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Abstract

The microstructure and mechanical properties of carbon fibre reinforced ZrB, composites produced by slurry
infiltration and consolidated by reactive melt infiltration were investigated. Fibres were preliminary infiltrated
with ZrB,/B slurries with varying ZrB,/B ratios. Then the composites were infiltrated with Zr,Cu melt at
1200°C under vacuum. Boron was chosen as the reactant phase, while raw ZrB, was added as a filler to
prevent excessive swelling. With increase of boron content the infiltration becomes more difficult due to the
reaction of alloy and boron. The boron is completely converted to nano ZrB, grains. Some ZrC is produced
from the side reaction between Zr,Cu and the carbon fibre, resulting in reduction of fibre diameter. The
flexural strength increased from 360 to 560 MPa with the increase of boron content, while Kic amounted to 10
MPa-m°* but was affected by large scatter. The mechanical behaviour was mostly dominated by matrix

properties.
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1. Introduction

The increasing demand for materials able to withstand extreme conditions and surpass the current state of the
art C/C or C/SiC based CMCs has led to the design and development of a new class of CMCs based on a

UHTC matrix, called UHTCMCs [1][2][3][4][5][6]. UHTCs are a class of materials characterized by
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extremely high melting points and comprise the borides and carbides of early transition metals such as ZrB,,
HfB,, ZrC, etc [7][8][9]. They possess high temperature strength, high thermal conductivity and good
oxidation resistance when doped with silicon-containing additives and have been extensively investigated as
candidates for the fabrication of reusable components for aerospace re-entry or hypersonic flight [10].
However their low fracture toughness and propensity to brittle fracture severely limits their application [11].
By substituting the ceramic matrix of conventional CMCs, based on silicon carbide which is not suitable
above 1600°C, with a UHTC matrix, it is possible to maintain the high damage tolerance provided by the
fibres and the high temperature resistance of UHTCs. Within the framework of the C*harme project, these
materials were tested and validated for the use in extreme environments [10][12]. Several routes have been
explored for the fabrication of this novel class of materials:
- Radiofrequency assisted chemical vapour infiltration (RF-CVI) of carbon on a 2.5 D carbon preform
impregnated with ZrB, or HfB, particles [13]
- Polymer infiltration and pyrolysis of carbon fibres with SiC precursors doped with UHTC particles,
[14].
- Slurry infiltration of carbon fibres with ZrB,/SiC based suspensions, followed by hot pressing or
spark plasma sintering [4][5][15].
An alternative route for the fabrication of carbon fibre reinforced ZrB, composites is based on the slurry
infiltration of a fibre preform with boron-containing powders (i.e. B, B4C) followed by reactive melt
infiltration (RMI) with liquid zirconium alloys. Typically, Zr,Cu alloy is employed as liquid melt due to its
lower melting point (~1000°C) compared to elemental zirconium (1855°C), to form in-situ ZrB, and Cu

according to reaction 1:

4B+ Zr,Cu — 2 ZrB, + Cu (1)

This allows to obtain nearly full density materials without the need of high temperatures and pressures
required for the conventional sintering of UHTCs. The main drawbacks of this process are linked to the
powder wettability, which may hinder infiltration, and the presence of residual melt at the end of the

infiltration which can lower the high temperature mechanical properties. Moreover, the formation of in-situ
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ZrB, leads to a volume expansion which may choke infiltration at the reaction front or delaminate the
composite.
In order to achieve the homogenous infiltration of the slurry infiltrated preform, a high degree of porosity and
capillary forces are required, as well as a low contact angle between the reactive melt and the substrate.
Previous studies on the wettability of Zr- alloys with different substrates reported low contact angles between
ZrB, and Zr-Cu alloys [16], and contact angles below 90° on a carbon substrate at 1200°C [17]. Furthermore,
the addition of 1% boron in the Zr,Cu alloys allows to lower the melting temperature while still maintaining
low contact angles with the substrates [17][18] [19]. It is essential to infiltrate a Si free preform in order to
stay clear of Zr-Si phases and their large volume expansion.

In the present work carbon fibre reinforced ZrB,/ZrC composites were fabricated via RMI. The use of
a protective coating was intentionally avoided since the goal of this work was to study and limit the extent of
reaction of the molten phase with the fibres [18]. Different compositions in terms of ZrB,/B volumetric filler

ratio were evaluated. Microstructure and mechanical properties were analysed and compared.

