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Abstract

ZrB,-SiC composite ceramics were densified by pressureless sintering with addition of Si; N4 or MoSi, at temperatures that induced SiC anisotropic
growth from particles to platelets, within a ZrB, matrix with rounded grains. Si3N4 addition resulted in the formation of large amounts of liquid
phase which enhanced mass transfer mechanisms in terms of matrix grain growth and homogeneous distribution of SiC platelets having an aspect
ratio of 3. On the contrary, MoSi, helped the densification with local formation of liquid phases leading to a finer matrix with finer SiC platelets,
though more agglomerated and with a lower aspect ratio (about 2). These different microstructures had very different fracture properties values,
namely a toughness of 3.8 MPam'? and a strength of 300 MPa for the Si3;N,4-doped composite; toughness of 5 MPam'? and strength of 410 MPa

for the MoSi,-doped one.
© 2011 Elsevier Ltd. All rights reserved.
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1. Introduction

Zirconium diboride-based materials are currently considered
a class of promising materials for several applications, in par-
ticular in the aerospace sector. In the last five years, research
has focused on the fabrication of dense composites possessing
high strength (500-1000 MPa).!* However, the low fracture
toughness remains one of the major concerns for the applica-
tion of these materials under severe environmental conditions.
Commonly, the fracture toughness of various ZrB,-based com-
posites is hardly higher than 4.5 MPam!2. This can be seen
in Fig. 1 (white columns) which shows the fracture toughness
of several ZrB,-based materials produced in our labs. They
embrace both monolithic ZrB5, i.e. only containing sintering
agents below 5vol%, and composites containing particulates of
SiC.*7 The fracture toughness of these materials was measured
with the same chevron notched beam (CNB) technique. As it
can be seen the values range from about 2.9 to 4.0 MPam!'/?
for unreinforced materials and from 3.8 to 4.6 for SiC particle
reinforced ZrB,.*~7 Other toughness values reported in the lit-
erature were not included in the comparison as they were very
often obtained with a different testing technique, and it is widely

* Corresponding author. Tel.: +39 0546 699748; fax: +39 0546 46381.
E-mail address: diletta.sciti @istec.cnr.it (D. Sciti).

0955-2219/$ — see front matter © 2011 Elsevier Ltd. All rights reserved.
doi:10.1016/j.jeurceramsoc.2011.04.040

recognized that the testing technique can have a large impact on
the measured toughness value.?

From Fig. 1, it is particularly evident that often the addition
of particles does not represent an effective strategy for a major
toughness improvement. In case of SiC particles, for example, it
has been shown that residual tensile stresses are developed in the
ZrB, matrix, due to the difference of thermal expansion coef-
ficient between SiC and Zng.9 As a result, particle-reinforced
ZrB,—SiC materials are often as brittle as other ZrB;-based com-
posites even if they display significant increase of hardness and
strength.

Spherical reinforcement can be efficaciously substituted by
elongated reinforcement. The potential advantages of elongated
secondary phases over particulate-reinforced systems include
more effective toughening mechanisms such as enhanced crack
deflection and load-carrying capability. In addition, other tough-
ening mechanisms, such as crack bridging and pullout, are
possible. Indeed, significant increases of fracture toughness have
been recently obtained through addition of SiC whiskers!%-12
or carbon fibers.!3 Also for the SiC whisker-reinforced ZrB,
composites and SiC chopped fiber-reinforced composites pro-
duced in our labs a significant toughness improvement has been
obtained'*!> especially when the content of whisker or fiber
was around 20 vol%, see Fig. 1 (dark grey columns). However,
it must be mentioned that processing this kind of compos-
ites requires special care, as the reinforcement can be severely
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Fig. 1. Comparison of the fracture toughness values of several ZrB,-based mate-
rials produced in our labs, un-reinforced (from Refs.4‘7), particle-reinforced
(from Refs.*7), whiskers reinforced (from Refs.!*1%) and chopped-fibers rein-
forced composites (from Refs.!+13). All the values were obtained by the chevron
notched beam technique. Error bars represent £1 standard deviation.

