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The structure and fracture mechanisms of hexagonal boron nitride based composite
materials with formation of new phases (mullite and sialon) during hot pressing has been
studied. The composite microstructure was found to be textured oriented due to morphol-
ogy of crystal boron nitride particles and to be essentially independent of the composite
phase composition. It has been shown that fracture mechanisms vary within the tempera-
ture range of 20 to 1500°C. The fracture within 20-1200°C range is brittle with boron
nitride exfoliation in (001) planes. The composite strength at above 1200°C is defined by
the onset of weakening of grain boundary phase and tough character of its fracture.

WccnenoBana CTPyKTYypa M MEXaHH3Mbl Pas3pylUIeHUs KOMIIOSHUIIMOHHBIX MATEPUAIOB Ha
ocHOBe HuUTpuzaa Gopa ¢ oOpasoBaHueM HOBBIX (a3 (MyJaMTa X CHAJOHA) B IIPOI[ECCe ropsiue-
ro IIPEeCCOBAHUs. ¥YCTAHOBJIEHO, YTO MUKPOCTPYKTYPa KOMIIOSHUTOB XapaKTepU3yeTcs OPHUEeH-
TUPOBAHHON TEKCTYpPOi, 00ycCJ/IOBIEHHOU Mopdosiorneil KPUCTAIINYECKUX UYACTHUIL, HUTPUIA
6opa u mMpaKTUYECKH He 3aBHCHAT OT (asoBoro cocraBa Kommosura. [IoKasaHo, 4YTO MexXaHUB3-
MBI paspylieHus U3MeHAIOTcA B uHTepBaje Temuepatyp 20—1500°C. PaspymieHue Ha ydacrt-
Ke 20-1200°C HocuT XpyHKHH XapakTep C IPOXOXKIEeHHEM IIPOIEeCCOB PACCIOCHMS HUTPHUIA
6opa mo miaockoctaMm (001). ITpounocTs KoMImo3uToB Ipu TeMueparypax Bbimre 1200°C ompe-
JeJieTcsI HAaYaJloM PasylpPOYHEeHUs 3ePHOTPAHUYHON (hashbl U BASKUM XapaKTepoM ee paspy-
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Hexagonal boron nitride shows a unique
combination of properties including low
density, high heat resistance and thermal
stability, chemical inertness and other ad-
vantages. However, its low hardness,
strength and restricted corrosion resistance
in oxidizing media at 1000°C and above hin-
der the industrial application of boron ni-
tride in high-temperature materials. A
great interest is paid to composite materials
based on boron nitride that comprise addi-
tives contributing the governed phase and
structure formation in situ, because a liquid
phase resultant from the component interac-
tion of some composites during hot pressing
intensifies the process of material densifica-
tion, thus enabling to increase the material
strength and working temperature limit [1].
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Earlier studies [2—5] have shown that
aluminosilicates (mullite and sialon), when
added to boron nitride based composites,
could considerably increase the material
properties such as strength, elasticity
modulus, thermal stability, ete. It is also
known that the microstructure of boron ni-
tride based composites is a texture compris-
ing platelets of boron nitride interlayered
with aluminosilicates. This characteristic
microstructure is due to the morphology of
boron nitride particles. Having properties
similar to those of graphite, boron nitride
particles with high relative elongation are
also able to efficiently resist crack propaga-
tion like fibrous composites with short
fibers [2, 6].

From the practical point of view, for ce-
ramics, thermal and mechanical properties
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Fig. 1. Microstructure of fracture surface of
a boron nitride based composite, x1000
(Arrow shows the direction of hot pressing).

