B

Figure 4. 28. Creep lee as’ a func Lon of;preanneal;ng
t;me. Bend tests at 1200°c._ : T .

Fxgure 4. 29.:-Creep curve_k fcr compreesxon tests at
1200°C, on both ae-a;ntered and preannealed material.

" Figure 4. 30 Creep reaxstance ‘as a function of strain for

as-sintered and. preannealed material. Compression tests
at 1200°C. SOHPa.“:, , ; o ‘

Flgure- 4 31.; Two dlmensxonal 3011d cons;at;ng of

‘hexagonal grains of length 2L with intergranular phase of

width 2H,, HB and 2H,. The surrounding material exerts
atreaaea g;. on the syatem. These can be related to:the
squeezing torces F,; Fy and F. which are aligned with A,
B and C, the vectors joxn;ng graxn centers. (Dryden et al
1989)
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Figure 4.32. Strain rate dependence on strain as
predicted from creep model due to non-Newtonian flow.
R{ey) = strain dependent term of the satrain rate (egn 13)
and €, = normalized strain = €/f where f is the
normalized grain boundary layer thickness. .

Figure 4.33. Stress distribution in a bend bar at several
strains as predicted by creep model due to non-Newtonian
flow for the case of stress exponent n = 4 and normalized
stress o, = of (Ef) = 0.01. :

Flgﬁte 4.34. Outer fibre stress and strain rate in a bend
bar as a fiunction of (a) normalized time and (b}
normalized outer fibre strain for n = 4 and o, = 0.01.

_FPigure 4.35. Normalized outer fibre strain rate versus

normalized strain for n = 4, oy = 0.01 in tension,

- compression .and bending. Normalized strain rates for

uniaxial creep are related to R(e,) (for comparison with
R(e") ve €, in f;gure 4. 33) through €y = normallzed strain
rate = R(€.)

Figure 4.36. Creep resistance as a function of strain as
predicted thecretically (top and r;ght hand axis) for n
= 4, o, = 0.01; and as found experimentally for bend and
.compression tests at 1200°C (left hand and bottom axls).
The increments of the two scales are the same.

Figure 4.37. Creep rate as a function of strain for bend

tests at 1200°C at 63.5 and 74MPa. Samples in the as-
sintered condition and preannealed at 1200C for. 400hra.

Figure 4.38. Energy vB. grain boundary thicknesa due to
van der Waals, ateric and applxed forces.

Pigure 4.39. Creep curves for aamplen crept in bend in at

1200°C, 74MPa, after different pretreatments.

Figure 4.40. Expected creep resistance behaviour as a
function of strain for material exhibiting viscous flow
“followed by a  second creep mechanism such as
solution/reprecipitation or cavitation. Tertiary creep
.then leads to failure.

Figure 4.41. Creep resistance vs strain for bend tests
at 1325c, ;nitlal and final constant strain rate regions
are found. . "
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1 INTRODUCTION -

‘Silicon nitride is a high temperature struttural ceramic. It
is currently used or bexng developed for a var;ety of engine components
due to its low denszty and high temperature capab;l;txes. It has been

the aim to use this material at temperatures ae high as 1300°C. However

two aspects wb;ch must be considered are the microstructural stab;l;ty

and the creep resistance of the material.

- An understanding_of the creep properties of silicon uitride is

necessary in order to assess its viability for a‘high temperaturef‘

eomponent. S;ntered silicon nitride is made using oxxde add;tzves to R'

enhance dens;f;cat;on.; As a result, Lt may contain up to 15 -volume'

percent residual glass. This amorphous ﬁhaee softens at :high
temperatuies and has a detrimental effegi_on thelpreep resistauge;: Thus
crystallization of this pﬁaae is often auggeated as.a‘means of'improving
the creep properties. A qryetalline intergranular phase can be produced

by'chobeing the .amounts and types efbeinte:ing additives carefully.

'Crystallization can occur either during sihtering or by heat treating

- the material after firing.

Creep of materials containing an amorphous intergranular phase

is generally thought to occur by a combination of cav;tat;onh

aolut;on/reprecipxtat;on and viscous flow. Models have been developed?y

for the conditions required for cavxtatxon to -qccur and fo:

solution/reprecipitation. Models have aleo been developed which

]



describe obgserved creep rates or behaviour on the bas;s of emplrlcal
creep relatlonethe. This thesle attempts to use creep reelstance data
and observed microstructural information to provide a basis for modeling
the creep behaviour of a particular silicon nitride. On this basisg,
euggeetione will be made concerning the optimum micrestructure of
8ilicon nitride for high temperature structural applications.

' The material analyzed for this work is-a Y203-A1203 doped silicon
nitride, SN220, ‘made by Kyocera. Extenelve analytical electron
microscopy is used to aaeeae the lntergranular etruoture xn the sintered
materlal and after annealing. The effect of creep deformation on the
microatructure of the material, crept in the as sintered etate and. after
annealing, ie alao examined. ' M

The . ¢reep behaviour of the mater;al is evaluated using four
point bend and compreaeron teete. This macroeooplc behavlour, along
with the mlcroetructural information, provxde the basis for the
development of a\-“del to deacrlbe the creep process. This model
deecrihee creep due Ep the non-l;near viscous flow of an amorphous
-intergranular phage around an array of hexagonal.graine. ' The creep

behaviour observed for samples crept in the as sintered .condition and

annealed to partially crystallize the grain boundary*phaee can be

sl
-~

explained on this basis.’ - : : _ LA

The thesis ie'preeented in three sections. The analytlcal

electron microacopy methodology developed for electron energy lose'

\,

‘_epectroacopy is contained ln chapter 2. Hicroetructural evolutlon due
to annealing and creep deformation are. dealt with in chapter 3. Chapter

4 containe the c-'ep teet results and analyeis.{ The model for creep

due to viscous flow ie aleo developed ‘and compared to the observed creep -

5

3

o
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test data. Chapter S presents the overall conclusions derived from this

study.

v

!
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2 RNALY‘I‘ICAL ELECTRON HICROSCOPY =~ QUANTITATIVE CHEMICRL ANALYSIS OF

SINTERED SILICON NITRIDE WITH YITRIA AND ALUMINA ADDITIONS

2.1 Introduction

The need for careful analytical electron microscopy (AEM) .'I.B

part:.cularly true for complex microstructures where significant amounts

of light elements (Z < 11) are present. This is the case for structural
ceramics such as sintered SiSN‘, where sintering aids llke yttria and
alumina lead to complex lntergranular glass pockets and filma that can
cryetallize into a varxety of phases after heat treatment. As this
grain boundary phaee is only of the order of 10% by volume. it is
d;fficult to characterize the dev;tr;f;catlon proceea and Lta products
by bulk X-ray dlffraction. However, these boundary phaeee can s% rongly
influence mechanxcal properties, particularly high temperature creep and

damage proceaaee.v  Without a prior knowledge of mlcroetructural

evolution, interpretation .of mechanical test data is very dlfflcult

(Wllkineon, 1988). .
The basic principle behind energy‘diepereive spectroscopy (EDS)

is that primary electrone excite the atom of. interest ejecting an

electron from an inner shell. The atom can return to ite ground state.

by an electron falling from an outer shell to the vacant ‘position and

at the same time emrttxng an x—ray of a characterxetxc energy. A

14

spectrum of x-ray counts’ versus x~ray. energy is then collected (figure
’ 2.1). .This enables one to. obtaln chemzcal informat;on of all elemente

in the area of intereat. However asg . the deteotor wlndow abeorba low

-

1
¥
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reaaqnablelfigure is approximately 0.5 weight percent.

5

energy x-rays, it is not possible obtain quantitative information on

elements with atomic numbers less than or equal to 10 (Na).? iighter

. elements can be detected with a thin window or windowless detector as

these do notrabsorb‘all the low energy x-rays produced by the Iight
elementa. Quantification is performed using a proportionality constant
{(k factor) to relate thé‘intensitiés of x-ray peaks (I, and IB)'to:the
rglati&e'concentrations {C, and Cp)

S I

T ‘AB
Co - Iy

where k,; is an experimentally determined proportionality constant. ’

This ééqatién aésumes absorption and fluoressence of x-rays as they paeé
= i ) - . wna . . . : ;\“\ . .
through the sample are negligible (i.e. the sample is thin). s'rhese_and

o

 additional detaila of EDS analysis and artefacts can be found in

Williams (1984). -

The smallest area for elemental analysis_is'approximately 10nm

=

using a LaB; filament, and 20 to 30nm for a tungsten filament. The

lowest concentration of elements detectable depends on  the system of’
interest. This is“due to absorption, fluorescence yield, peak overlap

and sample damage rate. However for Al or Y in a Si matrix, a

4]

The basic principles kehind electron energy 163& spectroscopy
(EELS) can also be found in ﬁilliama {1984) and in gfééter detail in
Egertoh {1986). Briefly, in paseing through the sémple the primary beam
;oaea energyr>_The beam jis then collected and a spectrum of.intenaity

as a function of energy loss is obtained. The elements“in the sample

require a minimum energy of a characteristic amount in order to move an

ale&tron.from a lower:to‘a.higher energy shell. By looking at the EEL

spectrum, it is poéaible to know which elements have been excited
et Ao . ) i€ e

(figﬁre 2.2). Quantification is done similarly. to the EDS case.:
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However either an experimentally or thecretically ' determined

propertionality constant can be used. 1In EELS, this constant is the

ratio of the elemental partial ionization. cross sections for the
aopropriate shell excitation (ex. Op.x i8 the cross section of element

. A for a K shell excitation):

€, I,y (B.4) ag_,: (8,4)

- = Y

C; I gy (B,A) o, (B,A) | _
Here I is the intensity of the edge (called as such due to its shape as

seen in figure 2.2). The B indicates the epectromeber entrance angle.
The A-is the energy range over which the inﬁeneity is oalculated, 4,
" determined by the uaer,\ia chosen to be large encugh to contain a

sufficient number of counts in the edge and small enough so lnformatlon

from following peaks is not collected. Rangesiof 40, 60, 80 or 100 ev_‘

are commonly uaed. In order to obtain the edge lntenalty, the
background spectrum must flrat be aubtracted. This is done by.frtting

empirloal equatlona of the form exther AE r {where E isa the channel

energy loaa, A and r are. oonatanta) or a log polynonmial, to the pre-edge .

region. A good background fit is one that converges with the speotrum
"at large energy loaaea. A value of I} xa generally ohosen in order to

collect acattered electrons through a larger angle. Howevexr after a

certain aize the peak gignal saturates and the background continues to

rise (Williams 1984). - = . o . R 2

&

Detection 1im1ta are, as in EDS, : dlfflcult to quantify as a result

of numerous sample dependent faotora. The minimum area analyzed is

limited by size of the probe on the aample and the minimum speotrum
- intensity from which an edge is diaoernable from the background noiae.
Other factors lnclude baokground fxtting, thlckneaa effeota on
'baokground shape, proximity of other peaka and peak shape. However a

few examplea given in Willlama (1984) provide an approximate range.

>

N

Fa
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Using BN, it is reasonably straight forward to obtain an elemental ratio
of-llwithinriS%. As B and N are easy edges to fitia background to, we
may postulate that for more difficult edges a reasonable accuracy is
‘iIO%. The miniﬁum‘defectible quantities also depend on the element and
matrix being examined. Williams mentions some experimental work in this
area where 3 atomic% C was found in 30nm of Fe acd 6 ats 0 in 37nm of
Fe. \i‘ _
Theoretically determined cross sections assume the sample’is thin-
enough that p;imery electrons do not experience multiple interactions
with the sample. This assumpticn is valid when the gsample thickness

{t), diVided by the mean free path of the electron (lambda), is less
than 1 (Malis et al, 1988). Using EELS:

where Ié is ﬁhe integrated intensity 6% the zero loss peak and I is the
integrated istensity of the complete spectrum (Malis et ;i 1985)
| Energy dispersive X-ray spectroscopy (EDS) has been used by a
number of workers to analyze various SisN, materials. 7 Canentration
gradients have been determined across both grain interiors (Bonnell et
al, 1986) and grain boundaries (Goto et al, 1986). The overall
composition of amcrphous phases has been determined by aséuming 8i to
be present as e-nitride‘and.Y'and Al to be present as oxides (Ahn and
Thomas, ~1983). ‘chcestrations of ' 0 and N in crystals having a
significant level of Al or Si substitutions have been calculated by
assuming a 1:1 O:Al or N: Si ratio. For example, Leng-Ward and Lewis
. (1985) assumed that !3A15012 {YAG) crystals haying about 14% Si
jssbstitutioh for Al had a composition of Y381, 35iy 7047 3Ng 7 |

Ultra thin window (UTW) EDS and electron energy loss spectroscopy

(EELS) have been used to indicate qualitatively the presence of O or N



g
in amorphous pockets, with the amount of each being estimated from the
quantitative cation determination (Bando et al, 1986). UTW-EDS has been
used also in conjunction with microdiffraction to characterize boundary
phases (Kuroda et al 1986).

- Clarke et al. (1981) used both EELS and EDS to determine the
composition of amorphous grain boundary phases in MgO-doped Si3N‘. In
addition, they compared the measured composition of crystalline phases
~ with their stoichiométrig compositions, with reasonable agreement for
SizN, and some deviations for Mg,Sio, ahd SiéNzo.‘ More recently, Thorel
et al. (1987) have used EELS and EDS to analyze SiAlON amorphous phases
and determine N/O, Al/Sl and Y/5i atomic ratios. The latter two ratics
were consigtently higher with EELS than with EDS. Similarly, Bischoff
and Ruhle (1986) analyzed both crystalline and amorphous SiAlON phases
using EELS and EDS and, in,comparing data from the_twd method§, found .
the Y content as determined by EELS to be lgaa than that measured by
'EDS. " In a;l of the above cases, details of EELS methc§ologies were
rarely givek. : ‘ | |
Tﬁus, while AEM has been used to study structural ceraﬁics, there
.are aomé-ﬁéacrepanciea in quantitative data. Therefore it was decided
. to develob“a.detailed EEL ﬁethodology for structural ceramics, using
A SiSN‘ as an example, which would take into account all available EEL
edges and current EEL partlal crosa-sect;ons (Egerton, 1986). . This
could then be\bompared to quant;tat;ve EDS analysis considering factors
Q‘Buch:aa specimen artefacts, ease of spectral processing and overall

“accuracy of analysis.



2.2 Experimental

A variety of standards were used for the §u:pose of checking
czlculated EEL crogs-~sections, detefmining experimental ones and
obtaining EDS‘k—factors. These included a series of powders on holey-C
films obtained from Microanalysis COnaultéhtB,_ Inc.,l U.K.; ¥,05
{yttria), ¥3A1:045, (YAG), Al,Si0g (kyanite), KAlSiz05 (orthoclase) and
FeSiz. other standards whose stoichiometfy was known to be accurate
“inecluded an Al,0; ceramic foil,‘ a Nidl intermetallic ‘foil and
éputterwdepositéd silicides of Ti, Co and Ni. The composition of the
N;Ai and the silicides had been determined using microprobe, Rutherford
backaéattering'analysis and EDS (Van Capellan techhique As described by
Carpenter Et 31.01988)). These and theIAlég compositioﬁ were confirméd
by cross-correlation oquEL cross-éeét;bns with those obtained from a
number of other standards (Malis 1989).

. The SizN, material studied was Kyocera SN-220; a sintered-matériai
doped with approximately iiwt%,each of yttrié and élumina; Both
as-received ma£erial and material annealed to partial“dévitrificatipn
were studied (as detailed in.chapter 3). Thin foils were prepared by
aiicipg and gﬁinding the material to a thickness of about 120
micrometers, cutting 3 mm diéca with a Gatan ultrasonic drill, dimpling
to about 20 micrometers with 15 and 6 micron diamond on a Gatan dimpler,
then ion thinning with Argon ions at 4.5 keV, 0.7 mA and an incidence
angle of 12 degfees. A thin carbon coating was applied to prevent
. charging under the electron beam. Specimens Qere then examined in a
Philips EM400T équippédjwith an EDAX 9100/60 analysis system and a Gatan

»

607 EEL spectrometer.
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2.2.1 Enerqgy Dispersive X-ray Spectroscopy

Analyses on all specimens were conducted in a standard Philips
Be-insert, single tilt, low background holder. The powder standards
were on copper grids and care had to be taken that the grid bars did not

preferentially absorb X-rays. Most EDS spectra were collected in the

focused nanoprobe mode (beam.diameteruabout 25 nm) with care'taken to -

ensure that a eucentric specimen condition existed so as to minimize
electron 'tails’ that could excite x-rays from regxona other than that

desired for analys;s (Cl;ff and Kenway, 1982). Where lower beam

-intensities were desired to minimize electron damage of the glassy phase

{Laval et al, 1982), a focused microprooe beam (diameter about,40'nm)

fatd

was used. The focused beam was positioned carefﬁlly within boundary
phaaea.so as' to avoid any irradiation of the adjacent SizN,, with

extensive t;lt;ng often used to clearly define the locatlon of the

-

1nterface between the Lntergranular phase and the 813N4.

Hole count spectra in both nanoprobe and mxcroprobe mode were

taken just off the foil edge for the same live time as on the foil to

"datermine the level of instrument-induced spurious X-ray generation.

The Si-K peak was at or below the level of the continuum background for
the foil analysis, wh;ch is generally regarded as .an acceptable level
(Williama, 1984). EDS apectra were collected for times sufficient to
anaure Beveral thousand counta in the smallest of the xntegrated peaks.
Background subtraction and correction for the substantial overlap of
Al-K, 8i-K and Y-L peaks (illuatra.ed in figure 2.1) were performed

using the EDAX THIN/LIST software. The thxcknesa of analyzed regions,

ag measured in the adjacent SizN, grains by EELS, waa kept below the

inelastic scattering length (lambda) of 120 nm that c¢an be estimated for
SisN, (Malis et al, 1988). thle thia thxckness l;mitat;on is necessary

S
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for EEL quantification, it had the added advantage of minimizing X-ray
absorption and beam broadening, both factors which affect the accutracy

of gquantitative EDS.

2.2.2 Electron Energy Loss Spécttoscopj

The EEL edges available for quantification of Si N, (and related
standards) are; Al-L (70 eV), Si-L (100 eV), ¥Y-M (160 eV), N-K (400 ev),
O-K (532 eV), Al-K (1560 ev), Si-K (1840 eV) and Y-L (2080 eV). They
. 2 -

may be used in combination in either of the following two ways:

Nethod 1; The low enérgy loss edges of Si and Y can be collected
together with the N and 0 edges at O.S‘evléh. At this setting thé
expahded EEL spectrum furnishes a . greater ﬁumber of changels for
baékground fitting, éafticularly important for the Si-IL edge considering
the proximity of the Al-L edge. However, due to the limited number of
channelﬁ available (1024), it was necessary to offset the zero losa peak
from the CRT after initial focusing in order tdféollect asapectrum from
just below the Si-L edge {about BQ“QV) to at least 60 eV past the 0-K
edge . onset. The Si-L/Y-M -edgé; proximity and the above channel
limitations necessitated the use of an integration window of 60 ev. (A

similar procgdure can be used for the gollectioa of the low energy loss

edgea~’o£ ¥3Alg0,5, except that the spread between = Al-L and O-K

necessitates collection at 1 eV/ch). Spectra were collected with the TEM '

image on the screen (diffractiqh coupling of the spectrometer) and a

collection semiéngle of 5.6 mrad‘as.defined by a 30 micrometer objective
g o C ' N

aperture and'objective lens focal length of 2.7 mm. The selecdted area

was defined by the image magnification and the 3:mm, spectrometer

o

3

—

=
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entrance aperture. Care was taken to ensure that the area analyzed was

at least 50nm in sgize as chromatic aberrations limit the accuracy of '

area analyzed Failure to take this into coneideration_can lead to

errors if elements with largely differing enerqgy loss edges are analyzed

‘near the foil or precipitate edge {Titchmarsh and Halie;-lQQd). The

maximum convergence semiangle for normal TEM. imaging (mi}roprobe beam-
mode) was 2.4 mrad, sufficiently smaller than the collection angle so

as not to require a convergence correction to the integrated edge

- intensities (Egerton, 1986).

b

.Method 2. The high energy loss edges (Al-K, Si-K and ¥-L) can be

collected together with N ‘and O at 2 ev/ch, with the zero loss'peak

again offset as per Method 1 due to channel limitations (figure 2. 2b).

Becauee of the weaker intensity of these edges and their larger

scharacteristic ecattering angles, EEL collection was done with a high

inteneity, focused nanoprobe beam {convergence angle of 12 mrad), in

“diffraction mode (image coupling,of the spectrometer) and ﬁith a larger

collection angle of 29 mrad as defined by the 2 mm epectrometer entrance
aperture and a 34 mm camera length. Tae area analyzed was simply the
area illuminated by the beam (approximatelyRZSnm) An integration
window of 100 eV was used. In all EEL collection, the focused beam (or
selected. area aperture) position was monitored B8O as to minimize the
effecte of either apecimen or beam drift. The latter, while not common,
can often occur as the filament 8lowly atabilizee, .particularly for .some

o

LaB, filaments. =~ o ‘ ' . v

It should be pointed out that multichannel analyzere of different

channel capacitiee (512 or 4096), or epectrometer configuratione w;th

additional featuree not available for thie ‘study: (e. g segmented :

collection) could lead to alternative EEL collection conditione in terma

/%

[a}
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-of edge eeparation,”bankground fitting regions and time per anaiyais.
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2.3 Results

2.3.1 Cress-éections and k-Factors

Malis and Titchmarsh have determined EEL k-factors from a large

number of experimental standards at 120 kev and 5.6 mrad by

.cross-correlation of normalized intensity ratios (Malis and Titchmareh.

1985). Their results suggest that moat calculated cross-sections for

K-edges which incorporated a relat;v;stxc correction are accurate to

‘about 10% for larger xntegratxon w;ndowe. _The majority of L-edge

croee-sect;ons are Judged to have exmxlar accuracy, in particular both

- Al=L and SifL. " (The most widespread programs = for crosa-section‘

calculations, and the cnes used for Table 2.1, .are those based on

VEgerton‘s hydrogenic approximation, SIGMAK2 and SIGMALZ2, both listed in

(Egerton, 1986)). A more recent independent study under the same EEL
collection conditiona but using d;fferent standarde (Hofer and Golob,

1989). generally supporta the findings of Malis and T;tchmarsh (1985).

" Finally, work ;nvolvrng selected samples from Malis and Titchmarsh

{1985) and using different voltages and AEM ayetemsA!Malia et al, 1586)
also showed a similar- accuracy. ' |

o CQmpariaon of éethod 1 and 2 analyses on quxte thin regiona of a
variety of phaees produced compoextions which were the same withrn

experimental uncertainty. While this confirmed that either diffractionm

'or Lmage couplxng EEL collection could be used, potential chromatic -

aberration errors for the former mode must be kept in mind when near a -

afoil -edge or when analyz;ng small phaeee if the edges anticipated are

'well aeparated (Titchmarsh and.ualzs,‘lgag). The calculated‘Al-K

-
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crosa—section at 29 mrad was confii:med to have a similar validity as
that for 5.6 mrad (Malis and Titchmarah, 1985) by use of the A0
ceramic. However, the four silicide standards produced intensity ratios
which, when combined w:.th other data (Malis and Titchmarsh, 1985; Hofer
and Golob, 1989, Titchmarsh and Malis, 1989) on Fe, Co, Ni and 7i,
suggested a 20-25% difference between the calculated Si-K cross-section

and what could be regarded as an ‘effective‘ cross—sect:.on. This

effective or adjusted crosa-sect:.on is the one ghown in Table 2.1.
Table 2. 1 also lists the- exper:.mental cross—sect:.ons {and the

- k-~factors from which they were den.ved) for the- ¥-M and Y—L edges, as

determined by Methods 1 and 2 respect:.vely, using . the 2203 powder

’ atandard. (No calculated cross-sect;ona for these edges were available
| for this study). A €0 ev window value was deternu.ned for Y-M becauae

of the Si—LIY—H overlap, while a 100 ev value was determlned for ¥-L to

maximi.ze the J.ntegrated intensity.
EEL analysisg of the *YAG standard by both Methods 1 and 2 md:.cated
that the compoa:.t:.on was near atoxch:.ometry, ie., mean elemental rat;oa

were w;.thin 10% of stoichiometric values. The YAG was then used to

provide EDS k-factora for Al-K with respect to both Y-L and ¥=K (Table

2.1), although the al-R!Y-_L factor was preferred because of lower
absorption effects. Both faotors differed significantly from the

calculated factors generated by the EDS system (Y-L/AIQK =.caleculated

. 53% higher, Y-K/Al-K - calculated 35% lower). For an Al-K/Si-K factor,

Nisi and NiAl standards had furnished a value of 1.44 in é' study

{Ca.rpenter et a.l, 1988) using the Van capellan extrapolation techm.que

" (to minimi.ze abaorpt.i.on effecta) on the same AEM syatem at the same time
. this study was conducted. 'rhis value was m.gni.f:.cantly h:.gher than a

'valu_e of 1.23 dete:;r_nined from the kyanite powder, agsuming a

st_:oiohi_o’metr'io _composition . Hoyever,_. Method 2 _EEI. analysis indicated
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a kyanite composition nearly 20% lower in Si than expecred.' Since no
mass loss was observed during analysis, either visually or by comparing
daﬁa using d'ifferent. collection times, analyeie locations or beam |
_J.nteneitiee, this EELS-determined compoext:.on was regarded as rel:.able
and the resulting Al/si k-factor of 1.49 was in much better agreement
with Carpenter et al. (1988). An attempt to further confirm this factor
with the KAlSi;0, powder failed because of large variations in
composition from one crystallite to another. The calculated kifactor
furnished by the EDS software was 1.15, or 25%.lower then the aboﬁe

experimental value.

2.3.2 EEL Methodology
"r;.»‘y-.
Processing of spectra collected vxa Methods 1 and 2 showed
1 Bign:.f:.cant differences regard:.ng rel;.able bac.-cground fitting, as '
illuatrated by figure.2.3. In moet Method 1 spectra, the normal inverse
power law (AE"') f:.tt:.ng proved very d;fflcult for the Si-L edge. (It .‘
is noteworthy t.hat. such fits were eucceeeful for the Al—L edge . in
'llethod 1 YAG analyeie despite its be:.ng an even lower energy edge).
Log-polynomial fift:.ng is recontmended for low energy loss edges (Bentley
et al,‘;1982; Malis, 1987), but.even this method proved difficult for the
Si-L edge (figure ‘_2.3a) . The difficult:jr was not in cbtaining a good fit
in the .pre-edge region, but a fit .whi.ch extrapolated under the edge so
as to reaeonahly converge with the epectrum at higher -losses. In
-addition, the convergence was not easy to judge because of the prox:.mity
' of the !-H edge, a common problem for low loaa edgee. :Figure 2. Sa ahowe
that gui.te different s;/l' ratios (as influenced by the varxable Si-

:.nteneity) could be obta:.ned for background fits which differed only
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slightly in the pre-edge fitting region. Judging background/spectrum
convergence for the ¥-M edge was much easier and relatively little

difficulty was encountered in consistently obtaining good fits for this

edge, although the value used for the cnset'of the edge (160 eV) should

be regarded as somewhat arbitraryr Inverse power law fitting for N-K

and O-K edges proved quite straightforward, even for the few atomic

percent of N occasionally encountered in the intergranular glass. Aas

‘8 measure of the reproducibilityVOf Method 1 background fitting, several
spectra were-eelected'at random  and processed indepeudently by the

author and by an experienced EELS user (Dr. T. Malis; CANMET, Ottawa).

While the majority of Si/L ihteneitiee'agreed‘within several percent,

a few differed by as much as 30%. ‘

All edgee in Method.z epectra proved amenable to reproducible
' background flttxng, ue;ng convergence with the spectrum as a cr;ter;on
for the O-K edge and exercising some cautioh in the cho;ce of f;tt;ng

region for the Si-K and Y-L edges since they are close to preceding

edges. The convergence of both inverse power law and log—polynomxal'

fitse: for the O-K edge is illustrated in figure 2. 3b, where three

_different fzts produced lntenaity differencee of only a few percent.

A variety of Al, si ‘and ¥ edge backgrcunds gave much the eame

inteneitiee provxded fittzng regions of the order of 100 eV ‘were used

(tc ‘minimize the effects of the decreaeed axgnal/noiee ratio). A

similar operator comparison of Beveral spectra as descrxbed above‘

produced virtually xdent;cal results in terme of both mean Lntensxtxes

and their ntandard deviatxona, hence Hethod 2 analysze was. used for all

i

‘aubeequent phase identificatione.

In certain Method 2: epectra, however, it proved ;mpossible to fxtl'

an acceptahle background to the 1ower loss edgee (eg., the N-K edge of

'figure 2 2b). The backgrounde inevxtably rose- above the epectrunlthhxn
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a few hundred ev of the edge. The shape of the pre-edge regione in
these spectra suggested a non-linear response of the spectrometer,
although the single channel intensity in pulse counting mode at these
edges was always well within the spectrometer epecification of 107
cps/ch for a linear response. Tests on a boron nitride standard
revealed, however,tthat the spectrometer response became non—linear‘at
just orer 106 cps/ch (figure 2.4},  a value exceeded at the N-K edge of -
.figure 2.2b. Accordingly, spectra where the 0-K edge single channel

intensity exceeded this amount were not ‘quantified.