degraded if the sintering temperature is higher than 1750 °C: SiC
whiskers tend to agglomerate and transform into particles, SiC
chopped fibers undergo decomposition and progressive detach-
ment from the matrix. This implies that only pressure-assisted
techniques (hot pressing, spark plasma sintering) can be used to
effectively sinter these composites, which means that the pos-
sibility to obtain reinforced materials by pressureless sintering
is highly reduced or very difficult when these kinds of rein-
forcement are introduced. On this line, it is worth mentioning
the notable increase of fracture toughness that has been recently
obtained through development of elongated ZrB, grains by pres-
sureless sintering at 7'=2200°C.!°

In this work, the main objective was to explore the possibil-
ity to obtain tough ZrB,—SiC composites in which SiC platelets,
an intermediate reinforcement geometry between particles and
fibers, are developed in situ by pressureless sintering. The main
advantage of pressureless sintering over pressure-assisted sin-
tering is the possibility to produce near-net shaped components.
The direct incorporation of commercially available SiC platelets
would in fact require the use of pressure-assisted techniques, as
these large reinforcements would hinder the matrix densifica-
tion.

ZrB; materials containing 20 vol% SiC platelets were pro-
duced by starting either from a- or B-SiC particles. The
pressureless sintering cycle was set in order to obtain coales-
cence and anisotropic growth of SiC starting particles, which
normally occurs at temperatures higher than 1900°C. This
anisotropic growth offers the possibility to obtain an in situ rein-

forcement and, potentially, an increase of fracture toughness.!”

Different sintering aids, such as Si3N4 and MoSi», are used and
their effect on microstructure and fracture properties is com-
pared.

2. Experimental procedure

The following compositions were selected for the present
study:

ZrBy +5vol% MoSiz+2vol% o-SiC particles, labeled as
ZMa.

ZrBj +5vol% MoSip +20vol% B-SiC particles, labeled as
ZMB.

ZrBs +5vol% SizN4+20vol% B-SiC particles, labeled as
ZSB.

Commercial powders were used to prepare the ceramic com-
posites:

ZrB, Grade B (H.C. Starck, Germany), specific surface
area 1.0 mz/g, impurities: 0.25 wt% C, 2wt% O, 0.25 wt% N,
0.1 wt% Fe, 0.2 wt% Hf, particle size range 0.1-8 pm; a-SiC
(Starck UF-25, Germany), specific surface area 23-26 mz/g,
impurities: 2.5wt% O, mean particle size 0.45 pum; B-SiC
(Starck BF-12, Germany), specific surface area 11-13 m2/g,
impurities: 0.88 wt% O mean particle size 0.60 wm; tetrago-
nal MoSi, (Aldrich, Germany), specific surface area 1.60 m?/g,
impurities: 1 wt% O, mean particle size 1 pm; a-SizN4 Baysind
(Bayer, Germany), specific surface area 12.2 m?/g, impurities:
1.5 wt% O, mean particle size 0.15 pm.

The powder mixtures were ball milled for 24 h in absolute
ethanol using ZrO; media. Subsequently the slurries were dried
in a rotary evaporator. The pellets were prepared by uniaxial
pressing followed by cold isostatic pressing under 250 MPa.
These specimens were subsequently pressureless sintered in a
resistance-heated graphite furnace (Onyx Furnace 22001 C, LPA
DVM, Seyssinet, France) under a flowing argon atmosphere
(~0.1 MPa) with heating rate of 600°C/h at temperatures of
2100-2150 °C and holding times of 120 min. After the dwelling
time, free cooling was set.

The bulk densities were measured by Archimedes’ method.
Crystalline phases were identified by X-ray diffraction (Siemens
D500, Germany). The fractured and polished surface of the sam-
ples were analyzed by scanning electron microscopy (SEM,
Cambridge S360, Cambridge, UK) and energy dispersive spec-
troscopy (EDS, INCA Energy 300, Oxford Instruments, UK).
TEM samples were mechanically polished to a thickness of
about 150 wm and punched out 3 mm in diameter by an ultra-
sonic cutter. After mirror polishing on both the surfaces, it
was created a dimple to about 10 wm and then further ion
beam thinned until small perforations were observed by optical
microscopy.

