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GRAIN BOUNDARY PHASES IN A HOT-PRESSED
Mg0 SILICON NITRIDE

D. R. Clarke and G. Thomas

Department of Materials Science and Engineering, College of
Engineering and Materials and Molecular Research Division,
Lawrence Berkeley Laboratory, University of California,
Berkeley, California, 94720.

ABSTRACT

Although the high temperature loss of strength in céraﬁics such
as silicon nitride has been attributed to the presence of iﬁtergranular
amorphous phases, until_hpw no direcf proof has been offered. ‘The present
paper describes high resolution electron microscopy lattice imaging s£udies
of a Mg0 hot-pressed silicon nitride from which it is concluded that
intergranular second phases do indeed exist but they are heterogeneously
distributed especiallyvappearing at m@ltiple grain'junctions. -These
room temperature observations are compatible with the suspected microstruc-

tures at elevated temperatures.

Presented in part at the Pacific Coast Regional Meeting, The American
Ceramic Society, San Francisco, Ca, November 3rd, 1976. (Basic Science
Division, No 120-BEN-76 P)



I. Introduction .

In many ceramics the properties, particularly the mechénical
properties, are determined by their grain boundéries. These régions are
of further interest since most ceramics are formed by either sintering
or hoi-pressing, both of which depend éritica]ly on the-grain-surfaces
and bouﬁaaries.. At the present the investigation of the grain boun-
daries in silicon nitride is particularly timely because of the intensive
efforté in be USA, UK, Germany and Japan tovdemonstrate whether silicon
nitride can truly be a structurally important material. One of the major
problems preventing its application is the rather dramatic decfease in
strength of the hot-pressed.form above about 1000°C. This decrease is
generally attributed to the presence of‘a giassy phase, between the indi-
vidual silicon nitfide grains, which, at high temperatures, répidly de-
creases in viscosity.with increasing temperature, flows and allows the
grains td'siide past one.another.b The glass is thought to be formed from
the magnesium oxide fluxing aid used, the silica unavoidably present on the
surfaces'of‘the sili;on'nitride‘starting powders and the caléium oxide
impurities in the silicon nitride.

Whilst this mode], sometimes referred to as the “sand and molasses'
model, is extremely attractive the experimental evidence for it is strictly
circumstantial as no direét 6bservation of a glassy phase in the grain
boundary has been made.. What evidence exists comes from what mighf be
termed spatial '"averaging'' methods, methods where fhe information comes
from a large number of grains at once. Auger electron spectroscopy of

(]’2), and the subsequent sputter ion

intergranular fracture surfaces
etching, reveals the presence at the fracture surface of a layer with a com-

position identified as a magneéidm calcium silicate. In these experiments the

S



auﬁgx,ldi”‘f/%’
. _3_

information is averaged over an area of fracture surface of typically

(3)

3mm2. Internal friction measurements show that there is a viscous
component preﬁent fn commercial grades of silicon nitride above about 800°C,
which would be sufficient if it were a magnesium calcium silicate to
form a continuous glassy boundary phase perhaps 50-1000 A thick. Here the
méasuréﬁents are averaged over the entire volume of the specimens.
Lastly; it has been foﬁnd that using Y,03 instead of Mg0 as the fluxing
aid postpones the strength fall-off to higher temperatures (4). This has
been attfibyted to the formation of a more refractory grain boundary
phasé, but again the property measured is averaged over the entire volume
of the matérial. |

The pfesent investigation was undertaken to observe directly
whether the second phase does in fact lie between‘the individual grains
as envisaged in the '"'sand and molasses'' model or, if not, where in the
micrdétfdcture it does exist. (The existence of a second phase is not
in doubt since apart from the observations mentioned above, discrete amor-
phous reéions.comménsdrate in size to that of the grains have been seen

(5,6)y

by transmission electron microscopy. In order to do this the crystal
lattice planes up to and on either side of selected grain boundaries have
been dfrectly observed usfng the technique of lattice fringe imaging‘with
the transmission electron microscope. This technique makes it possible to
study directly the structure of a crystalline material at an atomic level
and has already proven to be extremely Valhable in investigating phase