2.3.3 Artefacts

Ion thinningl.can cause ‘amorpnous eurface 1ayere,' and clear
evidence for these layers wae*apparent in all foila. An example is
shown in figure 2.5 where a grain boundary dxeappeare close to the foil
'edge. Log-ratzo thickness measurement (Malis et al, 1988) at tﬁ;
transition point between the totally amorphous regxon at the foil edge
and the neighbouring crfstal gave‘a thickness of some 40 nm, i.e. atout

20 nm"per surface, in reascnable aéreement with previous estimations

<

(simpaon-et al 1986). If a. number of analyses are anticipated in a
given region, fnrther measurements can be taken to delineate contours
of relative thickness (t/lambda) to determxne the extent to whxch thze
amorphization and the local foil topography can restrict the useable
area for EEL quantification (Malie 1988). n limited number of Methed
2 analyeee were conducted on the totally amorphOus foil edge of both

' 513“4 mmtrix and glasa phaee, then compared to thxcker adjacent reglone
‘where the cryetalline portion was about half of the total thicknees.

No eignxficant differencea in N-Si or Y/O ratioe were detected, i.e. the

| e
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ion damage did not appear to cause'major chemical changes.

The normal hydrocarbon contamination build up, which can be
monitored in a straightforward fashion by combined EELS thickness
measurement and qpantification {Malis, 1988), showed an  effect on
background fitting for low lose edoes. That is, EEL analyses on the
SLSN‘ matrix in freshly-prepared foils gavefthe correct concentration
ratio using the Si~L and N~K edges. After‘a\certain amount of usage
extending over several weeks,  when the total contamination layer
thickneee was. of the order of 30 nm, spectra at the same values of
t/lambda gave srgnificantly lower Si/N ratios, i.e. the Si—L intensity
was underestimated. It was noted-as ‘well that no contamination cones
were formed, even after eeveral minutes of focused beam analysis. .

SIight beam damage of the glass phase occurred after a few minutes
thh normal viewing condrtione, but. was not found to alter the
composition radicallyr This artefact haaxactually‘been shown to he

helpful in delineating the extent of the glass region as shown by Laval

et al (1982). A typical example is shown in figcre 2.6a. Pocused beam

{Method 2) analyeis accelerated the rate of local damage dramatically

{figure 2.6b), but the experimental scatter of glaes analyeee was not

greater than that of crystalline phases which showed no discernible
damage. 1In addition, high resolution aecondary electron imaging showed"‘

no surface effects from the damage. Thus, mass loes and/or ion‘

rearrangement appeared to be minimal. In one unusual case, however,
'before and after' analyaee indicated that Fe had diffused into the
glass from a nearby ailicide particle (figure 2. 6) even though the ma;or

damaged region was clearly not’ in contact with the silicide,

nn artefact that occurred for many EDS analyees ie illuatrated in

.'figuro 2.7, which shows both EDS and EEL apectra from a cryetalline

Y

N

i

-intergranular pocket. The ‘EDS apectrum-(fignre 2.7a) ehowe a clear si

o
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peak (about 15 at%) whereas the EEL spectrum (f:.gure 2.7b) just as
clearly indicates Si to be below the minimum detectable limit {of the
order of 5% for S$i-K). The EEL analysie and the microdiffraetion
pattern were consistent with the S:.-free YAG phase whereas the EDS

analysi.s was not consistent with any known phase.

2.3.4 ‘Fhase Analysis

F:.gure 2. 8 J.llustrates the nature of the characterization to which
the .methodology of tlu.s study was to be a_ppl:.ed, " namely the
devitrification of the initial glassy phase into various crystalline
pnaaes.  In fignre 2".8:, the initiai (as—-sintered) glass has partially
transformed to a crystalline phase with a compotsa.tlon indicative of
YESJ.ZO-,, and a . remnant glass w:.th compos:.t:.on :l;fferenn from the initial
glaes. 'I'able 2.2 shows the relative agreement; between EEL and EDS
anelyaes for the two major -crystalline devitrificati.on products

(independently conf:.rmed with convergent beam d:.ffractxon) us:.ng the

Method 2 edges for quant;f:.cat:.on. ‘

2 .4 Discussion

As commented on earlier, an accuracy of about $10% can be
attributed to most experimental determinations of EEL k-factors, and a
‘ simi_.lar figure has been ascribed to calculated"crose-'aections (Egerton, :

1984). 'l'he check on the Al-K croaa-sect:.on with 1\1203 was in accordance

[

 with this figure. . The four exper;.mental values for . the Si-K
o dfosa¥ﬂectien (from Ti.,' Fe, ‘:go, ‘and Ni e_:.lic:.de_) exceeded this range

- -
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eignificantly. One poeerble explanation is simply a greater rnfluence
of plural ecatterrng for the relative poertrone of the edges involved,
and the sign of the 20-25% discrepancy is in the right direction for
such an explanation. In other worde, the calculated cross-section fon
Si-K may indeed be the correct value to.use in very thin regions of
specrmene, but sxgnal intensity then becomes. a problem, thus the
effective cross-section of Table 2.1 is to be regarded as more realrstrc
for reglons of reaeonable thlcknesa.

The Y-L ~experimental cross-section would incorporate any such
plural ecatterrng effect and thus could be somewhat less accurate in
very thin regions, however the low energy Y-M edge would have a much
better signal for such regrone in any event. The agreement between
Hethode 1 and 2. for the YAG standard (ie. imolying that both Y
cross—eectlone of Table 2.1 are accurate) ig also encouraglng given the
elow—rlerng nature of the ¥Y-M edge. . Indeed, many experlmental M-edge
croes-eectrone have been determined (Hcfer et al, 1987 Malis 1989) and

are pummarized: here in Table 2.3 because few calculated valuee are

R

: available and these elemente are -‘increasingly lmportant in many

ceramrca. The agreement between comparable cross-sections is striking
given the’ euppoeed vagariee of EEL background fitting and the radlcally
different etandarde ueed, auch as oxidized metal fllme {Hofer et al,
1987) and powders (Halie, 1589).

The drffrculty in confirmrng an EDS k-factor for Al-K/Si-K is

™
.

perhapa not eurprrsxng given the drffxculty ir obtaining EDS etandards
of rigorously known compoertion. The present data would euggeet further

gtudy of the kyanrte in needed before uaage as a atandard. A further

_ diffrculty with the Al/S; factor is the relatlve eage with whlch both

of theee low energy x—raye can be- absorbed (in dlfferent degrees) at the

detector wrndow, a sxtuatron whlch can woraen wrth trme as contamrnat;on
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builds up on the window. Indeed, a servicing of the detector after
completion of the Btud} produced a 10% decrease in the kyahite k-factor,
-coneistent with reduced preferential absorption of the Al-K X-rays. The
ffequent use of multi-element mineral standards in obtaining EDS
k-factors perhaps points to an inherent weakness in EDS analysis, as
opposed to the numerous reliable binary  standards available for EELS
- (Malis and Titchmarsh, 1985; Hofer and Golob, 1989; Malis et al, 1986,
Hofer et al, 1987; Malis, 1989). Finally, a debate over the‘general
validity of calculated k~factors still exists (Goldstien et al, 1986} .

- While the results in this and a related study using the same EDS system?
(Ca:penter et al, 19838) indicate unacceptably large differences between
experimental. and EDS.aystem k-factors, such differences could perhaps :
be reduced by an iterdtive adjustment of the EDS detector.parameters.
Indeed, a detailed comparison of theoretical and experimental factord
at 200 keV,recently found good agreement for K-shell combinations, bdt
not for L-K combinations.(Sheridan, 1989). CEE S |

Background fitting is arguably the single biggest obstacle to EEL
'quantification becoming an accepted, routine analytical technique (the
other major difficulty bezng ‘the thicknesa limitations of EELS) ~ Thus,
EEL analysia using medium and high energy loss edges (Method i) is
preferable because of its. better reproducibility, which in turn is a
_function of greater edge-séparation and the reduced effects of plural
scattering on pre-edge background fitting and gubsequént extrapolation
errors. This is despite a much lower signal/noise ratio for the high
1653 edges, which is a problem compounded by the fact that increasing

the EEL signal to improve the ratioc can lead to the nonlinear signal
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effect (figure 2.4) at the medium loss edges’.
An additional difficulty with Method 2 spectral collection is that
relatively high beam intensities are needed to furnish an adequate

signal/noise ratio at the high loss edges while keeping analysis time

L

. reasonable in terms of drift. This can cause extensive beam damage in
 §1aaa phases and, to a lesser degree, in some crystalline phases {figure
2.8). It is fortunate that the compositional changes resulting from
sucﬁ daﬁagé were generally minimal in the ceramic examined here, at
_;easﬁ in thelcontext.of rhase identification. Method lranalyais may be
‘preferable for g;asaes in other structﬁrhl ceramics or for othe? EEL
data (neér-edge fine structure). The recent development of parallel EEL
épectrometers,g e.g. (Krivanek et al, .1987); should reduce the
disadvantages of Method 2. . ' L

Backgrougd fitaing for low loss edges need not be difficult in all

.casea, as was found in this study for the>Al-L edge in YAG ana1ysia, or ‘ v
in the k;factorf depgrﬁihatione for Al-L from Al,0; (Malis anﬁ.
Titchmérsh, 1985) andxsi-L from sic iMalis, 1989). Nonetheless, the
sensitivity of SiyN, analysie to contamination layer thickness noted
above emphasizes the sensitivity of background fitting for 19w energy
loss edges to Bubﬁle changes in the’ahapé of nearby plasmon peaks.
Effects of plural acathering‘on the pre-edge background are greater for
low loss edges'ngerton, 1986), hence thg.thickness.constrainta aée more

) rigorou; for Method 1 analysis than for Method 2.€3The data in this
study suggest an upper limit of about t/léﬁbda = 0.7 for Method 1 and

t/lambda = 1.2 for 3ethod.2,.a rather significant difference in view of

' 1In theory, insertion of a gain change at an appropriate point

in the spectrum should overcome the nonlinearity, but tests on the BN

" standard showed that a gain change between the B-K and N-K edges reduced

Zthe B/N ratio by some 25%. It would appear that some nonlinearity also

*@éxisga between current and pulse counting in the spectrometer used in
““this study. : o ' ‘

A
AR
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the specimen topography.

A final point concerning EEL background fitting emerges from a
comparison of the various standards used for k-factor determination,
such as those of Table 2.3. Examination of the experimental scatter
recorded in such studies shows a consigtently lower experimental scatter
in sputtered or oxidized films {1-5%) than in powder or alloy standards
{(anywhere from 5-15%, depending on the material). The implication is
that compositional inhomogeneities on the scale of the analysis areas
contributed the major portion of experimental scatter in the lattet
materials. 'Thus, background fitting based on reasonable "god&
convergence” cr;terla may have an uncerta;nty of only a few percent 1n
many EEL applxcat;ons, part;cularly if some of the recent developments
in background extrapolat;on (Crozxer et al, 1987; Trebbla, 1988) can he
anorporated in commerc;al software.

The possible influence of ~artefacts, innerent in either the
‘analytical techniqne titself or . in the specimen, is 'an  important
consideration for good methodology de&elopment. The nonlinearity of EEL
- signal found.in‘this study {(and others such as Cheng et al, 1986) is a
oood exanple of the formet. An example of the 1atter'wou1d be  the
i—r;ch surface laxer found on ion-thinned specimens when sxllcone
diffusion pump oil 14 uged (Slmpaon et al, 1986). A similar effect can
occur if oxygen is entrepped during deposition of the carbon layer to
prevent charging, and'this excess oxygen was-detectable, albeit in small
amounts, in analysia of amall segmenta of the carbon fiim overhanging
 the foil edges. It is interesting that tne process of ion thinning
and/or sputtered C coating appears to be'benefipial in delaying the
formation of focused beam contamination cones which can hinder both EDS
and ﬁEL analysis. A similar beneficial effect has teen cbgerved for

microtomed -sectionas (Malis, 1988).

4
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The most serious artefacts noted in this study were the beam
damage discussed above and the spurious Si effect (figuré 2.7). The
beam damage did not hamper phase identification but would affect
accurate concentfation profiles in glass phases. The longer range ion
mevement noted regarding figure 2.6, however, suggests that begm damage
effects should be checked carefully fof each ceramic gkass aystem; With
regard to the effect of figure 2. 7, the EEL analysxs is consistent with
S;-free YAG phase, therefore the Si X-rays must have originated in the
surrounding SizN, matrix. This spurious effect could result from stray
electrons and X-rays generated in the illumihation’system producing X-
rays well away from the area of intérest, If this were the problem it
would have been detected by doing a hole count. Spurious effects could
also result from inteféctioﬁs after the elecﬁron beam hits.the sample.

Here although electrona are scattered in the forward directién,‘aa

Williams (1984) states, they may be constrained_by the‘magnetic field

1of the lowerApole piecelaﬁd strike the‘bulk material. This will
generate X-rays from the bulk metal,rregiona and will backacatter
electrons o;to the underside of the aample.. The - specimen can alao
interact ‘with backacattered electrons ngch may be following a helical
path up the column due to  the strong magnetzc field of the upper
objective pole piece. This is minimized when the sample is at a 0°
tilt. An additional source of the spurious peak coul& be from x-réys
emanating from the region of the foéuaed,beam {(Bentley et al, 1984).
The Y-L X-rays have the right‘enérgy to éfficiently fluoresce ghe 8i in

the matrix. A similar effect has been obaervea in a recent study of an

Al-SiC metal matrix composite, producxng apparent EDS' detect;on of Al

in the s;c due to Si. x-raya fluoreac;ng the nearby Al metal (Dignard- .

Baxley, 1988) The similar sizea of the two phaaea caused an erroneous
\4‘,
Al *diffusion™ profile into the sic. Secondary fluorescence would

LA
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‘explain the EDS-EEL discrepancies for both YAG and ¥,Si,0; phases (Table
2.2) since the EDS data show an excess of Si in both cases.

;n several instances some of the above factors could have
influenced results reported in the literature. For example, most of the
attempts at EEL quantification of SizN, (Clarke et al, 1981; Thorel et
al, 1987; Bischoff and Ruhle, 1986) have used cross-sections calculated
without relativistic corrections (SIGMAK). This is significant because
these studies: used Method 2 edges and the relative change in
cross-section between SIGMAK and SIGMAK2 increases with edge energy.
Thus, at 120 keV, the lower energy N-K and O-K crosg~-gsections increage
by about 25%, whereas Al-K and Si-K increase by almost. 60%. This
differential can be exacerbated in the newer intermediate voltage
microacdpea?«e.g. at 300 kev ﬁhe respective increases are 30% and 200%.
It is imperative that quantitative EELs'atudies use current calculated
crosg-sections "and, where eny ~doubt exiate, to cneck via use ‘§f

experimental standards. Similarly, the variability of EDS k-factors is

i worrisome, since many studxes have relied on EDS "fxngerpr;ntzng for

phane identif;catxon. Findings of Y-rich phases by EDS {Ahn and Thomas,
1983; Bonnell et al, 1987)‘auggeat that fluorescence of the'mat;ix may
have influenced the Si content. Incorrect calculated cross-sections
and/or'fiuorescence may account for e large portion of the discrepenciea
between EDS and EELS in’ those few studies which have used the two
techniques in a quantztative fashion (Clarke et al, 1581; Bxschoff and

The plethora of factors that can degrade the accuracy of both EDS
and EELS data should not inhibit thexr usage in certain areas, such as
the phase’ determinat;on exemplifxed by Table 2. 2, providing they are
taken 1nto consideration. It is tempting to ccnclude that the YAG’phaBe

has been more poa;tively identified-via EELS in this study, but the

9]
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overall analytical accuracy of 10% precludes such a conclusion.
However, the fact that both of the oxygen ratios for the Y251207 are on
the low side, while the Y/SL is not low could suggest any one of a
number of factors degrad;ng the analysis for this pPhase; a larger
influence of plural eoattering, a greater degree of edge overlap or
poes;ble oxygen loss from beam damage (figure 2. 8b) If the phase
diagram and degree of partitioning for a given system ig sufficiently
well known, there may .be little danger in the wuse of EDS
"fingerprinting" (providing eome thought is given to poaeible
fluorescence combinations).. On the other hand, the resulte in this
study demonstrate that a more relxable phase oonf;rmat;on would result
by selective appl;catxon of fully quantitative EEL analyeis before EDS
f;ngerprinting. In cases where the expected phasea are leee certain,
or where similar compoe;tlone may be present, cur conclus;on is that EEL
analysis is the more generally reliable technique because it can detect
and quantify all elements, and.do so with_quantification factors based
on more reliable atandarde.” Unfortnnately, thickness linftations remain -
a major weaknesa of, EEL quantxfxcatzon, although ‘the use of higher kev

=

(inoreaeed lambda) _and,nhigh loas edgee may.. ease this restriction.
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While“this study hae focused on SL3N‘ as a ueeful example, the-

basic EEL methodology and accuracy have relevance to most other
atruotural oeramica. For example, 2r0,, 31203 and Hgo would be eminently.
euited for Hethod 2 analysis, as would most transxtion metal alum;n;des
and silicides. On the other hand, Al or Si carbide ‘or nitride would’
‘require Hethod 1 analys;e on EEL syeteme with nonlinear signal p:oblems
(becauee of the very large eeparationa between the K-edges ;nvolved).
_nany ceramice have only intermed;ate energy ‘loas edgee, and some will.

'be very amenable’ to rapid EEL analysis due to the edge locatlons {Tic,

v Hr b
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Tiﬁz, BN) while others will be difficult due to severe edge overlap
(TiN, 2rB,, NbC). The recent pregrees in either confirming or adjusting
calculated cross-~sections and in determining ekperimental oﬁee (Table
2.3) make full EEL -analysis feasible for even the more complex

:Eunctiqnal ceramics e.q. BaTiOz, LiTa0; and the new generation of

-superconductors.. .

2.5 Conclusions

o

In conclusion, EELSl can be used to obtain_: quantitative chemical
information in ceramics. 'I'here "are. sufficient relieble standards either
for chec'king calculated Eg:L partial cross-sections or. for deterfnining :
~ experimental EEL k-factors pertinent to Si;N, with an overall a:g:curacy
of about 10%.. Two optimum EEL speetral collection'methodologiea have
been develeped and a variety of factors relating to ‘ease and accuracy
‘of quantificatioﬁ have been assessed for each {(e.g. edge overlap,
b'ackgronnd fitt_:ing‘or cellection limitationsa of the'microscc:upe)'. 1t was
E}BO found that a reali.sti.c study of ceramic phase compositions reqﬁires
knowledge of the infiueﬁce "of a variety of artefacts. These include
'spectrometer nen-linearit.iea,_m'asa loss or diffusion under the electron
beam, contamination layers and spur:.oua X-rays from fluoreacence or
electron backscatter;ng.‘

Unlike EDs, EELS is able to quant:.fy light, elementa and does not -
have the problem of aecondary fluorescence producing mislead:.ng reaults.‘
‘For . thie reason inxtial quant:.fication of amorphous or cryatalli.ne'
phasee i._s ‘best done-_with EELS. I-!owever as routine quantitative EEL

' 'analjrais_ is time consuming, subsequent ‘surveys of phase distribution is
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more efficiently done by EDS fingerprinting. Thus EELS and EDS are

complimentary techniques, which should be applicable to most structural

or functional ceramics.

7]
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2.6 TABLES AND FIGURES

Table 2.1
EEL CROSS-SECTIONS AND EDS k-~-FACTORS

Technique Collection Conditions Cross-Sect;on{xlOzzcm2/atom)
: or k-Factor

EELS ' 5.6 mrad/60 eV window Si-L = 579
: N-K = 14.6
0-K = 6.82
Y-M = 177°°
- EBELS 29 mrad/100eV window N-K = 47.1
: ' . Oo-K = 26.1 =
Al-K = 1.97
Si-K = 1.81°

Y=L = 2.31°°

EDS , ¥-L/Al-K = 1.69
. ¥=-K/Al-K = 3.13
AF-K/Si=K = 1.44"

¢ increased. by 20% due to Ti, Fe, Co and Ni silicide atandards
suggesting an effective Si-K cross-section 20~25% lower than
" the SIGMAK2 value
%0 from ¥ oi: scatter typically +/- 10%; (O-K/Y-M k-factor =
25.9; ¢-L/O0-K k-factor = 11.3) |
NiARl and Nisi standards (Carpenter et al, 1988)

173
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MAJOR DEVITRIFICATICON PHASES IN ANNEALED KYOCERA SN~220

Phage a ggghnique atomic ratio.
| Y3Alg0,,7 | O/Al | o(g
L EELS (11) 2.4 4.0
Py
EDS (9) . —-—- -
stoich. 2.4 . 4.0
223;207 _ o/si .o/¥
EELS (13) 3.28 3.14
EDS (18) —=== e
3.5

stoich. 3.5

* EEL analysis using O-K, Al-K,

* number of spectra analyzed in brackets

Al/Y
1.67

"1.67

1.7

Y/si
0.96
0.72

1.0

- Si/al

no Si
0.33
0‘0

Si=-K' and Y-L'edges

o * EDS scatter typically +/- 5%, EEL scatter Eypically +/~ 10%
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'BXPERIMENTAL EEL CROSS-SECTIONS ( X 10°2 CM2/ATOM)

Element Hofer et al (1987)
sr 308 (Sro)
Y - 327 (Y,0;)
Zr 259 (3203
Nb : 186 (Nh8
Mo 199 (M §
Ba 29.5 (Ba
La =i 27.5 (L )
Ce : 23.5 (c:f)o?
Nd 13.5 (Nd,
Sm _ 10.6 (Sm )
Gd 8.0 (Gd 530?

Dy - 4.8 (Dy,03
Ho - - 3.7 (Bo,C%)
Tm 2.0 (-rmggg)
Lu - 1.0 (LuyO%)
Ta 0.87 (Ta0;)
W 0.7

. atandard used in brackets
* 120 keV, 5.9 mrad, 100 eV wxndow

Malis (1989)

363 (¥,05)
245 (ZrO
180 (:.._,mﬁzoﬁy
31.3 (Baso;)

22.0 (CeAl,)

+ Bcatter in Hofer et al (1987) 2-10%, in (Malis, 1989)

typically +/- 10%

IG
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Fic'gure 2.1 EDS apectrtim from an intergranular .glass phase in SizN,
illustrating the overlap between Al-K, Si-K and Y-L peaks. ‘
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Figure 2. 2 EEL glass phase apectra with extrapolated background fits®
illustrate the two combinatione of edges for quantifxcat;.on-

(a) Si-L to O-K at 0.5 evlch (Hethod 1), :

(b} N-K to ¥-L at 2.0 ev/ch (Method 2).
Arrows indicate edge onset. C-K edge arises from a layer deposited to
' ._prevent specimen charg:_ng. Small N-K edge verified by background
"ext_rapolat:i.on. Note the charge in intensity scales at 240 and 1280 eV.
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Figure 2.3 Extrapolated background fits for: - !
{a) Si-L edge (Method 1) with log-polynomial fitting reg;ons 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, respectxvely. ¢ (EDS . ratio = 1. o). , .
'(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-polynomxal fit of C =~

450 to 520 ev. All 3 1ntegrated 1ntensxt1es for a 100 ev window are
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Figure 2.4 - Spectrometer nonlxnearxty at higher channel count rates for
a boron nitride standard. ' : .
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. ~ C : s :7‘.. \
F:Lgure 2.5 Edge of foil” show:.ng d:.sappearance of grain boundary as a
result: of da.mage induced by ion thinning. S )
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A

Figure 2.6 Beam damage in glass phase- (a} after a few minutes with the
defocused beam and (b) after 100 sec of focused nanoprobe beam (Method
2 analysis) .

¥



a Y eox] [p

Counts
@
)

el

EEL

v T r T v e T T T v T -
LW 1.2 1,4 .80 180 2,00 2.2 2,40 2,00 1400 100 1000 1700 1800 1900 2000 300 R0

Energy {kev) Energy_Loss (eV)

&

I'd]
Figure 2.7 Crystalline intergranular phase in ‘annealed
(a) EDS spectrum with apparent 15 at% Si,
- (b) EEL spectrum with no significant Si.

w

1)

Sx3N4:

38

-
-d

T

o



3s

[ RS

Figure 2.8 Partially transformed glass phase in annealed Si3N4. Arrows
indicate locations of focused beam analysis which ‘showed no detectable
Al in the crystalline phase near the interface.
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3 NICROSTRUCTURE OF SN220

3.1 INTRODUCTION
Silicon nitride is generaliy sinjt:erecl' with the use of additives

such as MgoO, 1\1203, Y¥,05 or AlN. 'I‘hese, aiong with the surface S:‘.c:v2 on
the starting alpha-silicon nitride, form a ‘li.q‘uid .at sintering
teméeraturea. The alpha-8izN, transforms to B—Si3N,. through a solution-
reprecipitation process (Hampshire and Jack 1983~) « The type and amount
of addicives ugsed determine- tt}e grain .mcrphology and strength
characteristics ('Wctting and Ziegler 1983). Larg}e amounts of ‘a low
viscosity glass lead to equiaredegraine; Small amouats of a high
viscoaity glass lead to s:.licon nitr:.de grains w:.th a high aspect ratio. ’
This also leads to a h:.gher room temperature fracture toughness (Wotting
and Ziegler, 1983).  The amount and compoa;t;on of the residual glass
after s;nter;ng is also expected to affect the high temperature atrangth
a.nd creep propert:.ea. Materials s:.ntex:ed& w:.t:.h Y203 have a more
refractory grain boundary phase than thcse;sintered with MgO. &As a
result they exhibit improved high: temperaii:ure;, strength. :A:_LZO._s is
generally added along wiét;l Y505 to enhance ainterability (Quackeﬁnbcsh et
al, 1983). Nitrides may alac be addedr as these-form‘ a solid solution ”
with the silicen -«nitride“. 'rhus it may be poss:.ble to fabricate a
material without an amcrphoua mtergranular phase as auggeated by'

Ziegler et al (1987). In addition, any res:.dual glass having a’ higher

=

nitrogen content is expected to have a higher v:.scoa.\.ty (Hampahire et

“al 1984). The atabi.lity of the reaidual amorphoua phase is alao
0 G
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important. Devitrification or oxidation can produce either beneficial
or catastrophic results (Lange et al. 1980, Jack 1982).

Some work has been done to understand and predict the behaviour
of the intergranular phase. O'Meara et al -(1987) , Drummond et al

(1988), Lange et alf {1977), and Quackenbueh et al (1980) have fabricated

glagses from the 2203-81.02-31203 system and studied their crystall:.zat:.on

behav:.our. ' However an understand:.ng of the system is far from
complete, as is understanding how the amorphous phase and its
crystall:.ne produc:ts affect the strength and creep propertxes of the

mater:.al .

Material strength is affected not cnly by sintering additives,

but also by flaws. Internal flaws which result from processing are

often found in the form of .agglomeratee or low density regions (Quinn

and Braue 1989). Surface flaws, in the form of nits, can result from
‘high temperature ox:.dat;on {(Tighe and W:Lederhorn 1983). Identlfz.cat:.on

of strength l:.nu.ting defects helps .in understanding material properties.

The purpose of this eectmn is to obtain an understandxng of the

m:.crostructure of Kyocera SN220 in the as s:.ntered cond:.t:.on, after .

annealing, and a.fter creep deformation. Th:.a :.nformat:.on is necessary

in order to interpret and model creep behaviour.

3.2 EXPERIMENTAL = - =

&

£

Sintered silicon nitride doped with Y,0; and Al,0; was cbtained

from Kyocera in the form of 4x 5. x 60 mm bars. The "a.mount o'f edditivea'

used were determ:.ned\rthrough neutron act:.vation ana.lys:.a (eee table

- 3. 1). Assuming the Y and hl were added in their oxide forme (as will

be d:.acussed in the d;scues:.on aect:.on) the mater:.al had been s:.ntered

o

!

R
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with 4.2 wt$ Al,Cq an& 3.8 wt% Y¥,0;. These values are close to the 5.1
wts Al,0; ‘and 4.1 wkd Y,0 as determined by Quinn (1986) on a batch of
Kyocera SN220 received from Japan in February 1985. The material for
this study was received in February 1986.