within a wide temperature range are of
great importance [7]. It was found that the
behavior of a ceramic composite under me-
chanical loading depends noticeably on its
structure. The level of effect produced by
elements and defects of the structure on
decrease of ceramics strength properties
was used [7, 8] to propose an empirical se-
ries (in the sequence of effect attenuation):
macropores — interphase boundaries (and
intercalations of low-melting phases espe-
cially) — micropores — boundaries of crys-
tals — dislocations — vacancies. The pres-
ence of high order elements in a given
structure is thus of most importance, and it
is just these elements that govern the mate-
rial behavior. Earlier, taking the sialon-BN
system as an example, we have studied the
effect of the composite structure upon ulti-
mate bending strength [5]. It was shown
that the porosity is the major factor influ-
encing the strength values. Low porosity
samples have the bending strength as high
as 120 to 140 MPa, whereas it sharply de-
creases with increasing material porosity
and at 18-23 %, ranges between 30 and
50 MPa. This work is aimed at the study of
structure formation and fracture mecha-
nisms of composite materials based on hex-
agonal boron nitride within 20 to 1500°C.
For the study, composite materials of the
BN-Al,05-Si0,—Si3N, system were chosen
prepared by powder metallurgy techniques,
containing up to 70 % boron nitride and
having different ratios of oxide and nitride
phases. The powder mixtures were prepared
using the mixing in an attrition device that
provided high intense comminuting fol-
lowed by agglomeration. The samples of
composite materials were obtained by hot
pressing in graphite molds at 1500-1700°C
and 20 MPa pressure. The phase composi-
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Fig. 2. Variation of the X-ray intensity pro-
file for silicon along the cross-section of the
fracture surface in composite, x4000.

tion of the samples was examined by X-ray
diffraction using a DRON-3M diffractome-
ter. The microstructure was examined by a
CAMEBAX-SX-50 scanning electron micro-
scope. The composite strength was deter-
mined by three-point bending of the sam-
ples shaped as square beams of
3.0x4.0x30 mm?3 size with span of 20 mm
on a 1246 P-2 testing machine [9]. The sam-
ples were tested within the temperature
range of 20 to 1500°C under vacuum at
minimum residual pressure near 107° Torr.
The fracture toughness was estimated by
the SEVNB method which provided bending
of a V-notched beam [10, 11].

While preparing a composite, the struc-
ture formation in a material was found to
start at the step of mixing. High-intense
treatment in the attrition device results in
deformation of BN particles with their in-
trinsic plate-like morphology remaining in-
tact, while their surfaces having particles
of oxides and nitrides thereon. Electron mi-
croscopy data revealed that the composite
microstructure, regardless of the phase
composition, features an expressive texture
orientation (Fig. 1) due to crystal morphol-
ogy of initial boron nitride particles. Thus,
during hot pressing, the particles are ar-
ranged with their developed surfaces in par-
allel to each other, causing formation of
morphologic texture in the composite. Ac-
cording to the X-ray phase analysis, the
aluminosilicate component of composite may
be single-phased or multi-phased (depending
on initial ratio of components) and comprise
mullite, sialon, cristobalite, or their mix-
ture. X-ray spectral analysis shows the alu-
minosilicate matrix to be distributed rather
uniformly among the BN particle packets
(Fig. 2). Referring to [6], a similar distribu-
tion of matrix phase in the composite has
advantage over that for disperse inclusions,
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Fig. 3. Temperature dependences of bending strength of boron nitride based composite materials::

a) BN-mullite; b) BN-sialon.

since the aluminosilicate phase forms a con-
tinuous skeleton and contributes directly to
the stress redistribution.

As the testing results have shown, intro-
duction of the aluminosilicate phase pro-
vides an opportunity for activation of hot
pressing processes of boron nitride based
composites and to obtain denser and
stronger ceramics [5]. This phase also influ-
ences the fracture mechanisms of compos-
ites at various temperatures, which is due
to the amount and refractoriness of grain
boundary phase that also comprises glass
phase. The temperature strength depend-
ence of BN-mullite and BN-sialon compos-
ites was found to have similar patterns. The
diagrams (Figs. 3a,b) include two charac-
teristic ranges. In the 20—1200°C range, the
fracture is mainly brittle with exfoliation of
boron nitride in (001). This is also accompa-
nied with some shape change of BN pack-
ages, starting from the temperature of
800°C (Figs. 4a, b). The composite strength
above 1200°C features the onset of grain
boundary phase weakening and tough frac-
ture. This is evidenced by some microstruc-
ture peculiarities of the samples fractured
at 1300-1500°C, such as strong shape
change of boron nitride packages, absence
of a substructure therein and relief-free
surface, and also more uniformly distrib-
uted elements of additive along the fracture
surface (Figs. 5 a,b). The latter is explained
by the matrix layer presence at the frac-
tured surface that might be formed during
its melting under loading at the testing
temperatures. It should be noted that for
the BN-sialon composite at up to 1200°C, an
increase of strength is observed. A similar
effect was described also for sintered p-sia-
lons between 800 and 1100°C [12]. Such a
behavior is characteristic for brittle materi-
als exhibiting the brittle-tough transition at
certain temperatures. This effect is en-
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Fig. 4.

