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Abstract

In the frame of Horizon 2020 European C®*HARME research project, the manufacture of ZrB,-based
CMCs was developed through different processes: slurry infiltration and sintering, radio frequency
chemical vapour infiltration (RF-CVI1) and reactive metal infiltration (RMI). To assess the high
temperature stability, room temperature bending strength was measured after oxidizing the samples
at 2278 K and compared to the strength of the as-produced materials. Microstructures were
analysed before and after the thermal treatment to assess the damage induced by the high
temperature oxidation. Short fibre-reinforced composites showed the highest retained strength (>80

%) and an unchanged stress-strain curve.

Keywords: A. Ceramic-matrix composites (CMCs); B. Cure behaviour; B. Environmental

degradation; D. Mechanical testing

1 Introduction

A novel class of ultra-high temperature (UHT) ceramic-matrix composites (CMCs), progressively
recognized as UHTCMCs, is currently under extensive study within the Horizon 2020 European
C3HARMIE research project [1,2]. The C3HARME acronym stands for Next Generation Ceramic
Composites for Harsh Combustion Environment and Space. In fact, the main application field of

UHTCMCs developed in CCHARME research project is aerospace, in particular new technological
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After injection, the preforms containing about 29% ZrB> were cleaned and dried in an air oven and
further densified with pyrolytic carbon using a radio frequency (RF) heated chemical vapour
infiltration process (RF-CVI), reaching the final nominal composition reported in Table 1. CVI-2:
This composite is a variant of CVI-1, where the injected slurry had a different composition, namely
15 vol.% ZrB> + 10 vol.% SiC + 5 vol.% Y203, using SiC and Y203 nanopowders. The preform was
again subsequently densified by the RF-CV1 process, reaching the final nominal composition
reported in Table 1.

Finally, the last 2 composites were obtained by the reactive metal infiltration process (RMI). RMI-1
and 2: Both samples were manufactured using UF-XN80-300 unidirectional laminates with
uncoated fibres. The initial fibre volume content was 38 vol.% but decreased to around 30 vol.%
due to increasing thickness during infiltration [25]. The laminates were impregnated with a
phenolic-based slurry containing a powder mixture of elemental B and ZrB before stacking in a
0/90° configuration and curing at 423 K. After pyrolysis, the porous matrix contained B, C and
ZrB; phases. The porous samples were then infiltrated with B2Os3 in order to transform the porous
carbon from the phenolic into B4C for infiltration. Material RMI-1 was infiltrated with liquid Zr 706
(2173 K) whilst material RMI-2 with Zr,Cu-1% B was infiltrated at 1473 K.

Table 1. Green preparation method, consolidation techniques, type of fibre preform, compositions expressed
as volumetric amount of the ceramic phases measured by image analysis and porosity, and measured

geometrical density (p).

Green Consolidation  Fibre Composition P P
Sample ] .
preparation technique  preform vol.% vol.% g/cm?®
Chopped .
CFHP HP ) 527rB,+3SiC+38C+ 7 4.3
fibres
Fibre mixing
Milled
MFSPS SPS ) 49ZrB,+10SiC+40Cs 1 4.1
fibres
SIHP-1 Slurry Hp UD fibre 48ZrB,+3SiC+47Ct 2 4.2
SIHP-2  impregnation sheet 46ZrB,+5SiC+48Cs 1 4.1
CVI-1 Slurry RE-CVI 2.5D 28ZrB,+23C+46PyC 3 31
CVI-2 impregnation preform 15ZrB,+10SiC+5Y,03+23C+37PyC 10 2.7
RMI-1 Slurry RMI UD fibre 66(Zr+2ZrB2)+24Ct 10 4.8
RMI-2 impregnation sheet 74(Zr,Cu+ZrB3)+20Cs 6 54




Phases volumetric amounts and fibre contents were measured by image analysis on the polished
surfaces of the samples where possible. Theoretical density values were calculated from these
amounts, while geometric density was measured on the specimen bars. From the ratio of the
experimental and theoretical density, relative density, and therefore porosity, were calculated. All
the composites were machined to obtain at least 10 specimens for each composition. The
microstructures were analysed by FESEM (FE-SEM, Carl Zeiss Sigma NTS Gmbh Oberkochen,
Germany) before and after thermal cycles. Oxidation treatments at 2278 K were carried out in an
inductively-heated multipurpose furnace facility, called INDUTHERM, available at the German
Aerospace Center (DLR, Stuttgart), Fig. 1. Ramping and isothermal dwelling were controlled via a
two-colour pyrometer which directly commands the heating power unit. The hot chamber was
completely lined with porous zirconia blankets: batches of up to six samples were carefully
mounted on home-made porous zirconia setters, then two cycles of pumping down to about 1 mbar
and Ar flushing up to an inner pressure of 0.6 mbar were completed before ramping up the
temperature, at 100 K/min, to the target of 2278 K. The porous zirconia setters had the main
function of holding the samples and preventing their interaction at these temperatures. During the
temperature ramp the atmosphere was Ar at a pressure of 0.2 mbar, once the targeted temperature
was reached, a gas inlet was opened and air started flowing at 5 I/min for 2 min (the filling time of
the chamber was about 12 s); a couple of holes permitted the air to flow through and then exit from