The Vickers hardness (HV1.0) was measured on polished
surfaces with an applied load of 9.81 N. The fracture toughness
(Kj.) was evaluated using chevron notched beam (CNB) in flex-
ure. The test bars, 25 mm x 2 mm X 2.5 mm (length by width by
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thickness, respectively), were notched with a 0.1 mm-thick dia-
mond saw; the chevron-notch tip depth and average side length
were about 0.12 and 0.80 of the bar thickness, respectively. The
specimens were fractured using a semi-articulated silicon car-
bide four-point fixture with a lower span of 20 mm and an upper
span of 10 mm using a screw-driven load frame (Instron mod.
6025). The specimens, three for each composite, were loaded
with a crosshead speed of 0.05 mm/min. The “slice model” equa-
tion of Munz and Fett!® was used to calculate Kj.. On the same
machine and with the same fixture, the flexural strength was mea-
sured at room temperature (orr) and at 1200 °C in air (01200);
for each material and temperature, five bars were tested.

3. Results
3.1. Microstructure

ZMo and ZM: The sintering temperature used for these
materials was set higher than the temperature required for the
densification in order to induce the elongation of the SiC par-
ticles. Previous studies have indeed shown that temperatures
around 1850 °C are sufficient to get 95% dense materials.® The
final relative density of ZMa and ZMf were around 98% of
the theoretical density (Table 1). A subsequent SEM analysis
confirmed that the level of porosity was lower than 3%. The
crystalline phases detected by X-ray diffraction in ZMa and
ZMp were ZrB;, a mixture of SiC 6H and 4H polytypes, MoB,
traces of MoSi; and Moy gSi3Cpg. It must be mentioned that
in the composite containing a-SiC, ZMa, the SiC polytypes
detected after sintering were the same of the starting powder.
In case of ZMp, as well as ZS3, the presence of polytypes was
instead a consequence of the irreversible 3 — « transformation
occurring at temperatures above 1900°C.'? Fracture surfaces
reported in Fig. 2a and b show that ZMa and ZMf had a fine
microstructure and failed mainly intergranularly, without any
evidence of SiC reinforcement pullout. In the polished sections,
both compositions exhibited a ZrB, matrix containing large SiC
platelets, see Fig. 2c, with an aspect ratio (AR) around 2, Table 1.
Starting from either - or B-silicon carbide powder, the adopted
thermal treatment efficaciously transformed the original SiC
particles in SiC platelets. ZMo and ZM[ showed very simi-
lar microstructure, except by the fact that both ZrB; and SiC
had a finer mean grain size in ZMa, due to the smaller SiC
starting powder, which exerted higher compelling forces on the
matrix. The matrix grains displayed a core—shell morphology,
where the core was ZrB, and the shell contained also traces
of molybdenum (Fig. 3a).2° The secondary phases observed by
SEM analysis were ZrC, MoB and very small amount of residual
MoSi; (Fig. 3a and b). At the interface SiC—ZrB,—MoB and at
the apical regions of MoB, triple points containing Zr, Mo, Si,
B or C and O were detected. The presumed compositions are
(Mo, Zr)sSiB; and Moy gSi3Co¢, according to X-ray diffrac-
tion pattern and previous studies on similar composites.2 In
ZMpB, TEM analysis revealed clean grain boundaries between
SiC platelets and ZrB,, Fig. 4 a, whilst intergranular glassy
phases containing Si, O, Mo, Zr, B were sometimes observed
at ZrB»/ZrB, grain boundaries, Fig. 4b and c.

Table 1

Label, composition, density, most relevant microstructural parameters and mechanical properties of the investigated materials. Mean =+ 1 standard deviation, when appropriate. Kj.: fracture toughness; orr and o1200:

flexural strength at room temperature and 1200 °C, respectively.

ORT 01200 Ref.
(MPa) (MPa)

(MPam'2)

HV1.0
(GPa)

SiC m.g.s. (AR)

(pom)

ZrB> m.g.s.
(wm)

Rel. density

(%)

Bulk density

(g/cm3)

Th. density
(g/lem?)

Starting composition

(vol%)

Label

This work
This work

5
7

5304+90

570 £ 50
350 £ 80
410 £+ 40
600 £+ 90
300 £ 40

29+ 0.1
4.7 £ 0.1
50+ 0.1
38 +0.1
38+ 0.1

152 £ 1.0
149 £ 0.7
13.8 £ 0.2
134 £ 0.6
132 £ 0.2

22(1.9)
2.6 (2.3)

2.6
3.1

96.0
98.1

5.86
5.42
5.44
5.73
5.24

6.11
5.53

ZrB, + 5MoSij + 20SiC

ZrB; + SMOSiz

M
ZMa
ZMB
ZS

380430
250+ 10

3.8
3.0
8.9

98.4

5.53
5.96
5.40

ZrB; + 5MoSi; +20SiC

ZrBs + 53i3N4

96.1

This work

6.2(2.9)

96.4

ZrB; + 5Si3Ny +20SiC

7SB

2147
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Fig. 2. Fractured surface of (a) ZMa, (b) ZM. In (c), polished surface of ZM.