A comparison was made between the microstructure of the material
in the as sintered condition, after anhéaling and after creep testing
(details of creep testing cén be found in chapter 4). The heat treated
sampleg were annealed either in an air or an inert (argon) atmosﬁhere
at 1200 and 1250°C as detailed in table 3.2. Hést air annealed samples
.were placed in an Al,0; tube furnace while sé;ted on a SiC boat. 1In one
case a sample was annealed at 1250°C. for 200 hours while seated on an

Al,0; boat. Samples anneéled in flowing argon were placed in a covered

'graphite crucible packed with Y,05, Algﬁ,‘sioz and 50% BN. ' The oxides -

were added in ratios similar to the glass composition, assuming 3% sio,
isa on the surface of starting alpha—ailicon‘ nitride powder - a
reasonable value based on work done on other silicon nitride material

(Quackenbush et al 1986). The BN was used to prevent the powders from

aintering&fbgethefl Packing was changed after 100 hours as packing and

sample surface turned white after extended annealing times.
c . ]
Sample preparation involved polishing the material using the following

schedule on a Struers Planopol automatic polishing rig:

~

o]

7

SEM was used to qualitatively assess thé'sisuk grain morpholody.
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POLISHING SCHEDULE:

step diamond cloth lubricant

grain size . :
1 600mesh resin bonded disk water (lots) .
2 6 micron Struers TP-PLAN Struers bluelub.
3 3 micron " -
4 1 micron " ‘ "

SPEED: 150rpm : . ,

FORCE: Lowest force was used to check that samples were flat in the
sample holder (misalignment could be easily heard-when load applied -
provided no other heavy equipment was operating in the polishing room).
Force increased incrementally to force = 4 for step 1 (force = 2 for
steps 2 and 3) and then decreased after a few minutes at each load.
TIME: A few minutes at each load. Longer times for last steps if
needed. Progress was checked by removing sample holder from rig and
viewing polished surface under an optical microscope. . Thig could be
done without removing samples from holder, thus misalignment during this
step could be avoided.

NOTE: Sample holder and samples were c¢leaned thoroughly between steps
with methanol and water to avoid contaminating the next clean cloth.
All samples were mounted on a steel plug with 'Crystalbond' and an epoxy

collar put on prevent the ceramic sample edgee from catching and ripping -

the polishing cloth.
*TP~PLAN was preferred over Strﬁe:a PAN-W as it is a harder cloth ang
produced fewer pullouts. . .

Only enough Blue Lubricant to ensure the cloth surface is wet,

An alternative, more Buccésaful(polishing proc%gg;e was done at
the Mineralogy SGction at CANMET, "Ottawa using lead laps and diamond
polishing media. This procedure is detailed in LaFlamme et al (1979).

‘. Two etching procedures were tried. In the first, silicon

nitride samples were left to soak in‘Hr for % or 16 ﬁburs. The 5 hours

etch périod provided better r53q1ta as the 16 hours soak left an uneven

- finish, " qvq;-eﬁ&ﬁed in some areas, An alférnat;ve etch involved

immersing samples in a.melt of a“95 to 12 weight ratio of Kicos)2 and

NaF for 3 minutes. The first procedure was preferred however, for

safety reasons.

N

The effect of heat treatment and creep deformation on internal

. microstructural evolution (i.e.. crystallization of the . amorphous

1ntergrand1ar grain boundgry phase) and the effect of heat tfea:meht oﬁ

e



Y]

{(Ratcliffe 1965):

47
surface oxide formation were examined using TEM and X-ray diffraction.
Heat tfeated and crept sampleé analyzed are listed in table 3.3.
Details regarding TEM sample preparﬁtion‘apd quantitative chemical

analysis can be found in chapter 2. XRD was done on a Nicolet I2 using

a \cop'per source at 40keV and BOmA; and a graphite monochrometer.

Analysis was done by comparing spectra with those found in the JCPDS
standard file'library (see appendix 3a for clarification af JCPDS
files). .Samples from the centre of heat treated bars were prepared for
XRD by dry crusﬁing in a émal; shatter box using a tungsten carbide
container with a spherical tungsten carbide ball to ﬁinimize
contamination. The fraction of surface oxide included in the powder was
minimized by crushing a slice of the oxidized bar away f;bm the bar

ends. . The oxide surfaces were not analyzed in the powder form. The

crystalline phases formed:here, as determined by XRD and TEM, were then

compafed to the phases found ét the ceantre of the heat treatédﬁsamples.
The effects of oxidation weré also aqgésaed through w;ighé ;aiﬁ

and relative density measurements. mnensépiéé:d% samples,. which wefé

annealea in either aﬁ_air and an ihext atﬁcsfhere at iZOO'and 1250°¢C,

were determined 5y:wéi§hi§§“tﬁgﬁﬁin.b6th air and suspended in liquid.

' Relative densities were calculated using the foliowing equation

- .
> <

AP 5,(d,m91)  Spe(dgmdyg)

2]
P Dai(Sai=Sii) - Dye(SpmSie) i

where P is the dénsity, S and D are the weights of the sample and dummy

sample, the subscriptanai and 1; refer to the initial weighta in air and

&l !
. liquid, and a; and 1, are the final weights in air and liquid. To

obtain the weight in liquid the samplé was placed in a holey plast%g cup

which was sﬁspe&ﬁed on a .001" Nichrome wire. The-liquid used was;

R

£

L.

=
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diethyl phthalate, chosen due to its low coefficient of thermal
expansion and good wetting properties (Pratten, 1981). cChanges in

liquid temperature which occurred while making a series of measurements,

were taken into account by weighing the dummy sample at the beginning

and end of the series and correcting the intermediate values

accordingly.‘

Crept samples were examined by light microscopy and/or scanning

electron microscopy to look for cracks and oxide features on the outer

surfaces and to examine fracture surfaces. SEM was not used tok

‘'characterize creep damage due to thef‘difficulty in distinguishing

between true poroeity and polishing artefacts such as particle\pullouts.
Interior damage was characterized ueing transmission electron
microscopy. -

Glasses of ccmpoeltrone s;mrlar to those found in the trlple

points of the Brlrcon nitride mater;al before and after heat treatment '

were made. A low srlxca glaee of compoert;on 33.5 w/o Sroz, 45 5% Yiqy
21.0% Alzo3 and a high erlrca-compoertion of 46.5 w/o §io,, 26.4% Y504,
27.9% Al,0; were made.'TFabrication involved manually'dry'miring'nowders
of 99.998%l31203,_99.999% ¥,0; and 99.999% SiOé.{ail powders purchased
from Johnsoh Matthey Ltd.), tamping the mrxturee into molybdenum
-cruéiblea and heatrng untrl melted in an RP induction corl furnace Ln
a statice argon atmosphere. After the glaae appeared to be melted the
furnace was turned off, eesentially quenchrng the glaee to approxrmately
800°C in 3 minutes. The Mo crucible was cut away from the glass - to
allow optical examrnatron of the slug. Ifucolour gradients existed the
‘glaes wasg remelted.- Small piecee of the . elug were then placed on a

platinum forl and annealed for half an’ hour at 1600°c .in air and

o

quenched by remov;ng from the furnace. chemrcal analysrs by AEM wae_-.

done to confirm the glaas compcsxt;on. Precee were then annealed at

&
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1200 and 1250°C for 2 hours to determine if the glass crystallized in

- the same manner as that found in the silicon nitride material. Crystal

‘products were examined by powder XRD.

3.3 RESULTS o . ' s

3.3.1 HICROSTRUCTURE OF AS-SINTERED, ANNEALED AND CREPT SN220:

The.microatructu:e of Kyocera‘SNZZD was investigated using both

' SEM and TEM. A typical micrograph of a polished and etched as sintered

SEM specimen (figure 3.1) shows the silicon nitride gtain Bize
distribution. Tﬁe microetructure consists of he;agonal B;Si3ug'grﬁihs,
ranging in size_from 0.25 to 1.5 microns, with some_elongated grains
as‘iarge as 3 to 8 microns. Porosity iﬁformation could not be obtained
usiﬁg SEH samples é; it was difficult to distinguiéh between true
porosity and polishing artefacts such as particle pullouts.

Additional microstructural information was obtained uaing thin

fOLlB in the TEM. A typical TEH-micrograph of the as sintered material

is shown ig;figure 3.2. The hexagonal B-Si,N, grains are surrounded by

"an amorphdde intergranular phase. Amorphous inclusiona of theCEame Al/Y

a

ratio as in the grain boundary phase are found in the sxlicon nitride
grains (the Si ratios were not determined as these amorphoua bubbles are

- imbedded in silicon nitride grains).. Numerous Wsiz particles are also

e o
/ found to be present. In addition, some hilicon nitride grains contain

extenaive dialocation tangles as ehown in figure 3.2, Very‘iittle

poroeity.is seen.

TEM micrographs of annealed material‘ahow all of the above
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features in addition to a partially crystalline grain boundary phase.

The extent of a single crystalline phase is shown in figure 3.3. Here

‘a single YAG crystal surrounds several Si;N, grains. Both YAG and

¥,Si,0;, are cbserved to grow in the same manner. In soméhcases the
¥,8i,0, phase appeared faulted as shown in figure 3.4. Dislocations are
not found in any of these phases. The frequency of dislocations appears
similar to the case of the unannealed material although this was not
quanrified. In addition, there qus not appear to be any correlation
between the WSi, particles and their adjacént crystalfane.or ?morphous

phase. Amorphous bubbles are also found in the annéaled silicon nitride

“grains. In some cases they appear to be crystalline however the small

. ’ o,
minimal. N

size of these particleé and their location withip the grains limited the
amount of the analyt%cal work done on them. Agéin, cavitation was

The mxcrostructure of samples crept Ln bendrng ig very sxm;lar
to that of the annealed materxal. ~An addxtronal feature is the large
ndﬁber of bend contours, indicating larger elastic strains in the
materiél. 'fﬁis is not an artefact due to sémple preparation as the

annealed materlnl (whlch also conta;ns a crystallrne grarn boundary

" phase) does not have the same feature. Contact stresses can also be

seen by txlt;ng the sample. An example im shown in figure 3.5. These

“features :are found in both the tensile and compressive sides of bend

bars which were crept at 1200°C either to a maximum strain of 1.3%

before fracture at 28hrs, or a maximum strain of 1.79% or 0.89% until

e

the test ﬁhs terminated and samples cooledcunder load after 218 and 286

‘hours respectively.z The last sample had been preannealed for 200 hours

at 1200°cC before creep teating in order to ‘partially crystallize the
graip boundary phpséf\ Some additional cavitation is found to be present

in the foils taken from ‘the tensile side of the bend bar.‘ However even

t &\1
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when the maximum outer fibre strain was 2% the extent of cawvitation
appears to be still too low to quantify. As the elastic strain in the
material is not homogeneous throughout a thin foil and the amount of
cavitation was low, no correlation can be seen between cavitation and

strain in the surroundlng grains.

f
|

3.3.2 COMPOSITION OF AS RECEIVED, A.'I\NINERLED AND CREPT SN220:

Information regarding the coﬁpoaition of Kyocera SN220 was
cbtained by bulk powder XRD. The expected XRD patterns for Sigz ,Al N80,

with Z= 1, 2 and 4.2 (the latter two being the limiting values at 1400

and 1700“0 - Jack 1976, 1982) were calculated us;ng "the commerc;ally‘

available PULVERIX program and the structure for stN& as determined by
Hardie and Jaék {1957). The maximum Z. expected given the amount of Al
found in the material is 0.24. As Jack\showa, the dhange in unit cell

~ dimensions of silicon nitride do not vary linearly with Z. As a result

the difference in inteiplanarfspacinga for low Z {(from O to 1) is within

“the experimeﬁtal error of the X-ray diffractometer (.005-.008A for small
d—spacingg). Since' analysis of the material in the as received
condition and after annealing for 600 hours at 1250°C shows no peak
aplitting (which would indicate a combination of 8 and B'), all silicon
nitride is said to be in the béta form (within experimental effor). The
presence of a second phase was identified as wsia.‘ Analysis of samples
which had been annealed for various lengtha‘of time in either an air or
an inert atmosphere contained additional ieaka. The intensities of
these peaks relative to the SiyN, peaks do not vary apprecxably between
the samples annealed for 25 and 500 hrs in air and for 50 and 300 hras

in an inert atmosphere.

7
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Analytical electron microscopy was used to <clarify the
*identi.fication of the crystalline grain boundary phases found in the
annealed material. The-ag_alysia_was done using both EDS and EELS (as
discussed in chapter 2} and electron diffraction. Table 3.4 indicates
.the. phases found near the surface and in the centre of samples annealed
in both air and inert atmosphere. At 1250°C residual glass and ¥,8i0,
are found at all locations. .Howeirer mullite is found oniy néar"the

surface of samples annealed in air. YAG is found in the centre of these

air annealed materials as well as throughout samples annealed in an;

inert atmosphere. Samples annealed at 1200°C contain Al,0; at all
locations in addition to the phases distributed as found at 1250°C.

Electron diffraction of a few crystals ‘of ¥,8i,0;, in the material
gnnealed at 1200°C has shown it to be in the delta form (see figure

3.6).

<

- EEL analysis was done on the glass phase in the as received and
:1_:1'1250°c-annealed condition. The sampling size was large ‘as indicated in
Ttable 3.5a by the number of analyses done on samples of different heat
treatmenta. The average compositions of the glasses following different
annga]_.:.ng treatments are listed in table 375b in both atomic and weight
perc‘.;gnt‘.'wﬁsince compositions from EELS analysis .generally underestimate
thé oxygen copt%t due to .a high background fit for the oxygen edge (as
explained in chapter 2), the oxygen comﬁoaitioﬁe given here are
calculated by assuming the Al, S.‘L and 3’ content is correct and the glaas
is of a neutral charge. 'rhe dtfference Detween these and the
. uncorrected compos:.t:.ona is ﬂmall as shown in table 3.5b. The scatt%r
in glaaa compositions is clearly shown' by plotting the individual glass
analyses on the- Al,0;-5i10,-¥,0; phase diagram in f:.gure 3.7a. The
standard .deviations listizd ' in table 3.5b are wi.thin. the expected

experimental uncertainty “bf +* 10 a/o as noted in chapter 2.
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The same procedure was carried out for samples annealed or crépt

at 1200°cC. Figure 3.7b shows. that the glass composition from the
tensile side of a bend bar crept for 28 hours is identical to that '
formed on the compressive side of the bar. This composition is the same
as tha;: fi:»und in the centre of a sample annealed without stress at the
same temperature for'Z00 hours. A glass with a higher éi.o2 content is
found after alﬁmst 705 hours at 1200°C (figure 3.7c¢). This composition
is identical to that found after annealing at 1250°C for over 200 houri_a. _
It should be noted that nitrogen in the glass is at or below the
minimuam d_:etectibility limit (a ;gi.{eg_:g::ic percent}. In additiqn. in all
samples analyzed the amorphéﬁ;fghase were homogeneous throughout the TEM
f,lot depend on the idgntity of the adjacent

. {.
crystalline grain boundary jphase.

foil. The éompoa_ition did /

The calculated relaf\tive weight percentages of the phases found
after annealing at ‘1250°C ax@ shown in table‘3.6. These values were
determined by ‘Bolving an%lemental balance- eqﬁation as detailed in;
appendix 3b.‘:‘ Note that- approximately 60 w/o of the og.la“ remains
uncrystallized in the centre of samples after annealing at 1250°C, while
30 w/o remains near the surface. It was not possible to do ﬁhe same
analysis fof material annealed at 1200°C because of the preaenc‘a of an
additional crystalline phase. This led to 3 eQuaﬁiona (for ¥, Al and
Si) with 4 unknowns (the a:;lount of YAG, ¥28i207, 1\120:s and residual
glaas). . s | |

The rate at which' the grain boundary phase crysta}lizea was

determined by plotting the atomic percentage of yttrium in the amorphous

- phase as determined by EDS against the preannealing time for samples

annealed at 1250°C in both air and an dinert atmoaphere. - This

relationehip, shown in figure 3.8, indicates that the extent of
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crystallization is essentially complete within 200 hours at this

temperature.

3.3.3. OXIDE AND FRACTURE SURFACE MORPHOLOGY

Surfaces of samples annealed in air at 1200 and 1250°C were

characterized in the SEM. The topography of the surfaces annealed in

_a clean Al,0; tube furnace, on a Sic support plate is similar after

annealing for 25, 50, 100, 200 and 400 hours. Samples annealed at
1250°C appear to contain more glass than those annealed at 1200°C
{(figure 3.9). Bulk XRD of the surface of material annealed in air at
either 1200 or 1256°c for 600 hours shows the presence of B-SizN,;, Sio,

(cristobalite) and two sets 'A' and 'B' of unknown peaks. An inert

- atmosphere anneal at 1200 and 1250°c for 200 and 300 hrs respeotivély

reaulta'in-B—Sigu, YAG and unknown phase 'B'. These phases are

summarized in table 3.4. Unknown peaks 'A‘ were at a 20 of 16.8, 30.5,
33.3 and 50.8. Unknown peaks "B wero at 19.2, 27.8, 28.0 and 29.8.
Identification’ of these phases is not poas;hle using XRD due to the
numerous overlappxng peaks, cryatallogoaphxc orientational effects and
similarities between various combinations of spectra onm possiblé
phasges. éossibilitiea for these phaoes include a, B, Y, and y polytypes
of 225}20?, i, and x, polytypeo of 2251d5.

The surface topography found above differs £rom that found in
a sample annealed at 1250°C for 200 hours, in the some furnace, while

sitting on an nl{% boat. The resulting crystals are much larger and

more sharply defined as shown in figuro 3. 10.’ EDS has ahowo these

.cryatala to have a high yttrium content. - ,XRD has shown B3 SizN, and

unknown peaks 'A' to be present.

5}
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These oxide layers can be contrasted with the same materizl
which has been crept at 1200°C in the bend furnace lined with refrg;ﬁcry

bricks. XRD from the surface shows the same crystal phases to be

present as in the samples which were annealed in air. in a clean Al;0; -

tube furnace on a SiC support. However, large glass regions and pits.up -

to 50 microns in size are also found afte? annealing for more than 20
hours. Figure 3.11 shows the aurféces of bars from outside of the inner
load pins where the effect of the applied stresses are minimal. EDS
analysis shows the glass here to be high in calcium content and to
contain some iron. The presence of these flaws do not depend on the

initial grain bouﬁdary structure of the material as evidenced by the

- similarity of the bars shown in figure 3.11. The sample in figure 3.1lla

crept for 218 hours. That in figure 3.11b was preannealed for 400hzs .

to partially crystallize the grain boundary phase, polished to remove
any oxide layer, and then crept for 286 hours. Both contain oxide pits.
These pits extend into the buik of the material as shown on the fraéture
gsurface (figure 3.12) of a bar pol;shed, preoxidized for 25 hours at
1200°C and then crept at the same temperature for 4.25 hours’ before
failure.

Although thgse oxidg pits would appear to° be prime sites fﬁr
crack nucleation, in umst.fractured bend bars which were polished
immediately prior to creep' testing (ie. after any preannealigg
treatment) it is very difficﬁi£ to detect any flaw origins. Thus oxides
or glassy pits which form during the bend test do Abt appear to
embrittle the mate;ial.cpifficulty in detecting flaw origins ia §art1y
due to the presence of an amorphous film which coats the fracture
surfaces and obscurea-f:acture details. As a fesult, surface relief
{shown in figure 3.13), as opposed to tranagranu1§r~ordintergranular

fracture, is used to distinguish slow crack érowth from fast fracture
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regions. In many cases the presence of a larger damage zone is

indicated by the surface cracks found behind the fractured surface (see

figure 3.14).
-An additional feature of the fracture surfaces is a white border
near the outer edges of the bars. The width of this border does not

vary with annealing temperature or time. It is often found to be of a

- different widths on different sides of a bar inclﬁding sides parallel

to the stress axis (ie. not the tensile or compressive*feces). Higher
magnif;cat;on of the border (f;gure 3.15) shows a higher concentratxon

of buhbles here than in the centre of the fracture surface. Auger

~ analysis was performed on this area with a.iOkV, 1 ur elecﬁfon*beﬁm on

a 0.0smm? area while sputtering the surface with 4kV, 3uA argon ions.

Figure 3.16 shows a large increase in nitrogen concentration after

<

approkimately half an hour. This indicates that the bubbles are filled

pwith- a nitrogen containing gas. The nitrogen content in the

intergranolar glass was not quantified for the surface versus the centre

‘- of samples as the level of nitrogen in the amofphoua material was close

to the minimum detect:.bil:.ty limit for EEL analys:.s (a few atomic

' percent). A faint but axmxlar feature can be aeen visually on polxshed

croaawsectiona of the material both in the as received condxt;on and

. after heat tgeatment or annealing in e;ther air or an inert atmosphere.

‘ Unfortunately very poor optical contraat made th;s feature difficult to

photograph.

tt
]

;;'?"‘
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3.3.4 ANNEARLING- DENSITY AND WEIGHT GAIN RESULTS:

The rate of_oxidation was determined from the rate of change in

weight of the samples which had been annealed at 1200‘and 1250°c. The

. weight gain results are plotted in figure 3.17a in units of mass gain
per unit surface area. The date is replotted in figure 3.17b assuming

a parabolic relationship. Parabolic rate constants derived from this

are 3.8x10°12 and 6.12x10 Vkg/ms fof 1200 and 1250°C reepectively.

These values ﬁefe used te determine an activation energy. for oxidation

of iO46kJ/mol. Care must be taken in xnterpretlng this value due to the

narrow temperature range examined and the different crystal products

which,form in the material at each of the temperatures (as shown in

table 3.4).

Relative density measurements are shown in figure 3.18a. Efﬁe
wide spread in density values in the unannealed material occurs in all
four SSN220 bars examined and varies systema@ically from one end of a
gintered silicon niﬁride bar to the other. ° When densities are
normalized to their initial density, as is shown in figure 3.1Bb, there
is little effect of initial density on the rate of change. =

e ~ The densxty change has been determxned to be a surface effect
<$‘aince grlndxng 50 microns off the 600 hour annealed samples increases
the relative densities to within 0. 05% of the unannealed values.
Removal of another 50 microns leadacto much smaller increases. The
density of the annealed samples relative to {che unannealed condition
Before and after partial removal of the oxide scale are plotted in

figure 3.19. o Iy

=

Q
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3.3.5 AMORPHOUS PHASE FABRICATION AND ANALYSIS

Bulk glass samples of similar éﬁﬁpositiona to those found in the
triple points of the sintered ailiéon nitride material were fabricated.
This was done in order to coﬁpare.buik cryataliization behaviour with
that found in the allicon nitride. Glass compositions chosen were that
found in the as received material and that found in material annealed

at 1250°C. Initially, glasses were fabricated in an inert atmosphere.

"However they appeared brown in colour. = They were then annealed in air
| at 1sbo°c for half an hour and then quenched. This resulted in
_transparent glasses. .= All glass samples contained small bubbles.
Gﬂnnalysis by EELS showed that each glass has the desired comﬁoaition {ie.

- 'no appreciable mass lose occurred during fabrication). XRD analysais of

each glass after annealing for 2 hours at 1200 and 1250°C shows the high

~silica_composition, annealed at both temperatures, contains a lot of

'y‘-stizo7, some B-sti207 and Al6S8i2013. The low silica glass annealed
at 1200 and 1250°C contain mainly B-Y,5i,0,, some Al65i2013 and small
amounts of 'y'—izsiao? peaks (see figure 3.20) . These results are

summarized in table 3.7.

3.4 DISCUSSION

3.4.1 MICROSTRUCTURE OF AS;SIHTERED_AND ANNEALED MATERIXIAL:

The microstructure of Kyocera SN220 is typical of that found

in sintered silicon nitrides. The distribution of a thin amorphous

layer between thg graina'and the remainder in the triple points, as seen

0

in SN220, is common in silicon nitride materials regardless of the

amount of additives used (Krivanek et al 1979, Greil and Weliss, 1982).

o
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Impurities such as-wsiz and iron silicides up to 0.5 microns in size are
often found (Tighe et al 1983; Krivanek et al 1979).  Small amorphoua
inclusions in silicon nitride grains have also been found. In SN220
some of these inclugions'appeared te crystallize after heat treatments

at 1200 and 1250°C. BAgain these features are typxcal of BlllCQn nitride

material (Evans and Sharpe 1971; Lee et al 1988; Lew;a et al 1988). The'

denslty ‘of dislocations in SN220 appgars to be independent of heat
treatment or creep at 1200°C in the timé frames examined heﬁe. This is
contrary to the results of Lee and Hilmas (1989) who found the
d;slocat;on density to increase after approxlmately 5 hours at 1500°C
as the Lntergranular 5—Y2512o? phase transformed to 3-2251207. These
dislocations were easily annealed out after heating for 10-20 hours at

this teﬁperaturé.

The morphology of the crystalline grain boundary phase found in

Kyocera S5N220 after annealing at 1200 and. 1250°C is commonly gseen in-

Yé% containing materiala (Bonnell et al 1987; Lee et al 1988) The
formation of large intergranular crystals surround;ng several silicon

nitride grains is thought to be due to a nucleation controlled proé'esa.

Since the crystalline Qrain boundary phase extends in 3 dimensions and
TEM foils allow one to see through only a small slice of that, the
intergranular nucleation sites can not be identified. However, in a
study of bulk Y,0;-Al,0;-Si0, glasses, Dinger et al (1988) found iron
silicide impuritiéa to act as the nucleation sites for y=¥,8i,0,. As
no correlation was found between Wéiz particles and their adjacent
phhsea {crystalline or amorphoﬁs), it does not appear that these
pafticleé are nucleation sites in SN220. &hjﬁk

The amorphouﬁ.intergranular phase in fhe as sintered material

surrounds the Si;N, grains. The space it occupies includes pockets

.bétween four or more grains, channels between three grains and £films

<

G

€
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between two grains., The grain‘boundary crystalline network extends
around several Si;N, grains as shown in frgure 3. 3._ This crystalline
area may be interconnected by crystalline materlal in the 3-grain
channels, with the boundary between two grains remaining amorphous.

According te Raj (198la), this remaining film would be expected to be

a monolayer thick (badsed on’ minimizing the -lnterfaclal energy

contrlbutxon) aeeumlng the sol;d-glaae interfac;al energy term”’ were
independent of glass thickness. A larger equilibrium layer is predicted

by clarke 8 (1987) model based on a ferce balance anludlng steric

reffects in the amorphous film. Theee-fcrces are discussed in detail in .

chapter 4.
The thickness cf the glass film between grains hae not been
addressed in the current work., It should be noted that using high

resolution electrcn microgcopy to determine whether or not an amorphoua

grain boundary film xe present and how thick it lB, is not a simple task

(Krivanek et al: 1979, Clarke 1979a,b; Lou et al 19578). However this
problem has been examined exteneively by Clarke (1988), Ahn and Thomas
(1983), and Lou et al (1978)f A thin amorphous phase was found between
eilicon nitride grain w;th and without a partially cryatalline gra;n
houndary‘phase,_and between the crystalline intergranular phaee dand

adjacent silicon nitride grain (Krivanek et al 1979).

3.4.2 INTERGRANULAR PHASE COMPOSITIONAL ANALYSIS

COmpoeitional and phase information on the initially'amorphous

intergranular regrone have been determined with the use of analytical

.electron microgcopy (AEM) and x-ray diffraction {XRD). The composition '

of the amcrphcus rhase as determ;ned by AEM is plotted on a ¥503=5i0,-
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Al,0; diagram in fighre 3.7. a nitrogen containing phase diagram was
not used for several reasons. First, EELS has shown that hitrogén is
at or below the minimum detectibility limit (approximately 5%) in the
amorfhous phasg. Moreover, neither AEM nor powder XRD indjicate the
presence of any nitrogen cdntaining crystélline phase. Also, the powder
XRD results indicate that B-Si3N4, not B8-sialon, is present after
sintering and annealing. Finally, there is no significant change in
silicon nitride-grain size or grain shape during annealing or éreep,
which suggests that the -silicon nitride does not react with the
amorphous phase. Thus the phase diagram of interest is the Al,04-Y¥,0;-
sio, diagram. Co | |

It is useful to analyze cryatall;zatxon data for SN220 and the'

: i
fabricated glasses, in t\e ‘light of related work by other researchera.‘

Pigure 3.21 shows the exper;mental‘behavxour diagram as determined by
O'Meara et al (1987) for glass compositions fired in air at 1500°c for
lhr and then annealed for up to 24hrs at 1250°C. The crystallization
products found by O'Meara et al‘aré indicated by the compatibility
triangles. Additional glass compogitions which were annealed at 1100°C
(presumably in air) for €hrs by Hyatt and Day (1987) are also shown on
this diagram. They found slightly different results as shown in figure
3.21. Neither found the products cbserved by Bondar‘and Galakhov {1964)

as shown by the compatibility triangles in figure 3.22 along with the

‘relevant binary phase diagrams (from O'Meara et al, 1987). It is worth

noting again that the presence of the 2Y¥,05°35i0, phase'is:currently
being questioned (Drummond et al 1988, Liddell and Thompson 1986).

Clearly the crystallization b@haviour of this ayétem is not well

characterized.

