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Abstract: Tape casting technique was used to develop hybrid laminates constituting by SiC and
ZrB,-SiC layers; the main aim is obtaining a structure which integrate the unique properties of these
materials and potentially extent their application temperature range. Multilayer with ZrB,—SiC layers
stacked in between SiC ones were successfully processed. Thin cracks propagated in the composite
layers without affecting SiC ones; their formation was due to residual stresses developed in the two
materials because of the differences in their shrinkage and coefficients of thermal expansion.
However, these cracks did not significantly affect the material properties: relative density, elastic
modulus and flexural strength of hybrid laminates was indeed only slightly lower than those of
laminates made up of layers with the same composition.
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1. Introduction

Silicon carbide is one of the most promising material for applications at high temperature in
many fields such as gas turbine for power plants, fusion reactor walls and thermal protection systems
thanks to its low density, excellent thermal and mechanical properties, at room as well as at high
temperature [1-5]. One of the most interesting property of this material is its self-passivating
behaviour in oxidizing environment. It is well known in fact, that SiC shows excellent oxidation
resistance up to 1600 <C because of a thin silica passive layer forms on its surface [6]. Badini et al. [7]
performed ground re-entry tests showing that a SiC laminate can survive 100 re-entry cycles up to a
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maximum temperature of 1550 <C, keeping almost completely the original mechanical features.
However, at higher temperatures and under very low oxygen partial pressure this passive layer can
be destroyed due to the occurring of active oxidation mechanism, which involves the formation of
gaseous SiO and CO phases [6,8]. In addition, cristobalite melts at 1725 <C and then it evaporates.
These factors, in addition to a low fracture toughness, limit the use of SiC for applications in severe
environments such as those experienced by sharp profiles of space vehicles and hypersonic aircraft.

For very high temperature applications in severe conditions, ultra-high temperature ceramics
(UHTCs) such as refractory carbides and borides of transition metals are considered the most
promising candidates. These materials show rather good mechanical properties (such as strength and
stiffness) combined with high melting temperatures, high resistance to environmental degradation
and desired thermal properties [9-11]. In this context, ZrB, is considered as a promising candidate
for aerospace applications due to its exceptional properties which include chemical inertness, one of
the lowest density among UHTCs, and high electrical/thermal conductivities [12]. Nevertheless, its
low oxidation resistance and low intrinsic sinterability are the main concerns for a wide application
of these materials in severe environments.

The composite approach can partially overcome these limitations: previous studies proved the
positive effects of adding SiC as secondary phase to ZrB,. The addition of SiC can in fact promote
the material densification, enhance its ablation resistance and moreover improve the mechanical
performances [13,14]. However, the oxidation of ZrB, and ZrB,-SiC composites results in the
formation of a glassy phase, that easily volatilizes, and solid zirconia which melts well above 2000 <C.
Therefore ZrB,-based ceramics could be used under extreme temperature conditions, but
unfortunately their oxidation resistance is much worse than that of SiC below 1700 <C [15].

On the base of these considerations, there is not a single material which shows superior
oxidation resistance all over a wide range of temperatures. The development of a hybrid material
able to guarantee a good oxidation resistance while maintaining high mechanical performance could
be effective for extending the temperature range for HTCs and UHTCs applications.

In this context, tape casting technology is a well-established technique for large-scale
production of ceramic sheets and structures; thanks to its versatility and cost-effectiveness it is
currently used in many application fields [16-20]. One of the main advantages associated to this
production method is the possibility to fabricate ceramic laminates with a complex architecture,
optimizing both the arrangement and the chemical composition of constituent layers. Moreover,
laminates display improved toughness with respect to conventional ceramics thanks to the occurring
of crack deflection mechanism and their resistance to the crack growth. This is caused by the weak
interfacial bonds between the layers [21,22] and the residual stresses arising when layers with
different composition are stacked [23-26].