ZSB: As for the previous samples, the sintering temperature
was set higher than that normally required to get a full densifica-
tion (~1700 °C) with no grain coarsening, in order to enhance
the development of SiC platelets. After sintering, ZS[ reached
a final relative density of 96%. According to X-ray diffraction,
the crystalline phases were a mixture of «-SiC polytypes 6H and
4H. Crystalline phases deriving from silicon nitride, if present,
were below the detection limit of the instrument.?! Fractured
and polished surfaces reported in Fig. 5a and b show that ZS3
had a quite coarse microstructure and failed mainly transgran-
ularly, i.e. very differently from the previous samples. Also in
this case, no pullout of the SiC reinforcement was observed.
In the polished section, it can be seen that the SiC platelets
developed in this composite had a larger aspect ratio (~3)
than that of the MoSi;-doped composites, see Table 1. Detailed
SEM analysis revealed that beside ZrB, and a-SiC platelets,
traces of secondary phases such as BN, ZrN, ZrSi,, graphite,
B4C and residual SizNy4 were detected (Fig. 6a). Glassy pock-
ets were also found adjacent to SiC platelets and from these
pockets wetted interfaces could be occasionally observed espe-

cially along ZrB,/ZrB; grain boundaries (Fig. 6b). EDS on these
regions revealed an oxygen enrichment, as indicated in Fig. 6c.
TEM analysis focused on ZrB;/SiC platelet interfaces gener-
ally revealed clean interfaces (Fig. 7). This was unexpected as
ZrB,-SiC particles materials sintered at lower temperature with
Si3Ny as sintering aid displayed a very different microstructure,
with both ZrB, grains and SiC particles embedded in a residual
Si~O-N—Zr glassy phase.” 141

3.2. Mechanical properties

ZMo and ZM[3: The mechanical properties are summarized
in Table 1. For comparison, the properties of a baseline unre-
inforced material (ZM) with composition ZrB; + 5 vol% MoSi;
sintered at 1900 °C are also reported.® Starting from a baseline
hardness value of 15.2 GPa, it can be seen that the hardness
value is unchanged for ZMa but tends to decrease in ZMf.
A notable increase of toughness, from 2.9 to 4.7-5 MPa m'/2,
was instead observed for both composites in comparison with

the baseline material. Conversely, the room temperature flexu-

Fig. 3. SEM images of ZM@ showing (a), the core—shell morphology of ZrB, grains, (b) an enlarged view of the secondary low density phases based on Si—-O—C.
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Fig. 4. TEM images showing in (a) a clean ZrB,/SiC interface in ZM. In (b) an amorphous film between two ZrB; grains. In (c) the corresponding filtered FT and

the EDS spectrum of the amorphous layer.

Fig. 5. (a) Fractured and (b) polished surface of ZS@.

ral strength decreased from 570 MPa in the reference material to
410 MPain ZMp and 350 MPain ZMa. When tested at 1200 °C,
the flexural strength of ZM[ was just slightly lower than that at
room temperature.

ZSB: In Table 1, the mechanical properties of ZS@ are
compared with a reference material (ZS) sintered at 1700 °C,
i.e. 400°C lower than the material of the present work.’
Despite the very different microstructures, hardness and fracture

toughness were practically the same both in the platelet-
containing composite and in the unreinforced matrix. The
fracture toughness of ZSf, notwithstanding the presence of SiC
platelets, was not substantially different from the typical val-
ues of monolithic or particle-reinforced ZrB,-based materials
developed so far, see Fig. 1 (white columns). The room tem-
perature strength decreased from 600 MPa (ZS) to 300 MPa

(ZSB).
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Fig. 6. SEM images of a polished section of ZSB showing the formation of secondary phases. (a) B4C and BN, (b) Oxygen enrichment along grain boundaries. In

(c) the EDS spectra of points 1 and 2 in (c¢) underlying the different oxygen content.