In the current study the crystalline products found in the

centre of SN220 samples annealed in air and throughout the sampleé

»
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annealed in an inert atmosphere are !’281207 and YAG (Y3A15012) After
annealing at 1200°c, Al;,0; was found in ‘addition to 6-3(25.1.207 phase and
YAG. Given O'Meara's compat:.b:.lity triangles Y,5i.0,, mullite, Al,0z

and/or Sio0, would be expected. 'This discrepancy is not thoughﬁ to be

. due to inaccurate determination of the glass composition as the

compoe:.tion determined by EELS of well character:.zed compounds shows the

accuracy of the technique to be within 10% (as shown in chapter 2). 1In

addition the fact that Al 0z is found after annealing at 1200°C and Sio,

is never found indicates that this discrepancy is‘;'not due solely to

inaccurate compositional results. )

The crystal phases found on the surface of. SN220'after heat
treatment :.n air depend on the environment of the anneal.\_ 'I.‘he phasges
found by ZRD after air expceure at 1200 and 1250°c include unknown
phases A and B, mullite and’ cristobalite as determined by bulk XRD.
Specifically, more §i0, was formed when the sample was contalned Ln the_‘_;
refractory brick lined creep furnace or if the sample was in a clean :
f;;rnace on a SiC boat. It did not form to the same extent if an Al,0;
boat was used. This suggests there is some reaction between the silicon
nitride and the sicC. e\r rnfractory furnace. Since TEM f.'o'il preparation
of the immediate Bur>ice-\ \‘,‘\ uneucceseful, the identification of phases
A and B could not be determined. TEM analysis r.hd show that at 10-200
microns below the ’eurface mullxte forms alcng with st"zc’? after
annealing at 1250°C (A1203 fome in addition to mullite and 5'Y25’-z°? at

1200°C) « It is possible that the cxa.dation of the surface SJ.SN,’ and/or

' the glass’ promotes the growth of mull:.te, a 81.02 rich phase. ‘

TEM analysis using EELS was uaed to prcv:.de quant:.tat:.ve

chemical information on the amorphoua intergranular phase as well as on

[

the crystalline phaBes. Figure .3.7a ahc'igre the intergranular

ccmpcaitions for eamt:lea in the as sintered condition and after
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annealing at 1250°C in both an air or an inert atmosphere. The
compositicn of the residual glass was the same regardless of annealing
atmosphere, the location of the TEM foil with respect to the surface of
the annealed sample, and the identity of adjacenf crystals. This
implies sufficient diffusion occurs over the order of a few microns but
that no gross ion diffusion occura.towerds'or away from the surface (as '
will be’ dealt with shortly)._ Knowing the composition of the amorphous
phase both before and after annealing, as well as thehphases thch
‘cfystallize, it was possible to do an elemental mass balance to
determ;ne to we;ght percentages of each phaee present. Using an
- estimate of 3 Bg/cnp for the density of the amorphous phase (measured
- by Loehman (1979) for a glass of composition 16.6a/o ¥, 15% Si, 3.2% A},
65.1% O, similar to the measured residual glass composition of 6ajfo Y,
25%s5i, 12% A%, 57% 0), the volume fraction of each phase coeld‘also be
calculated. For the cases -of an inert atmosphere anneal.and-in the
.centre of air annealed samples, the three unknowns are the quantitieeu,
of }231207, YAG an§ residual glass. These can be writteﬁ in terms of thej[

compositions of each phase as follows:

0576 Xyasizor 0.0933

2.0 3.0 O.
0.0 5.0 0.1106 X = 0.1145
2.0 0.0 0.1934 gAMLz

resid.glass Oc' 1602

Solutions of these expressions lead to the following relative fractions

of each phase:

20 £ 3 w/o =20 + 3 v/o. Y,51,0,
19 + 4 w/o = 15 ¢ 3 v/o Y;Al0,
61 £ 7 w/o =65 9 v/o res;dual glass

o

For the material near the surface of aamplee annealed in air at 1250°¢c, -

the same procedure produced:



e

64

50 + 8 w/o = 52 £ 10 v/o ¥,Si0;
22 £ 5 w/o =18 £ 5 v/o Al,Si045
27 £ 2 w/o = 30 * 4 v/o residual glass

This assumes that the change in composition of the amorphous phase due

_-to oxidation of the SizN, grains is below the error in the composition

determined using EELS. As the composition of the amorphous phase in the
as received material lies on the t.'i.e- line between lthe Y,5i,0;, ~ YAG -
Al,0; and the ¥,81,0; - mullite - Al0g compatibi;ity triangles (figure
3.21), slight increases in the Si ahdg 0 contlent would increase the
likelihood of forming mullite over ¥YAG. The above calculations indicate
that the near  surface regions of air annealed samples contain

considerably less residual glass.

One uu.ght expect the dxfference in the amount of :.ntergranular

phase present in the two cases to‘a._e obvious when analyzing TEM samples.
However est:.mat:.ng the a.mount of residual glassy phase is difficult
since the amorphous phase in SN220 shows a similar contrast to that of
g8ilicon nitride and ‘mullite c:ys'tals when they are not in a strongly
diffracting cendition. The glass };s of ‘course differentiated from the
crystals by‘its lack of diffraction contrast on tilting. However,
vigual ‘.j,_dem':ificatioﬁ of a phase which does not. change contrast and is
aurro%nded by many. crystals of different orientations requires careful
work For this rea.son' an estimate of the volume fraction glass from TEM
images could not be obtained, although it was found that amorphous
regiona were slightly easier'to find in ﬂempleg which has been annealed
in either an inert etmoaphere or were taken fr;m the centx;e of material
annealed in air. ha the contrast of Y containing compounds was
diéferent from the Bi{alicon niéri{cie grains, gualitatively assessing this

difference was easier. The fraction of cryatall:.ne Y ccmpounds appeared

similar in each. The above ca.lculat:.ons :.nd:.cate that -this should be

o3
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the case.

3.4.3 RATE OF CRYSTALLIZATION AND ION MIGRATION:

An analysis of the composition of the amorphous phase in all

~ heat treated samples (including areas near both the surface and centre,

in samples annealed in either air or an inert etmoephere), gives some
indication of the  rate of crystallization. Figure 3.8 shows the

fraction yttrium in the amorphous phase as determinedvby EDS analysis
- y .

"as a function of annealing time at 1250°C. Clearlysﬁhrelatively stable

.

yttrium content is cbtained between 50 and 200 hours. This cbmposition

remains unchanged up to at least 600 hours, the longest annealed
compoaitidh analyzed. The same trend is seen for samplee heat treated
or crept at 1200°C. However, the same final compositions are not
reached  within 266 hours, but are found after 700 hours (figurea
3.7a,b,c). Although additional samples heat treated for intermediate .
lengtha of time:were not analjzed, it is clear that tne intergrannlar
ph;ae in Bamﬁiee heat treated at 1200°C forxb, 50, 100 and 400 hours
have crystallized te differing degrees.

) Surface oxidation does lead to the format;on of mullite, a
silica rich crystalline phase not found in the xnterlor, in addition. td
Y,5i;0;. Th;a is sxm;lar to the findings of Quinn and Braue (198%) where
a silica rich pyros;lxcate (¥,51;0;}) is found at the surface rather than
¥,8i0; as found 1n the bulk. The glass compoe;txon near. the surface of
the SN220 air annealed samples is the same as that found in the inter;or

where different crystal productas (¥,Si0, and YAG) occur. It appears

“that the effect of the oxidation of surface material does not

significantly effect-tﬂe composition of the underlying glass, indicating

£
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1 our attempts to determine ‘ion concentrations by’ either elemental
. .mapping - in the SEM or by microprobe analysis _proved to be
irreproducible. This was due in part to the low levels being detected -

66
that no gross inward diffusion of oxygen or outward diffusion of cations
occurs ihrough the glass. This is supported by density measurements

‘taken before and after annealing with 0, 50 and 100 microns of the

surface material removed show that any change in density is a surface

phenomenon. As the relative change in density of material annealed in

air, after femoval of the surface 100 microns is 0.005, which

corresponds to a less than 2% relative change in Y and Al concentration, .

there appears to be very little long range ion diffusion. There is
however diffusion in the amorphous phase as all the glass analyzed is
of'a uniformtcomposition regardless of the adjacent crystalline phase.

The lack of evidence for long range diffusion can be compared
to results found by other researchers (Babini et al, 1584; Bouarroudj
et al, 1985; Falk et al, 1985; and Sato et al, 1987) where yttrium,

aluminum and'impurities have been found to migrate to the surface. The

firast three groups used EDS line scans in the SEM to detect yttrium '

concentration profilea1. The-conéentration profile given by Babini
shows the Y and Al to be concentrated in the top 25 microns and depleted

in the underlyingh 40 microns.  Sato et al. infer grain boundary

migration since XRD peak inten%ity increases with annealing time. A"

subsequent paper by Falk and Dunlop {1987) attribute the occurrence of
yttrium rich crystalline products near the surface and yttrium poor
producﬁafin the in}erior of saﬁples annealed in air to yttrium icn
migrat;on and aubsequent‘%;ass cfystallization. In none of the above

cases is the concentration profile of the as received maté:ial"given.

'the gradient is assumed to result solely from annealing, not sintering.

g

{as approximately 4w/o each of ¥,0; and Al,O; are present in the silicon
nitride’ material, as opposed to Bw/o !‘oi in Babini's material), the
partial overlap of adjacent Si-K and 3—\'peaks, and the problem of
fluorescggce of Si-K peaks by the Y-L energies. : .
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Oxidation activation energies determiﬁed for this process range from 260
+o 800 kJ/mol. These are lower that the 1046 kJ/mol value measured for
SN220. However the wvalidity and usefulness of this value is

questionable as different crystal products are found near the surface

of the material by TEM at 1200 and 1250°C and the oxide products are

environment dependggt (as evidenced by figures 3.9, 3.10 and 3.11). 1In

none of the cases from the literature have these effects been taken into

account.

Ion migration has also been used to account for the presence of

ailight coloured border at the edge of the material (Bouarroudj et al '

1985). A similar border is also seen in Kyocera SN220. This border is
most clearly segnaﬁn the fracture surfaces of the crept bars where
bubbles are found in the glass. The width of the border does not
degihd on the bend test temperature or time and i£ may or may not be of
equal width on all sides of the bar {which were machined from a élightly

larger bar). As the colouk difference is also seen on polished cross-

o

sactions of the material in the as sintered condition and after

= o

annealing in both air and an Lnert atmosphere, it can be concluded that
this colour difference is not a Ofunction of grain boundary
crystallization. Instead, it is most likely to result from the
) B u

material and is thoﬁght to be due to lower dopant concentrations at the
purface of the material when a sintering bed with low dopant levels are

used (Liu and Li, 1989; Pugh 1989). Any differences iﬁ dopant or

impurity concentrations in SN220 were too small to detect by AEM.

However, the difference in bubble formation at the creep temperatures ’

;ndxcate that exther the border region haa a lower viscosity than the
centre of the bar, or that the rate of reaction (posaxbly oxidatxon of

513N4 as Auger analyszs indicates bubbles in the border contain
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hitrogen) occurs at a different rate in the two regions.
The oxide scale was not investigated further as it was found to
be a2 function of annealing environment and, as e#plained in chapter 4,
it was removed prior toc creep testing to eliminaté surface pits. Any
new oxide layer formation. did not appear to affect the creep lifetime-

of the material in bending or compression.

3.4.6 AMORPHOUS PEASE FABRICATION AND CRYSTALLIZATION PRODUCTS:

The amorphous phase compositions determined by EELS and EDS are

‘shown in figure 3.7. .The composition of the glasa has been found to be

homogeneous throughout the material. As it is independent of the

'adjacent crystalline grain houndary phase, diffusion through the glaés

must be occurring readily on a scale at least that of the silicon

nitride grains and of tﬁe intergrénular grains (0.25 to 8 microns as
shown in figure 3 1). This suggeats'ﬁhat the‘amorphbua phase %s
interconnected (consistent with the calculation by Clarke (1988) for\a
stable intergranular f£ilm). Horgover, the uniformity of the final
amorphous phaéb composition, regardless of location or ann@aling
aﬁmoaphere, Buggestél th; presence ©of a stable glass. ‘This was
inveaﬁigated egﬁe;iméntally instead of theoretically . for several
reasons. First, thé available thermodynamic data for the Y-Al-Si-0
system are incomplete. In-addition, gome- of the expected phases are
currently being questioned (e.g. Lee et al (1988)Uand Liddell and
Thompaon (1986) queatxon the presence of 2!2qsas;ck). Fxnally, kxnetxc

~ factors would not be taken into account. ‘Therefore, glasses of +he same

& |
compoaitions as those found in the gilicon nitride material were

I
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fabricated. Compositions were confirmed by EELS to chechk that elemental
losses had not occurred during fabri.cation.- Annealing the glass with
the low eilica cbmposition {the same as found in the as sintered
material) resulted in mainly B-,' some 'y'—!zéizo7 and mullite being
formed. By way of comparison, 5-¥,8i,0, and mullite were found in the
surface region of air annealed SN220 samples. The high silica glass
contained 'y'—!zsizo7, some 5-2251207, and mullite after annealing. This
_gllass was the same composition as the wresi.dual glass found in the SN220
after annealing. Thelre aré several reasons which may explain why the
bulk glass crystallized, and the difference in cryatallization products
between the glass in the silicon nitfide material ‘and in the bulk.
These will now be examined.

A facfor not taken into consideration in as_sesaing'the residual
glass stability is the effect of a negative hydrostatic pres’aﬁre. This
prég\éure'may develcop due to a decrease in volurﬁe of the intergranular
phase dﬁring crystallizatio;.' It i.ﬁ unlikely that this occurs as-
residual glass can flow inwards to accommodate the volume change. The
ability of the glass to flow is supported by observations of a very
homogenous residual glass composition.

Ancther possibility is that the remaining amorphous triple
points .are smaller than required for nucleation of the cryqtalline
boundaj;y phase (Raj, .l-wi"‘aan Raj and I..a:nge, 1981; Falk and Dunlop: 1987).

Howevlér growth of adjacent crystals through large interconnected

chanﬁela would then be expected. These channels exist as crystalline
boun&ary pha&ea are obaerved to surround several Si;N, grains. This

would lead to a Sxoz-x:n.ch glaaa. As this does not occur, it appears
) .

that the residual glass may be stable.

]

;f 'rhe 6-!28;.307 polymorph found in t.he interior of SN220 differs

from the polymorphs found in the annealed glasses (B and 'y’ —stizo?}.

7
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The conditions under which.one phase forms preferentially over anothér
is not currently understood. The different polyﬁorphs have been found
in other siiicon nitride.work as well. For example Falk and Dunlop
(1987) found the B-¥,;5i;0, polytype on the surface and the « polytype at
depths greater than 200 microns frem the surface of Yﬁ§;§1§§ doped
samples {produced by nitridation and pressureless Bintering followed by
heat treatment in air at 1400°C). Researchers in the same group
{O'Meara et al., uhpublishgd wofk) made a series of glasses with a fixed
& Yf%-nléﬁ—sidz ratio and varying amounts of Siﬁ%'in order to study:
crystallization behaviour of glasses of similar composition as the grain
boundary phase in the silicon nitride material. They found that on
: crystallizéﬁion, the compositibna with lower Si;N, levels contained the
a as well as the # phase. Drummond and Lee (1988) have algp done
extensive work on ¥,0;-5i0, glasses for compafison with a ¥,0; doped
silicon nitride {Lee et al 19881.“They find the B ¥,5i,0, phase forms
in Y,0; doped silicon nitride whé%ﬁeither no sioz or 3.6 w/o SiO, has
baen added. This can be compared with work by Kumar and Drummond (1989)
who find predominantly the y form when a glass of approximately the sﬁme
composition. as the second silicon nitride made by Lee ét al (abovg) and
mainly the B form in lowér silica glasses. These results do not agree
with previous work by the same group (Drummondﬁgt al. 1988) where a
variety of phases are found for glasses of the same cdmposition.

The fact that the 'y'-!ésiZOV- polymérph was found in the
‘f?briqéfed glasses aftei:annealing~;eads one towqueation the importance
of impurities. ¥-Y,5i,0; is an impurity stabili;éd form with the general
formula RY,Si 0, where ReH,, Na,, Mg, Mn,,. Fe,,, Fes,, Alj,, Th,, or
‘2x;,« The 'y' phase has also beenn known to transform to Q?sti207 on
hegting to 1200°c (Liddell and Thompson 1986). The a phase, according

to Ito and Johnson (1968), should'tranaform to B at,1225°c. CIeatly if

-

Eas
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the 'y’ phase ;s present in the fabricated glass and neither the ‘y’,

a or B ;mases'are present in SN220, the difference in the impurity

content of the two glasses may be significant. This may hdvé a large
effect of the ‘overall stability of the glass.

an impurity found in the SN220 glass at concentrations of a few

atomic - percent (as determined by EDS), but not considered in the

fabricated glass, is calcium. Previous work of Thorel et al (1986) has

shown decreasing the level of calcium impurities in sialon ceramics

promotes the formation of YAG instead of a glassy phase. Thus had
calcium been present in the fabricated glass, the effect of heat

treatment may have been different.

3.4.7 MICROSTRUCTURE OF CREPT SAMPLES

o

The mié:oaﬁructure of the crept materia; appear3 identical to
that of the annealed materialdﬁith the added contributions of cavitation
and internal atrdin. Care was taken to ensure that the cav;tatlon
démage or internal strain, Ldentxfxed by TEM, was due to creep
deformation and not initial sintering porosity or sample preparation

artefacts. Cavities are found in the triple points and ‘occupy the

complete grain junctlon, a feature also found by Tighe et al (1983).
Unlike Clarke (1985) and Harion et al (1983), no cases were found in
which amorphous material still surrounded the cavity. However as the

cavity density was low it is possible that'thia feature was simply not

" obgerved (Clarke, and Marion et . al state that only a few of these

cavities were found). Addxtional effects of atreas were found by Tlghe
(1978 and 1583). Bubbles were found in the silicon n;tride-grains on
the compreaéive side of a bend bar. Tighe also states that some

iy
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thickening and distortion of the ¥,5i 0, phase was found on the
compressive side of bend bars crept at 1400°C to 0.27% outer fibre

strain. These effects are the result of stress accommodation. These
; : i :

-featureskwere not seen in the current work on SN220, possibly because

.

tests were run at a lower temperature (1200°C).

Contact stresses, as found‘in crept SN220, appear siﬁilar to
*stain whorls’ found by Quinnland Brﬁue (1989) and Lange et al ({1980)
in silicon nitride ma%é?ials.'ﬁguinn and Braue found this feature near
the tensile. surface: qf a Y,03-Al,0; doped Si;N, crept .f.n bending,
indicative of grain boundary sliding. Lange et al saw this feature in
a MgO doped silicon nitride material which was_creﬁt in compression and
cooled under load; They did not aée it when the material was relieved
of applied loads before cooling.‘ This correspends well to their
observation ofhatrain recovery at high temperatures.” In the current
study the presence of internal atrain, as observed by TEM regardless of
cooling conditions, Lndxcates that little or no strain recovery occurs
between the time ? bend bar fractures and it is cooled (the time for the
temperature to‘drop form 1200°C to 800°C is approximately 10-15min.).
Residual stresses have also been detected in some materials after
annealing. This is expected due to grain boundary crystallization and
differences in thermal expansion {Bonnell et al 1987). K

The density of dislocations ;? the siliqoﬁ nitride.graiﬁs does
not appear tb be affected by creep. ﬁislocations are inhémogeneously

distributed, existing mainly in large tangles inaxde grains. This is

Bimilarlzn both the as received and annealed materials. Thus the

w o

dislocation densxty was not assessed quantitatively. As cavitation

denaity was low, no correlation could be made between dislocations and

cavities as seen by Din and Nicholson (1975) on the tensile side of bend 3

R bars crept at 1200°c. Similarly, as TEM foxla-dld‘not conta;n any creep
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eracks,*aislocation aetivity at crack tips could not be assessed. Thus
dislocation formation coculd not be compared to that found by Tighe
(1978) where dislocations were generated at the crack tip in double
torsion specimens. Tighe also found dislocations associated with grain
boundaries in the compressive side of bend bars crept at 1400°C. Since
they were not present in the as received material they must have
occurred as a resalt of bending.

Aa additional stress-induced |n%croatructural change is the
deformation of the intergranalar grain boundary phase. Quinn and Braue
{1989) found'that the intergranular phase‘Sstizorlcontains more faults
after deformation at temperaturea 1200°C than 1000°C. As this phase is
known to be highly faulted an& is ofteh twinned (Diager et‘al 1988),
‘it is thought that it can accommodate ‘deformatien by diffusional
reaprangement of tﬁinning.ﬁdminn and Braue 1989)‘ The ¥,5i,0, phase
found in SN220 often appeared faulted, or more specifically to contain
grains which were alxghti; mlaorlented {figure 3.4). Additional faults

_\\
or twinning in the crept material waa not noticed, however the material

' was not analyzed with this in mxnd.

|'." e

E-\/ . E .
No other stress induced microstructural changes were found in

-

Kyocera SN220 or have been reported in silicon nxtrzde materxals.

0

‘3.4.8 OXIDBE lﬂﬁ FRACTURE SURFACE NORPHOLOGY: T

SEM analysis of the annealed surfaces indicate the formation of

surface cryatals and glass. The aurfacea of samples crept for

R

ccmparable lengths of time also conta;n large amorphoua plts. As these

pits occur on all areas of the bend bar, they are nct due to the effect

5]
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of surface stress. The difference is due to the atmosphere. The

annealed samples were heated in a c¢lean alumina tube furnace and the

bend bars in a refractory brick lined furnace. Impurities given off

from the furnace lining react with the silicon nitride material forming
large pits. These ‘pite have not been found to be flaw origiﬁé' in any
of the fracf:ure surfaces Of as sintered material. For materials
annealed before creep testing, provided the material is polished prior
to ci:eep testing, the surface flaws do not appear to be strength
limiting. ‘ "

Analysis of the fracture surfaces of c'rei:t SN220 did not provide
!-‘*_. . "

much infom;tion due to the presence of an amorphous film which formed

e

over the fracture surface., Thig film may be the result of su;.:face

R

T , _ o (. _
oxidation and - -;.r':usion-of the intergranular phase. The latter has“been

¢ .
Been‘ by clarkeu‘(1985) on the oxide surfala of a hot pressed alumina

conta;‘.ﬂihg an intergranular amorphous phase. This effect may not be asg

- pronqu:nced in SN220 as it was sintered under atmosphéric pressﬁre. In

addit.ion, partial crystallization of the intercjranular film has two -

effects on glass extrusion. It decreaaea the amount of glass available
to be extruded and,c through .a decrease in volt;me as a result of
crystallization, causes a decrease in pressure of the intergranular
phase. Thus less glass would be ekpecte’i‘l to flow to the surface.
Obgervations of an amorphous film on both annealed and fra_cttire surfaces
for samples with a totally amorphous and partially cryata]..“line' grain

boundary phase indicate that i.ntergra\_nular extrusion is not the

pradominent. source of amorp_hou's film. A light etch to remove the

amorphous film was not effective in distinguishing between intergranular

and transgranular fracture, or in helping to detect flaw origins.

Degamining the size of the slow ci:_ack growth region was easily done:by

. looking at the surface topography 'at 1ower magnification. (figure 3.13}.

0 ‘ ¢ . P . . . ) /:
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Additional @ cracks were sometimes seen on the fracture surface,

indicating a larger damage zone existed (figurs 3.14).

N
W

3.5 CONCLUSIONS:

SN220 contains an amorphous inﬁergranular phase which partially
devitrifiés upon annealing. The composition of the initial and residual

glass was determined with the ‘use of EELS and found to be very

" homogeneous, ‘zndlcatxng d;ffus;on occurs readily in the glassﬂ

_ Unfortunately, even knowxng the amorphoua phase composition, -the

cryétallization products cpuld not be predicted using existing phése
diagrams. Although the residual glass was of the same ;ompoaition
throughout samples‘annealedfih either an inert or éi: atmosphere, a
gilica ric? phase (mullite) is found near the surface of samples
annealed‘in air in place of YAG. The possibility of the residual glass
being a thermodynamically stable ppaae was investigated experimentally
insyggd.of tpéoretically as thermodynamic data are not available for all

phaggn of interest. It was found that the residual glass was not

-

stable. However, as a glass of the same composition as the initiaI .
amorphous phase in SN220 was also fabricated and heat treated, and found
to produce different:cryatallﬁéation-producté, the effect of impurities

(particularly calcidm)-andipressure conatrainta on the crystallization

process couldibe an additional Lnfluencxng factor. Impurities may also
i

affect the vzscoa;ty cf the intergranular phase or rate of oxxdatlon as

ahown by the extent of 'bubble‘ formation in the: amorphous £ilm on the
fracture surfaces. The 1nterqranular glaas Y-Al-8§i-0 composxt;onazn

both regions was identical. However, N content was at or below the
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detectibility limit, impurity levels of Ca were not quantified and other
impurities may have been present but not detected. |

The fraction of residual glass in SN220 was calculared using an
elemental mass balaﬁce'of the intergranular phasesr It is approximately
60v/o in samples annealed in an inert atmosphere and in the’ycntre of
samples annealeq in air at 1250°C. This is twice as much reszdual glass
as found near the surface of sanmples annealed in air (assuming the
composition of the intergranular phase isﬁnot changed due to oxidation
of the Si;N,}). Crystallization in both cases approached completion. in

between 50 and 200:hours.

The evolution of the intergranular phase was the same in crept'

N

samples as in annealed material (as regards to the crystalline productsf

formed and the residual Qlass composition). Additional features in

crept material include a significant amount of internal strain, evidence
of contact stresses and some cavitation. As cavitation was limited, no
correlation was found between cavities and intergranular phases.

Fracture surfaces of bars crept in bending were analyzed.

Fracture orrgina were rarely found, although the thin glasa frlm which

coated the surfacea may have obscured small flaws. It should be noted'

]that oxide pxta which™formed dur;ng the bend tests were not fracture

orlglns. Oxide pits which resulted from preannealing and wh;ch were not
removed prior to creep teatlng did cause fracture. For this reason all
samples which were preannealed to partrally crystallize the graxn

boundary phase were polished prior to creep testing. The oxide scale

was not investigated further as it was found to be a function of

annealing environment and, provided samples were polished prior to creep
: L . o .
teating, it did not effect creep behaviourié Cracks behind the bend bar

fracture surface were often. found in add;t;on to large slow crack growth

- regions, indicatxng a d;ffuse damage region.

™
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3.6 Tables and Figures -

" Table 3.1

SN220 Chemical Analysis

Element

Fa

o

AL
Ca .
Fe.

K
Na
w
Y

N

Amount

2.2 2 0.1 w/o

0.13 £ 0.02 w/o
0.124 + 0.001 w/o
<20 ppm

<50 ppm

1.30 £ 0.01 w/o
3.00 = 0.01 w/o,
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Table 3.2

Heat Treatment Conditions Used to Study the Effect of Annealing on
Microstructural Evolution.

1200°C Air 25hr - 1200°C Argon 25hr
i 50 _— 50
100 100
200 ‘ 200
400 ' : 400
600"
1250°C Air  2Shr 1250°C Argon 25hr
y 50 50
100 100 -
200 . 200
400 - 300
500" > : : E 400 :
600 . sy

¥4 samples with weight gain and densityfﬁgasurementa done at ﬁS, 50,
100, 200, 300, 400 and 600 hours. '

- 4" samples with weight gain and density

measurements done at 25, 50, 100, 200, 400 and 500

hours.

3\

Ty

'\\
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Table 3.3

Heat Treatment Conditions for Samples Analyzed in TEM and by IRD,

TEM:
TEMPERATURE ATM TIME LOCATION IN ANNEALED SAMPLE
(°C) (hr) CENTRE SURFACE
as sintered n/a 0 centre near surfaces
1200 air ~ 200 centre
1200 air 28 near tensile and
compressivef
1200 air 700 : near tensile and
e compressive“
1250 air 50  centre near surface
1250 air 400 : near surface
1250 air 500 centre )
1250 argon 25 centre near- surface
1250 argon 200 centre near surface
1250 argon 300 centre near surface
XRD:
TEMPERATURE ATM TIME LOCATION IN ANNEALED SAMPLE N
(°c)’ - (hr) . :
as sintered n/a -0 purface and interior (powder)
1200 _air 24" surface ®
air o 200 surface
ajr - 600 surface
1200 argon 200:  surface
argon 400  purface.
1250 air 200° . surface
‘ air - 260°°  near surface (powder)
air 500 . interior (powder)
air 600 - surface
1250 argon 200 ‘surface
argon 300 surface

All samples annealed on a ch boat in alumina tube furnace except where
noted. ‘ <

aample crept in bendlng

aample annealed 400hrs prior to creep testing in bend;ng
¢it was very difficult to obtain thin areas in TEM foils at the
surface, near surface is 10 to 200 mxcrons form-the surface.
Oannealed on an Al,0; boat :

crept in bending, 45MPa, mater;al taken near tensile and compressxve

faces and crushed. ©oc -

2
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Phase fdentification'hy TEM and XRD of SN220 in as sintered condition
and after snnealing in air and inert atmospheres. at 1250°C and 1200°C
(in addition to B-SizN, and WSi,). '

samples XRD
: surface
As Sintered none
Rir Anneal ~_sioz
1250°C phase ‘A’
phase 'B°’
Inert Anneal YAG
1250°¢C phase. 'B'
Air\ﬁnneal Si.oa i
1zq0°C phase *A!
phase 'B’
Inert Anneal YAG
1200°C phaze 'B'

4

]

TEM
near surface

glass
YZS .'LZO?
mullite

residual glées

Y251207
YAG

* residual glasg

TS0
mullite

Al,05

residual glasas

TEM
centre

glass

2251207
YAG
residual glass

YZS i.20?
YAG
residual glass

Y25120?
YAG

Al04

residual Qlass

%510, = crystobalite, YAG = ¥;Aly0y,, mullite = Al SiOp

A\

{i
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Table 3.5a: Number of amorpﬁoua pockets analyzed from samples of
different annealing conditions. i

anneal near surface F .centre _ | #
as sintered as sintered 2 ~as sintered 2
1250°C air 500hr 2 ' air 200hr . 1
anneal air 400hr - 8
: . inert 25hx¥ 4

L " inert 200hr 3 inert 200hr 1

S ‘inert 300hr -3 inert 300hr 3

1200°C air 200hr 5 air 28hr 1"
anneal o : ' air 686hr 3™
4

composztlon identical to as sintered condition
samples .crept in bending at 1200°C
aample annealed 400hr, crept 286hr at 1200°C

Table 3.5b: Average cowpositions of glass in as sintered condition and

(after annealing. As compositions from EELS analysis generally
underestimated the oxygen content due to a high background fit for the
oxygen edge, the compoa;tions given here are calculated by assuming the

Al, Si, and Y content are correct and the glass is of a neutral charge.