To authors’ knowledge, many papers are focused on the investigation of SiC or ZrB,-based
ceramics, but any investigations on hybrid structure integrating these two materials hasn’t been
published. In this paper, multilayer structures which includes ZrB,—SiC layers stacked in between
SiC ones were successfully prepared by tape casting technique and pressureless sintering. Their
microstructures and mechanical behaviour have been investigated. A preliminary investigation of
thermo-oxidative behaviour of laminates was also performed.

AIMS Materials Science Volume 7, Issue 5, 552-564.
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2.  Materials and methods

Commercially available Zirconium Diboride (Grade B, H.C. Starck, with an average particle
size of 2.25 um) and a-SiC (H.C. Starck UF-15, with a mean particle size of 0.55 pm) were used as
starting powders for the fabrication of the laminates. Carbon (Alfa Aesar flake 7—10 pm) and boron
(H.C. Starck amorphous grade I, 1-2 jam) were used as sintering additives; they were added in a
relative amount of 3wt% and 1 wt% respect to the SiC quantity.

ZrB, powders were milled for three hours in dry conditions using a tungsten carbide media to
make their size comparable to that of SiC. Chamberlain et al. [27] reported that the reduction of ZrB,
particles to sub-micrometer size enhances the material densification: the higher surface area of
milled particles can in fact promote the driving force for sintering.

The composition of the layers to be stacked in between SiC ones was chosen on the base of a
detailed study which investigates the effect of the relative amount of SiC and ZrB, phases on the
properties of composite material [20]. Laminates made of ceramic sheets containing 80 vol% of ZrB,
and 20 vol% of SiC show one of the best compromises in term of density and mechanical properties;
therefore, this composition was used for the processing of composite interlayers of hybrid laminates;
moreover, according to the literature this composition has been widely investigated for applications
at high temperature [28-30].

The ceramic powders were dispersed in a mix of solvents (Ethanol > 99.8% and Buthanol
> 99.4%, Sigma-Aldrich) and powders dispersant (Fish oil, Afom medical); then, they were mixed
for 24 h in an alumina jar with alumina milling balls. Afterward, plasticizer (polyethylenglycole,
Bisoflex 102 Cognis) and binder (polyvinilbutyral, Butvar B76 Solutia) were added into the
previously prepared slurry and it was further mixed for 48 h. Tape casting was used for processing
the sheets to be stacked in a multilayer structure; this technique allows in fact the production of
laminates with complex architecture in terms of chemical composition, thickness, number and
stacking position of the layers. The slurries were casted on a movable Mylar support with an advance
speed of 100 mm/min and varying the height of doctor blade in order to obtain, after drying at room
temperature, green ceramic sheets with tailored thickness. A doctor blade height of 1 mm resulted
in green SiC sheets with a thickness of 240 pm (after drying). These operating conditions were
adopted according to tape casting process developed in previous works [31,32]. Composite green
layers with three different thicknesses were obtained by tuning the casting parameters: doctor blade
heights of 1.0 mm (the same adopted for SiC tape), 0.7 mm, and 0.5 mm resulted in green ZrB,/SiC
sheets 190 pm, 140 pm, and 110 pm thick respectively. Tapes with rectangular shape were then
stacked to obtain the so called “green” laminates.

They were submitted to a de-binding treatment up to 800 <T in an inert atmosphere in order to
remove the organic components constituting the slurries; then they were sintered. Pressureless
sintering was in fact performed (T.A.V. Cristalox oven) under argon atmosphere (99.99% purity,
pressure around 550 mbar) at the temperature of 2200 <C maintained for 30 min.

Three kinds of specimens were obtained: multilayer containing 10 SiC sheets, samples
constituted by ten ZrB,/SiC composite layers and hybrid laminates made of 8 SiC layers plus 2
ZrB,/SiC ones. Preliminary tests were performed in order to find the proper structure configuration:
asymmetric structure suffered cracking and delamination; these problems can be avoided by
AIMS Materials Science Volume 7, Issue 5, 552-564.
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adopting a symmetric interposition of layers. Moreover, according to Sanchez-Herencia et al. [33],
the presence of external layers in compression state, an improvement in strength can be achieved.