Fig. 7. TEM images showing a clean ZrB,/SiC interface in ZS.

4. Discussion

4.1. Effect of the sintering aids on the microstructural
evolution

The results displayed so far show that with appropriate setting
of composition and sintering cycle, a microstructure develop-
ment of SiC platelets distributed in a ZrB, rounded matrix can be
obtained starting from conventional ZrB,—SiC particles powder
mixtures.

Comparing the materials under investigation the most striking
differences can be summarized as follows:

- Intergranular fracture for ZMa, ZM and transgranular frac-
ture for ZSp.

- Considerable ZrB, coarsening and apparently more
ordered/regular distribution of SiC platelets in ZS[3 (AR ~ 3).
Finer microstructure for ZMa and ZMP, either for ZrB;
grains or for SiC platelets (AR ~ 2).

- Secondary phases like Mo-Si-B, Zr-Si, Si—O glassy phases
in ZMa and ZM, whilst Zr-Si, BN and Si-O-N—Zr in ZS{.
ZrB,-SiC interfaces apparently clean in all the materials.

- Superior mechanical properties for ZMa and ZM[3 compared
to ZSP, especially in terms of fracture toughness.

Such differences are all definitely related to the change of
the sintering agent, MoSiy or SizNy4. As the sintering additives
affect the sintering mechanisms, the interaction between matrix
and SiC particle, the final matrix microstructure and the mechan-
ical properties, it is worth resuming the detailed effect of both
sintering agents on the boride matrix.”->

MoSi; was reported to help the densification in different
ways. Removal of surface oxide present on boride starting par-
ticle occurs by reactions such as:

MoSi; + B-Ospecies = MoB + Mo-Si-B-Ospecies + SiO»
(1

MoSi,—MoB-Si—B species can locally form liquid phases
at 1350°C.?2 In the same system another eutectic tempera-
ture takes place at 1802 °C, among MoB-MosSiz—MoSi», and
another one at 1885 °C, among Mo—MoB—MosSi3—MosSiB,.??
Therefore, it is assumed that a small amount of liquid forms in
this system, which promotes the matter transfer mechanisms.
Generally, however, these phases show a poor wetting ten-
dency towards ZrB; and, in the sintered material, crystalline
Mos(Si,B)3 phases are only found at triple points.”?® Accord-
ingly, in the present MoSiy-doped composites, ZrB,/ZrB,
interfaces were partially wetted and ZrB,/SiC platelet interfaces
were clean (Fig. 4a and b). Finally, residual silica-based phases
were partially eliminated through carbo-thermal reduction in
the CO-rich furnace environment. The limited amount of liquid
available can also explain the less pronounced grain coarsen-
ing of ZrB; and the local agglomeration of SiC platelets, which
derives from the accumulation of the original SiC particles. The
possible microstructural evolution is depicted in the sketch of
Fig. 8a.

As far as the ZrB,—SiC-Si3N4 system is concerned, the sin-
tering process involves the interaction of silicon nitride with
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© SiC particles
QO 7ZrB, grains
© Residual intergranular phase
QO Liquid phase

I

Fig. 8. Mechanism of microstructure evolution between 1900 °C and 2100 °C.
For ZM@ in (a): The original SiC particles (I) undergo 8 — a transformation
(IT) and further coalescence (IIT) without substantial movement from the original
site. For ZSB in (b): The original SiC particles (I) are dragged by the liquid
phase among the matrix (II), whilst B — « transformation of SiC particles occur.
Coalescence of ZrB, grains and SiC grains results in overall coarsening (I1I).

residual oxides (boria and zirconia) and can be described by the
following reactions’:

Si3zNy +2B,03 = 4BN + 3Si0, 2)
ZrB, + SiO+Si3Ny = Si—O—N—ZI‘(]iqu]’d) 3)