~ Tha unadjusted composition of the as sintered glass is

Al1a2311?tzy11:1°60:3' the 1250°C annealed glass :.s Al12:1s"221226:1°60x2‘

u

'samples - e compos;txon composxt;on

atomic % weight %

As Sintered  ‘Alyy,,Siyg,0¥0.1063,7 2134 AL,0; 365 Si0, 434 Y,0;
(avg of 8) . 3

7

1250°c - Alyq,2S110,0¥4,106ss4 2432 Al,0y 496 Si0, 2746 Y,0;
(avg of 21) : N :

28_and 200hrs =

(avg of 16) ' _ Po

1200°¢C Aly3,0Sigge ¥s,1062s7 2843 AL,Oy- 47%1 SiO, 254 Y,0,
686hr °

{avg of 3) . : A . -,

3
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Table 3.6

Calculated Weight Percentagex of Phases Present After Amnnealing
1250°C: '

air-centre and _ _air-near surface
inert—-centre and near surface

203 ¥,5 1207 5018 Y,Si,0;

19%4 Y3Alg04n : 2215 RAl.Si 043
6117 residual glass 27+2 residual glass

%

N

)

3%

O



Figure 3.1.

"

v

Polished and etched SKN220 ;urfacé.

Bar is 10 microns.
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“ Figure 3.2.. -(a) : Br_ight field micrograph of as sintered ..SN22°' SigN, )

" grains ‘surrounded. by an amorphous’ intergranular phase.  Some grains

contain impurities. SizN, grains at upper left contain dislocations.
. centre dark grain is Wsi,. (b} park field micrograph clearly showing
distribution of amorphous phase. .
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Figure 3.3. Bright and dark field micrographs of .a single YAG crystal

surrounding several 5izN, grains.
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Figure 3.4. Féulted ¥,51,0; crystal in SN220 intergranular pocket.
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a . S . 2 . a

Figure 3.5. TEM micrograph from near compress:.ve surface 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 J.n
centre. : I o e
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Figure 3.6. CBED (convergent beam electron diffraction) pattern of
§Y,Si,0, from sample annealed at 1200°C 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 y: ¥,5i;0,, X, or

N
i

Xy Y_zs:‘.os or triclinic like « YZSiZO?);' Zone axis [010]..
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vy

1250C -

s annealed
4 _8s sintered

o

Y Si 0_

Y,0, | AleY 10,5 , | ALy 0,

>

Figure 3.7a. Amorphous phase compositions as determined by EELS.
Samples are SN22C in the as sintered condition and after annealing at
1250°C from 200 to 500 -hours. Annealed data includes material near the
surface of gamples annealed in an inert atmosphere and material in the
centre of samples annealed either air or an inert atmosphere.

[

3



7]

90

Si0

1200C. 28hr

1 tensile side
¢ compressive slde

Y203

Figure 3.7b.

at 1200°C for 28 hours.

are indicated.

AlcY 40 :
53712 A12?3_

Amorphous phase compositions in SN220 after creep testing
Samples taken‘from tensile and compressive sides

¢
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1200C
o alr anneal..200hr
v anneal 400hr, crept 286hr

AL Si,0)5

Y. 0 - AlYq0,, S
| 513V12 | _A’1203

Figuie 3.7c. Amorphoué phase compositions in SN220 from centre of .

samples annealed at 1200°C for 200 hours and from centre of sample crept
~at 1200°C for 286 hours after a 400 hour anneal. .

(o]
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Y CONTENT WITH ANNEALLING TIME
30. T T T T T — T T T

4 Air surface -
¢ Air center

Eg . { ¢ 4 Tnert surface
! + Inert center
N - o ’ .
T 20. .
m B i
&
af +
- A A -
Q o A *
= M
= T : .
— ‘10;_ ]
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> fa s E
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0 - 200. 400. 600.
ANNEALLING TIME (HR) ¢
N e

Figure 3.8. Fraction yttrium in amorphous phase as determined by EDX.as
a function of annealing time at 1250°C. :
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Figure 3. §. Surface of SN220 after annealing 4n an alumina tube’ furnace
for 400 hours at (a) 1200°C and. (b) 1250°C. Bar is 10 microns in both
cases. Samples annealed while aitting on a.SiC support.
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Figure 3.10. -A'Sur_fade of SN220 after annealing in an alumina tube furnace
for 200 hours at 1250°C. Sample annealed while sitting on an Al,0; boat.
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Figure 3.11. .Surfa'ce of bend bar after 1“200"&(‘: (;ithlnl—émﬁaﬁ?ugféép test
.(b) 400 hour anneal, surface polished, followed by a 286 hours creep
test. ' ‘ E

o
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jgure 3.11 c. Hi

in 1lb.:

it shown

gher magnification of p
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annealed at 1200°C for
Sample fractured in 4.25

ished,

test at 1200°C.

Fracture surface of sample pol
25 hours, following by-a creep

hours.
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Figure 3,15. 'Fracture qurfaee of bend bar showing extent of slow crack
‘growth region. B ‘ ' -

r )

- -

‘

L Figure 3.14. Crack below the fracture surface. -
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Higher magnification of edge of border.

<

fracture surface. (b}
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Figure 3.18a. Change in density with annealing time at 1200 and 1250°C.
Density measurements are relative to a dummy, unannealed sample.

1.002 . .
B + 1200A-9
o ¢+ 1200A-10
: 4 1% 1200A-11
'_>: .. a a o . o 1200A-12 1
— L - v o -
) ] . .
z L
w 0.998 | |
0 *e
i + . .
= Co
— 9.996 } M ]
|_.
" <t
1 -4, g
. N -
T gs5ut _ . . A
0.992 . . . N .
0 400, B00.
‘ : - &
e ANNEAL TIME. (hr)
&10021 . .
s 1250A-16
[ o° o 1250A-17 -
v o . v 1250A-18B
N Lr v ° o 1250A-19 ]
o | 4+ 4 - n -
: @ e v :
o = . * e
Ll 0,998 ¢+ at . . v -
O s .
- a D
Ty - o 4
. > ) - a
v — 7 Q.99 | -
- . 4
e N <L
y: < i .
. L
@ g9 I
0.992 . . . . .
e 0 400, 800,
. - ANNEAL TIME (hr)
=

102

>



103

1.001
g SAMPLES 1200A-9 THAU A-12 S
> ' : ANNEALED DENSITIES NORMALIZED
— 1.000¢ TO' UNANNEALED DENSITY !
0 1 ]
= .
! H
8 o.999f § . ' .
el L i A4 o A 4
w v :
™~ ] 'S X g
M 0.998F ¢ 5 R
<L ' +
z —_ - N =g
3 S
S o.997} _ o . -
0.996 i - —_— '
0 L oo 800,
. ANNEAL TIME (hr)
\- 7 : )
1.001 - -
i SAMPLES 1250A-16 THRU A-10 ]
- w00 ANNEALED OUENSITIES NORMALIZED
. . [y o
ol TO UNANNEALED DENSITY
0 I ]
z
w . ,
(] 0.599 1 k
) 3 |
18] i - 1
~ ] ¢ . .
= Q.998 | ) . ]
_.l i :
<I
= - :
O o0.997h z A ]
z : 8
b
0.996 : L . + A
0 400. 800.

ANNEAL TIME (hr)

Figure 3.18b. 6hange in density (normalized to density of sample before
annealing) with annealing time.



74

104

1.E-03
U .-'._-—.—...-_._.—._._-_—.._..—_—_.__._9 __________
s
W .
42}
Z -1E-03} J
<
T
U .
o RE03F ]
I.._. ¥ 3
H .
) .
z —3.E—03L. | ]
Lu L .
a ﬂ : _ a 1200A-9
-4.6-03 b L ° 1200A—1§\2 A
o 1250A-1E,
‘ o 1250A-19
“5.E-03 w 1 L - L 2 1
0 : 50. B 100. 150,
SURFACE. REMOVAL  (um) ©

s

Figure 3.19. . . Density Ehange measured after removal of O, S0 and 100
microns of surface oxide for samples annealed 600 hours at 1200 and

. 1250°cC.

s



high silica glass

|

20.8 3.8
J6- va si2 07 32-1448
804
60 -
40+
20

I

105

[l e il Yt el i i il )

J T
JAL6é SI2 013

—rT

15-776

60
40 =

d

= T
-v2 slz2 07 22-11

. ” . .l‘|i 'I;I[‘ e

-Li,k ;L N 1 Jl1i“1 ;

ETHTIE | B T | )
b

b Ml d i bl e e I L S el " e Wk i Il el B Mk b Ml i |

-TT

5 low silica glass

86 3
78 -3
60 -
58 -3
40 -3
30
20
104

|
T

5 2e.0 36.9 40.8 56.6
ga J¥e SI2 07 22,1163 1 .

F B B W

DALY it el i i s |

BB M A A M M M i}

80
70
68 4
50 <
40 -
304
29 -
10

9p JALE S12 013 15776

JLJ.“L IR (R AT
AR | T T T T T

b b M Ml i DAY Mkl M i )

o

FJ.gure 3. 20.

glass. (b) Low silica glass.

I

XRD spectra of fabr;cated glasses after 2 hour anneal at
1250C and JCPDS standard files of :.dent:.f:.ed phases. (a) H:.gh Bilica



106

Figure 3.21. Experimental behaviour
All compositions indicated formed all‘the products expected from the
compatibility triangles. Also shown are two compoaitioné'inveatigated
by Hyatt and Day (1987). ' ¢as-7 crystallized forming mullite
(3A1203' 2510;) and Y,0:° 25102: ¥as-2 forming Y203'S;'.02 and 3Y,05" salzo}.

diagram from O'Meara et al, 1987.

a
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Eigqre 3.22. Phase diagra.fu from Bondar and Galakhov (1964) and binary
phase diagrams from O'Meara et al 1987. : o
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3.7 APPENDICES

APPENDIX 3a: CLARIFICATION OF Y=-Si-0 CRYSTALLOGRAPHIC DATA:

In order to interpret either electron or X-ray diffraction data
it is necessary to be able to compare acquired spectra with those from
standards. Reference data files are avaiiable through the JCPDS
catalogue. These files contain the reference from which the da-ta was
obtained, a brief fabrication description, the interplanar spacings
which give rise to diffraction peaks and the relative intensities of the
peaks. In some cases these interplanar spacings may be indexed and unit
cell dimensions given. The space group and (whei:e appiicable) the
polytype may or may not be givén.

In the case of Y¥,5i,0,, the X-ray 'data__':in the JCPDS files is
incomplete and confusing. Although _Liddell and Thompson (1985) have

made some progress in clarifying the matter, ambiguities and

contradictions still exiat. The following is a summary of the JCPDS

files for various polymorphs of Y,Si;0,. 7 7
Ito and qghhson ({1968) established the feollowing transforxﬁatien
temperatures. for_ ¥,81,0,:

o a 1225°C B  1445°C  y(gamma) 1535°C &
. - - <=>

They also discuss a ‘y' form of the naturally occurring mineral
yttrialite of the general formula M,Si,0, where M is predeminantly

yttr ium. . <
\’,\ .

2

The X-ray powder data for the a and # phases from Itoc and
Jéhnson's étudy are .found in.'JCPDS cards 21-1457 and’ 22;}103
respedt:‘ively. The B phase is indexed in 22-1103 and the a phase from

2.1-1457 is indexed in Liddell and Thompson's work.



109

~ .- I1to and Johnson state that the unlabelled phase indexed by
Batalieva et al. in 26*14i6 is 1-Y25i307 {Liddel and Thompson's statement
that the original indexing as done by Batalieva et al can be found in

20-1436 appears to be typographical error). An additjonal phase is

s

labelled as y in the file 32-1448. However reference to the original
paper by Nakrasov and.Kashirtsevah(1976) shows that they find that the
published diffraction peaks of their Y phase compares well to cone
published by Ito and Joynsgn (1968). As the phase described by Ito and
Johnson has actually beén iabelled a 'y' phase iﬁ leads one to Believe
that in going from English t§ Rusaian‘a 'y' has been interpreted as a
*y'. This 'Y' pPhase is almost identical to 'y' phase data published by
four other.groups.as shown in Liddell and‘Thompaon's wbrk. The problem
of distinguishing between 'y' and 'y' recurs in anothér XRD standard
file system called ICSD (Bergerhoff et al, 1983} where the phase from
the ‘english translation of Balatieva and Pyaténko's paper (1%72)
entitled 'Artificial Yttrialite (“y—Phase") -3 Répresentative of a New
| Structure Type in Rare Earth Diorthoailiéate Series' is labelled
‘gamma'.® | _
' The 'y’ phasg has beeg thought to be sﬁabilized by impurity
-atoms, giving it a general formula of RY55i6021 where R= H+, Na+; Mg+2,
Mn+2, Fe+2, Fe+3, Al+3, Th+4, or Zr+4 (Ito and Johnson).  This phase has
been found during low temperature oxidation of silicon nitride densified
with yttria (Smith, 1977). It hag also been reported in crystallized
glasses from the RIN-Y,0;-SiO, system (Dinger and Thomas, 1986}, It
~ appears that it has also been found in the Y,;0;-Si0, system (Drummond et
al, 1988) although calléd.'y—prime' as“a result of comparison with the
JCPDS file 32-1448 (mentioned abdve).
- The documented § phases are coﬁpa:ed in Liddell and Thompson's‘

paper. Additional work however has been done by Rai et al (1986) who,
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in crystalllzxng glass find a 8-1 and a &-2 phase which are dlreetly
related by an a/2 translation. The unit cell parameters glven for the
&6-2 phase match those mentioned in Liddell and Thompson' a rev;ew.—

The 'z' phase found in JCPDS. file 21-1459 is referred to in
Liddell and Thompson's work as a possible hydrated d;exlxcate. -

Additional points worth noting in Liddel and Thompson 8 work are
the existence of Y,S5i0O; polymorphs and discrepancies regarding the
existence of Y, 5i;0,, ‘found by Bondar and Galakhov (1964). The existence

of the latter phase has also been questioned by Drummond et al (1988).

As a result of the above discussion the following can be used
as a summary of the JCPDS files appropriate for each of the ¥,8i,0, and
¥,8i0; polymorphs {these have been used in the XRD searches and electron

diffraction pattern analysis for the current work):

¥,8i0, ° JCPDS cell information
polymorph file # (Liddell and Thompson,1986)
a 21-1457 triclinic (PT)
= 6.59 “a = 94.0
b = 6.64 B = 89.2
c = 12.25 ¥y = 93.1
B 22=-1103 monoclinic (P2, /n)
a = 6.875
b=28.970 £ = 101.74
c = 4.721
Y 20~1416 monoclinic (P2,/a)
_ a =5.579 >
b = 10.857 B = 95.99
‘ c = 4.696
-] 21-1460 orthorhombic {Pna2,)
a = 13.66
b = 5.020
c = 8.152
‘y' 32-1448 monoclinic (P2, /m)
a = 7.46
b = 8.07 A= 112.0
c = 5.03

tz' 21-1459 ' ’

|
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Y. SiOs

p%lymorph JCPDS file #
X, 21-1456 monoclinic (P2,/c)
. a = 9.012 : :

b=6.979 B = 106.7
c = 6.630

X, 22-992 monoclinic (I2/c)

' a = 10.4 i

b=6.7 B = 102.5
c = 12.4
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APPENDIX 3b: CALCULATION OF DISTRIBUTION OF PHASES IN GRAIN EOUNDARY

AFTER PARTIAL CRYSTALLIZATION:

The following describes the elemental mass balance. used to
calculate the relative amounts of crystalline phases and residual glass.
present in SN220 after annealing. For the ‘cases of an inert atmosphere
7 anneal and in the centre of air annealed samples, the three unknowns are
the quantities of ¥,5i,0;, YAG and residual giass. These can be written

in terms of the compositions of each pﬁase as follows:

2.0 3.0 0.0576 " Xyosizor 0.0933
0.0 5.0 0.1106 Xy3a15012 = 0.1145 (A1)
2.0 0.0 0.1934 Xresid.glass 0.1602

o [a]+[x)-[0] o

where matrix B is the .conclent'r'ation of ¥, Al, and Si in the a'a received
glass of composition Alyy,>Si44,2¥0,103.:7 atomic $. Matrix X consists of
the unknowns, the quantities of each phase after annealing. Matrix A
represents the concentrations of ¥, Al, and Si in each of the gpasea
given in X. Solutions of these exﬁreasions lead to the following
relative fractions of each phase:

20 £ 3 w/o Y¥,;5i50;

18 £ 4 w/o Y¥3Alg0,,

6l £ 7 w/o residual glass
For the matéfial'near the surface of samplés annealed in air ét 1256°c,

o
the same procedure produced:

0.0576 Xyagizor ) 0.0933

3.0 o0 0.1145 3
2.0 2.0 0.1934 X ooid.glass 0.1602

Solving the expression yields:
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50 + 8 w/o Y 51,0
22 .2 5 wfo A &S1 51'
27 ¢ 2) wjo residzuai glass
The errors i.:{"'these values are calculated based on the uncertainty in
the glass compositions as determined by EELS. These uncertainties are
given by the standa:.;d deviations of numerous EELS analyses on a variety
of samples (as detailed in table 5a)}. The error caicnlati.on is done in
two 'Qtepsﬁ |
1) Xqr X3+ X3 are solved fgr, assuming errors in a;; were zero.
2) The errors in x are obtained by first expreé_sing the efrors in 51 in

the form:

Ab, = --= Aa,, + - pag, + - da,y
Say, 52,y 633
(A3)
&b, . 5b, &b,
+ == Axy + ==l Axy ¥ - Axg
&x &x &x.
1 2 3
ib Ba,, + x,A A | ' R
1 = X834y * X583, + xjda ;
+ agdx; + ayp8%; + dy34xy (A4)_
In general:
Ab; = sum of (J;jAaij + fij‘b‘j) (A5)

Since Xy, Xyp Xy Aa", Aa.lz, Aaﬂ;‘ Qqqr Bqpr 437 b,; etc are known, we can

rearrange eqn (A4):

= Ab, = (x.Aa,, + x.4a 4-an) \"“*
= 4B, - (0 +'b + Zady) O

= Ab1 - X3Aa.13 - (AG)

a11Ax1 + a12sz + 313Ax3

da,, and da,, are zero as these are stoichiometric values for the
crystalline material. We now have three eqdations {and three unknowns
| dx;, Ax,, Ax;) of the form: i .

Thus we can. solve for Ax;, the error in the relative amounts of phases

after partial grain boundary crystallization.

[
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& CREEP OF SN220
4.1 IN‘I‘RODUC‘J!IOH

Creep of materials containing an amorphous intergranular phase
" is generally thought to occur by solution/raprecipitation, viscous flow
or cavitation. Cavitaticn in ceramics has been observed by a number of
groups and models describing the required conditions for cavitation have
been developed. Solution/reprecipitatidﬁ creeﬁ has been examined.uﬁing
jdeal systems and (necking and island) medels for this process havé‘béen
proposed. Models have also been developed which describe observed creep
‘behaviour on the basis of empirical creep relétionshipé._.Some of these
even give the expected creep curves for bending tests. However results
can be misieading in applying these to observed creep béhaviour aé this -
assumes the creep characteristics of the material follow the same
empirical behaviour.

.AB SN220 is made with oxide additives to enhance densification,
the sintered product containa residual glass. This amorphous phase
softens at high temperatures and is expected to have a detrimental
effect on the creep resistance. Partial grain boundary crystallization
occurs on heat treating the material, enabling the effect of an
amorphous versus a crystalline intergranular phase on the creep
properties tolge determined. The creep properties are assessed through
fbur point bend ﬁnd compression teats;

| The - creep resistance data and observed microstructural
information (chapter. 3) provide' a basis for modelling the creep
b;haviour of a particular silicon nitride. This model describes creep

due to the nen-linear viscous flow of an amorphous intefgfanular phase
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around an arréy of hexagonal grains. It can be used to describe the

observed creep behaviour.

4.2 LITERATURE REVIEW:
4.2.1 observed Creep and Creep Fracture Behaviour of Si N,: Grathwohl

and Quinn

The most extensive high temperature failure studies of sintered
siiicon nitrides ére those done by”Quinn (1983; 1984) and by Grathwahl
5ndlco-workers (Grathwohl, 1983, 1984; and Ernstberger et al., 19865.
Bqth grouﬁa performed four point bend tests under static load to
differentiate between the sldw crack growtﬁ and creep fracture reéimes.
The fGrathwohi group also measuxed strain in situ, which provided
additicnal information on creep behéviqur. |

Grathwohl did extensive work on cfeep of HPSN (Grathwohl 1983,

1984). This involved high temperature bend tests of both as machined

_and indented materials, in air and in vacuum(f-ns machined samples
contain Eoth natural and machining flaws. With these Grathwohl‘(1983}
foun& that, below a threshold stress, tests done in air exhibi; a iarger
rupture agrain and a 1§nger tiﬁe to failuré than tests done in vacuum,.

Above the threshold.stress, rupture strains and failure times are not

influenced byrihe test environment-(figure-A.l),. In addition, in

compaking precracked samples with machined samples, béth tested in air}
'Grafhwohl {1984) foun& that at’étresées'below the threshold stress,
. rupture strains of precracked'samplea approach. that of the machined
samples (figure 4.25. Both of the above effects are due.to oxidation,
o whiéh induces crack healing of naturallflawé, and of machining-induced

flaws and precraéks.

s
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_Grathwohl (1984) also found that below the threshold stress, a
strain limited rupture criterion exists (i.e. the Honkman-;;raht
relati.onshipx hblds). A plot of log strain rate vs. time (figure 4.3)
shows the regidn of minimum creep rate. For tests done at stresses
below the threshold stress the minimum strain rate varies as a funétidn
of stress to the powér of n = 1.-9, and the activation energy is 558-
709kJ)mol (Grathwohl, 1983). Grathwohl does not provide’ an
intérpretation of these .val'ué._.c.:.‘

Ernstberger et al. (1986) did additional work on a variety of
sili.;:on ‘nitride materials over a larger temperature range.' They found
the same apparent minimum strain rate as Grathwohl (1983) “at high
texﬁperaturea. prever at lower temperatures the creep behaviour could

be described by:

€ =ats
‘where ¢ = 1 (figure 4‘4) ‘ 'fhey suggest that there is an' increasing
creep res:.atance of the material with strain due to a rm:.ng number of
‘blocked gra:..n boundar:.es. As the temperature is increase_d, the
parameter ¢ decreases in value to a minimgm of 0.5 at a ecritical
temperature.  The authors claim that this illustrates that processes
occur which reactivate wgrain boundaries, processes such as Bstress
- induced diffusion or solution-reprecipitation. The critical temperature
at which this minimum strain rate occurs  is :.ndependent of applied
‘streas. This critical temperature also corresponds to a transition
temperature above which activation energy for ox:.dati.on increases. At
low temperatur‘ea the activation energy corresponds to that for O,
diffusion in a Si0, layer. At higher temperatures the higher activation
energy value is thought to reeult from more than one process, connected

to the first occurrence of a liquid - .mtergranular phase. At the

transition temperature the structure of the Lntergranular phase changes
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significant;y. Only above it isg frecture preceded by extensive
cauitation. The minimum creep rates observed are thought to result from
an cveriappihg of the primary and tertiary creep regimes, and do not
represent a true steady state. Therefore at temperatures greater than
or equal to the transition temperature, the stress dependence is not
meaningful. Thus this work casts doubt on the usefulness of the stress
exponents previously measured by Grathwohl {1983).

An alternative explanation of the data presented by Ernstberger

et al. (1986) is also possible. The decrease in creep rate below the
transition temperature may be occurring as the creep rate is approaching

- a minimum. As the authors state, the minimum is thought to reeult from

an overlap of prlmary and tertlary creep. As tests below the threshold
temperature were stopped after approxlmately 100 hours, it is not clear
that had the tests been run longer, a minimum creep rate would have
occurred with failure preceded by extensxve cavitation.

Quinn (1986a,b) has produced the most extensive body of stress

rupture data on a silicon nitride material. Using several hundred bend

bare he character;zed the slow crack growth and creep “fracture regimes
%]

in Nc132, a hot pressed MgO doped silicon nitride. rThe_creep fracture

regime was assumed to occur whenever the time to failure was the same

for both as-machined and pre—cracked bars . (figure 4 5). Analysis of the

fracture surfaces lndicated that creep fracture does not occur from a
severe flaw in this regime. In addition,-although based on a small

amount of data, static fatigue plots (figure 4.6) indicate a“change in

:alope between the slow crack growth regime and the creep fracture

. regime. Activation energies (calculated from the failure times‘at

various temperatures for indented bars and as mechined samples) are the
eame for Both regimes. Quinn (1986a) states that this is "undoubtedly”

the actiuation energy for grain bouudary sliding which accounts for both

Rl
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slow crack growth and creep. However he provides no evidence which

supportse this.

:Un‘like Grathwohl (1983, 1984), Quinn did not find any evidence
of a critical strain to failure or a threshold stress below which
failure time and strain increased. As Quinn was not able to monitor -£he
strain in situ, no data on either a steady state or minimum strain rate

were obtained.

4.2.2 Creep Due to Cavitation: Experinental Observations and Theory.

i
fu

A commonly observed feature in the microstructure of crept

e - - .
\' material containing an amorrhous intergranular phase is the presence of

..

a2

cavities. Tighe et al (1984) found this in both ¥,0; and MgO doped
silicon nitride. Cavities are located at triple junctions,and tungsten

inclusions in both materials and along grain boundakries in the MgO doped

material. Theseﬁc'av_ities join to form microcracks. Marion et al (1983)
and _Lanée et al (1980) fc:und cavities in crept silicon nitride,
‘generally in élustera oﬁ as subcritical ,éraciéa.{’ Most are at 'triple
junctions with only a small po.rtii:m at two-g:;ain interfaces. Clarke

(1985) characterized cavitation in compreséion samples of liquid phase

sintered alumina. In this case cavities are inhomogeneously distributed

and localized into bands. !.Ccrack propagation at high temperaturé;
resulte in the formation-of a cavitational zone around the r-fract..ure
-gpurface. 1In '1iqui.d phase sihtered alumina analyzed by Page et al
(1987), the cavity spacing a_fter creepj:gorrea;).onds tov that for grain
boundary ledgen, suggesting the ledges are nucleation sites. The

" theoretical analysis of _crgég,_ due to cavity nucleation, growth and

coalescence in material containing .an amorphous'intergranular phase has
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been dealt with extensively by a number of authors {Marion et al, 1983;
Tsai and Raj, 1982). They developed expressions describing the
nucleation and growth of cavities. Figure 4.7 depicts the process for
oblate holes in thin glass films and spherical holes in three grain

pockets (Marion et al 19%83). The critical stresses predicted By the

model for cavity nucleation, although often in excess of the applied far

field stress, maf be obtained locally as a result of grain boundary

eliding. For the case of spherical holes, at stresses less than that

required for oblate hole nucleation and greater than that for grain -

pocket nucleation, the first step in cavity growth is the viscoes
expansion of the hole.within the triple point. This qccuré by flow ef
the amorphous phase' into the adjaeent two grain channels. and is
contfolled by the etfeaa at tﬁe hole surface or by the viscous flow

rate;. wWhen sufficient material has been removed from the triple point,

. an increase in curvature near the twe grain channel occurs. Provided
_that the local stresses exceed that due to the surface tension

T . : , .
compenent, the ©liquid meniscus will be drawn into the two grain channel

by viscous flow. BAs this occurs, it is possible for the flow to become

unstable. This is found in liquid phase sintered alumina subjected to-

creep, frozen under load and fractured at room temperature (Mar;on et

P

al., 1983). Full facet cavitation may also occur by Lnterface or

diffusion controlled aolutxon—reprec;pztation of the nol;d phase from_

\;‘V\

Eu-t

the cavity surface to the grain surfaces within? Lhe chanhel. Th;s is

consistent with observat;ons in silicon nitride (Marion et al., 1983) .

and alumina (Clarke, 1985) where cavities larger in size than the

original grain pocket are observed. In alumina the increasing width of

the two grain channels near the cavity, rather than the constant
thickness channels observed in cases where cavitiés are still confined
to the size of the glass pocket, also indicates that solution-

Q
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reprecipitation is occurring.