On the base of these considerations, hybrid structures were designed by stacking ceramic sheets
according to the following symmetric structure: 3 SiC layers—1 ZrB,/SiC layer-2 SiC layers—1
ZrB,/SiC layer-3 SiC layers.

The thickness of sintered laminates was measured by using a Mitutoyo micrometer screw gauge
(with a measuring range of 0-25 mm and a resolution of 0.01 mm). SiC and ZrB,/SiC laminates
show a thickness of 1.68 mm and 1.10 mm respectively after sintering; differently, the final
thickness of hybrid laminates depends on the thickness of composite interlayers: ZS-1 and ZS-2
samples were prepared by using two ZrB,/SiC green sheets 110 pm and 140 pm thick, which leads
to obtain a thickness of respectively 1.53 mm and 1.56 mm for the sintered laminates. ZS-3 samples
show a final thickness of 1.60 mm because of two composite green sheets with a thickness of 190 pm
were used.

The thickness of layers with different composition was measured by analysing the optical
images of polished cross sections of ceramic multilayers: the clear interface between SiC and
composite layers makes possible the determination of the thickness of each interlayer. On the other
hand, the thickness of a set of 2 or 3 SiC layers (it depends on the part of cross section that was
considered) were measured; the average value of a single layer was calculated by dividing the total
thickness of SiC layers by the number of considered layers. A minimum of 10 measurements were
performed in order to check the reproducibility of the measured thickness for each kind of layer.

For each kind of laminate, 6 bars with length of 55 mm, width of 12 mm and thickness varying
from 1.10 and 1.68 mm (on the base of different multilayer architecture under investigation) were
processed according to the previously described processing path; a total of 30 samples were therefore
produced and characterized.

The microstructure of the specimens was investigated using a scanning electron microscope
(SEM-FEG Assing SUPRA 25, Zeiss, Germany equipped with EDS Oxford INCA X-Sight analyser)
and an optical microscope (Leica DMI 5000 M, Leica Microsystem BV, Son, The Netherlands
interfaced with Leica LAS software).

The bulk density of multilayers was measured through Archimede’s method using water as the
immersion medium. The mass of sintered samples was weighed using a balance with an accuracy
of 1.0 <10 ° g. The measurements were repeated on set of 6 samples for each multilayer structure in
order to verify the reproducibility of obtained results. The density values were reported in a
percentage value with respect to the theoretical density, which was calculated by the rule of mixtures.

The crystalline phases were identified using X-ray and micro-X ray diffractometer (Panalytical
X°’PERT PRO PW3040/60 and Rigaku D/Max Rapid with a 100 pm probe in size, both with Cu Ka
radiation).

Elastic modulus was measured by the acoustic method which involves the analysis of transient
natural vibration using RFDA MF basic instrument, IMCE, Belgium. Three-point bending tests were
performed at room temperature adopting a 40 mm outer span and a crosshead speed of 0.1 mm/min
(Sintech 10 D equipment, UNI EN 658.3 standard).

The oxidation resistance of laminates under investigation was preliminarily investigated by
performing thermal gravimetric analyses (Mettler Toledo AG-TGA/STDAS851e equipment). Samples
AIMS Materials Science Volume 7, Issue 5, 552-564.
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with size (3 x 3 % 1.10-1.68) mm?® underwent two subsequent temperature runs which involved a
heating step up to 1600 <C (heating rate of 10 <T/min), and a cooling up to room temperature
(heating rate of 18 <C/min). This thermal cycle was repeated twice; all the tests were performed
under oxidizing atmosphere (air flux of 50 mL/min).