the opposite side of the chamber.
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Fig. 1. INDUTHERM oxidation chamber: a) oxidation chamber constituted by porous zirconia walls,
zirconia sample holder, inlet/outlet holes for gas, and a graphite susceptor as top cover. b) assembled

chamber with the outside cover showing the hole targeted by the pyrometer.

Flexural strength (o) tests in a four-point bending configuration at room temperature were carried
out following the guidelines of standard ISO 14704:2016 (EN) and using a fully-articulated steel

fixture with a lower span of 20 mm and an upper span of 10 mm; the crosshead speed of a universal
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testing machine (mod. Z050, ZwickRoell GmbH & Co. KG, Ulm-Einsingen, Germany) was 1 mm
min’. Due to the limitations in size of the produced materials, the preferred nominal dimensions of
the specimens were 25 x 2.5 x 2.0 mm®. The machined specimens showed a dimensional variation
lower than 0.1 mm (average 0.01 mm). No chamfering or rounding of the edges or mechanical
surfaces treatments (e.g. polishing) were carried out. In the case of the CVI-based compositions, the
specimens were machined with a width of 7 mm to ensure that they complied with the 2.5D fibre
arrangement. At least three valid tests were performed for each kind of composite. The work of
fracture (WoF) was calculated by integrating the area below the load/displacement curve divided by

the double of the projected real surface.

3 Results and Discussion
3.1 Microstructure of as-produced composites



Fig. 2. Microstructure before oxidation of specimens: (a) CFHP and (b) MFSPS showing fibres (black), SiC
(dark grey), ZrB- (light grey); (c) SIHP-1 and (d) SIHP-2 showing fibres (black), SiC (dark grey), ZrB. (light
grey); (e) CVI-1 and (f) CVI-2 showing a dark matrix of carbon with white particles of UHTC phases; ()

RMI-1 and (h) RMI-2 showing fibres pull-out from the ceramic/metal matrix.
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The different microstructure features are illustrated in Fig. 2 a-h and described below.

- Sintered short fibre-reinforced ZrB,/SiC composites (CFHP, MFSPS). Both specimens displayed a
fully dense microstructure with a similar random distribution of fibres (Fig. 2 a,b and insets) that
were about 300 um long for CFHP and 100 um long for MFSPS. The SiC was homogeneously
dispersed in the ZrB, matrix and the fibres were well anchored to the matrix. The fracture surface
was rather smooth, indicating a strong adhesion with the matrix and limited fibre pull-out, Fig. 2 a.
Both specimens contained 40 vol.% fibres, but sample MFSPS had a higher amount of SiC, as
evident in Fig. 2 b.

- Sintered continuous fibre-reinforced ZrB2/SiC composites (SIHP-1 and 2). This group of materials
comprised two ZrB2/SiC composites with different SiC contents (5 and 10 vol.% respectively for
SIHP-1 and SIHP-2). For both composites, the fibre volumetric content was overall higher than
short fibre-reinforced composites (48 vs 40%), whilst a comparable full matrix densification was
obtained for both specimens (Fig. 2 c,d insets). Fibres (black) and SiC (dark grey) were
homogeneously distributed in the ZrB, matrix (light grey) and the fibre/matrix interface was very
strong, as can be seen from the intimate contact between the fibres and the surrounding ceramic
matrix (Fig. 2 c,d).

- 2.5D fibre-reinforced C/C-ZrB, composites fabricated via CVI (CVI-1 and 2). The third class of
materials was constituted by 2.5D fibre-reinforced C/C composites doped with 20-30% ZrB; and
produced via radio-frequency assisted chemical vapour infiltration. The microstructure of both
specimens before testing is shown in Fig. 2 e,f. The complex 2.5D preform architecture is outlined
in the insets of Fig. 2 e, f. The C+/C matrix is represented by the dark regions, while the white spots
are ZrB> particles. The latter is more easily recognizable in Fig. 2 e as coarse white particles. For
specimen CVI-2, the finer particle component was YOz (Fig. 2 f). Large pores were more evident
in CVI-1 as black isolated spots in Fig. 2e, whilst sample CVI-2 specimens were characterized by a
more dense carbon matrix. The lower density of the composite could be attributed to the presence of
lighter phases such as SiC and Y20a.