4.2.3 Creep Due to Solution/Reprecipitation and Dislocations

Solution/reprecipitation has been investigated in a variety of
ﬁodel systems (Pharr and Ashby, 1983; Raj, 1982) and in glass ceramics
{Raj and Chyung, 1981). Pharr and Ashby looked at the creep properties
of‘Kcl and sugar, both dry and in saturated salt or sugar solutions, and
in kerosene. They found that the etrain rate has a stress exponent of
n=l and increases exponentially with temperature when the seolid is
soluble in the solution. A coneiderably lower strain rate with a higher
8tress exponent occurs in both the dry state and in the kerosene
solutions in which the solids are not soluble. Pharr and Ashby examined
the models for creep due to viscous flow and diffueienal flow and feund
them lacking in that they all‘-aasume a conataht grain boundary
thickeeaa. They then presented a model for the liquid enheﬂced creep
behaviour which allowa for the squeezing out of the xntergranular fluid
from between the. graine. Here the liquid, which has some solubility for
the grains and has a low wetting angle, penetrates the boundary between
the grains. This decreases the neck between the particles, causing the
local Btresa to rise. Plastic deformation then cccurs here and grain
boundary disaolution occurs again.* The effect of wetting wase also

investigated in Al and Cu alloye {Pharr et al 1989). It was concluded
" that greater than 70% of the grain boundar;ea have to be wet before any
increase in the creep rate is seen.

: A axmzlar idea is preaented by Raj and Chyung (1981) in which
Bolut;cn/reprecxpztation xa assumed to occur through an interface

‘modeled by an island structure. The islands represent regions of graina

. B
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in contact across a boundary. Surrounding these are channels of the
amorphous phase. These islands are supposedly required to support
normal tractions and gradients in normal traction so that the amorphous
phase would not be squeezed out from between grains, which would
eliminate transport of the solid through the amorphous phase. Equations
developed for both interface and diffusion controlled creep have a
'stress exponent of n=1., but different grain size dependencies.

An alternative. explanation is the existence of an equilibrium
grain:boundary thickness which can sopport stresses ahdlollow for
diffusive flow through the grain.ooundary phase, Rumerous high
resolution electron microeoope meaeurements of various silicon nitrides
show an amorphous intergranular film ranging in thickness from 0.6 to
8nm exists between most‘silicon nitrioe grains and between silicon
nitride.oraine and crystalline infergranular phases (Lou et al 1978,
Clarke and Thomas'19§8 Ahn‘and Thomas 1983). Clarke (1989) found that
a thicker (2 10nm) film ex;sta when the material was quenched, rather
than slowly cooled, from 1450°C. It is possible for the Lntergranular.
£ilm to exist even under an applied compresa;ve stress (Clarke 1987).

Dislocation creep in s;lxcon nitride is another deformatlon?
mechanism which is generally assumed ne:gligible in silicon nitride
materiala.. The commonly accepted view is that dislocations in Si;N, are
immobile at temperatures below 1700C (Evans and Sharp, 1971; Kossowsky,
1973). Recent work of Lee et al {1988) however, has shown that the
dislocation density.. in gilicon nitride increases after anneal;ng at
1500C¢ for Shra, during wh;ch time B- -¥,8i50, crystall;zea. These
dislocations anneal out after 10-20 Lhours. Tighe (1978) found
_ dislocatlona at the crack tip in double torsxon specxmens and in the

compressive side of bend bars crept at 1400°C. Din and, Nxcholson (1975)

also found d;slocatrone near vo;ds on the tensile Bide of bend barsg



126
crept at the same temperature. Kossowsky found that most grains show
no evidence of increased diélccation density after creep deformation at
1000 to 1300cC. However dislocation tangles are found only in the
deformgd material. Kossowsky calculated the total dislocation strain
contribution to be less than 1070 (élthough this calculation dbes_not
account for dislocations which may have been ann;hiiﬁted during creep)
and concludes that deformation(%axcontrolled by grain boundary sliding
due to observed grain boundary séparation and cavitation. Thus it would |
appear that while dislocations are active in silicon nitride,'there is

no evidence that dislocation motion is the dominant creep mechanism.

4.2.4 Stress Redistribuﬁion in Bend Tests and ﬁﬁpirical Models

The bend test iﬁ a common ﬁethod_for analyzing creep data of
ceramic materials because samplé preparation and experimental procedure
is simple and inegpensive.“Unfortunately analysis of the bend data iar
complicated because stresses redistribute within the bar. This section
provides an ovérview -of previous work on the analysis of stress
redistribution within a bend bar for creep characterizéd by an empirical
fofmulam In addition, previous work on stress redistribution and creep
due to viscoué flow will be discussed.

,Steady.staté5creep is generally described "by the empirical

relationship:.

_.;=n:a“
where ; is the stréin rate, o is the stress, n is the stress exponent -
}and Ais a freaﬁreas constaht; A;s éléne sections are assumed to remainﬁ
plane thrquéhout ‘a bend bar, a linear stress distribution occurs

whenever n=1. For values of n>l, the stress redistributes from the

D)
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initial linear stress state to a new stationary stress distribution

oly) = aeléstic, maximum ‘2Y/h)1ln

where y is the distance from the neutral axis and . h is the specimen

thickness, as shown in figure 4.8 (Cohrt et al 1981). For the case of

‘n=2 the relaxed outer fiber tensile and compressive stresses decrease

to 83% of the initial elastic stresses. Thia‘algdfﬁeans a 21% decrease

in the outer fiber strain rates (Cohrt et a17i981).

Cohrt et al (1981) have also treated the case in which the
resistance to creep is greater in compression than_in'ténsion. This is
commonly observed in ceramics (Birch et al 1978; Kossowsky et al 1975).

They assumed that the stress in tension o.(yY) and compression ob(y), are

related by:

o (Y} = S o (y)

where S = constant. Both the tensile and compressive strain are assumed

-to occur by the same mechanism. (ie. n.=n.). These assumptions were

based on creep work doné by Birch et al (1978) on a reaction bonded
silicon nitride. The résulting stress redistribution as a function of
time is shown in figure 4.9 (Cohrt et al 1984). This model predicts the
movement of the neutral axis, a feature commonly found in ceramic bend
testg (Wiederhorn et al, 1986).

chuané‘ (1986) also modeiled this problem (i.e. n,=n.,

.(y)=So.{y)) and extended the model to include cases were n, does not

t
equal n,. His analysis treats only the steady state. Transient effeéts.
are not considered. Chuang produced a series bf ploté which show the
effact of different N, N, and R (where R is the ratio of strain rate-
stress pfoébrtionality coqatants,_equal to s" as defined by Cohrt et al.
{1981) for the special cése.whe:e'nt = n.} on the rate of curvature and

neutral axis location, as a function of applied moment;' For all

combinations there exists a range of applied moment, for which curvature
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rate and neutral axis location are very insensitive to the n and R
values. Chuang also provides an example in characterizing the creep
daté of a vitreous-bonded alumina. Using a trial and error procedure
to f£ind the values of the stress exponents and prestress constants which
give the best fit to the experimental data, a profound difference in
’cfeep behaviour in tension and in compression is found. - .
chuﬁng and Wiedérhqrn (1988) extended the above analysis to
cbmpare creep resu1ts of a siliconized silicon carbide obtained in
bending with theoretical results based on data cbtained in pure tension
and compression. As transient creep lasted an order of magnitude longer
in bending than in tension, it was neqéseary to aﬁcount for stress
redigtribution within the bend ba;. This was done using the same
méthodology as Cohrt et al (1984). fhe prediéﬁed times to reach steady
state in bending were found to agree well -with those. obtained
experimentally;

Although Chuang and Wiederhorn have used tensile and compressi.vé
data to obtain bend information, ig appears more difficult to use bend
data to obtain tensile and compressive information when the constitutive
equations for creep are not known. The case of Si-SiC, where a bimédal
power—law relatibnship was found in both tension and compression (Chuang
and Wiederhorn, 198?), clearly shows that a simple power-law
relationship can not always be assumed as wae done for the case of the
vitreous-bonded alumina (Chuang 1986). ‘

" Other empirically based bend test analyses are those by Fett et
al (1988a,b) and Rosenfield et al (1985). Fett et al treated an

elastic-creeping goli& with a constitutive equation given by :

;(y) = ;elastic(yj + ;creep(y)

They included both the primary and secondary state creep effects. Thus:
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- -

ecreep = eprimary + esecondary

= Co"¢, P + Ds[q|™ _

where C and D are constants, S is different in tension and compression.
They solve the limiting cases of very short and very long times such
that by plotting experimental bend data in a number of ways, all the
unknown creep variables can be determined. Using these parameters the
time dependent streas-strain state and the outer fiber strain versus
time plots were obtained and compared to the experimental,curves
cbtained for a%umina containing a glass phase. This model does predict

the movement _% the neutral axis after long times. Fett et al (1988a)

-

find*bhggfﬁﬁﬁore complex creep law has to be used in the analysis of a

i

hot pressed silicon nitride.

Rosenfield el al. (1985) also provide a useful approach to

analyzing bend data. Both deformation and damage are assumed to "

contribute to the creep strain. The deformation is assumed to be the
same in tension and compression and is equal to the constitutive

equation for linear viscoelaéticity:

€ = of (o4ty)
where o, is the viscoelastic modulus and t, is the reference time. The

above equation alsc équals:

;;‘= Ag" )

where A = 1/({o4tq}), and n = 1. Damage is assumed only to occur in

tension and is propor;ional only to the stress. It is described by:
W =o0/g, _ _

where o, is a damage mﬁdulua. The dahagecis related to the creep rate

by:

}‘;‘,

&
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The net result is a higher strain rate in tension than compression and
stress exponents which increase as a function of stresas in beoth tension
and bending. Rosenfield et al also used their model éo characterize the

bend data analyzed by Chuang (1986) and find that it fits surprisingly

Hwell.'

e There are a number of. ahortcom;nga to the above models.

. Chuang’s model (1986) assumed steady state, thus the transient period K

to reach this must be small. Most models assumed that creep follows
empirical relationships. Chuang ana Wiederhorn (1988) assumed the
ﬁniaxial constitutive equations are known. When damage is considered
(Rosenfield et al, 1985) it is assumed fo vary as a function of stress
only. Since-damage is often found in theoform‘of microcracké and -
cavitation (as previously discussed}, it is prcbable that damage may
also vary as a function of strain as suggested by the Monkman-Grant
relationship. In addition, none of the models include any fracture

criterion. As a result, all models predict that creep occurs even under

. very high loads. -

4.2.5 Viscous Flow Creep Models

Limited work has been done on creep of materials containing an

.intergranular amorphous phase. In the aimpleat model, Lange (1975)

considered two cubic grains separated by an intergranular fluid. Lange
used a solution for the rate of séueezing of a liquid layer as found in
the 1iter§ture on adhesion (Healey, -1926). More apecifica%Ly, as
described in Bikerman (1965), Healey's solution deals with the squeezing
of a drop of liquid between two surfaces. From this the bulk strain

rate was found to vary as a function of the boundary height s and the

Dy
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initial boundary height 8,3 -

. s 43
ca [ --] o
8, .
Thus the strain rate under a compressive stress (where s/s, < 1) is much
less than under a" tensile strés_s. Therefore a polycrystal is expected
to be more resistant to deformation under compressive conditions. Creep
of a real material was modeled as a combination of this boundary
'separation and grain sliding (which accommcdates any changes in boundéry
volume). Th.e‘separation was shown to be the rate limiting step.
| Pharr and 'Ashi_;y {1983) used the same sort of geometry to model

lubricated flow, where the J_.iquid allows the grains‘l to slide o#ei‘ eaéh
other more easily. An array of cubes of lengtlh d separated by an
incompresaible. fluid of thicknéss w and viscosity n has a ati:ain rate:
w o = s ' .

€ =aq -

wtd n

=

Where o is the deviatoric stress and a is a constant. A; Pharr a‘nd
Aghby state,_:this‘modél has a numbc;-r of éhort_:éomings. Figure-4.10 #howé:‘;
grains will slide ov;r one another instead of jamming together as they
" would in a real material with an irregular grain morpholegy. 1In a real
material, the rate of deformation"would-then b{:e determined by the grains
riding ﬁp over each other (causing dilatation) or by the Qraina
undergoing deformation. . In addition, due to the Bimplicg'.t;'\‘ of :the

model, a linear dependence on the film th'ickness is predicted. More-

realistically, w ahouid depend on atress. As a result creep by viscous

=

flow has generally been assumed to be an unre;listic process.

| A more complicéted model was developed by Large et allr( 1580Db)
f.o explain the vigcoelastic effeé_i_; Been in crept silicon n\:i.tride. _They
assumed the total stress in thé matgrial was the. ‘sum of stresses

-
~
o
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resulting average at_rain rate is:
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accommodated by grain boundary sliding {which is controlled by the
viscosity and the thickness of the intergranular phase) and elastic
stress of gfain aspirates in the grain boundaries. This viscoelastic
response is responsible for primary creep and strain relaxation
transients. This mechanism occuré in conjunction with diffusional and
cavitational creep processes which are responsible for the unrecoverable
creep strain in the materiai.

Drucker (1964) also modelled creep due to viscous flow.

" Although this model is old, it treats the most realistic geometry.

Using a two dimensional array of hexagons separated by an incompressible

" fluid, he calculated the average strain rate as a function of stress,

viscosity and fraction of intergranul'ar phase. ' This was done by

rela.t:i_rig the rate at which the fluid phase flows horizontally between

- grains to the rate at which the grains are équeezed together:

w.h = 2vx-
where w, is the fluid velocity‘ in the horizontal channel, v is the
veloc.Lty of the grains, h is the he:.ght of fluxd, and x is the length_
of grain boundary as shown J.n figure 4.11. Know:.ng that the velocity
of the - fluid varies parabol;cally with distance from the grains

(Bikerman 1965), the maximum veloc:.ty gradient (whz.ch is the shear

strain rate)‘could be calculated. Neglecting accelerat:.on, the shear

gtress T (= 1/n dy/dt = 12npvx/h?) is balanced by the pressure gradient
acreoss the length of the grains. Thus the pressure profile was
determined. As the volume of the £luid is incompressible, squeezing the

horizontal boundary means expanding the inclined Dboundarjes.

Conservation of masa and force equ:.l:.br;um allowed Drucker to calculate

the pressure at the grain junctions and the average atresa. " The

x4
frared

»
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where a is the grain facet length.
' Vaandrager and ‘Pharr (198%2) used some of the same principles to
calculate the strain as a‘functicn of time due to percolation of the
~ amorphous phase around grains. The flow Behaviour of the linear viscous
intergranular fluid was described using the equation commonly_found in
lubricatien theor;;where the pressure gradient within a thin film is

proporticnal to the rate of squeeeing of the film. The grain boundary

height varies as a function of time:

142 1.2 4ot
[']=[“] e
h h; 3na

for two circular plates of radius a. ‘For a grain size 4 the strain
produced by fluid flow is:

- h{t)-h, _
e(t) = ————2 s
d ;

N

' where h, is the Lnxtlal boundary height and. h(t) is the he;ght ‘at t;me
g 'y
t. Vaandracer and Pharr calculate the strain as a runctlon of +1me for
& -
copper conta;n;ng different initial-fractions cf llquld b;smuth. They

find that the- tlme frame over wh;ch the percolat;on occurs in thzs
material is very fast, leea than 1073 eec. In add;txon, from the

= s thecretxcal strain-time plots,’ it is clear that the initial. Btraxn rate;

3 ‘ . due to percolatxon Ls\:nltzally constant and then decreasee -as the

intergranular thickness approachee zero (fxgure 4. 12).,A ..
. s CE . ff’\ l' [l .‘,. poo
<R S P Co. Dryden et al (1989) have provxded the most- complete model
BRR 0 v e
s deacr:.b.mg linear v;scous flow of the gra:.n boundary phase arcund ‘a.

hl
{

B hexagonal array of grame & For the spec:.al case where all mtergranula

T fluxd hexghte\are-equal, thxs model pred;cts the same strain rate’

O ) . CETS ’ > 3. s . ;
- f -~ . \\_. PR E .
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dependence on viscosity as Drucker's model. The model by Dryden et al-

also describes strain rate as a function of strain (i.e. when all grain
boundary heights are not equal) and extends the analysis to a multiaxial
stress state. As in the models by Drucker (1964) and Vaandrager and
Pharr (1989), the flow of the amorphous phase is assumed to be linear

viscous and described by:

={(1/m T

where ; = ghear strain rate, n is the viscosity and T is the shear
stress. It is also assumed that all the strain occurs by the flow of
the intergranular phase (i.e.'grains ere rigid}. -The rate of change of
the grain boundary height is related to the applied forcef In the
simplest case where there is no constraint at the ends of the grain
boundaries, the‘problem is reduced to one commonly found in fﬁbrication,
simply the flow of fluid from between two parallel plates. Given the
simplified cese shown in figure 4.13a where a‘force F is applied to two
plates of length 2L separated by an intergrenular fluid of height 2H,
the rate of change of grain boundary heighﬁ (and the rate of strain) is
given by : - ' |

-

.

| = (1/n)(H#/L)* F
However ina polycrystall;ne material with an Lntergranular glass phase,
there is a constralnt at the ends of the plates since the fluid is

trapped within the triple points. B2As a result, a pressure P develops

fhere. 'Taking this into consideration gives a similar solution (Dryden

et al 1989): | : e

’ (1/n) (H/L)3(F. + 2LP)

Q
with P unknown at this stage. For a large hexagonal array of grains as

.g%gwn’in figure 4:13b, the pressure is determined by imposing the

conditions of strain compafibilityfand force. equilibrium. As shown by

/
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Dryden'et al (1989), this results in the following relationship for the
strain rate as a function of strain and the fraction of grain boundary
phase f where f£=2H/(V3*L}:.
- 350 5s(g)
€ = - Tescww———
8 n
3(1-¢,)3(1+2¢)3

where S(e,} =
N (1+2¢,)3 + 2(1+¢)?

anad €, = €/f.
Figure 4.14 shows a plot of the strain dependent term S(e,) as a

function of normalized strain €, Clearly the model predicts a nearly

constant strain rate at low strains followed by a rapid decrease in

gtrain rate as a maximum strain is approached. This maximum value
equéls the fraction of intergranular phase in tension and half that
value in compression. As Dryden et al. (1989) state, this difference
can be viauéliged by considering a cubic array of grains separated by
a glass of thickness H. When the cubes are squeezed iﬁ compression, the
ﬁaximum strain occurs when there is no longer any fluid left between
faces under compression. For a cube side length. L, the maximum
compressive strain is -H/L. Similarly inltension the maximum strain

occurs when there is no fiuidulgft between adjacent faces. BAs 2/3 of

——e—

‘the faces in the material are feeding fluid to theoremaining 1/3, at the

maximum strain the grain houndary height is three times its initial

,gglue and the strain is 2H/L. Thuse the maximum strain in tension is

twice that in compréssiop. _ ¢

The stress gédistribufion expected in a Bend bar as a result of
fluid‘flow was calculated using the following three assumptions: plane
sectiona remain piane,.the sum of forceq across a bend bar equél zero,
and the‘appiied moment is constant.’ They found that the outer  fibre

tensile/compressive stresses decrease/increase respectively with time

=

- P

]
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and the neutral axis moves towards the compressive sdrface. These
regults are similar to the stress redistribution found by Cohrt et al

{1986) using empirical constitutive equations to describe the creep

behaviour of the material.
'4.2.6 EBEffect of Oxidation on Creep Results

An additional factor not considered in any of the above creep
models is the effect of oxiaation and partial grain boundary
crystallization. Although this effect is difficult to model as the
creep response of various materials after preoxidation treatments
differ, its influence should be considered. The following examples
illustrate the:impdrtance of analyzing the creep properties of materials

with changing structures. %

\l |
Wiederhorn et al (1986) found that annealing a viﬁgeous—bonded
aluminum oxide causes the glass tolpartially'devitrify. Bend tests of
faa received aﬁd preénnealgd materials show the'latteg to have lower
strain rates and longer fﬁilure times by factors of_alﬁoat 100 (figure
4.15). Theée differences are attributed to changes in the volume
frﬁctigﬁ and viacoéiﬁy at the grain boundaries. .It was also found that-
the unannealed samples do not experience steady state creep although the
samples preannealed to a relatively stable microstructure do..

Lange et al (1980c) also found that partial grain boﬁndary‘
crystallization of a vitreous-bonded material has a significant
influence on the creep propefties. As it was found that the MgO doped
SizN, material does not exhibit steady state creep, the stfain rates in
the last 4 hours of a 20 hour test were used to characterize the creep

behaviour. This short time frame was used so as not to allow’for too

much oxidation’or change in crystal structure during the duration of the

o
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test.r Since oxidation increased the creep resistance of the material
regardless of preannealing history, it was necessary to use new eamplee
for all tests. In testing a nnmber of materials with different amounts
and conpositions of amorphous intergranular‘phaae, it was found that
compositions with smali amounts of glass have a stress exponent of n=1,
corresponding to diffﬁéional‘creep. -Samples with large amounts of glass
have a stress exponent of n=2, and experience pronounced cavitational
creep. Partial'devitrification.of samples with the larger volume
fractions of glass cause the deformation mechanism to change from

cavitational to diffusional. Later work done by Lange et al (1983) on

a Y04 doped Si3N, material deformed in compression aleo showed that

preoxidation increases the creep resistance. In this case the stress
exponent was not affected.

The influence of grain boundary devitrifieation on the creep
respnose has been treated theoretically by Wilkinson (1988); Creep was
assumed to occur by a solution reprecipitation mechanism where the
strain rate is proportional to the applied stress and grain boundery
thickness layer. The glass thickness was related to the volume fraction
of glass which is assumed to‘decnease only as a function of time due to
devitrification (i.e. devitrification does not depend on stress or
strain). As a result,  if the strain rate exponent is calculated at
constant strain, tests at high stresses (which are of short duration and
see little effect of devitrification) will have a stress exponent of
n=1l, the value expected for solution reprecipitation. At low streases
where there is a large effect of devifrification, n will be very large.
Wilkinson'a model alao suggests that the aﬁeve ambiguity can be avoided

by calculatxng the  stress dependence at constant time 1n3tead of

--..congtant strain. Unfortunately a large stress range between which

meaaurable strain and’ fracture occur may be difficult to obtain
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experimentally.

The above experimental and theoretical examples show that creep
properties of vitreous—bohded ceramics may change as the intergranular
phase devitrifies. If this process occurs on the same time scéle.as the
creep tests, interpreting creep results can be very frustrating {.Lange
et al 1980). For this reason it is important to understand the rate of
change of microstructure with annealing and to perform creep tests on
well characterized samples, preferably materials which have a stable

_ microstructure throughout the creep test.

4.2.7 Effect of Oxidation on Failure Time

Oxidation or preanﬂéaling affects not only the intergranular

phase but alsc the gurface of the material {as shown in chapter 3.).
This in turn has a significant effect .on the time to failuré and
atréngthlof the material. Wiederhorn and co-workers (Wiederhorn, 1983;
. Wiederhorn and fighe, 1983) have characterized the effect of high
' temperature exposure time on the high temperature strength of a MgO
doped Si;N, material containing an amorphous intergranular phase

(figure 4.16), and a ¥,04 doped Si;N, material containing a crystalline

intergranular phase. They found the strength of the MgO doped material

initially increases as machining flaws heal due to oxidation. After 2

to 4 hours exposure strength dec;eaées, as a result of surface pit
formation. It then levels off as subsequent pit formaticon does not

effect the strength. After“long exposures, strength decreases due to

creep cavitation. However in the Y¥,0; doped material, microcracks do

not form and thus the strength is not degraded.

-
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Quinn (1983) studied the effept of preannealing SizN, samples at
1200°C for 100hrs on the.room temperaturé strength and the stress
rupture properties for sample which Qere tested with the 6xide scale
intact. He found that the room femperature strength is reduced due tor
the presence of large surface pits which are fracture origins. The
stress rupture lifetimes are also shortened. However, it could not be
determined if the slow crack_gfowth zqnes‘grew from the surface pits.

Although neither Quinn nor Wiederhorn testedsannealed material
after removing thé oxide scale, it is clear that the surface finish or
oxide scale has a marked effect on thE‘failure times of the material.

-Thus it is important in analyzing the properties of the internal
microatructﬁre to prepare all samples to the same uhifo;m surface finish

to eliminate premature failure due to ﬁitting.

4.3 EXPERIMENTAL:

4.3.1 Bend Tests

[al

Four point bend samples were approximately 3 x 4 x 6Cmm iﬁ size.
Tests were performed in a dead léé& creep rig with top load pins
approximately 28.5mm apart and bottom support pins 54mm apart. Maximum
outer fibre stress was calculated using the formula of Hollenberg et al.
(1971): ) : )

¢ 3(L-a)P’

where h is the height of sample, b is the width of sample, L is the
distance between support pins, a is the distance between load pins, P'is
the applied load (the weight of load multiplied by the load arm lever

ratio) and Orax 18 the outer fibre tensile stress. Three alumina probe
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extensometers touching ther tensile surface at the mid point between.
load pins and 12.5mm on either side were connected to linear voltage
displacement transducers {LVDT) in order to determine the strain during

the test. The maximum outer fibre strain was calculated using the
formula of Hollenberg et al. (1971):
€nax = S/ (8Y,) |
where y. is the dif.ference'between the average height of the outer LVDT
probesl and thaﬁ of the centre probe, and c ié the separation of the
‘outer probes. The LVDT réadings were collected by éomputer after either
maximum time or strain increment intervals. Both of these collection
parametexs could be changed during a bend test to ensure that sufficient
data was collected throughout both low and h_igh strain rate regions of
each test.

' The bend rig was placed in a furnace lined~with refractory
bricks and heated with four SiC elements. The heafing elements
surrounded the bend rig parallel to the bend bar in order to provide an
even heat distribution. 7 Temperaturé was monitored with a Pt/Pt-ﬂh
thermocﬁuple in an alumina shield which was placed a few millimeters
away: from the centre of the bend bar. Temperature fluctuations were
controlled to within 5°C. The rig was equipped with a microswitch so
that the furnace would shut off when the sample fractured. The
temperature of the sample: decreased by several hundred degrees in
approximately 15 m:‘.nutes‘ following furnace shut down. Additional
details of the bend rig can be found elsewhere (Rcberi‘.son, 1990) .

Noise in ; the LVDT rea.ding occurred as a result 6f 60Hz
interferendé with the LVDT signal connection from the bend r::ig to the
computer. .The effect of thias noise was minimized by fitting a flexible
curve throﬁgh the strain data, digitizing and applying a spline fit.
Strain rates were calculated by determining the slope over two adjacent

strain-time points on the smoothed curve. Several sets of raw data were

“
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also smoothed using an in-house curve fitting routine (FITG developed
by E. Mccaffery) in which several different types of curves (linear,

parabolic, etc.) could be fit to the data in segments of any size. The

‘strains calculated from the raw data smoothed in this manner were the

same as those determined using the flexible curve procedure.

Bend tests were performed at temperatures of 1150, 1200, 1250
and 1325 and 1400°C using a variety of'applied loads ranging from 20 to
200 MPa as outliﬁed in table 1. Sample preparation involved grinding
faces and bevelling tensile edges. Tensile.fgce and edges were polished
with 6 micron diamond uﬁtil the surface between load points were free
of surface flaws as seen using a low power optical microscope. Bars
that had been pre-annealed at the bend testgggmperaiure of 1200°C were
generally répolished to eliminate surface pits which formed during heat
treatment. A-few tests were done on preannealed samples with their
oxide scale intact in order to determine the eféect of the surface
finish. &Any fracture origins and microcracks on the tensile aurface
were noted using either an optical microscopé and/or the scanning
electron microscope (SEM). :

The location of the neutral axis in a bend bar was determined
aaﬂfollows. The average length of 7.b§rs.aa sintered bars and the
tensile and compressive B%Ffaégé of 6 crept bars Q;fe determined by
taping the surfaces, scratching the end édges, remdéing the tape and
measuring the length of tape. The method was checked by measuring the
as sintered bars with vernier callipers. The'gwo sets .of readings
agreed within experimental error, indicating the tape did not stretch

Nl
\

during measurement. The neutral axis location was determined_uaiﬁg a

single gecmetrical formula: <
AL
(4
—L-‘u_:hc Z ecenesoosw
c

()
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where AL_, AL, are the change in lengths of the compressive and tensile
surfaces after creep testing, and hc is the distance of the neutral axis

from the compressive surface.