Typical microstructure of sample
fracture surfaces of BN-sialon at T = 800—

1200°C: a) General view, x1000 (Arrow shows
the hot pressing direction); b) blown-up
image showing exfoliation in particle pack-
ages, x4000.

hanced by softening of interparticle phase
comprising also glass phase. Tough decrease
of interparticle phase with the temperature
rise causes an increase of apparent plastic-
ity of the material as a whole and simulta-
neously some increase of its strength.
Changing fracture mechanism of the boron
nitride based composite is also confirmed by
the temperature dependence of fracture
toughness. A maximum has been revealed in
the temperature dependence of stress inten-
sity factor K;. in the BN-sialon composite at
1200-1300°C. So, at 20-1000°C, the K,
value is at a level of 2.2 to 2.3 MPa-ml/2
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Fig. 5. Typical microstructure of fracture
surface of BN-sialon at T = 1500°C: a) gen-
eral view, x4000 (Arrow shows the hot press-
ing direction); b) variation of the X-ray in-
tensity profile for silicon along the cross-sec-
tion of the fracture surface at 1500°C,
x4000.

and increases to 2.7-3.2 MPam1/2 at 1200—
1300°C. Such an increase of fracture tough-
ness can be explained by softening of grain
boundary phase and blunting of the crack
which occur at high temperatures. A fur-
ther temperature rise up to 1400-1500°C
causes no crack propagation hindering by
grain boundary phase because exhausting
margin of safety, and both fracture tough-
ness and strength of specimens lower.

To conclude, during preparation of hot
pressed samples based on hexagonal boron
nitride and aluminosilicate phase, it has
been found that structure formation defines
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the behavior of fracture mechanisms and
favors conditions for improving strength
characteristics. The temperature strength
dependence of composites BN-mullite and
BN-sialon has two characteristic ranges.
The fracture within 20-1200°C is mainly of
brittle nature with exfoliation of boron ni-
tride in (001). The composite strength above
1200°C is defined by the onset of grain
boundary phase weakening and tough be-
havior of its fracturing. Changing fracture
mechanism of the boron nitride based com-
posite is also confirmed by the temperature
dependence of fracture toughness, which
has a maximum at 1200-1300°C.
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Oco6aMBOCTI CTPYKTYpPH Ta MeXaHi3MH PYWHYBaAHHS
KOMIIO3MTHHX MaTepiajiiB Ha oCcHOBi rpadgiromoaioHoro

HITpUAY OOpy
J.P.Buwnsarkoé, A.B.Ma3na, 5.M.Cunaiicoxuii, B.M.Bepewaxa

Hocaig:xeHo CTPYKTYPY Ta MexXaHisMUu PyWHYBaHHS KOMIIOBUTHUX MaTepiajiB Ha OCHOBi
HiTpuAy 60py 3 yTBOpeHHAM HOBUX (pad (MyJiTy Ta ciajoHy) y mpolieci rapadyoro mpecyBaH-
HA. BcTaHOBIIEHO, M0 MiIKPOCTPYKTypa KOMIIOBUTIB XapaKTepU3YEThCSA OPi€HTOBAHOIO TeKC-
TYypOI0, 0OYMOBJIEHOI0O MODP(OJIOTi€I0 KPUCTANIUHUX UYACTOK HIiTpUAy 60py, Ta MPaKTUYHO He
3aJIe}KUTh Bif (pasoBoro ckJjaxy kKomnosuty. Ilokasano, 1o MexaHisMu PYHHYBaHHA 3MiHIO-
oTrheda B inTepBatai remmeparyp 20—-1500°C. Pyiinmysanua Ha miasani 20—-1200°C mae xpym-
Kuil xapakTep 3 IIPOXOMKEHHSIM IIPOIleciB posmiapyBauHsa HiTpuxy O6opy y miommuax (001).
MinuicTs KoMmosuTiB nmpu Temneparypax nmoHaz 1200°C BusHayaeThCsA MOYATKOM 3HEMiITHEH-
HA 3epHOTpaHnyHOi (asu Ta B’ASKUM XapakTepoM ii pyiiHyBaHHA.
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