The twofold effect of the sintering aid is the removal of surface
oxides from boride particles (which hinders densification) and
the formation of a liquid phase which promotes matter transfer
mechanisms. If the sintering process is stopped at 7< 1800 °C,
the resulting microstructure consists of ZrB, grains separated
by Si—-O-N-Zr glassy intergranular phases, with SiC parti-
cles agglomerates at the triple points embedded in the same
Si-O-N—Zr glassy intergranular phase.”-'* Thus, differently
from ZMa and ZM, in ZS a large amount of liquid phase was
available for the evolution and rearrangement of the microstruc-
ture. Prolonging the thermal treatment to 2100 °C, the ZrB,
phase continued to coarsen, with larger grains growing at the
expenses of smaller ones, whilst SiC particles coalesced and
started to grow anisotropically. The squeezing of liquid away
from coalescing boride grains caused SiC particles dragging,
displacement and rearrangement, resulting in an almost regular
pattern, as sketched in Fig. 8b. As for the previous systems, resid-
ual Si—O-N glassy phases were partially or totally carbothermal
reduced. Simple thermodynamic calculations confirm that the
elimination of Si—~O-N glassy phase may occur at temperatures
around 2000 °C through reaction with CO species and emission
of volatile SiO, CO;, NO species.

4.2. Effect of the sintering aids on the mechanical
properties

Considering the mechanical properties, it can be observed
that the flexural strength of the composites was lower than the
corresponding unreinforced matrices. This is mainly due to the
presence of SiC platelets, some agglomerates of which acted
as failure origins. Moreover, in case of ZSp, the strength was
further penalized by a lower density and the grain coarsening
of the ZrB, matrix, see Table 1. The presence of SiC platelets
and the matrix grain coarsening made the strength of all the
three composites lower than the typical strength reported in the
literature for similar materials, though they were almost the same
of chopped fibers-reinforced materials (370-410 MPa'*13).

For the fracture toughness, the values obtained for ZMf3 and
ZMa are much higher than that of materials produced by pres-
sureless sintering techniques and even higher than the values
found for SiC particles-reinforced ZrB; produced by hot press-
ing, Fig. 1. The toughness of ZMJ is nearly comparable to that
of whiskers- or chopped fibers-reinforced composites, Fig. 1.
In this kind of composites, the toughness is determined by sev-
eral microstructural factors as, for example, the residual thermal
stresses and the interfacial bonding between the different phases.
Whilst the toughening contribution of the residual thermal
stresses in ZrB,—SiC composites is slightly negative,'*!3 the
matrix microstructure and the interfacial bonding can generate
compensating toughening mechanisms. In order to investigate
such an occurrence, the interaction between an advancing crack
and the microstructure was analyzed by introducing cracks onto
polished surfaces of the composites by 98.1 N Vickers inden-
tations. The path of the cracks created in this way revealed
interesting differences between the investigated materials, Fig. 9.
As can be seen in Fig. 9a and b, the crack path in ZMf was both
tortuous and discontinuous. In the ZrB; matrix, the tortuosity
was due to the intergranular nature of the crack. In correspon-
dence of the SiC platelets, the tortuosity was mainly due to the
impingement angle: when the crack approached the reinforc-
ing SiC platelets at angles lower than 60°, interfacial debonding
occurred and the crack circumvented the SiC platelets; for higher
impingement angles, the advancing crack straightly penetrated
the SiC platelets. Similar features, not shown, were also found
for ZMa. In ZMa and ZM@, the tortuosity of the crack, calcu-
lated as the ratio between the actual path length and the shortest
distance between the start and end points of the crack, was about
1.5. The discontinuity of the crack was observed both in corre-
spondence of some ZrB; grains and some SiC platelets, Fig. 9a.
From these findings, therefore, crack deflection and crack pin-
ning seem to be the most important toughening mechanisms in
ZMa and ZMP.

In ZSB, Fig. 9c, the crack path was continuous and almost
straight both in the matrix and the SiC platelets, independently of
the impingement angle. The calculated tortuosity was in this case
about 1. Apparently, no toughening mechanism was activated in
this composite.

According to the above results, the fracture toughness of
the investigated systems seems to be dictated by the inter-
face strength among the different microstructural components



2152 D. Sciti et al. / Journal of the European Ceramic Society 31 (2011) 2145-2153

Fig. 9. Crack propagation after a 98.1 N Vickers indentation on (a) and (b) ZM@ and (c) ZSB. The crack tip is on the right. The arrow in (a) indicates crack branching
and cleavage of a SiC platelet oriented along the basal plane, in (b) the bypass of the SiC platelets oriented at low angle.