2. Experimental

2.1. Materials

For the preparation of ceramic slurries, the following powders were used: ZrB, powder (H.C. Starck,
grade B, Germany, specific surface area 1.0 m?/g, particle size range 0.5-6 pm, impurities (wt.%): 0.25 C, 2
0, 0.25 N, 0.1 Fe, 0.2 Hf), elemental Boron 95% (TRADIUM GmbH, Germany, particle size 1.08 pm,
impurities (wt.%): 0.30 Mg, 0.12 H,0, 0.25 B(OH)3, 0.91 H,0,), Zr,Cu (Additional alloying element: 1%
boron, HMW Hauner GmbH & Co. KG). Unidirectional Ultra-High modulus carbon fibre cloths were chosen
for the infiltration processes (Granoc, XN80-6K fibres; tensile modulus 780 GPa, tensile strength 3.4 GPa, @

= 10 um, supplier: G. Angeloni).

2.2 Process

Agueous powder suspensions containing elemental boron and commercial zirconium diboride in varying

ratios were prepared following the procedures described in previous works [20]. With these slurries,
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unidirectional fibre fabrics of dimensions 50 x 50 mm were infiltrated, stacked in a unidirectional
configuration and then dried at 100°C in an oven. The ratio between the fibre and the ceramic powder
volumetric amount was maintained at 1:1 for all compositions by adjusting the slurry rheology. Composites
were labelled based on the powder compositions: B25 (25% B, 75% ZrB, vol), B50 (50% B, 50% ZrB, vol),
B75 (75% B, 25% ZrB, vol). Then the green bodies were clamped between two graphite plates and attached
to a sample holder by a screw inside a furnace, while the Zr,Cu powder was placed in a graphite crucible at
the bottom of the furnace: the furnace was heated to 1200°C at a rate of 500°C/h in argon atmosphere in order
to melt the Zr,Cu without causing bubbling of the melt. Once the target temperature was reached, the chamber
was evacuated to a pressure < 5 mbar and the sample was submerged in the melt for 2 min at half height and
then taken out. After the RMI process, the chamber was cooled down to a rate of 300°C/h. Sample B75
required a second infiltration cycle due to excessive volume expansion from the formation of in-situ ZrB, and

premature halt of the infiltration at the reaction front. The process is illustrated in figure 1.
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Figure 1. RMI process: a) the sample is clamped between two graphite plates and submerged at half height inside the

Zr,Cu melt. After 2 min, the melt has infiltrated the entire sample. b) Picture of the sample infiltrated with the reactive

melt
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2.3. Microstructure analysis

The composites microstructure was analysed on polished and fractured surfaces by field emission
scanning electron microscopy (FE-SEM, Carl Zeiss Ultra 55 Plus, Germany) and energy dispersive X-ray
spectroscopy (EDX, AZtec, Oxford instruments, UK). Samples for microscopy were polished down to a
0.25 um finish with diamond abrasives using a semi-automatic polishing machine. The polished samples were
then washed with ethanol in an ultrasonic bath for 5 min up to 3 times and then dried for 1h at 80°C in an
oven. The slurry infiltrated carbon preform had a nominal porosity of 40%, determined as geometric porosity.
Taking into account a fibre/matrix ratio of 1:1, the initial fibre amounts for all specimens was ~35%. The final
fibre volumetric amount after RMI was measured by image analysis on the polished surfaces of the samples
with software Image Pro Analyser 7.0. The composition and phases formed after RMI were also analysed by
X-ray diffraction analysis (Bruker AXS D8 with Cu Ka (A = 154 pm), Germany). The final density was

measured through the geometrical method.

2.4. Mechanical properties

Flexural strength was evaluated by four-point bending on specimens 25 mm x 2.5 mm x 2 mm in size
using a fully articulated steel fixture having a lower span of 20 mm and an upper span of 10 mm and at a
cross-head rate of 1 mm/min, following the guidelines of standard 1ISO 14704:2016 (EN). Even though for
fibre reinforced composites a high span/thickness ratio is typically advised, the available material was not
enough to fabricate larger specimens. Flexural strength was evaluated along the fibre orientation to better
understand the contribution provided by the fibre reinforcement. Fracture toughness (K,c) was evaluated by
four-points chevron notch bending tests (CNB) following standard ASTM C1421. The specimens were 25 mm

x 2 mm x 2.5 mm?® (length x width x thickness) and were notched with a 0.1 mm-thick diamond saw. The
chevron-notch tip depth and average side length were about 0.12 and 0.80 of the bar thickness,
respectively. The crosshead speed was 0.05 mm/min. The “slice model” equation of Munz et al. [33] was

used to calculate K;..
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3. Results and discussion

3.1 Microstructure of the sintered material

Microstructural features of the materials fabricated are reported in Table 1. All composites were fully dense,
with densities ranging between 6.1 g/cm® and 6.6 g/cm?. The final fibre volumetric amounts were lower than
the starting ones due to sample swelling and fibre degradation. The grain size of ZrB, filler increased slightly

with the increase of boron content, but was still comparable with the starting size of the powders.