- Continuous fibre-reinforced Zr/ZrB2 composites fabricated via RMI (RMI-1 and 2). These
composites were produced by reactive melt infiltration with slightly different procedures, as
previously described. For specimen RMI-1, the molten Zr reacted with the boron source (provided
by B4C) to produce in-situ ZrBz and ZrC, Fig. 2 g,h. Due to the similar contrast displayed by the
constituent phases, a precise quantification of ZrBy, residual Zr and ZrC was not possible. The final
fibre content amounted to ~25%, which was attributed to the swelling of the material during

infiltration as previously observed by Vinci et al [25]. For specimen RMI-2, the Zr,Cu reacted with
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B4C, resulting in the formation of ZrB»/ZrC phases, whilst the majority of residual copper
segregated to the surface of the sample. In spite of the lower processing temperature, this sample
displayed a higher degree of fibre degradation, suggesting that the Zr.Cu melt was much more
reactive. Because of this, the final fibre content was even lower than RMI-1, amounting to ~20
vol.%. Both specimens were characterized by little or no fibre pull-out. As in the previous work
[25], the shrinkage of the metallic phase during cooling led to the fibre/matrix debonding, i.e. a
weak interface was formed. In fact, looking at fracture surfaces showed in Fig. 2, it was observed
that matrix around fibres was actually detached from the fibre and the perception is that fibre

failures close to the crack plane occurred in the crack tip rather than in the crack wake.

3.2 Microstructure after thermal treatment

Thermal treatment at 2278K / 2 min in air led to strong oxidation phenomena. In the absence of any
environmental coating, the exposed surfaces underwent Ct and carbon phase burnout that left large
pores and oxidation of the matrix phases (ZrB2, SiC), whilst any metallic phases melted. Features of

the oxidised samples are illustrated in Fig. 3 (a-h).



- ¢ NN

Fig. 3. Microstructure of specimens after oxidation: (a) CFHP and (b) MFSPS: morphology of the ZrO, scale
and inset of the EDS spectra (carbon signal comes from the conductive carbon coating); (c) SIHP-1 and (d)
SIHP-2: morphology of the ZrO; scale and the hollows left by the fibre oxidation; (e) CVI-1 and (f) CVI-2:

morphology of the oxidised layer, showing larger ZrO; grains for CVI-2, (g) RMI-1 and (h) RMI-2 showing
10



the inhomogeneous oxidation which affected even the bulk material, with the partial loss of the metallic

phase.

- Sintered short fibre-reinforced ZrB,/SiC composites (CFHP, MFSPS). After heat treatment at
2278 K in severely oxidizing conditions, CFHP and MFSPS were characterized by the
homogeneous oxidation of the outer layer that was mainly characterized by an outer ZrO scale and
an inner ZrO2/SiO> layer, Fig. 3 a, b insets. Oxidation of the carbon fibres in the outer layers left
holes in the zirconia scale that were only partially filled with silica. The thickness of the oxide layer
observed in CFHP, ~170 um, was slightly higher than for MFSPS, ~140 um, and this was attributed
to the slightly different porosity and SiC content. In both cases the porous nature of the oxide scale
produced a brittle layer, Fig. 3 a,b.

- Sintered continuous fibre ZrB./SiC composites (SIHP-1, 2). Just as observed for the short fibre-
reinforced UHTCs, samples SIHP-1 and SIHP-2 were also characterized by the homogeneous
oxidation of the outer layer, insets in Fig. 3 c, d, with the formation of an outer ZrO; layer and an
intermediate porous layer of ZrO; and some traces of SiO. and the hollows left by the fibre
removal, Fig. 3 ¢, d. Specimen SIHP-1 was characterized by a weaker oxide scale, as evidenced by
its tendency to detach from the bulk material, Fig. 3 c. This was attributed to the lower amount of
SiC that, during oxidation, provides a source of liquid phase that holds the ZrO, grains together.
The thickness of the oxide layers was ~100 um and ~80 um for SIHP-1 and SIHP-2 respectively,
which was lower than for the short fibre-reinforced composites. However, since the oxide layer was
quite brittle and prone to detachment from the bulk surface unlike short fibre-reinforced composites,
it is believed that the oxidised cross section did not contribute to the mechanical resistance during
testing.

