FAILURE MODESOF SILICON NITRIDE UNDER UNIAXIAL COMPRESSION
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ABSTRACT

Failure modes of silicon nitride cylinders have @gvestigated under uniaxial compression at 1200 °
in air. Samples with different aspect ratios (Hidye been tested: 5/2, 4/2, 2/2, and 1/2 (mm/mmalll
cases, the stress/strain curves evidence an ilnitésdr portion followed by a peak and a slighttsoing.
Most of the tests were interrupted at about 3-4f%ad drop after the peak, and the samples obderve
with optical and electronic microscope. Two samulastrophically broke in correspondence of tise te
stop and further observations were precluded. lithal other cases, failure patterns were obserneld a
involved modes which show intriguing symmetriesrtiealarly, surface exfoliation seems to play a
central role in limiting the load-bearing capa®fythe sample. The reason of such an exfoliatiog bea
interpreted in different ways. A possibility is arface buckling mechanism. However, in additiorthis
surface mode, traces of localized patterns of dedtions which initiated and propagated macro-cracks
can be found in some samples.

SOMMARIO

Con test di compressione a 1200 °C in aria, si sstumliati i modi di rottura di cilindri di nitrurodi
silicio in cui é stato variato il rapporto altezzhametro: 5/2, 4/2, 2/2 e 1/2 (mm/mm). In tuttesg le
curve nominali sforzo-deformazione sono carattatzzla una parte iniziale lineare seguita da urcpic

e quindi un leggero "softening”. Per l'analisi déanneggiamento, la maggior parte dei test e stata



interrotta dopo che il carico era sceso del 3-4 #petto al picco massimo e i campioni osservati al
microscopio ottico ed elettronico. Nella maggiorteadei casi, la rottura avviene in modi che mostra
interessanti simmetrie. In particolare, I'esfoliane superficiale, che puo essere interpretata come
fenomeno d’instabilita superficiale, sembra giocane ruolo dominante. In aggiunta a questo modo
superficiale di rottura, in alcuni campioni sonauftosto evidenti tracce di deformazione localizzala
Cui nucleano e propagano macro-fessure.

1. Introduction

Advanced ceramics are known to be good candidateriaig for high temperature structural applicasion
[1-5]. Unfortunately, the large use of ceramic comgnts is limited by intrinsic limits, like the low
fracture toughness, and by a poor knowledge ofrteehanical behaviour under the particular condstion
in which the material will operate. Being brittleatarials, advanced ceramics are mainly testechsida,

as this is considered the most harmful stress tondiAnyway, to obtain fully dense components,
sometimes sintering aids are needed for specifrantes. Usually, these sintering aids remain as
intergranular vitreous phase in the final microstwe of the material. Being less refractory thha t
ceramic itself, at high temperature, this phaseimss viscous promoting viscous flow and grain sdi
when a stress is applied [6-9]. Moreover, undegsstrdue the high hydrostatic pressure which sett u
the triple grain boundary junction, the intergramuglassy phase is the place where cavitation eccur
mostly, even in compression [10,11]. At high tenapere, when the above-mentioned relaxing
mechanisms come into play, both tensile and thepcessive strength of the material drop. The ratio o
the tensile vs. compressive strength, which at reemperature is about 1/10 [12], could be lowernhe
the temperature is increased, depending on whikthrdamechanism prevails.

A few works on short-term tensile tests appearedh literature on advanced ceramics at high
temperature [13-15], while little or nothing can foeind about short-term compressive tests. Thigystu
represents an initial contribution in this almosexplored field.

2. Experimental

The selected material was prepared by mechanicakyng ana-Si3N4 powder (S-Stark LC 12 SX, H. C.
Stark, New York, NY) with 8 wt% ¥O3 and 3 wt% ApO3 as sintering aids. The mixture was uniaxially
hot-pressed in a graphite crucible under a pressu MPa at 1810 °C. X-ray diffractometry of the
as-sintered material revealed that the main phases 3-SiaN4 with = 10% residuali-SiaN4. Some
relevant microstructural and mechanical properes summarised in Tab. 1 (measured at room
temperature unless otherwise indicated). FurtHernmation can be found in [16].

From the pellet (45 mm in diameter and 15 mm héjgiytinders with a diameter of 2 mm were obtained
by machining with their axis parallel to the hoegsing direction. Samples with different heightseve
prepared: 1 mm, 2 mm, 4 mm and 5 mm, respectifélg.tests were conducted in air at 1200 °C using an
Instron machine mod.6025 (Instron Ltd., High WycaniJ.K.). To avoid excessive friction at the
interface, two larger 8N4 cylinders (6 mm in diameter and 3 mm in heighthiaed from the same

billet of the samples were inserted between thepgarand the alumina pushrods. All the tests were



conducted with a nominal strain rate of $0° s1. The strain rate was calculated from the specimen
height and the crosshead displacement rate. Thinpeate was 10 °C/min and, before loading, the
sample was allowed to soak for 18 min to insurentiad equilibrium. Most of the tests were stoppeeéraf

a load drop of about 3-4 % of the peak load. Tla& ivas removed before the cooling down. Two out of
nine samples broke just after the test stop. T@mesthe full evolution of the damage evolutiongon
thick sample, 1 mm height, was deformed up to OTt® sample failure patterns were observed by
optical (Leitz DMRME, Leica, Wetzlar, Germany) arsganning electron microscope (Cambridge
Instruments, Cambridge, U.K.).

3. Results and discussion

The peak load shows a slight tendency to lower wherheight of the sample is increased, Fig. 1sThi
slenderness effect may be expected and has beeweallsdocumented for concrete [17]. Includingthk
values reported in Fig. 1, the peak load avera§698 M with a standard deviation of 303 N.