(7,8)

transformations in metallic alloys and the structure of a variety of

minerals(9).
An advantage of the lattice fringe imaging technique is that the

grain boundary phase can be either amorphous or crystalline and it will

still be identifiable as a separate phase. This is important since the

I
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-second phase might be crystalline at room temperature and be viscoﬁs

only at elevated temperatures. Such a situation woﬁjd exist if the hoF-
pressed silicon nitride material were in fact near a eutecti; as suggested
by_Lange(lo); the strength fal]-off would correspond to the solidus tem-

perature and grain sliding on a fluid layer could still occur above this

temperature.

il. Experimental Details.

~ The material investigated was a Norton HS 130 silicon nitride
preparedvby'hot-préssing with én addition of Mg0 to enhance densification
and supplied by Dr. R. N. Katz, AMMRC. The material was exémined in the
virgin hot pressed condition. |

Specimens for transmission electron microscopy were prgpared in

the standard manner: thin slices were cut from thé hot- pressed billets
using-é dfémond wheel, hand-ground to less than 50um thickness, discs
trepanned out and then finally ionthinned. In order to produce extensive
regions_of very thin maferial necessary for lattice’frihge imaging u~o_additional o
precautions were taken. Firstly, the surfaces of the discs were diamond -
polished (0.25 um grit) prior tovfon thinning, and secondly'the iomr thinning :
was carried out at a lower angle ("15°) than is customary. Finally, the
thinned specimens were coated Qith a thin layer of evaporated carbon to
prevent electrostatic charging under the electron beam.

| The lattice fringe images were takenwith é Philips E M301 electron
microscope fitted with a high resolution stage. A magnification at the
final screen of 450,000x was generally émployed\uith the secénd condenser
lens defocussed to double the exposure time from the fully focussed conm
dition (a fully focussed condenser did not generally yield lattice fringe

images). Exposure times were typically 16 or 32 seconds.



11l. Boundary Selection.

In this‘seCtibn the conditions neéessary for obtaining latfice
fringe images and the selection of boundaries suitable forvobservatibn
-are bothAdescribed. This:is because frihge images can only be geen from
adjaceht grains Whéh they are Both.fﬁ strong Bragg diffracting conditions
and when the lattice spacing is larger than the resolution capabilities of
the microscope.

Although lattice friﬁge imaging was first demonstrated in 1956(]])
with the observation of the 12 A Iattiée ofvpthalocyanine, its applica-
tion in materials ;cienée has beeh restricted until the recent develop-
ment of ‘transmission electron microséopeé with a line resolution of'ZR,

In essence the method is thevelectfbn-bptical analog of the Youné's slit
diffraction expériment in light:optTcs} thé'crystal;planes diffféct an
incident illuminétibn into a number of beams which can uhder_prescribed con-
ditions be made to interfere with one another to form a fringé‘patterﬁ

having the ﬁeriodicity of the diffféctfng crystal planes. The details of
(7,12)

the techniqﬁe are described elsewhere ,‘but in order tovobfain a fringe
_imageIOf»a Set.of lattice pTaneS in a'trysfal'if is necessary to optimize

the orientatioﬁ of the c;yétéi, its thickness, the pretise diffracting
conditions and microscope settings. Furthermore, in 6rder to obfafn a fringe
image from two adjacent grains these experimeptal parameters must be opti-
mized simultaneously and it is thiS'restriction that limits which

boundaries are suitable for such observation.

In the work described here the 6ptimum conditions were estéblished
prior to the experiments by computatipn qf,the appropriate dynamical
electron diffraction equatiqns as willwbe described in a later publication.
There are two main findings of these‘computationst, Ffrstly,vmaximum fringe

visibility for the majority of thicknesses in the range SO-SOOR»wouId
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result when the crystals of silicon nifride are oriented such that basél
or prism ﬁlanes_ére stro;gjy diffractfng. Seéondly,.a thin sécond phase
at a graih boundary can nof be un-ambigﬁously identified i% the boundary
plane is inclined to the electron beam, and So the boundary must Be ob- -
served edge-oﬁ.