3. Results and discussion
3.1. Microstructure

Figure 1a shows, as an example, the microstructure of polished cross-sections for ZS-2 laminate.
The interfaces between the two materials are clearly distinguishable; the thickness of the composite

layers is constant and uniform along the width of samples. EDS analyses confirmed that dark layers
contained SiC, while grey ones were mainly constituted by ZrB..

Figure 1. SEM image of multilayer polished cross section for ZS-2 sample (a); XRD
patterns of the two materials constituent the multilayer (b) and (c).

The analysis of polished cross sections by using optical microscope allows to determine
the thickness of SiC layers and composite ones. The following thicknesses were measured: SiC
layers show a thickness of 163 =5 pm, while laminates fully constituted by composite layers
reported ZrB,-SiC layers with an average thickness of 105 £ 5 pum. The same thickness was
determined for ZS-3 laminates (where thickest composite layers were used); on the other hand, a
thickness of 63 + 5 um and 75 + 5 um was reported for composite layers constituting ZS-1 and ZS-2
laminates respectively (Table 1).

The thickness of the layers appreciably decreased during sintering. Sample cross section
examination showed in fact that SiC layers shrank by 32%, while the shrinkage observed for ZrB,—
SiC layers is higher, in the range between 45% and 46%

Figure 1b,c show the XRD spectra obtained by analysing the layers with different compositions
contained in the hybrid laminates: they confirm that no reaction occurred between the material
components (SiC, ZrB,, C and B) during the thermal treatments. No difference was observed with
respect to the XRD spectra recorded for laminates fully constituted by identical layers only (made of
SiC or ZrB,/SiC composite). The only additional phase with respect to SiC and ZrB, ones was
carbon, which gave a low intensity peak at 2-theta around 26.6< The carbon peak was due to
AIMS Materials Science Volume 7, Issue 5, 552-564.
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graphite flakes added as sintering aid, and to the residuals of degradation of the organic compounds
occurring during de-binding treatment. EDS analyses confirmed the presence of the three previously
reported phases, which can be clearly distinguished from Figure 2: SiC appears as dark grey area,
while lighter grey areas correspond to ZrB,. The presence of carbon particles in form of inclusions is
evident in the polished cross section of hybrid samples ZS-1, ZS-2, and ZS-3 (Figure 2c—€) as
irregular black spots. Few pores with size up to 12 pm were also observed; in correspondence of
some of them some cracks appear within the composite layers. This outcome, in combination with
the density measurements (Table 1), indicates that a rather good density degree was achieved for the
laminates under investigation, although they were prepared without pressure assistance.

Table 1. Composition and relative density of laminates.

Laminates Layer thickness after sintering (um) Relative density (% of the theoretical)
SiC 163 £5 95.2 +0.1
80ZrB,—20SiC 105 £5 97.3+0.2
ZS-1 SiC = 163; ZrB,/SiC = 63 95.0+15
ZS-2 SiC = 163; ZrB,/SiC = 75 96.3+1.8
ZS-3 SiC = 163; ZrB,/SiC = 105 95.9+1.0

Figure 2. Polished cross sections of laminates: (a) made by 10 SiC layers, (b) made by
10 ZrB,/SiC layers and integrating ZrB,/SiC layers in between SiC ones (ZS-1 (c), ZS-2
(d), and ZS-3(e) samples).

Figures 2 compares the microstructure of laminates made of layers with same composition (10
SiC layers in Figure 2a and 10 ZrB,/SiC composite layers in Figure 2b, respectively) with that of
hybrid multilayer, putting in evidence the microstructure of composite interlayers (Figure 2c—). A
comparison of these micrographs shows the presence of some cracks in hybrid laminates; they
propagate in the composite layers without appreciably affecting the neighbouring SiC ones. On the

AIMS Materials Science Volume 7, Issue 5, 552-564.
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contrary, these cracks were not observed in the microstructure of 100% SiC and 80% ZrB,—20% SiC
laminates.