4.3.2 COmpréssion Tests!

Compression test samples were approximately 3x3x7mm in siie.
This provided a 1en§th/width ratio of 2.3, a value in the range
sugéeated for cylindrical samples to minimize the effects of Buckling
and barrelling {Birch et ai 1976). Saﬁple ends were made parallel by
mﬁunting samples on their éide so that'both ends exténded beyond the
width of the support plate. The support plate was attached to a Struers
" disk cutter grinding chuck‘by vacuum such that the overhanging silicon
nitride samples did not interfere with the wvacuum. In this manner the
”Bupﬁoft plate could be turnéd over.to grind the other end of the sample
without remounting the saméles onto the support plétg. All surfaces
were left in the as ground condition. In the case of preannealed
pieces, 150 microns or more was ground off .all of the surfaces to
remove any surface oxidé and cbtain the required sample size:
Preannealing was doné either on thé 7ﬁm lengfﬁa or o; the 80mm baf;
prior to slicing. |

COmpfession tests Qére performed on _an MTS computer controlled,

servo-hydraulic test machine. A SiC push-rod was used and the sample

<

was placed between two-S#C platens (see figure 4.17;. Strain was
monitored with a three probe extensometer. FThe two outer probes were
attached to the sample side of the top platen, and inner pFobe to the
underside of the bottom platen. The difference between the average of
the outer two probe positiéns and the centre probe position was used to

-~
-
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calculate the change in length of the sample. The sample and Platens
were centered in the middle of a 320mm height clam-shell furnace with
a4 75mm hot zone. Room temperature fluctuations were found to have a
profound effect on strain measurements. Thus extensive shielding of the
probes extending from the furnace was necessary to ensure that there was
a constant temperature air environment at the LVDT. Data was collected
on a PDP11-23 computer. LVDT, load and time readings were‘téken every
0.5 seconds. Readings were recorded whenever a change in load greater
than 20N occurred or every 400s. 1In the latter case, reco#ded values
were the average of 800 readings. This procedure helﬁed reduce noise
while enéurihg=data were collected when éudden changes occurred. After
converting élongation data to strain, the strain - time data were
smoothed using the same curve fitting routiﬂe (FITG by E. McCaffery
1989) as used in analyzing the bend data. The st#ain rate was
determined by taklng the Blope over 3 or 4 poxnts. The stain rate was
also determined after using a flexible curve to smooth the data. This
produced the same result for all tests.

Tests were performed at 1200°C under loads of 60 and 80MPa on
samples in botﬁ the as sintered condition and after anne;ling at thé
creep test température for 400 hours. At least two samples were tested
at each condition in order to assess reproducibility.

-

.y

4:4 RESULTS: .

& . ¢ :

A

Typical strain vs. time curvea,ﬁfrom\ghe four point bend tests,

‘are shown in figure 4.18. They show a constantlyodecreaaing curvature_

(or strajn rate). Tertiary creep leading to. failure is never seen.

Data at this stage of the creep tests was recorded either e@ery

4
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20 minutes or whznever the étrain increment was greater than some
minimum level. Thus either tertiary creep was non-existent or was very
short-lived. The Bcatter in the data due.to both experimental and
material variations is best seen by comparing tests done under the same

test conditions. Figure 4.19a shows the strain vs time plots for two

tests at 1200°C, 80MPa and two at 1250°C, SE5MPa. The corresponding

strain rate vs strain plots are shown in figure 4.15b. The constant
initial strain rate regime is typical of all tests done.
The times and strains to failure are plotted as a function of

stress in figureé 4.20 and 4.21 respectively. Data points with arrows

indicate tests which did not fail under loAd. The existence of a

qukman—Grant strain limited fracture condition was evaluated by
plétting-the time to failure against the initial steady state gtrain
rate on a log-log scale in figure 4.22. Clearly a slope of -1,
indicative of a Monkman-Grant relationship, can not be drawn.

Creep reaistance was evaluated as a function of strain and time

'

as shown inﬂfigurés 4.23a and 4.23b respectively. The strain rate

exhibits a.much greater dependence on strain than time. It is iniﬁially
constant up to strains of approximately 0.3 percent. At this point

there is a dramatic decrease in the strain rate. The initial steady

state creepNiate haé:an activation energy of 700 10 kJ/mol (figure-”

4.24). The activation. energy has been used ﬁo adalyze’thqystrééér

depeﬂaence bf the initial gﬁnatant strain rate of materials in the as
sintered and preannealed.condition, at all temperatures. As shown in
figure "4.25, theistrqéa exponént 'n’ equals 4.0 £ 0.5.

The effect of preannealing on the'creep_behaviour is most
clearly seen-by plotting thecstrain rate as a function of time and
stfain as shown in figures 4.26 and 4.27. The strain rate decreases as

‘ o
a function of creep test .time with very 1little effect of prior

3
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annealing. The strain rate depends more on the test time than on the
total time of the sample at temperature. It is worth noting that the
initial strain rate does not vary significantly with preannealing time

{or more specifically, with the extent of crystalline grain boundary

phase}. The strain at which the strain rate drops is slightly smaller

for preannealed samples.

Analysis of the time to failure of the material shows a dramatic
effect of preannealing time; Figure 4.28 shows the difference in
lifetime fer a varietf of stresses at 1200°C for different preannealing

times. Clearly even short preanneal;ng times (25 ‘hours) have a drastic

effect on the t;me to failure.

The location of the neutral axes and the bend bars for which
they were determined are shown in table 2. Although the error is rather
large, the results Lndlcate that the neutral axis has moved towards the

. - ._—»o a’
compressive face.. s ‘ b

Compression sampies tested at the same epplied stresses as those

used for bend" samples did not exhibit tertiary creep, nor did they
fracture. Two tests done for each test condition showed the shape of

the creep curves to be very reproducible. The strain - time data for

“tests done at 1200°C under 60 and B0 MPa on ea sintered material and 60

MPa on material which had been preannealed for 400 hours to part;ally
},‘I .

cryatall;ze the intergranular phase are shown in figure 4.29. The

strain scale is given in increments only due to ‘the difficulty in’

[
assigning the point of zero strain, possibly a result of al;gnment

: diffxculties. \All tests have ‘the same initial strain rate

characteristics and are Plotted so the initial strain behaviour of the
curves overlep. Aasumxng this correspondas to the same strain for all
materials, the materxal crept under 80MPa load achievea a higher strain

than material tested at 60 MPa. The material which was(breannealed has

@ o

c

rarrnr
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the same initial strain behaviour as the as sintered material although

it deviates to a faster strain rate as time increases. Thus the

preannealed material accumulates more strain than the aBL ;interéd
material under the same applied load.

‘The error in the absolute strain value is taken into account in the
error bars-}n the strain rate - strain plots shown in figure 4.30. The
uncertaintf obécures any possible differences due to applied load or

preannealing. However these plots do indicate that the compreésion

-tests do not exh:.b;.t an initial, constant strain rate regime at low

stra:.ns (aa found in the bend samples), but that the st;:_a:.n rate

_decreasee cont:.nuously with :tra;n.

(Note: observations of the bend bar fracture éurfaces are pfesented' in

the chapte;' 3.)

4.5 DISCUSSION:

~ 4.5.1 COMPARISON OF SN220 DATA TO LITERATURE

Since the most complete bend test data con silicon nitride
materials have been pﬁblished by Grathwohl {1983, 1984), Ernstberger et

al (1986) and Quinn"(1986a,b}, the bend test data. for SN220 have

‘plotted in the same format for ease of comparison.

Grathwohl (1984) found a threshold Btreas below which the
rupture stra:.n and time to. failure increases dramatz_c:a.lly (see figures
4.1 and 4.2). OQuinn also found the slope of the stress rupture curve
changes, Beparating the slow crack gx:ou':th and creep fracture regimes
(see figure 4.6). Figures 4. "20'and 4.21 show the stress vs time to

#
fa:.lure and failure strain vs. atress relationships from the current

study on SN220. It is poas:.ble that a threshold stress.ex:.sts. However

ot
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the acatter.in the data and the strong dependence of failure time on
stress makes this difficult to ascertain.

The above implies that fracture in SN220 is oécurring in the
8low crack Qrowth region. Slow crack_groﬁtﬁ is a result of damage
accumulation in a localized region, generally due to stress
concentraticns.from inhomcgeneitieﬁ in the structure or on the hurfaée.
However the evidence of a larger damage zone (cracks behind the fracture
surface) and considerable strain found in samples indicate a more
diffuse damage zone exists. It is possible that creep th?oughout the
sample and localized slow crack growth are occurring éimpltaneously.

Itris clear from figﬁre 4.21 that a constant failure étrain does
not exist.  Whether or not the strain accumulated during the steady

state regime limited the lifetime of the material was 1nvest;gated by

plotting the xnxtLal steady state strain rate aga;nst the tlme to

failure. BAs figure 4.22 shows, no correlation between the two can be .

detected.
The occurrence of a critical temperature above which a minimum

creep rate has beéh found was also investigated. Ernstberger et al.

(1986) determined the transition temperature with the bend data by . -

' plotting the change in strain rate with respect to ltime versus
temperature. Difficuity applying: this type of analysis to SN220 arose
as SN220 does not exhibit either a constant or a minimum secondary creep

O

rate. : . ’ e

I3

fl

- {less than “0.3%). At\ higher strains ihe strain rate decfzases
cantinuodsly. " From the bend test K45, plotted as strain vs time in
figuré‘d 19, one'can see ho; the apparent eteédy state strain rate one
would” “obtain if the sample fractured after 60000 gec. is different from

tha one obtaxned after 80000 sec. 'Hinimum' or ‘'steady atate'.straxn

< ) i

4

The steady.state creep rate in SN220 is found at low strains .

&
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rates can then be migleading. Due to the observed creep behaviour, a
new model describiﬁg creep due the linear viscous flow was developed.
The initially constant strain rate regime occurs when the fluid flows
around grains, and the strain rate decreases when all the fluid has been
squeezed out from between grains under compression.

s

An initial constant stain rate regime_ﬁgs not Seen.noted by
other groupé looking at creep of silicon nitride for §wé:reaaons. Very,
few'have.looked_at strain rate data carefully at low strains. The
Grathwohl Qroup is one exception (Grathwoﬁl 1583, 1984, Ernstberger et
al. 1986). They however do hot see a ccnstént strain rate. This ﬁay
be due to a lower viscosity of the intergranular phase and creep due to
viscous flow occuring faster. Aa‘alresult the strain due to viscous
flow may be hidden in the pfimary creep strain regime,

. To summarize, the.four point bend data for SN220 does not
exhibit a threshold stress which Quinn and Grathwohl haQe found to 7
separate slow crack growth and creep regimes. In addition, SN220 does
not follow a Monkman Grant relationship, or éven exhibit steady state
secondary creep fegime aé found by the Grathwohl gfoup. This, together
with tﬂe obsérvation of an initial constant strain rate regime at low
Btrain;, indicates that SN220 has creep properties unlike those found
by €ither Quinn or the érathwohl group. The initial constant strain
rate bepaviour asﬁsﬁown by the bend data for SN220 has led to the
development of a crgeéihodel based on non linear viscous flow of the

grain boundary phase.
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4.5.2 CREEP MODEL BASED ON VISCOUS FLOW:

4.5.2a Viscous Flow Model Applied to Uniaxial Creep

In this section, a model is developed for creep due to viscous
flow. This model extends the model of Dryden et al. (1989) by ineluaion
of non-linear viscous flow. The model assumes that the giess is
squeezed out' from betﬁeeﬁ adjacent grains and that the grains become
interlocked leading to a decrease in strain‘rate with strain. The
constitutive creep equations are based on phenomenological behaviour
observed in fluids and do not assume steady state. The procedure for
converting the rate of equeezing of the amorphous phase to the strain
rate in the material in both uniaxial creep and in bending are-similar»
to that developed by Dryden et al (1989) for the case of a lxneari
viscous fluid.

The intergranular glass is treated as a non-Newtonian fluid.

‘described by a conatitutive equation of the form:

)

v=2¢9 ™ ' (1)

where ; is the shear strain rate, T is the shear atfesa, nis the stress
exponent and @ is a material'cqnstant. The rate of separation of two
parallel pilates 6(23)/6t separated by a non—Newtonian‘ fluid is
calculated following the procedure outlined bj'Bikerman (1968) (details
of this calculat;on can be found in the appendxx, gection 4. 7). For two
parallel plates w;th end pressure P, the rate of separation or squeezxng
of the plates is ngen by:

.2 2n+1 N :
2H = fmmm [ — ] ® ==—= (F + 2LP)" agn(F + 2LP)  (2a)
n+2 2n n2r

s

By applying this result to the case of a hexagonal array of grains, as
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shown in figqure 4.31, a constitutive equation for flow in a polycrystal'

'han be developed. The grains are assumed to be incompressible and the

rates of change of lengths A, B and C are assumed to be taken up
entirely by the boundary phase (i.e. rigid grains). Following Dryden
et al (1989) this results in the following relationships between

boundary layer thickness and strain:

2H, = (V12) L €, |
N 2Hy = V3 L (V3ey, - €q) N (2b).
2He = V3 L (V3epp + &) '

Dryden et al (1989) also obtained relationships between the applied

forces on each grain boundary facet, and the resulting stresses:

. . o |
F, = 2L (3/2 oy = 1/2 o55) - !! -
- Fg = 2L (0p + V3 oyp) }:( - (2c)
F. = 2L (c:z‘2 - V3 0,5}

i

In the current treatment, only uniaxial applied atressezzsif\ionsidered,

\_/f\\

in which case:

il

Oy = G¢ Oy

€y = €/ € = 0o

-
‘\Sh

Thus combining equations 2a, b, and ¢, leads to two separaté eéuations

for strain rate:

Rt

. 1l 2n+1-M HA r»z.
€ = [ ] & [---] {3c + 2P)" sgn(30+2P)
v3 (n+2) 2n L ) :
i (4)
. - 2 & 2n+1. N Hh m2
e = - [ ] 2 [—--] {2P)" sgn(2P)
¥3 (n+2) L 2n L

S

In equating equations 4," it is important to realize that sgn{30+2P) is

the negative of sgn(2P). Solving for P then gives:
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- 30 (M

2P = (3)
HA(n+2)In + 21/n HB(MZJIn :

At any time during deformation, the following relations hold true
{Dryden et al, 1989):
(H, - H) ,
€44 = ————mmme - {6)
v3 * L
where 3H = H, + 2H; and Hg = H, due to conservation of volume. Thus we

obtain:

3 w2 [2n+1

n .
€4 e ] @ (o)" £™2 R(e,) sgn(2F) (7

(n+2) - 2n

Since applying a positive stress induces a negative pressure 'at_ the

grain junctions:

. 1= C @ ()7 R(ey) sgn(o) (8
WT}EI.‘e 3 (n+1)/2 2n+14" E ,
C=+ - ] £™2 sgn(o)

2™ (n+2) L2 ‘ |
and
8 : (1 + 2¢,) ™2 (1-¢,)™2

R{e,) = 3" -

) N {(1 + 28") (ne2)/n + 21/1"1 (1“6”)(”’2)[[1]“

Here ¢, is Ehe normalized strain equal to é/f, f being the normalized
grain bounda;ry layer thickness (f= 2H/v3L). Equation 8 reduces to the
equivalent result from Dryden et al (1989) for the case of linear
viscous flow (when n=1 and 9=1/p). \ ‘ '-

The strain dependent part of the strain rate R(e,) is plotted
against the normal_‘ized strain in figure 4.32 on a log-log: scale. The
general shape of the curve is very similar to that found in figure 4.14

for the case of linear viscous flow. The initial strain rate is

N
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relatively constant for low strains but decreases drastically as the
atrain_approaches a limiting value. The limiting strain is, as in the
linear case, equal to the nominal volume fraction of the intergranular

phase in tension and one half of that value in compression. The only

difference is a slightly sharper drop in strain rate as the limiting -

strain is approached for the case where n>1 (non~linear flow). In both

cases the pressure at the triple points is zero at the maximum

compressive strain (HA=0) and is -30/2 at the maximum tensile strain

(Bg=0). It is importént to reglize'that creep strain is not limited by .

'

a build up of pressure at the triple points, but by the amount of fluid

which can be squeezed out from between grains.

4.5.2b Viscous flow Mcdel Applied to Creep in Bending

It.is well known that the stress distribution and lbcatioﬁ of
the neutral axis within a bend bar changes with time. However previous
models which have predicted this behaviour have been of a purely
phenomeﬁologicél nature (Cohrt et al 1581, 1984; Chuang 1986}, unlike
the preaént mechanistic based model. Dryden et al (1989) calculated the
‘stress distribution with time for a linear viscous material flowihg
taround incompressible hexagonal grgins. ‘The redistribution and movement
of the neutral axis is the res;lt of the different strain rates
predicted in fension and in compreasion.. The following analysis

{(summarized from Chadwick et a1'1990) for the stress redistribution in

_a bend bar of a material containing a non-linear viscous fluid also

includes the strain accommodated by elastic deformation of the hexagonal

\
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grains!.

The total strain €, in the material is assumed to be accom-
modated solely by the viscous flow €, {as given by the integral of
equation 8 above) and by elastic strain €. Thus:

€, = €

v+ € | - . (9)

Fdr small increments of time:

Se 50/E (10)
-1 = coR(e, )" + ———
st st

This equation can be normalized by dividing by the volume fraction
intergranular phase £, i.e. £n=et/f' and substituting normalized-terms
for stress o,=o/(Ef), and time 5th=CGE"f¢46t:

Se, ‘Gah

—-= = R{g)a" + === (11)

St“- -6ty
The stress distribution as a functign’of-time is calculated numerically
féllowing the procedure given by Chﬁané et al (1938).' First, for a
constant total strain, the Ae, for an  initial elastic stress
"distribution is calculated. This deé%roys the equilibrium conditions
of no net axial forces and constant moment for a fixed applied load as

described by:

onE(y) dy = 0 \ '(12)
~h ' : : -
2*\.\\\‘{“}.‘
FAOE(Y) ydy =0 ' (13)
-h

The second step restores these conditions by calculating a new o

¢

1John Dryden of the University of Western Ontario is acknowledged
for his contribution in developing the computer prgram for: this
calculation. ‘ - s
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dis;éﬁbution (i.e. e, is constant, €, changes). These steps are used to
profide the stress distribution within a bend bar as a function of
viscous creep. This distribdéion is shown in figure 4.33 at several
creep strains. Note that the initial stress diatribﬁtion is symmetric.
As strain accumulates the amorphous phase is first squeezed out from
between grains on the compressive side of the bar. These grains lock
together and can then support a larger load. While this occurs the
neutral axis shifts towards the éompressive face. As creep continues,
grains on the tensile surface will'aléﬁ become locked together and all
of the load will be supported on the tensile and compressive faces.
Thus the limiting strain in bending (éhe maximuﬁ outer fibre tensile
strain) is the same as found in compression. The total outer fiber
tensile stress and strain rate are ghown as a function of time and
‘maximum oute:‘fibﬁg strain in figure 4.34a and 4.34b. The ouﬁer fibre
strain rate is aiga plotted on a log-log scale with those for uniaxial

creep in figure 4.35. The difference in the constant strain rate for

bending and uniaxial creep under the same normalized stress is due to

the redistribution of stresses in the bend bar. In addition, the

limiting strain in bending approaches the limiting strain in tension.

4.5.3 COMPARISON OF MODEL AND EXPERIMENT: *
4.5.3a Creep Resistance ve Strain and Intergranular Film Thickness
g \ :
The model and the experimental creep results are compared on the
basis of the strain rate - strain relationship in figure 4.36., A stress

exponent of n = 4 is used to 'analyze the data (baaéﬁ on the

X!
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expérimentally de#etﬁined sfress exponent for strains less than .2%).
The left and bottom axes are the strain "rate and strain of the
experimental data. The right and upper axes are for the thecretical
curves. These are plotted as normalized‘strain rate versus normalized
strain. The normalized and experimental values are related via:
=€, /£ -

Sey Se, /£ : (14)
and ——— S ——m—me———me

5t, = CIE"E™lst
Tthexperimental and theoretical curves are plotted on a log-log scale
Qiéh ﬁhe same increments. In this way, changing the normalizing terms
simply shifts the theoretical curve.

Both the experimental and theoretical bend data show an initial
constant strain rate followed by a rapid decrease in strain rate as the
strain approaches a limiting vélué. The fact that the drop is not as

sharp in the experimentally obtained curves as predicted theoretically

may result from the non-uniform distribution of initial grain boundary

¢

phase in the real material. From ﬁhe viscous flow model the limiting
strain depends on‘H/L. As this value varies from grain boundéry to
grain boundary, a range of limiting strains will exist.™:

According to the vfscoua flow model, the strain rate and the
strain at which the strain rate drops dépends on the initial valge of
H/L. Experimentally the drop in strain rate occurs at a strain of
approximately 0.2-0.3%. From the model, this drop occurs at a
normalized sﬁrain (ey=€/f) of .32, which corresponds tb an initial
normalized glass layer thickneas, f = 2H/V3L, of 0.006-0.01. If one
asaumes-an average silicon nftride grain size of about 1 micron (an
approximate value as seen in figure 3.2), thia in turn corresponds to.
a grain boundary thickness of 14-20nm. This value can be compared to

those measured by cfarke {1989) on a Mg®O doped silicon nitride which had
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been guenched from 1450°C to room temperature. Using Q}gh resolution
electron microscopy Clarke measured the intergranular ;ﬁorphous phase
thickness to occur in a range from 2 to 10nm. Possible reasons for this
difference will be given shortly. Nevertheless, in terms of the strain
at which the strain rate decreases, it is_clear that the model is in

approximate agreement with experiment.

4.5.3b Bffect of Applied Stress in Bending

The strain at which the strain rate starts to aecrease depends
on the applied bending stress as shown in figure 4.37. It occurs at a
0.1% lower strain for sampléa loaded under GgﬂPa than those under 74ﬁPa.
Given that e11=HA/(V3*L)‘and assumiﬁg a gééin size of approximately 1
micron, this measured strain difference correspo;ds to a difference in
intergranular thickneas of 3.5nm. The‘stress dependence cannot be due\
to ‘the elastic deformation of the silicon nitride grains aincerthis
would account for a strain diffe;ence of only 0.004%. The!gfgcrepahcy
can be partially explained iﬁ terms of the eqguilibrium intérgranular
phase thickness which, as will be shown below, is expected to decrease
as the applied stress increases.

The equilibriﬁm thickness can be estimated using a model
developed by Clarke (1987). Clarke considers a number of forces which
act across a viscous layer between two grains. These include the

applied and capillarity forces, the van der Waals force (an attractive

"term acting on the grains on either side of the grain boundary), the

steric force (a repulsive term due to the structure of the liQuid
adopting an orientational order close to each grain), the force due to

the formation of an électrical double layer in the liquid, and

:F

o
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forces due to solute adsorption on the grain surfaces and hydrogen
bonding. However, in the absence of experimental evidence indicating
that electrical double layer interactions, solute adsorption and

hydrogen bonding occur in ceramics at high temperatures, Clarke neglects

“their effects. However, as Clarke dlso states, double layer

interactions and adsorption are 1ike1y-to occur and contribute to the
repulasive forces acting to separate the grains. ;Clarke also aﬁsumes
capillarity effects are negligible. The energy duve to the applied
force is simply thé:force times the intergranular thickness h. The van
der Waals force is given by Clarke to be: .

F(vdw) = HaBa/{6nh3)

' where HaBa is the Hamaker constant for two a surfaces separated by B.

The van der Waals energy contribution, calculated by Lntegratlng the -
force over the grain Beparatlon, 13.

G{vdw) = -HaBa/(127h?)
The energy contribution due to steric forces is given by:

G(ateric).= 2ane coth{h/2¢)

2

where an® is a measure of the free energy difference between ordered and

diaordered states {Clarke lets this term equal the free energy of

melt;ng/ of pure a;lxca} and € is the length of orientaticnal

F
fluEﬁGat;ona in the intergranular phase (assumed equal to .an, the

" length of a S$i0, tetrahedral unit). Using Clarke's values for the Al,05-

5102-31203 system at 2000K, the equilibrium thickness is calculated to
be appkoximately 2.3nm for:the case of no applied force. This value is
in the range of 2 1 to 2.4nm that Clarke gives. Clarke also provides
a table in which he liata the Hamaker constants for ‘different systems
and their correapond;ng equilibrium grain boundary thicknesses.~ It
should be noted that the Hamaker constants given are for room

temperature. To calculate to thicknesses at elevated temperatures these
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constants must be multiplieaiby T/300 (as the Hough-White expression,
equation A-1 in Clarke 1387, shows). The theoretical equilibrium grain
boundary height for SizN;-Si0,-SizN, of 1.7nm compares well wiﬁh
measurements "of 0.6~2nm for ‘a number of silicon nitrides (Krivanek et
al 1979, Ahn and Thomas 1983, Lou ét al 1978); élthough thicknesses of
up to 10nm have been measured by other researchers on materiala‘of the
same nominal composition as well as silicon nitrides of different
compositiogs {Clarke 1989, Clarke and'ThomaB 1978}.  These qifferences'
may result from a number of approximaﬁions used in calculating the
equilibriuﬁ’thigkness. HaBa and an®? values for a pure sidz boundafy
were used as values are not available for the cofrect graiﬁ boundafy
composition. Electrical double layer and adsorption effects were also
ﬁeglected in the calculation of the equilibrium thickness. These would
contribute ‘to the repulsive energy between grains "and ﬁould.lead to an
increasef'in the equilibrium thickneas. Not included in Clarke's
calculaticn is a term which'minimizes the amount of interfacial afaa.
(i.e. a large triple junction and a thin grain bkoundary film has less
interfacial area than if no triple junction exists and all the amorphous
phase is in a thick grain boundary layer). As the difference in energy
between a thick boundary and one of minimum thickness is small (of the
order of lmJ/m?), any of these factors could have a significant effect-
on the equilibrium thickness of the f£ilm.
| The above equilibrium thicknesa values are expected to increase
slightly with temperature as the thermal expansion of the amorphodé
boundary is likely to be larger than that of the crystalline grains
(alarke 1989). An order of magnitude calculation can he ﬁade-using a
thermal expansion coefficient for silicate glasses of order 20 to 100
x 10°7-o¢”! (Loehman, 1980; Hyatt and bay, 1987) and assuming the glaas )

is not constrained by the silicon nitride grains. At 1000°C the
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amorphous phase will expand by .2 to 1%. Thias change is much less than
the uncertainties in the data and in the model, i.e. it is
insignificant.

Evaluating the effeet of temperature on the other terms in the
force balance equation is more difficult. Clarke's work on the effect
of‘temperature on the van der Waals forces is confusing. 1In one paper
Clarke (1987) provides Hamaker constants for the same system at two
temperatures. The value at 2000K is greater than at 273K. Using these
values the equilibrium grain boundary height is estxmated to be 0.9am
smaller at the thher temperature. in a subsequent paper (Clarke 1989).-
in which the first paper is referred to, Lt is stated that as the‘van
der Waals force is proportional to temperature (as given bylthe'chgh—

-White expresaien in appendix A), tue grain boundary. thickneaa is
expected to increase legarithmically;' However an increaae in the wvan
der Waals force is expected to decrease,rnotrincrease, the boundary
height.’ | " ' |

Steric forces are also erﬁected to change with temperature. As

Clarke (1987) etates, this effect comes into effect.through the term

2, the difference in energy between ordered and disordered states.

an
Small differences_ in this value are not @xpected to have a large effect
on the equilibrium boundary thickness. - "

The discrepancy seen in comparing Clarke‘s xntergranular film
thickness as measured by AEM (Clarke 1989) with the equzl_\rftm\falue
calculated for the SLSN‘-SLOZ system (Clarke 1987) Lndxcates\:;at the
above effects may be significant. Clarke's measured thzckqeases of 2-
10nm on the MgO doped SisN‘ quenched from 1450°C are larger than the
approximately lnm. value obtazned for MgO doped samples which have not

been quenched.  These in turn are approximately equal to the predicted

room temperature equilibrium value of approximately 1.7nm.

s
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Clearly the lack of experimental vériables to calculate the
magnitudes of the various forces limits the ability of Clarke's net
force mecdel to provide accurate estimates of the boundary thickness.
However the model does provide a géod theoretical basis for the’
existence of an equilibrium grain boundary thickness as 6bserved
experimentally. With this in mind, the above“model can be applied to
the silicon nitride system. For the Si3N;—Sioz-Si3N4 system at 1200°C a
Hamaker constant of 380 x 10°2'7 will be used. The equilibrium thickness
in the absence of stress is calculated to be 1.9nm. This value drops .
to 0.9 apd 0.8 nm when stresses of 60 and B80MPa are applied
resﬁectively.“*The energf-thicknesé dependence for each of the enexrgy
terms as well as the sum of the terms are shown in figure 4.38. ‘Ip the
absence of any Iapplied stress the difference, in energy between a
bqqndgry of minimum thickness and a very thick boundary is of the o;dér

é£ 2mJ/ﬂF. As shown infappéndix 4b, although the rate of diffusion due

]ﬁd‘this small difference in free energy is small, it is attainable.

The calculated difference in minimum intergranular thickness due _
to differences in the applied strese of the order of- 2°¥f§ is
approximatéiy *.1ﬁm, corresponding to a strain of .005% (désuming
€44=H,/V3L and L=1 micron). Thie is less than the measured difference-
in the strain (of the order of 0.1%) aﬁ which the strain rate starts to
decrease under appiied loads of 60MPa versus 80MPa. However, it does
predict ‘the correct trend. - The magnitude of the grain boundary
thicknesses, both the initial minimum thicknéﬁs and the difference in

equilibrium thicknesses under 60 and 80MPa, are considerably greater

‘than the EEgpretical values. An additional factor to consider in using

=
[
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the thickness values obtained from the strain rate vs strain plots of
the bend data is that the thicknesses are average values calculated
assuming an average silicon nitride grain size of 1 micron. These
average values include boundaries of the minimum (equiiibrium) thickness

ﬁé}well as those containing large amounts of glass as a result of an

T e .

intergranular pocket of glass extending between grains (as shown in™

figure 3.2). Thus the calculated grain boundary thicknesses should not
be expected to accurately forecast 'the difference in total strain under

different applied stresses.