On the basis of these considerations boundariés suitable fof
observation were selected as follows. Firstiy, with the microscope
operating in the diffraction mode; the thinned specimén was translated
under the beam until two adjacent grains weré féund,tb be diffracting
stfongly. Tﬁen the microséope was switched to the imaging mode to observe
whether the boundary plane was parallel tq the electron beam.

In order to obtain a lattice fringe image from each grain, trans-
mitted and diffracted beams suitably tiltedeith respect to the microécope
axis were selected with the ébjective épertqre, as shown échematically'in
'figure_i. The objective lens de%ocus and astigmatism were then édjusted
until the diffraction images‘on the screen coincided. At.fhis condition
the objective lens was over-focused from the usual criterion for judging
focus (the disappearance of the Fresnel fringe afvthe specimen edge), and

well defined, high visibility fringes could be recorded.
1V. Observations.

A number of representative lattice fringe imagequf gréin boundary
regions are présénted in this section to illustrate the varfous types of
boundary and second phase mofphologies observed in the hot presged silicon
nitride. |In each micrograph the boundary plane is seen edge on. ‘

Figure 2 is an example of the commonést type of‘gréin boundary
;egions seen, and is in this case a small angle (“11°) boundary betweeq
two alpha silicon nitride grains. Here the lattice fringesrcan be followed

right up to the boundary from either side and the only discontinuity in
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fringes is the\boundary itself. This shows that if a second phase is
present at the boundary it must certalnly be less than one lnterplanar
distance wnde in prOJectlon, which in this example would mean less
" than 6.7A. Also the boundary structure itself is of interest because it

is facetted and each tacet is one d spacing high.

(IOTO)
In a number of unstances a dnscontan|ty, presumably a second
phase can be seen in a grain boundary and an example is presented in figure 3.
In this case the boundary is a high angle graln boundary wnth one set of
prism planes belng |maged‘|n both a gra|ns The second phase here is at
most 7A ‘thick and IS, remarkably, of almost constant thlckness along the
entlre length of the boundary ( 2500A) Thls constant th|ckness probably
results From the fact that the boundary plane c0|nc1des wuth the prism plane
of the rlght hand graln and wuth the exceptuon of the |nterplanar spacing- hlgh
step at A, the boundary is atomlcally flat along its entlre length Such a
constant thickness when the boundary orlentatlon remains constant |nd|cates
that the two phases have reached some sort of equnllbrluﬁ. The presence of
isolated steps such as the one at A was characterlstlc of all the boundarles
‘where the boundary plane was formed by a low index plane and suggests that
densnfucatlon durlng hotpressnng occurs by a ledge mlgratnon mechanism.
The dark shadowy appearance at the graln edges is a contrast o
- effect Wthh appears llkely to have resulted from a thlckness change due
to a slight'preferential‘etching occurring at thelgraln boundaries, since
the extent of’ the shadow alterslas the obJect!ve lens defocus was changed
" However, apart from observatlons of these thin layers the inter-
granular second phases were observed only at nultlple graln Junctlons, and
an example is shown in figure ha The Junctlon ls between two alpha
grains and an unridentlfled gralnl. The second phase gradually tapers down

from the triple polnt, where it has maximum width, until it becomes impos-
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sible to identify and the adjacent grains abut :with one another. The
end of the wedge is shown at Higher maghification in fig. 4b and it ié
clear from following the ]attice fringes in the two adjacent grains that
the second phage decreases fn width until it can no longer be detected
in the lattice fmage and the boundary is then similar in morphology
to £haf of figure 2a. - |

‘ Another example of a three point junction is thgt of ffgure 5.
The very dark grain on the Ief@ is out of contrést énd cannof be identi-
fied but the broad, faint and widely spaced fringes at B are Moire
fringes indfcating that it is crystallinevas the other two grains- are.
The second phase at A is located at the'junétion of the three gféins.
The curved shape of the second phase is indicative thaf it has "wet"'
the three grains during the hot-pressing Qf the material, and is ex-
tremely suggeStive of once being. fluid. It also appear§ to have wet
the'boﬁhdéries to the left and to the right of the triple point since it
can be seen to run down these boundaries.