A simple deconvolution may be applied to the lo&plhcement curves in order to
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Compression peak loads vs. sample height for
SNz cylinders tested at 1200 °C in air.

evaluate the effective strain of the sample. Th&tesy compliance can be estimated according to the
following relationship:

whereCrt is the total compliance,g the initial height of the sampl& the Young modulusS the cross
section of the sample ariz} the system compliance. Using at least three samplé different heights, it

is possible to evaluate, by a linear regressiotyaisathe Young modulus of the material and th&tean
compliance. Subtracting the system compliance frdra measured total compliance, the true
load-displacement curve of the sample (and wheheenbminal stress-deformation) is obtained. The
stress-strain curves calculated in this way ardtgdoin Fig. 2. The regression analysis gives angou
modulus value of about 105 GPa.
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Figure 2
Compression stress-strain  curves for

. i ; ; i ; SiBN4 cylinders tested at 1200 °C in air. h
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Strain is the sample height.

The general shape of the stress-strain curve dateimdicate any significative difference among sésap
with different height (this is also consistent wihsults presented in [17] for concrete, wherestineng
difference in the stress/strain curves is relatvihe post-peak behavior).

Figure 3
SEM micrograph of a sample 2 mm height
after test. Top view.

SEM photographs of the samples are reported in Bigs for different aspect ratios. Figs. 3 an@#irto
aspect ratios 2/2 and 1/2, respectively. In bot#esa surface exfoliation is evident. The exfamaliayer
was quantified to be about 385 pm, Fig. 3. Internal cracks can also be observegd, &i Surface
exfoliation is also very clear from Fig. 5 (aspeatio 4/2). However, this sample was longitudinally
sectioned and cracks almost parallel to the loadiregtion were observed. These may be interpraseal
localized axial-splitting failure mode. The thickrsple (aspect ratio 1/2) relative to Figs. 6 a,bwsh
once more the surface exfoliation failure modeerestingly, this exfoliation is in this case a pessive
mechanism: at least four exfoliated layers can dtealed in Fig. 6b (particular of Fig. 6a), witmalst
equal thickness of about pin.



Figure 4
SEM micrograph of a sample 1 mm height
after test.

Figure 5
SEM micrograph of a sample 4 mm height
after test.

Figure 6a
SEM micrograph of a sample 1 mm height
deformed up to 0.12. Top view.




Figure 6b
Detail of micrograph 6a. Note the successive
esfoliations formed during the test.

Summarizing, axially-symmetric surface exfoliatio;m the dominant failure mechanism. This is a
well-known mechanism in rock mechanics [18] and &sind in axial compression of concrete [17]. This
effect can be interpreted from a number of perspext It can be related to the effect of frictiantlae
specimen/cushion contact, but in our case thesttaip was specifically arranged to minimize tlisas.
Alternatively, it may be considered the analogarsaf brittle material of the surface effects obabte in
metal specimens [19]. From this point of view, iayrbe interpreted as a bifurcation phenomenon [18]:
the homogeneous deformation pattern correspondiniget cylindrical shape may cease to be unique and
bifurcate to an inhomogeneous pattern with surfacdulations, which decay rapidly away from free
surface. The problem of bifurcation of a cylindticgpecimen subject to uniaxial compression was
analyzed in [20] for rock-like materials. An anatyf these results reveals that the surface mode
corresponds usually to bifurcation loads highemtithose corresponding to barrelling or beam-like
buckling modes. Therefore, the explanation of tkeeemental results needs to resort to some peculia
physical mechanism.

In rock mechanics, the presence of cracks paralléhe free surface is often invoked for bifurcatio
occur [18]. For the analyzed material, such typeratks are unlikely even if

not they cannot ba priori excluded. On the other hand, due to the fabringtimcess, a thin layer of
material subject to residual stress may exist ctodbe free surface due to machining. This lagéen
detected in ceramic materials [21], may give riseatsurface bifurcation mode occurring before other
modes [22]. Another explanation of the observellifaipatterns may come from the fact that the failu
modes share similarities with the modes relativéhe triaxial compression of sand specimens [28]. |
these specimens, failure occurs due to localizasfateformation organized in a conical geometryaist
localization may be analyzed in terms of matemakability [24]. For the material under consideati
there is not enough experimental evidence to empldgfinite constitutive framework. Anyway, a rough
modelling may correspond to the Drucker-Prager m¢aé]. For this model strain localization was
thoroughly analyzed. In our case, to interpretistiacalization, a localized band must be founan(st)
parallel to the loading direction. For the matenmider consideration, the ratio tensile/compressive
uniaxial yield stress may be estimated to be arduiid This value lies beyond the range of pararseter
analyzed in [24]. However, simple calculations shihat a band parallel to the loading direction is
predicted during softening and, for any value oéspit dilatancy, sufficiently close to the value
corresponding to associativity.

4. Conclusions



Experimental results have been presented, relédiveniaxial compression at 1200 °C in air of sitico
nitride cylinders. Results pertain to different rdeter/height ratios. This parameter did not chathge
overall features of the stress-strain curve (whicthe present case were interrupted just aftek)paed

of the failure modes. For all investigated diamfétEght ratios, failure was initiated by surfacéodiation
followed by the formation and growth of macrocrackée propose three possible interpretations. These
are: 1) effects related to specimen/cushion fngtiovhich should have been minimized due to
experimental set up; 2) effects related to a sarfackling as induced by machining residual str&}s;
effects related to strain localization in a cylilcdi geometry.

From the performed experiments, it cannot be dyrexincluded whether one of the above mechanisms
prevails or if there is a co-operation leadingdibuire.
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