These very thin cracks can be observed in the three kind of hybrid specimens, as shown in
Figure 2c—e which are focused on the microstructure of interlayers. As previously discussed, the
different colouring of phases constituting the interlayer allows to detect that the cracks originated
within the composite layers, especially at the interfaces between SiC and ZrB; phases or between C
and ZrB, particles (red arrows in Figure 2c—e). They propagated inside the ZrB, matrix in a twisted
manner, moving preferentially towards carbon and SiC particles.

The presence of these cracks can be caused by the development of residual stresses within the
laminates. As previously observed by many authors [34-39], multilayer structures which integrate
different materials result in the development of residual stresses coming from both the processing
methods and the different properties of the materials used for the fabrication of laminates.

Firstly, residual stresses can arise from the different sintering shrinkage occurring for SiC and
composite layers. In fact, the shrinkage of composite layers was higher with respect to SiC ones,
which resulted in tensile residual stresses inside the composite sheets. In addition, the formation of
cracks can also be caused by residual stresses which developed during cooling from the sintering
temperature. This is in agreement with the investigations reported by Hillman et al. [37] who
fabricated laminates integrating thin ZrO, layers in between thicker layers made of Al,O3/ZrO..
These authors found that pyrolysis of binder, densification and contraction during cooling from
processing temperature induced the development of residuals stresses in multilayer structures.

In addition, development of residual stresses can be due to a mismatch of coefficient of thermal
expansion (CTE) between the two materials placed into contact [38,39]. The processing of hybrid
laminates involves the stacking of ceramics sheets made of SiC and ZrB,-based composite, which
show different CTE. In fact, the CTE of SiC is 5.1 x10° € (25-1000 <) and 5.9 x10°® T * (25—
2500 <T), while that of ZrB, is 5.9 x10° T (25-1000 <) and 8.3 x10 °® T (25-2500 <T) [40,41].
The composite containing 80 vol% ZrB; and 20 vol% SiC has CTE values, calculated by the mixture
rule, of 5.7 x10° T (25-1000 <T) and 7.8 x10 ° T (25-2500 <T) respectively. The ZrB,/SiC
composite shows higher CTE; as a consequence, its contraction during cooling from sintering
temperature is higher with respect to that of silicon carbide. However, it is worth to note that the
difference between CTEs of the two components in the lower temperature range involved during the
de-binding treatment, is less important with respect to that occurring increasing the temperature up to
the sintering one. Therefore, the significant mismatch between SiC and the composite thermal
expansion coefficients causes thermal stresses at the interface between layers with different chemical
composition. This results in compressive stresses within layers with lower CTE, that is silicon
carbide layers, while tensile stresses develop within composite layers showing higher CTE.

The extent of the residual stresses depends on the composition of neighbouring layers, their
properties (such as Young modulus and Poisson’s ratio) and the thickness of each layer. The
laminates under investigation were designed by stacking SiC flat elements alternating with
composite ones. These elements had different thicknesses: SiC ones were made up of three stacked
layers (or two in the case of the central SiC element only), while composite layer was constituted by
a single sheet. For this kind of architecture the tensile residual stress sustained by the composite
sheets can be evaluated according to the Eq 1 [42]:

AIMS Materials Science Volume 7, Issue 5, 552-564.
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ny Ej Exhg(ap—ay) AT
ny (1-v1)Ez hp+nz(1-v2)E1hy

0; = 1)
where 1 and 2 are the two laminate components (SiC and ZrB,/SiC respectively), n; is the number of
i component, E; and v; are the Elastic modulus (GPa) and Poisson’s ratio of the i component, h; is
the thickness (mm) of the two kinds of layers, a; their thermal expansion coefficient (K™) in the
range from sintering to room temperature (AT).