In addition to the specific Feétures illustrated.above‘thé lattice
fringe iﬁages also show a number of general features; Firstly, the grain
boundaries often appear to be very straight as in fig.3 or made up of
short straight facets as in figure 2. The preponderance of (lOTQ) faces
would suggest that this is the lowest energy surface féce in silicon
'nitridé; Secondly, the spacing of the lattice fringes, as measured both
directly on tHe negétive and by optical diffracf}on froﬁ the negativé,
right up to the boundary plane is constant within the measurable accuracy
(73%). This implies thatvif segregation of'sblute to the grain boundaryv
regfons is occurring then the‘solute does not‘ﬁausé a lattice parameter

change greater than 3%.
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V. Discussion.

Since the size of the aréa examined when taking a lattice fringe
image is so smali‘ tybicaiiy“éOOOK XVZOOO_Z square, there is a severe
statistical problem in generainznng from the observations made of selected

boundaries to the character of the boundaries throughout a specnmen.

Never-the—iess,,these observatlons do show that at room temperature there

does not exist a continuous second phase between all individual grains in

hot—pressed siliconhnitride as envisaged by the “sand and molasses'
model. | The results also |nd|cate that the second phase is generaily
locailzed at the three graln Junctlons, and a number of micrographs
such ‘as flg 3 suggest that there may, in a few instances, be a very
thin iayer of second phase between gralns:h

Furthermore it isvieit that’the observations are of representative
boundaries since they were seiected essentially'at random.'bFirstly, no
preference’For orientation mas'madeiwhen the specimenshwereicut from the
billet. sé¢¢;d19, since it was not possible to tilt the specimens in
this microscope.so as to bring.any b0undary into_the.required diffracting
conditions, the specimens were transiated untii'a boundary was observed
satisfying the necessary'diftraction conditions. Thls operatlon was
carried out with the mlcroscope in the dlffractlon mode, so the microstruc-
ture was not seen untni ~after a suitabie boundary had been found. The
probabiiity of flnding such a boundary reglon in thls manner is then
equivalent to the chance of flndlng a speC|f|c orientation in a sectlon
through a random]y“or,ented coilectlon of grains. The dlffractlon condi-
tions stipulated for the observation of fringes~from adjacent grains do
not imply any non- randomness elther, snnce they only refer to the way
in which the boundary is observed with respect to the incndent electron

I
beam.
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It is realized that the observations reported here were made
at room temperature whilst the strength degradation actually occurs at a
high temperaturé where the micrqétructure may be different. However,
thg.observed micréstructure and the “sénd and molasges" behavior at ele-
vatedutémperatqreg-neéd not be incompatible and may be rationalized on the
basis of a temperature dependent wetting of the silicon nitride_grains by-
the seéond phase. The ''sand and molasﬁes” behavibr_implies that the |
second phase wets fhe silicon nitride at the temperatures at which the
' strengtH‘degradation occurs, i.e. thevsurféce tensidn between the second
ph;se and the silicon nftride ZYLS iS’lesé than thg surface tension between
two silicon.nitride grains ZYSSL As the temperature is lowered both
surface tensions Yis will increase at a faster rate than‘ys'S since by fts
very nature the entropy of the viscous second phase ~‘silicdn nitride
interfaée will decrease faster than the entropy‘associated'with the solid-
state interface between two silicon nitride graihs. Thus at some tempera-
ture YLS'will become greater than Yoo and fhe second phase will no ]onger
wet the silicon nitride grains and withdréw from between the grains. As
the surface tensions will be a function of the crystallogréphic orientation
of'the éilicon nitride boundaries the temperature at which wettihg no
longer becomes favorable will vary with orientation. So at room temberéture.
the second phasé would be expected to have withdrawn from many but not
necessarily all boundaries gnd to be concentrated at three and four Qraih
junctions, as‘obsérved.