Table 1. Values of bulk density, porosity, fibre content, ZrC content and ZrB, particle size (from powders and RMI
respectively)

Sampl Density  Porosity  Fibre volume after ~ ZrB, grain size ZrB, grain size RMI
ample

(glem®  (vol%) RMI (vol%) powders (um) (hm)
B25 6.36 <1 13.4+04 2.30 140
B50 6.64 <1 165+14 2.45 170
B75 6.12 <1 247+45 3.00 290

X-Ray diffraction analysis was carried out on the polished cross section of sample B25 (Fig. 2), used as
reference. The main peaks were indexed to ZrB, (PDF#34-0423) and ZrC (PDF#65-0973). Only one ZrB,
phase was revealed, suggesting that the in-situ ZrB, had the same structure of the one already present in the
form of powders. No carbon was detected, while intense peaks from ZrC originating from carbon

consumption were observed. Smaller peaks were attributed to the residual melt alloy Zr-Cu.
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Figure 2. X-Ray diffraction pattern on the polished cross section of sample B25 after infiltration with Zr,Cu. The phases

detected were ZrB2 (PDF#34-0423), ZrC (PDF#65-0973) and the leftover alloy Zr-Cu.

All specimens were characterized by very similar microstructure. As an example, the low magnification

micrograph of sample B25 is reported in figure 3.

B25

Fibre bundle
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Figure 3. Low magnification micrograph of sample B25 showing the fibre distribution in the ceramic matrix and the

most common defects (voids) between layers.

All samples underwent due to RMI swelling and were covered with residual Zr,Cu that was machined off.
The microstructures were almost flawless with sporadic voids between fibre bundles or between layers due to
incomplete infiltration. The fibres were homogeneously distributed in the ceramic matrix for all samples.
SEM micrographs in figure 4 show the typical fiber distribution and the fiber/matrix interface. For all the
samples the final fibre content measured by image analysis (Table 1) was much lower than the initial ones: 13,
17, 25% for B25, B50 and B75 respectively, and this was reflected in the high densities of the specimens.
There are two main explanations to this phenomenon:

1) the starting fibre volumetric amount in the slurry infiltrated preform, taking into account a porosity of 40%,
was ~35 vol%; since the specimens experienced a volume expansion, due to the formation of ZrB, and ZrC, of
up to ~30% during RMI, the final fibre content, normalized on the final composite volume, was lower (25 —
30%)

2) a large fraction of the fibres reacted with the surrounding Zr,Cu melt leading to the formation of ZrC at the
interface, further lowering the final carbon fibre content.

All samples contained large amounts of unreacted melt which contributed to increase the final density of the
materials., essentially filling the voids in between the ZrB2 and ZrC grains. Earlier attempts aimed at reducing

the final residual melt amount resulted in incomplete infiltration.
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Figure 4. SEM image of the polished cross section of samples B25, B50 and B75. The black phase is carbon from the

fibres, dark grey and light grey phases are ZrB, and ZrC respectively while the white phase is the residual Zr,Cu melt.

The microstructure of B50 was very similar to that of B75. Cubic ZrC grew on the surface of the fibres as the
latter reacted with the melt. Fibre-dense regions were affected by fibre degradation to a lesser degree, whereas
less infiltrated peripheral fibres were almost completely converted into ZrC. This effect was previously
observed on ZrB,/SiC composites obtained by sintering, in which peripheral fibres surrounded by large
amount of ceramic matrix would often show strong signs of reaction [6].

Fibres were surrounded by a rim of ZrC which originated from the reaction between the carbon of the fibre
and the liquid melt according to the reaction 1. In order to quantify the degree of fibre consumption, the fibre
diameter distribution was evaluated by image analysis and compared with a standard sample containing the
same fibres in a SiC matrix obtained by PIP (figure 5). The mean diameter of the fibres used in this work,
XNB80, was 10 um. For sample B25, a bimodal distribution of fibres diameter was observed, with mean
diameters of 6.7 um and 10 pum respectively. This was attributed to the inhomogeneity of the sample that was
characterized by fibre dense regions where fibres retained their size, and matrix dense regions where most
fibres reacted. This measurement was likely overestimated because it was not possible to detect those fibres
that were completely converted into ZrC. For samples B50 and B75 the degree of fibre degradation was lower.