(ZrB,/ZrB; grains and ZrB, grain/SiC platelet). From this point
of view, the straight crack path in ZSB indicates that in this
composite the interfaces were very strong and no toughening
mechanism was operative. On the other hand, in the MoSi;-
doped composites, the interfaces were relative weaker as the
crack path could deviate along the ZrB,/ZrB; or ZrB,/SiC inter-
face if the impingement angle was appropriate. Several studies
conducted on silicon nitride have demonstrated that interfa-
cial debonding is primarily affected by the chemistry of the
intergranular glassy phase.?® In turn, the chemistry of the inter-
granular phase is affected by the choice of the sintering aid, as
well as by the different impurities that contaminate the start-
ing powders. In our two systems (the MoSi>-doped one and the
SizN4-doped one), a different chemistry of the Si—O-based inter-
granular phase was indeed observed: one containing Mo atoms
and the other one containing N atoms. However SEM and TEM
analysis revealed that, in both systems, the majority of inter-
faces, especially those between ZrB, and SiC, were apparently
clean. This suggests that the fracture properties of these systems
must be influenced by the chemistry at a very small scale. Just
as an indication, the presence of very thin films (less than 2 nm)
or the segregation of impurities at the interfaces between the
microstructural components can be mentioned. Although fur-
ther work is necessary in order to assess this hypothesis, this
work well evidences that even the in situ formation of elongated
grains or platelets, is not always enough for achieving a signifi-
cant improvement of the fracture toughness, as this property is
also strongly affected by the chemistry of the grain boundaries.

4.3. Comparison with particle and fiber-reinforced ZrB>

As a final indication, it is worthy comparing some fracture
toughness values of composites as a function of reinforcement
geometry. Considering composites with the same matrix mate-
rial and the same reinforcement content, the fracture toughness
value of the baseline matrix and those of particle-, platelet-,
whisker- and chopped fiber-reinforced composites are shown
in Fig. 10. A clear trend with the reinforcement geometry is
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Fig. 10. Comparison of averaged fracture toughness values for different classes
of composites (unreinforced and reinforced with 20 vol% particles, platelets,
whiskers, chopped fibers).

self-evident: the more elongated is the reinforcement (parti-
cle — platelet — rod-shaped), the tougher is the composite, with
whiskers and fibers giving nearly the same toughening con-
tribution. At first sight, the fracture toughness trend with the
reinforcement geometry shown in Fig. 10 well corresponds to
the prediction of crack-deflection toughening as proposed by
Faber and Evans®* on a fracture mechanics basis. This would
suggest that in these composites crack deflection is the main
toughening mechanism. However, differently from particle- and
platelet-composite, in the chopped-fiber composite crack deflec-
tion was not observed. The high toughness of this composite
originated instead from another toughening mechanism such as
crack bowing.!413

5. Conclusive remarks

ZrB,>-SiC composite ceramics were pressureless sintered at
2100°C with addition of MoSiy or Si3Ny using either a- or
B-SiC in order to obtain tough ZrB,—SiC platelets composites.
After sintering, all the composites showed the formation of SiC
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platelets, but different growth rates and microstructures which
were dependent on the type of sintering aid. An almost regular
pattern of SiC platelets distributed in a coarse ZrB, matrix was
found for the Si3N4-doped system. A finer but more agglomer-
ated distribution of SiC platelets was instead observed for the
MoSi-doped composites. All the materials generally showed
clean ZrB,/SiC interfaces. These morphological features led to
a substantial difference in the mechanical properties: the mate-
rial containing 3-SiC and MoSi, achieved a fracture toughness
of 5MPam!”2 anda strength of 410 MPa, which remained almost
unvaried up to 1200 °C. Conversely, the material containing 3-
SiC and Si3N4 had a toughness of 3.8 MPa m!2 and strength of
300 MPa, i.e. the properties were not improved compared to the
typical values of this class of materials.

This study pointed out that after a proper tuning of the starting
powder, sintering aid, densification temperature and time, one
can obtain in one step a material possessing a toughness compa-
rable with ZrB,-materials containing reinforcing phases such as
SiC whiskers or SiC short fibers. As already observed in other
toughened materials, it is fair to point out that the toughness
increase was in these composites counterbalanced by a strength
reduction with respect to the unreinforced matrices. The in situ
toughening method has however several advantages over other
conventional routes: no health hazard associated with whiskers
or chopped fibers manipulation, possibility to produce near-net
shaped or large-sized components, atmospheric process sinter-
ing and possibility to increase the volume of the reinforcing
phase. All these benefits can contribute to considerably cut down
the cost of the final material.
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