On the basis of such a tgmperature dependent wetting model the
presence of a second pﬁase on a fracturé‘surface will be a fuﬁction of the
temperaturevat which the material is broken. In fracfuring above about 1000°C
it is expected that the fracture surface would be covered by the second:

phase since all the silicon nitride grains are wet. At room temperature
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all the grains would not be wet and it_is.unlikely that the‘entfré fracture
surfa@e wbuld be covered with second phase. It would then only be pfesent
on those'grainS'whfch had remained wetted and at some of the three grain
juncfions. Inithe Auger spectroscopy experiments reported to-date(]’z)
such differences éould not be detected since the Aﬁger electron signal
was collected from tens of thousands of grains at once.

Whilst the lattice fringe fmaginé of grain.boundary regions enables
the presencénof a secoﬁdrphase to be estébliéhed the technfque imposes
two limitations on tHé_idéntificatidn of the phase. Firstly, it is

not possible to image details smaller than the interblanar spacing of the

crystal lattice, so if a second phase having a width of less than a lat-

‘tice spacing were present at the boundary it could not be detected. Sec-

ondly, it is not possible to determine whether a thin second phase is
amorphous or crystalline except in the special instance where it is both

crystalline and oriented to give lattice fringes.
Vi. Conclusions

) Using the lattice fringe image technique it'has been possfble to
obserQe for:the first time the grain boundary region of a»ceramic
méterial at the atomic level.

ll)‘The observations of a MgO hot-pressed silicoﬁ nitride indicate
that at room temperature the éecond- phase does not exist as a
continuous wetting layer at the grain boundaries; but réther is gen-
eral]yilocalized at some éf the three grainAjunctiohs and on occa~

. o ) A
sions as a very thin (<10 A) ‘layer between two grains.
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Figure Captions

The position of the objective aperture with'respect to the dif-

fraction pattern for lattice fringe imaging. Schematic Illustration.

Lattice fringe image of a small angle boundary between two alpha
silicon nitride grains. The fringes can be followed right up
to the boundary from either side indicating the absence of a

second phase in the grain boundary. (i-Si3Nq (10T0) spacing is

6.7A .

A thin second phase is present at the grain boundary here since
the lattice fringes do not continue right up to the boundary. The
second phase is of almost cohstant thickness along the entire -

length of the boundary with the exception of the 6.73 step at A.

a) A wedge-shaped second phase at a three grain'junction revealed

~ by imaging the lattice fringes in the adjacent o -Sij3Ny grains.

b) Higher magnification image showing that the second phase

decreases in thickness until the adjacent grains abut against.

one another.

A three grain junction; The lattice frinées indicate tHat the‘
second phase is concentrated at the junction, A,.forms a thin
layer between the grains leading from fhé junction. The dark
grain on the left fs out of contrast, but the Moire fringes at

B indicate that it is crystalline. - ' _ 2
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Figure Captions

The position of the objective aperture_withbrespect to the dif-

fraction pattern for lattice fringe imaging. Schematic Illustration.

Lattice fringe image of a small angle boundary between two alpha
silicon nitride grains. The fringes can be followed right up
to the boundary from either side indicating the absence of a

second phase in the grain boundary. a=-SisN, (10TO) spacing is

6.7A . -

A thin second phase'ié‘present at the grain boundary here since
the lattice fringes do not continue right up to the boundary. The
second phase is of almost constant thickness along the entire

length of the boundary with the exception of the 6.73 step at A.

a) A wedge-shaped second phase at a three grain'junction’revealed
by imaging the lattice fringes in the adjacent o -SigN, grains.
b) Higher magnification image showing that the second phase

decreases in thickness until the adjacent grains abut against

one - another.

A three grain junction. The lattice fringes indfcate that the_
second phase is concentrated at the junction, A,;forms a fhih
layer between ;he grains leading from fhé junction. The dark
grain on the left is out of contrast, but the Moire fringes at

B indicate that it is crystalline.
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