These samples were characterised by mean fibre diameters of 9.3 um and 8.6 um respectively, indicating that
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up to 19% of the fibre was consumed in the process. B25 was the most affected by it because it also had a
very high content of unreacted melt. On the other hand, B50 and B75 were very similar in this regard. The
reason why B75 showed a slightly higher degree of fibre degradation could be attributed to the higher amount
of energy generated from the exothermic reaction of boron with the reactive melt. The second infiltration
might also have contributed. Even though B50 was characterized by the lowest degree of reaction, B75
retained the highest fibre content (table 1). This was attributed to the higher extent of swelling after RMI for
B50 compared to B75 and the higher amount of unreacted alloy in the matrix that contributed to further
lowering the fibre content and increase the density. On the other hand, the infiltration of B75 was much more
difficult because the infiltration process would come to an early halt, and not much residual alloy would be
left over. Theoretically, the higher the boron content, the higher the volume expansion from the formation of
new ZrB,. However, with the increase of boron, infiltration also becomes more difficult. The result is that the
majority of the swelling was mostly due to the melt infiltrating the sample and spreading the fibres. While
infiltration was easy for B25 and B50 (higher melt mobility and lower viscosity because of medium/low
amount of boron), it was very difficult for B75, which was the least subjected to swelling as it was barely
infiltrated and required a 2nd infiltration that still did not lead to full material infiltration. Only 3 cm of

material were infiltrated, while for B25 and B50 it was possible to infiltrate up to 5 cm.
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Figure 5. Mean fibre diameter distribution for a standard sample obtained by PIP where fibres were unreacted (XN80),

compared to the samples obtained by RMI, B25, B50 and B75. For XN80 and B25, a bimodal distribution was observed.

From SEM-EDS analysis on the specimens after RMI (figure 6), two types of ZrB, phases were
identified: large grains (2 — 3 um) came from the starting commercial powders that were used as a filler, while
the fine grains ( < 300 nm) originated from the reaction between boron and the reactive melt and were
homogeneously dispersed in the Zr-Cu alloy. These small particles had very well defined borders and
geometries and were often found as closely packed clusters. These are very typical of cermets obtained by
RMI or reactive hot pressing, where the small reactant particles react with the melt and give rise to the

formation of these plate-like crystals [21][22][23].
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Figure 6. Detail of the microstructure of B75 showing the ZrC rim around fibres, coarse ZrB, from the starting powders
(filler) and the fine grained ZrB, originating from the reaction between elemental boron and Zr,Cu melt and the

respective EDX spectra below.

The volumetric fraction of the fine ZrB, particles increased with the increase of boron content in the starting
powders, while no residual boron was observed. This was expected as the higher the starting boron content,
the higher the resulting ZrB,. Small amounts of oxygen were detected from EDX analysis (figure 6); these
could be attributed to oxide impurities already present in the starting powders or the oxidation of boron with
water during the preparation of the ceramic slurries. Upon further inspection of the microstructure of the

ceramic matrix, it was found that the majority of coarse ZrB, particles from powders did not retain their
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original shape but were characterized by a peculiar jagged surface, resembling the phenomenon of grain
twinning typically observed in minerals (figure 7). The degree of “jaggedness” was more pronounced in the
case of B25, where the branches would reach a length equal or superior to the original grain dimension. With
the increase of boron content, the irregularity and the branches length decreased, while the ZrB, grains
appeared larger. Moreover, the branches extending from the ZrB, particles were perfectly parallel to each
other. It is hypothesized that a fraction of the ZrB, formed by RMI with the Zr,Cu melt nucleated on the
surface of the already present ZrB, particles from the powders, and grew preferentially along specific planes.
It could also be speculated that in the case of B25, due to the lower amount of available boron, boron particles
had a higher mobility in the melt and could more easily dissolve and precipitate as ZrB, crystals on the
already present ZrB, particles and grow continuously along preferential planes. Finally, the increase in size
with increasing boron content could be attributed to the larger amount of fine ZrB, that grew on the starting

ZrB, grains from powders.

Figure 7. Detail of the jagged ZrB, grains. The dark and light grey phase represents ZrB, and Zr,Cu respectively. ZrB,

grain size increases with the increase of boron content.

3.2 Mechanical properties

The values of flexural strength and fracture toughness are reported in table 2. For sample B75 it was not
possible to produce bars for fracture toughness testing because the infiltration came to a premature halt and

there was not enough available material in spite of the second infiltration.
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Table 2. Values of flexural strength and fracture toughness along the fibre orientation. Fibre vol% is reported.