4.5.3c Effect of Preannealing on Creep:

The experimental bend test data for samples which were tested
following annealing can be analyzed in terms of the viscous flow model.

The analytical electron microscopic results combined with an elemenlal

-

mass balance {as detailed in chapterlﬁ) have been used to qﬁantify the

fraction of the amofphous phase presént after annealing at 1250°C,

) Approximately 60 volume percent residual glass is found in the centre

"of air annealed samples and 30 % near the surface. ‘if all. of the glass

were evenly distributed in all the grain boundaries with no pockeés, the

volume fraction of glass would equal £, the normalized grain boundary

o

- layer thickness. Assuming a value of Sogf}eaidual glass (as the exact

v -
value is not critical), the non-linear viscous flow medel c¢an be used

to calculate the eipgcted drop in the initial strainﬁraté.  From

. equation 8 the strain rate is propoftiohal to £™2, For the case of n=4,

and a 50% reduction in the volume fraction of glassy phase from £=.01

4

Loy B B ) d - -
to .005, a*drop in the initial strain rate by two orders of magnitude

is predicted. Experimentally,ethefe is less than half an order of

4]

e | | ?*b
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magnitude difference in the initial strain rate. However, it is clear
fraﬁ the TEM micrographe ({figure 3.2) that the glass is not evenly
distributed. Instead,.the majority of the amorphous phase is found in
the triple points between silicon nitride grains. Thus the volume
fraction giass does not equal the normalized grain boundary thickness
layer. Moreover, when partial grain‘bcundary crystallization occurs
these pockets crystallize.' As shown in the dark field micrograph of
fiqure 3.3, the crystallized grain boundary phase can extend around
several silicon nitride grains. Thus some of the grain boundaries must
also be crystalline. However, as the majority of the crystalline phase
is in pockets or in channels between three or _mdra grains,

crystallization of 50% of the glass does not imply crystallization of

. 50% of the material at the grain boundaries between two grains. The

smaller strain at which  the strain rate dé&reasea as a result of
preannealing may be a due to the additional crystalline material

limiting grain movement.

-

bal

4.5.34 CQmpréssion Tests

The satrain rate-stfain behaviour of _samples tested in
compression shoﬁs a rapidly .decreaaing strain rate at strains

considerably less than in the bend case. In addition, ‘an initial

. constant strain rate regime is not’ visible. a comparison of the

theoretically predicted strain rate-strain behaviour for bend and
compression tests (figure 4.35) shows that the limiting strain in

bending approaches that expected for uniaxial tension (i.e. maximum

"gtrain occurs® when all the amorphous phase on the {iijacent grain

fboquariea has moved to the boundaries perpendicular to the stress

b

fo
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axis). The smaller limiting strain in compression occurs when all of

the intergranular phase has been squeezed out from between faces under

compresgion. In addition, the constant initial strain rate plateau ends

at much smaller strains in compression than in'bending. This makes it
difficult to detect the constant Btrain rate regime with the strain
regolution available in these tests. The greater difference between the
observed data (compresaion vs. bending) as compared with that predicted
(see figure 4.36) is in keeping with the trends éeen in the previous

Bectioné.

4.5.3e Additional Support for Viscous Flow ﬁodell

Additional support for the viscous flow model discussed earlier
can be found in work by Vaandrager and Pharr (1989) on the compressive
creep of copper contaln;ng liquid bxsmuth. The strain rate behaviour

as a function of strain as shown by Vaandrager and Pharr is shown 1n

flgure 4.12. Although none of the plots show an initial constant strain :

rate, they do show a rapid decrease in‘strain rate and a large initial
strain. Vaandrager and Pharr discuss this large initial strain in terms
of viscous flow of theograin boundary phase (as described in section
4.2.5). Using the viscosity of bismuth, the applied:stresslénd various
estimates of the grain bbundary phase thickness, they calculate that the
time for the maximum strain t; occur by viacggs flow is approximately
1079 geconds. Thus a constant strain rate at low strain would-not be
observed under these stresses.

nfterm1n11g whether or not viscous flow is meortant on the

baais of an initial constant strain rate is difficult for data taken

from the literature.’ This is because most authors are concerned with

3
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a secondary or steady state regime. As a result limitedﬁﬁata is
collected or published for low strains. However, in most cases e;idence
for an initial creep regime can be found by extrapclating the steady
state creep rate back to the starting time. BAn initial plus primary
creep strain of close to 1% (Grathwohl, 1984; | Todd and Xu, 1989)
generally exists. Although some of. this may occur during the time
required for stress redistribution, it is more likely that most of this
is a result of creep:due to viscous flow. A second creep mechanism such
as cavitation or solution/reprecipitation may occur after the grains
have started ﬁo lock fogether. One would then expect the strain rate

to be constant at low strains, decrease as viscous flow nears completion

and then become constant as a second slower steady state creep mechanism’

becomes dominant. Tertiary creep may be seen prior to failure. . This
sequence is depicted schematically in figure 4.40. It appears that this
may indeed occur in SN220 at higher temperatures {although with the
absence .of tértiary creep)'aa shown in/the creep data éaken at 132s5°C
(figure 4.41). The temperature range over which both regimes are easily
geen is likely to be quite small. At low femperaturea observing creep

due to viscous flpw.wdﬁld be easyf(provided premature fracture does not

occur). However the temperature may be too low for a significant amount

B

of creeﬁ} to occur via a second méchanism such_ as
solution/reprecipitation. At high temperatures viscous flow may.occur
rapidly and be difficult to detect: In this case only the creep
resistance in the second creep regimeowould be- recorded. However, a

large initialpstrain due to viscous flow would still occur.

7
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4.5.4 CREEP FRACTURE

4.5.4z Stress Redistribution

The viscous flow creep model predicts that the neutral axis _:in
a bend test moves with time. This is shown in figure 4.33.
Measurements of the ten‘sile. and compressive lengths of the bend bars
indicate that the neutral axis moves towards the compressive face during
the test (table 4.2) as is expected from previous work (Wiederhorn et
al 1986). -

The model also predicts that the outer fiberc tensile stress
decreases with time. This is shown clearl_y in figure 4.34. Here stress
redistribution :éducea the outer .fiber tensile stress to 23% its
original value in the time it takes for a normalized outer tensile fibre
straiﬁ of .033 to accumulate. - For an initial £ of 0.006; this
corresponds to a strain of 0.02%. In the case of 63MPa applied load,
this occurs in less than 20 minutee._ As this is less than the time
required for formatioﬁ of oxide pits, the surface flaws in the
préannealed case are subject to much higher tensile stress than the
surface flaws which fPrm during the bend test. This may account for the

effect of pit removal on increased creep lifetime.

&
a

4.5.4b Effect of Partial Grain Bduﬁdary Crystallization on Failure Time:

Although preannealing has ;rery little effect on .the creep
bohaviour, it does have a dramatic effect on the lifetime of t;xe
material. As shown in figure 4!;.23C even short preanneals have a
pronounced effe‘;.:_t on the time cto failure.. There are several poasibl@’

explanations for this behaviour: degradation of the surface finish .

o
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fesulting in the formation of critical flaws, internal cavity
generation as the microstructure evolves, or a decruase in the amount
of amorphous phase in the intergranular pockets reducing materiél
ductility. Each of these possibilities will now be examined.
Preannealing SN220 does lead to the formation of large surface
pit; as shown in chapter 3. The effect of these on the creep properties
can be seen by comparing the bend data for samples crept at the same
temperature and streas but after different annealihg conditions and
different surface sample pﬁeparation. Figure 4.39 shows the creep data
for 3 samples; one crept in the as received condition after polishing
the tensile surface, the second polished and annealed in air for 25
hours prior to thé creep test, aﬁd thé third sample annealed in air for
25 hours and then'polishgg prior to the creep test. Cléarly polishing
after oxidation‘to remove an¥ surface scale and pité does increase the
creep time andrétrain. As Béregaea redistribute more rapidly than new
pits fcrﬁ, new surface flaws are not subject to the same applied stress
as pits on innealed materials (see asgpion 4.5.43). However, removal
of these flaws doea not increase the éggep.life expectancy to ﬁﬁé level
f?und in the as sintered material. Thus surface finish alone does not

account for the decrease in time to failure with preannealing.

The posesibility of microstructural * evolution causing the

’fprmation of cavities was investigated through a series of density

measurements on samples before and after annealing, and before and after
removal of anonxide scale. As discussed in chapter 3, the decrease in

density found after annealing results from the formation of the oxide

" scale. However it is possible that a small amount of cavitation or

cracking could reduce the lifetime without a significant decrease in

density. °© .
[
During annealing, partial grain boundary crystallization occurs.

a3
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As described in chapter 3, this leads to a decrease in the number of
large amorphous triple pockets. As a result, the ability of the
material to accommodate stresses arising from the viscogs flow of the
glassy phase and subsequent grain movement is reduced. Thus stress
concentrations leading to failure occur earlier in the preannealed
material. |
Theée stress concentratioﬁs‘may also account for the higher
strain rate seen at longer times in compression tests on' samples which
have a partially crystalline grain boundary phase compareq to samples
crept in the as sintered condition (figure 4.29). It is postulated that
a secondary creep damage mechanism is occurring at a faster rate than

in material with amorphous intexrgranular pockets.

oy

4.6 CONCLUSIONS

SN220 has been crept in both bending and %bmpresaion-under a

variety of loads. Samples have been tested in the as sintered c;ndition.
;;d after annealing for*vafious lengths of time. The intergranﬁlar
amorphous phase is known to be partially crystalline in the latter (see
chapter 3). "

All samples crept in bending exhibit an initial constant strain
rate at strains less tﬁan 0.3%. The strain rate decreases fapidly at

largerratrains. This decrease occurs at higher strains for samples

crept under larger loads: Preannealing the material does not affect the

initial constant strain rate.® It does however cause the strain rate to

A

decrease at smaller strains than for -the as sintered material crept

‘'under the same conditions. Preannealing reduces the lifetime of the

material for samples whether or not they have been repolished:prior to
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creep testing. Removal of the oxide scale does however increase the

life of preannealed materials.

Samples crept in compression do not exhibit the same initial

constant strain rate as found in bending. In addition, creep

compression samples showed little effect of prior annealing.

A model has been developed which describes the creep behaviour

of asintered silicon nitride. It assumes cfeep occurs due to the non-

linear viscous flow of an amorphoﬁe phase afound rigid grains. an
initial constant strain rate is predicted at low strains. The strain
rate decreases as the strain approaches a limiting value. The maximum
strain in compression occurs when gssentially all of the fluid is
squeezed out from between grain faces perpendicular to the stress éxia.
In.tension, the maximum etrain occurs when essentially no fluid is left
on faces adjacent to thbse perpendicular to the stress axis. In bending
an initial constént creep ratehis predicted. This value decreases after
grains on the compressive side begin to lock together. The limiting
outer fibre strain in a bend bar however approaches the 1imiting atrain
predicted in tension.

The maximum amount of strain in the bar depends on the initial

intergranular film thickness and the equilibrium film thickneéa which

- @axists under an applied locad. An estimate of the "film thicknesaes can

be obtained using a model developed by Clarke (1987). A larger creep
straxn*would be expected under a larger load. Thetinitial intergranular
film thxcknesa also affects initial strain rate. o

Both the wviscous flow creeérmodel and the experlmentéi ﬁégd
tests show the same initial constant creep rate at low atrains.. The

decrease in the strain rate occurs at a normalized strain of 0.32. This

corresponds to an initial intergranular phase thickness of 14 to 20 nom.

The decrease in strain rate at slightly smaller strains for tests under

A
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smaller loads is partially explained by the presence of an equilibrium
boundary layer thickness which depends on the applied load. Although
the difference in boundafy height under different applied loéds and the
initial equilibrium £ilm thickness as calculated with Clarke's model are
less than that obtaiﬂé& from the viscous flow model and bend tests, the
correct trends are predicted. In fact exact galues are not expeéted és

this would imply that all boundarieé are of.aﬁ\gquilibriﬁm height. This

is not the case as large pockets of amorphous phase extend into the

grain boundaries.

Strain rates in compression do not show the same initial

. . p
constant behaviour as found in bending. The strain rate ;ﬁ compression
is also lower than in bending for the same strains. The viscous flow

model predicts that the strain rate decreases at a lower strain in

'K}

Y

compression than tension. It is likely that, due to limitations in the

compression testing, the constant creep rate region was not detected.

A slower strain rate in compression than bending for the same strajin is

expected from the viscous flow model. The observed difference is however

‘greater than that predicted. BAgain this may be due to difficulties in

cbtaining accurate strain measurements.
Partial grain boundary crystallization was fq?nd to have little
effect on the initial creep rate in bending or compression. The viscous

flow creep model predicts a strong dependence of the initial strain rate

- on the fraction of intergranular phase present. This suggests that

annealing has very little effect on the thickness of the intergranular

phase. Support for this was found in microstructural analysis showing

that most of the émofphous phase exists in large pockets. Annealing

leads to crystallization of most of these. ‘Although not examined in
this work, annealing has never been found to lead to crystallization of

the film at two-grain boundaries. -
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. Partial grain boundary crystallization does however have a large
effect on the time to failure. The reduction in lifetime of samples
crept with their oxide surface intact is partially due to oxide pits
being subjected to high surface stresses. In the case of creep testing
of as sintered material, stress redistribution occurs before pits form
on the surface. Thus oxide formation during the creep test does not
have the same catastrophic effect found in testing annealed bars with
their oxide surface intact. Repolishiﬁg an annealed sample prior to
testing increases the time to failure, although not to the level found
for ae sintered material. This is thought to be due to the
intergranular pockets losing their ébility to accommodaﬁe stresses
ariaing from the viscgua flow of the grain boundary phase. Thﬁs stress
éonceﬁtratioﬁé leading to failure occur earlier in the annealed

material.
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Table 4.1: BEND TEST ¢9NDIT10NS

TEMPERATURE

1100

Lo f

r

{cont...)

1

i

)

C

1150

1200

1215
1225
1250

1328

1400

STRESS

MPa

212
185.5

174.9

159
159
159

'137.8

132.5
127.2
121.¢%

'111.3

79.5
265
212
159
85
85
80
80
79.5
79.5
76.8
74.2
63.6
53
63.6
63.6
63.6

- 58.3

58.3
58.3
53

47.7
42.4
42.4
37.1

37.1

21.2

1,
3

v

TEST #

ey

i72



0y

- TEMPERATURE
C

1200

Table 4.1 (cont)

STRESS
MPa

85
85
85
85
BO
80
80
74.2
74.2
74.2
74.2
63.6
63.6
63.6

* sample not polished after oxidation

TEST #

48
49
44
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Table 4.2: NEUTRAL AXIS LOCATION

TEST
TEMP

(©)

1200
1215
1250
1250

- 1325

TEST STRESS

¥

TIME
(MPa) (hr)
80 >26
63.6 >310
58.3 49.6
53 : 97.5
37.1 . »51.5

r

FAILURE FAILURE
- STRAIN

(%)

. 2l.2

>2.3
1.23
2.68
2.78

5}

.26

RELATIVE .-
N.A. HIEGHT
FROM COMP. SURFACE

.22 %
.29 %
.19 % .15°
.17 %
:
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been drawn in for clarity for tests done in air.
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Figure 4.3. Creep curves of Si3N4 material showing a region of minimum
strain rate and té’rtiary creep. Minimum strain rate varies as a function ‘
of stress to the power n = 1.9 (Grathwohl 1983). '
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Figure 4.4. ‘.Exa.mple of éreep data from one of four different Si.N
materials all showing the same behaviour. Bending stress is 160MPa
(Ernstberger et al 1986). : :

N



Homologous Température Tyl —
: 0.65

0.7
T

179

0.5

SR

-

-

" Pexure Stress IMP2) —

)

L

o ML e

17376, amy

NO
FAILURE

1 )

]

1

FLEXURE

FAST
FRACTURE
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Figure' 4.6. ~ Flexural stress rupture in air for HPSN (as-mach:.ned
specimens). The change of slope, as drawn in for clarity, indicates the
creep fracture regime. (Quinn 1986a)
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- Figure 4.7. Nucleation and growth process for oblate holes in thin glass
films and spherical holes in three grain pockets. " Oblate holes form a

full facet cavity by coalescence. ° sSpherical holes grow to full facet

size by viscous ° flow at . high local stresses and by

solution/ru_eprecipitation at low local stresses. (Marion et al 1983)
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"Fiqure 4.8. Streas‘distribution in a bend bar (1) for the elastic case,l
(2) forn = 2, (3) forn =2, 5§ =10 {Cohrt et al 1981).
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Figure 4.9. Stress redistribution as a function
‘material behaviour (Cohrt et al 1984).
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Figure 4.10. Model for creep due to viscous flow unrealistic as grains
movement is not limited by grains 'jamming' into each other as they would
in a real material. (Pharr and Ashby 1983) .
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Figure 4.11. (a) Two dimensional model for incompressible material
between rigid .hexagons. (b) Expanded view of three grain junction.
Velocity gradients of fluid in bbunda_ry are shown. {Drucker 1564)
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.Figure 4.12. Theoretical pfedictions of strain produced bir percolation
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Figure 4.13. {a) Model fdr~gnconstrained fluid flow from between two
parallel plates. (b) Constrained fluid flow. R,
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Figurg 4.14. Strain deﬁéndent term S(E) of the strain rate Qﬁ a funcﬁion'
of normalized strain aN(where éh= strain € / fraction boundary phase £f).
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Figure 4. 18. Typical creep curves for SN220 crept in four po:.nt bending
at 1200°C under a variety of stresees.
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Figure 4.31. Two dimensional solid consisting of hexagonal grains of
length 2L with intergranular phase of width 2H G 2HB and 2Hc. The
surrounding material exerts stresses o.. on the system. " These can be
related to the squeezing forces F ar Fp gnd Fo which are aligned with a,
B and €, the vectors joining grain centexs. (Dryden et al 1989)
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Figure 4.32. Strain rate dependence on strain as predicted from creep
model due .to non-Newtonian flow. R(ey) = strain dependent term of the
strain rate (eqn 13) and ¢, = normalized strain = €/f where f is the
normalized grain boundary layer thickness.
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fluid varies as a function of x |. 2.
. ' b

{reducing to p=P at =x=L). The . _ 1

. : . ' \ 4
viscous force T acts in the x : -

| | - | 2H é“ y X

direction on a plane perpendicular ' ¥, \
to the z axis. Thus: ' 8 2L ‘
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4.8 APPENDICES
APPENDIX 43. CALCULATION OF SEPARATION RATE OF PARBLLEL PLATES SEPARATED
BY NON-NEWTONIAN FLUID.

' The rate of Beparation.of two parallel plates (26H/5tj éeparated
by a non-Newtonian fluid is calculated fcliowing the procedure outlined
in Bikerman (1968). According to Newtﬁn's second law, the sum of the
forces per unit volume equals the density times the ‘acceleratiecn.

Asgume that the flow is fully developed (i.e. no acceleration).

- Therefore the sum of the forces equal zero. These forces include

gravitation, pressure and viscous contributions. Gravitation is

neglected as plates are

horizontal. The pressure of the

6p/6x = 6T, /6z {A-1}

Assume that the viscosity
B Figure 4al: Geometry for fluid flow
of the fluid is described by the from between two parallel plates.

constitutive equation of the form:

y=2e1" {A-2}

- where T is the shear stress. y is the shear strain rate, equal to

Su/82, where u is the linear velocity of the fluid mo#ing in the x-

' direction and z is the direction perpendicular to this as shown -in

figure 4al. Thus

2

v
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= ————— {a-3}

Integrating equation A-1 from the mid-ppint'of the fluid height H to =z
and inéerting the solgtion for the shear stress T gives: . l
5u/dz = @({&p/&x)" (z - B)" {A-4}
On integrating the following is cbtained:
u =& (&p/6x)" [(z=H)™ - (H)™)/(n+1) -~ {A-5}
In order to find an expression for 5p/&x and solve for p, the volume

velocity of the fluid between the plates is calculated:

24 ‘
vV = 2y J“ u 8z

= 2y ® (8p/6x)" (H)™Z/(n+2) ' . {a-6}
This equals the volume of liquid flowing out between the botﬁom plate
at x.= 0 and any other plane x which is 2Hx/unit length. Thus:
yx 82H/&t =V ‘ {A-7}
quéting A-6 and 3-7, reaérang;hg?and integrating over x, with the‘

el
boundary conditiona p = P at x = L gives:
. n :
p= =——— [x{nﬂln) - L(n+1ln)] + P {A-8}

where a = [28(H)™2/[(n+2)52H/56t]]V/N,

Since the pressure difference in the fluid is balanced by the pressure

F/2L on the plate: ’

pod

L : : 0
I p &x = LF/(2L) o . {a-9)
o

integration gives:

. 2 r2nt1 0 g™ . . .
2 = ==~ [ ———— ] ® -=== (F + 2LP)" sgn(F + 2LP) "{A-10}

n+2 .2n

where the sgn(F + 2LP) allows for the change in grain boundary heiépt :
in the appropriate direction for net tensile or compressive forces.:

(o)
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Equation A-10 reduces to the result found by Bikerman (1965) for the
case where P = 0. It also reduces to the result found by Dryden et al

(1989) for linear viscous flow (when ®=1/n, n=1).

el
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APPENDIX 4b: - CALCULATION OF FLUX DUE TO DIFFERENCE IN ENERGY BETWEEN
EQUILIBRIUM AND NOK—EQUILIBRIUH BOUNDARY LAYER TEICKNESSES'

. éla:ke's {1988) theoretical calculation of the intergranular
film thickness predicts that an equilibrium film thickness existg,for'
5i,N,-510,-8i;N,. As shown in figure 4.38, only the.lower limit to the
thickncagiis well defined. The following calculation will show that the
difference in excess frée énergy between an intergranulaf film of
e@uilibrium thickness and one much greater than this will not lead to 
a significant flux of atoms. Therefore an' upper limit on the
intergranular thickness is not well defined. _

The exceés free energy of the system due to the layered
étructure is:

G = y(h) A
where ¥(h) is the excess free energf at an intergranular film layer
thicknesas h, and A is the area of the interface. Supboge the film
thickneéa is increased by one monolayer of height a (the atomic height).
Therefore the éhange in free energy is: '

AG = (dy/3h)a A

The corresponding change in chemical potential p is :

8u = AG/(N,A) .
= (dy/dh)a/N, e
= (dy/dh)n

o

~ where N, is the number of #toms per unit area, and Q is }he.atomié..
volume. | | _‘

. The gradient in cheﬁiéal‘potentiél #p is given approximatly by-
dp/grain facet length‘l. The flux is (Herfing; 1950):

« 3 =Dwu/ (& kT) -

The difference in excess free énergy between an equilibrium

3
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thickness of a few nanometres and a 45 nm thickness is approximately
0.002J/m? for SizN -Si0,-Si;N,. For a facet length 1 of 1 micron, vu is
5 x 101°(J/uﬁ) n(uﬁ). For a diffusion coéfficient of 10'7cm?/s at 1473K,
the flux is 2 x 1019atoms/m23. The time required to reach the
equilibrium height can be calculated with a mass balance. The decrease
in volume of the bouﬁdary phase when boundary material is removed is
anie, The boundary height decreases as a reéult of thelflux of material
through the open edges of the boundary. Assuming square grains, this
area is 4lh. A mass balance gives:

3n1? = -J3t 41he
Integrating from h, at time t equals 0, to ha;ﬁl at time t gives:
1n{h°/hequ
For an 6:Her of magnitude calculation, let h, equal 45nm, hawil equal

) = 43ae/1

2nm, and Q equal 4nr3/3 where r is the ionic radius (apptoximately 1a).
+ Together with the values of J and 1 given above, the time for the

boundary to reach equilibrium height is 2 hours. -

&

ref: Herring C.; J. Appl. Phys. vol 21 (1950), 437-45
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5 OVERALL CONCLUSIONS:

e

Sintered silicon nitride SN220 was analyzeﬁ.onla microstructural
level to differentiate between the effects of annealing and creep
damage. A methedology for  §pantitative electron 'eﬁe;gy loss:
spectroscopy was deﬁeloped for this purpose, - The as sintered material
' contains B-SizN, grains surrounded byran amorphous intergranular Phase.
This phase is inhomogeneously distributed, existing mainly in large

intergrénuiar pockets. It was found that anneéling'leads to parfial
cfystallization of the intergranular phase. The crystalline phases
. formed depend on the atmosphere used and positioﬁ within the.éample.
The residual glaas however, was found to Ee of the same composition,
fegardless of annealing environment. Thus the formation of a stable
glass is suspected although attempts to verify this proﬁed unsucééséful.'
Impurities in the silicon nitride material may have been responsiblg?for
the difference betwaen intergranulér and bulk érystallization behaviour:

_ In all cases the amorphous phase was found to be homogenecus,
regardless of the adjacent crystalline phases. Thus diffusibn channels
must still exist beﬁween grains, peoasibly through thinner amorpheus
boundariéa between two adjacent grains.

Creep deformation of as sintered or éhhealed material had no
effect on the crystallization products or glass composition.‘ Ag the
gl#as composition was the same regardless of the}degree of stress on the
area, it appears that silicon nitride grains are not dissolvihg to any
discernable degree. Additional effects of stress, such as cavitatioh

and dislocations, were infrequently obsgrvéd.
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Four point bend creep tests on samples with an amorphous'or a
partially crystalline grain boundary phase had Qery gimilar creep
characteristics. Both showed an initial constant strain rate at low
strains followed by a decrease in strain raté at higher strains. = The
strain at which the creep rate decreased was slightly smaller for
sampieé crept under smaller loads and aamples which had been
preannéaled. A more significant effect of preannealing was to decrease

the time to failure. Compression tests of as sintered and preannealed

material. had the same initial creep rate behaviour, although a steady

state was not observed.
The above creep behaviour can”be explaihed'using a model for
creep due to non-linear viscous flow. The initial constant strain rate

in bending is due to the rédistribution’of'glass around the grains. The

creep rate decreases as essentially all the amorphous phase is squeezed

out from between graine near the compreesive and tengile Burface.‘ As
‘the thickness of the residual amdrphoua film between grains depends on
the applied stress, the strain at which the strain rate drops will also

depend on the applied stress. The viscous flow creep model also

predicts a strong dependence of the initial strain rate on the initial

intergranular film thicknessa. 3As partial grain boundary crystallization
has little effect on observed strain rates, preannealing the material
must not affect the intergranular film thickness. Microstructural
observations indicate this is possible as diffusion channels must still
eiist between grains. The smaller strain at which the strain rate drops
for annealed material is due to the crystalline pockets limiting grain
movement. ;

Alfhough partial grain boundary crystallization: haér little

effect on the creep resistance of the material, it does have a dramatic

effect on the time to failure. Lifetimes. have been reduced

) .

"
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significently due to the crystalline pockets loogsing their abiliﬁy to
accommodate stresses due to viscous flow. As a result stress
concentrations leading to fracture occur earlier in annealed material.

In a broader context, some suggestions can be made regarding the
ideal microstructure of a structural ceramic component for use in high
'temperature applications. The intergranuiar phase in siliceon nitride
is present as a feeu;t of oxide additives used to enhance densification.
As an amorphous phase softens at high temperatures and is detrimental
to hlgh temperature behaviour, crystallization of the glass has been
suggested. This work has shown that partial grain boundafy
crystallization has a negligible effect on creep due to viscous flow.
As the strain due to viscous flow. can be as high as the fraction of
lntergranular phase present (intergranular film thickness divided by the
grain_axze), a significant creep strain can occur. In SN220, this
acéounta for a 0.3%. strain. Thisjvalue caﬁ be decreased by increasing
the grain size or decreasing the equilibrium film thickness. In the
first case, a material with e 1arger grain size may be expected to
accumulate stress concentrations faster and fail sconer. Poorer packing
density would alsc be expected, leading to larger amorphous pockets.“
' These may meet the criterion for cavitation and have detrimental
oxidation characterxatlcs. An inhomogeneocus grain size distribution
containing large and: small grains may alleviate this problem. This
confxguratlon is also expected to have good fracture toughness. The
aecond optxon of decreaalng'the equilibrium 1ntergranular film thlckness
is more difficult. Clarke (1987) has modelled the forces across a grain
boundary to calculate equilxbrzum intergranular thickness. The grain
boundarids are expected to be thicker than the minlmum equilibr;um level
due to poor grain packxng and the presence of large intergranular

amorphous pockets. Thus Ehanging the chemistzry to lower the minimum
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equilibrium thickness is not likely to decrease the aﬁrain due to
viscous flow.  Again an inhomogenebus grain size distribution is
recommended. _c%rystallization of the large pockets also alleviates the
problem of lallfge glassy pockets. However, this 1leads to the
accumulation of stress concentrations and premature failure.

For high temperature applications it is therefore recommended

to fabricate a material with small amorphous pockets and allow for

strain due to wviscous flow in the design of the part.
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