On the base of Eq 1 the tensile stresses within the composite with lowest thickness (63 jm
for ZS-1) is around 465 MPa; by increasing the interlayer thickness to 75 pm (ZS-2 sample) and 105
pm (ZS-3 sample) the entity of residual stresses only slightly decreased reaching values of 450 MPa
and 430 MPa respectively. Because of these calculated values are higher with respect to the
experimental determined flexural strength of the ZrB,/SiC laminates (as shown in Table 2), the
presence of cracks is not surprising. However, the stress entity did not lead to the failure of laminates
during the processing.

3.2. Mechanical properties
Mechanical properties of hybrid laminates in term of elastic modulus and flexural strength are
reported in Table 2; moreover, these properties are compared to those obtained for laminates made of

layers showing all the same composition.

Table 2. Mechanical properties of SiC, ZrB,/SiC and hybrid laminates.

Laminates Elastic modulus (GPa) Flexural strength (MPa)
SiC 339 +19 324 £24
802rB,—20SiC 444 +£10 277 £29
ZS-1 335+15 322 £12
ZS-2 297 +14 313 +10
ZS-3 319 +22 289 56

The elastic modulus of ZrB; is higher with respect to SiC one [20,43]; therefore, the stiffness of
laminates constituted by 80% ZrB, + 20% SiC layers was observed to be higher than that of SiC
multilayer. On the contrary, the flexural strength of laminates made of SiC sheets is higher with
respect to that of the composite one 2.

The elastic modulus of ZS-1 hybrid laminate is similar to that of SiC laminate; by increasing the
thickness of interlayer the elastic modulus is observed to slightly decrease. The presence of two not
adjacent composite layers (which reported a higher elastic modulus with respect to SiC) in between
SiC one seems not to improve the material stiffness. The flexural strength of hybrid laminates
showed the same trend. Therefore, the presence of two composite interlayers, which show intrinsic
lower flexural strength cause only a little decrease of flexural strength of the material.

On the base of these experimental results, hybrid laminates under investigation maintained good
mechanical properties, which were found to be intermediate between those of multilayer constituting
by 10 SiC layers and 10 ZrB,/SiC layers. The mechanical behaviour improves by decreasing the

AIMS Materials Science Volume 7, Issue 5, 552-564.
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interlayer thickness. Therefore, the presence of micro cracks crossing the composite layers without
affecting the SiC ones did not significantly affect the mechanical properties of the laminates.

Figures 3 shows the fracture surfaces of ZS-1 (Figure 3a), ZS-2 (Figure 3b), and ZS-3 (Figure 3c)
laminates and puts in evidence the fracture mode of the hybrid materials. All the samples show a
brittle fracture mode; however, some differences can be observed when SiC and ZrB,/SiC layers are
considered. In SiC layers the crack travels directly through the grains of the material and therefore
cleavage planes, characteristic of transgranular fracture, can be observed. In the composite sheets a
mixed fracture mode was observed: both intergranular (with crack propagation at the grain
boundaries) and transgranular mechanisms were observed.

(b) B ©

Figure 3. Fracture surface of ZS-1 (a), ZS-2 (b), and ZS-3 (c) samples.

Moreover, from Figure 3c there is evidence of crack deflection at the interfaces between SiC
and ZrB, layers; the presence of layers with different composition can favourite an enhancement of
the fracture work. The crack which nucleates in SiC layers did not travel right across the specimen
thickness but was deflected at the interface between SiC and composite layers and then propagated
parallel to this interface.

From the analysis of fracture surfaces there is no evidence that the presence of thin cracks
within the composite interlayers can induce the fracture of samples.

3.3. Thermal gravimetric analyses

A preliminary investigation of thermo-oxidative behaviour of the laminates under investigation
was performed. Figure 4a shows the TGA curves of SiC, ZrB,/SiC and hybrid laminates collected up
to 1600 <C, while Figure 4b evidences more in details the behaviour of multilayer systems at
temperature higher than 1000 <C.