Fibre volume after ~ Flexural Strength Fracture Toughness
Sample
RMI (vol%) (MPa) 0° (MPa-m®?)
B25 13.4+04 332+ 15 10.9+0.6
B50 165+1.4 452 + 255 9.2+6.5
B75 24.7+ 4.5 563 + 29 -

All specimens fracture in a predominantly brittle mode (figure 8); this was attributed to the predominantly
ceramic nature of these materials due to the low fibre content. The higher strength of B50 and B75 compared
to B25 could be attributed to the higher amount of fine ZrB, particles in the metal matrix that provide a better
particle reinforcement. The highest strength was obtained for B75, which was also the most difficult to
infiltrate. These materials displayed higher values of strength and toughness compared to those reported for
97% dense ZrB,/ZrC cermets obtained via RMI at 1200°C [24], while they are comparable to ZrB,-ZrC-Zr
cermets obtained via reactive hot pressing [21][25][26], but were characterized by a lower density because of
the presence of carbon fibres.

Sample B50 was affected by large data scatter. This was attributed to process-induced flaws in the specimen

that resulted in premature failure of some bars during testing.
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Figure 8. a) Stress/displacement curves for samples B25, B50 and B75. b) fracture surface of one of B50 bars which

shows a large flaw in the material that resulted in premature failure of the specimen.
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The fracture surface (Fig. 8b and fig. 9a, b) was typically characterized by very short fibre pull-out (< 5 um)
and was more similar to that of conventional ceramics. Compared to sintered fibre reinforced ZrB,/SiC
composites previously studied by the same authors, the strength reported for these materials is roughly 50%
higher because they did not suffer interlaminar shear and gave a valid bending failure under tensile stress.
Fracture toughness is comparable, in spite of the low fibre amount. The relatively high fracture toughness of
these composites could be attributed to the partly metallic nature of the material rather than the fibre
reinforcement. The jagged grains observed in figure 7 might also play a role. Looking at the detail of the
fracture surface, it was observed that the ZrC rim around fibres was actually detached from the fibre (fig. 9d).
This could be attributed to the shrinkage of the metallic phase during cooling that led to the fibre/matrix
debonding and suggested that fibres were not strongly involved in the strengthening and toughening
mechanisms. In support of this it can be noted that a relevant amount of fibres close to the fractured matrix
surface displayed little to no pull-out, even though the fibre/matrix interface was supposedly weak; this
suggested a matrix dominated behaviour in these composites which was accompanied by a large energy
release during crack propagation, see the brittle failure of Figure 8. The relative high values of “K,;” could be
overestimated because the plain strain condition would have not been guaranteed. In fact, the value of
2.5(K,/c)? may have been greater than the specimen thickness and crack length. Hence further experiments

with larger specimens are necessary to confirm if the measured K, was the critical stress intensity factor.
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Figure 9. Fracture surface of samples B25 - B75: a) fibre surrounded by a ZrC rim in a hollow, b) typical fibre fracture

surface, c) fibre detached from the ZrC rim, d) detail of the fibre/matrix interface

The fractured ceramic matrix was further investigated in order to find and study the behaviour of the jagged
ZrB, grains previously observed in the microstructure (Fig. 10). The branches protruding from the ZrB, grain
extended for the whole depth of the grain and gave origin to a terraced fracture. It is unclear whether these
particles played a toughening role during fracture, as the grain itself showed brittle fracture, but the branches

interlocked well with the surrounding residual melt and anchored the grain to the matrix.
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Figure 10. Fracture surface of the ceramic matrix showing the jagged ZrB, grains and the terraced fracture with the

branches of the grains interlocking with the metallic matrix.

Conclusions

A new processing route for the fabrication of fibre reinforced UHTCs was investigated. Carbon fibre preforms
containing B/ZrB, mixtures in varying ratios were infiltrated with Zr,Cu melt at 1200°C. All specimens were
nearly fully dense and were characterized by < 1% porosity. The microstructure was characterized by coarse
ZrB, from the commercial powders and fine ZrB, particles originating from the reaction between B and Zr,Cu
embedded in a matrix of Zr,Cu. Increasing the boron content in the starting powders led to an increase of the
fine ZrB, grains fraction originating from RMI. Sample B50 is characterized by the lowest degree of fibre
degradation but also by a higher amount of residual melt that ultimately lowers the final fibre content and
contributes to increase density. The strength of the composites is in the range of 350 — 560 MPa, with the
highest values obtained for B50 and B75. This was attributed to a higher volumetric fraction of the fine ZrB,

that provided better reinforcement. All specimens failed catastrophically and the fracture surface was
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characterized by minimal fibre pull-out, indicating that RMI samples behave more like cermet materials and
the mechanical behaviour is dominated by the matrix. Future works will be aimed at limiting the amount of

unreacted alloy phase and investigate the role of the jagged grains more in depth.
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