As expected, SiC laminates show a very small weight gain in the whole temperature range
(continuous black curve in Figure 4b) due to the formation of a thin and continuous SiO; layers on
the surface of the sample. This passive layer slows down the occurring of further oxidation [44], as
evidenced by a weight increment lower than 0.2% observed during the second TGA run (dotted
black curve in Figure 4b).

A very different trend is observed for laminates constituted by ZrB,/SiC sheets: during the first
run the samples weight slowly raises up to 1400 <C; for higher temperature, the oxidation rate greatly
AIMS Materials Science Volume 7, Issue 5, 552-564.
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increases and reaches a mass gain of about 8.5% at 1600 <C (continuous blue curve in Figure 4a).
Thanks to the presence of a significant amount of SiC, an oxide layer can grow on the laminates
surface during this first heating run; this is confirmed by the lower weight gain observed during the
second heating step (dotted blue curve in Figure 4b). This is in good agreement with the oxidation
mechanism of ZrB,/SiC composite widely studied in the literature [45-48].

The oxidation behaviour of hybrid laminates is similar to that of SiC multilayer: the presence of
interlayers made of ZrB,/SiC composite leads an increment of weight of about 1% and 0.6% after the
first and second run respectively. These values are only slightly higher with respect to those
observed for SiC laminates. As expected, the formation of passive layer during the first run can slow
down the further oxidation of laminates, which results in a smaller weight gain after the second
heating run with respect to the first one.

Moreover, the TGA curves for ZS-1, ZS-2, and ZS-3 samples (Figure 4, green, red and orange
curves respectively) are very similar; the difference between the thickness of interlayers used for the
fabrication of the two kinds of hybrid laminates is in fact very small.

1
0 102,0 ,ZrBySiC (2 run)
'

109
108
107
106
105
104

) 783 (1 run)
101,0 ’ ZS-2 (1 run)
P ZS-1 (1 run)
103 . A it . /28-3/ 78-2 /ZS-1 (2 run)
5 ZrBySiC = s
102 o L v - 2100 SIC (1 run)
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Figure 4. (a) Thermal gravimetric analyses of SiC (black curve), ZrB,/SiC (Blue curve)
and hybrid laminates (green curve for ZS-1, red curve for ZS-2, and red one for ZS-3) up
to 1600 <C. Continuous lines refer to first heating/cooling run, while dotted curves
correspond to second run. (b) Focus on TGA curves at temperature higher than 1000 <C
and weight increment up to 2%.

4. Conclusions

Laminates integrating ZrB,/SiC layers in between SiC ones were successfully prepared by the
tape casting technique and pressureless sintering. The integration of two materials with different
properties was possible thanks to a preliminary milling of ZrB, starting powder which improved the
material densification.

The micrographs of hybrid laminates showed the formation of thin cracks, which were not
observed in SiC and ZrB,/SiC structures. These cracks propagated in the composite layers,
independently from their relative thickness with respect to SiC layers one. The presence of these
cracks can be associated to different factors: the different sintering shrinkage of SiC and ZrB,/SiC
composite materials, the different contraction of these two materials which occurs during the cooling
from sintering temperature, and the mismatch of coefficient of thermal expansion (CTE) between the

two materials placed into contact.
AIMS Materials Science Volume 7, Issue 5, 552-564.
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The presence of these cracks weakly affected the mechanical properties of the hybrid laminates,
which result only slightly lower with respect to those observed for multilayers made of layers with
the same composition. The mechanical properties of hybrid laminates were in fact found to be
intermediate between those of laminates made of SiC and ZrB,/SiC layers.

A preliminary investigation of the thermo-oxidative behaviour was performed on hybrid
laminates; their behaviour up to 1600 <C was observed to be similar to that of SiC laminates. In fact,
the presence of ZrB,/SiC layer in between SiC ones caused only a limited increase of mass gain up
to 1600 <C.

The obtained results for hybrid laminates show a slightly variation of both their mechanical and
thermal properties with respect to those observed for SiC laminates. These promising results can
justify a further investigation on these hybrid structures.
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