- 2.5D fibre-reinforced C/C-ZrB> composites fabricated via CVI (CVI-1, 2). The microstructure of
specimens CVI-1 and CVI-2 after heat treatment is shown in Fig. 3, e,f. Both specimens were
characterized by the formation of an outer layer of porous ZrO2, which in the case of CVI-2
displayed a particular morphology due to the presence of Y203, Fig. 3 f. Specimen CVI-2 had a
consistently thicker oxide scale, ~200 um, Fig. 3 f-inset, compared to CVI-1, ~120 um, which
could be attributed both to the overall lower content of the UHTC and to the layer configuration.
Another reason could be attributed to the partial loss of material during machining which might
have created further paths for oxygen diffusion.

- Continuous fibre-reinforced Zr/ZrB> composites fabricated via RMI. The samples produced by
RMI were the most affected by the heat treatment. Beside the carbon fibre burnout, the presence of
residual unreacted metals with melting point lower than the heat treatment temperature led to the

11



matrix collapse. Another phenomenon that might have contributed to the matrix collapse is the
volume expansion resulting from the oxidation of the residual metal. Both specimens were
characterized by a high degree of oxidation that reached even the interior of the material, Fig. 3 g, h
insets. RMI-1 was characterized by the hollows left by the fibre oxidation and by the formation of
an inhomogeneous layer of ZrO» surrounded by the leftover alloy, Fig. 3 g. In the case of RMI-2,
even the internal microstructure was affected, with the loss of the leftover Cu-based alloy that at
2278 K was rapidly removed, leaving a highly porous internal microstructure made up almost
entirely of ZrC and residual Zr, Fig. 3 h.

3.3 Flexural strength

The values of flexural strength and stress-displacement curve of as-produced samples are reported
in Fig. 4 and Fig. 5, respectively. For the sake of comparison, these figures also show the situation
after oxidation at 2278 K. The right-hand ordinate of Fig. 4 a shows the specific strength of as
produced composites.
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Fig. 4. a) Flexural strength (bars) of as-produced composites. The right-hand ordinate
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oxidation. The right-hand ordinate refers to the retained/pristine strength ratio (filled symbols). ¢) Work of

fracture (bar) of as-produced composites. The right-hand ordinate refers to the retained/pristine ratio of WoF
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(filled symbols).

- Pristine flexural strength. As expected, there is plenty of difference in the mechanical responses
among the UHTCMC:s, due to the different composites, type of fibre and fibre arrangements. For
the same reason, also a direct comparison with the literature is not easy. However, the obtained
flexural strength values are within the range of values reported in the literature [15]. The highest
values, 350 MPa, were obtained for composites with no porosity and unidirectional fibres, SIHP-1,
SIHP-2 and for the RMI samples. Strength of 150-170 MPa were found for the random chopped
fibre-reinforced composites and 120-150 MPa for CVI samples, which had a 2.5D fibre preform
arrangement. The degree of scatter around the mean values is also indicative of the different
microstructural features. The random short fibre-reinforced samples were very homogenous, whilst
increasing the complexity of the arrangement also increased the variability in the strength values.
The load displacement curves of the as-produced materials also revealed other interesting features.
The short fibre-reinforced composites, Fig. 5 a and b, as well as the continuous fibre-reinforced
composites produced by RMI, Fig. 5 g and h, showed a predominantly brittle failure. In the short-
fibre composites, this was due to the reduced fibre dimensions (100-300 pum) and dense matrix. In
the RMI composites, the matrix-dominated behaviour was ascribed to the dense matrix and to the
relatively low fibre volume content, <30 vol.%. The reaction of the molten alloy with the uncoated
fibres also jeopardized the flexural strength, which displayed a large data scatter, Fig.4 a. On the
other hand, the SIHP and CVI samples displayed damage tolerant behaviour, with flexural test
curves similar to other CMCs, Fig. 5 c-f, thanks to the high fibre content and weak matrix / fibre
interface, respectively. The three-stage deformation before fracture showed in the stress-
displacement curves of SIHP-1 and SIHP-2 could be justified with the ACK model [26], although
there is some discrepancy between the experimental curve and the theoretical ones. In particular, the
stiffness recovery in the last stage, that in some case overcome the pristine value, is not foreseen by

the ACK model. This behaviour is not still understood and is ascribed to the improvement of the
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fibres alignment allowed by the formation of the so called inner freed fibres (IFF) after the matrix
cracking and the local releasing of the residual compressive strain of the fibres [21].

The above considerations about the failure behaviour (brittle or non-brittle) are in agreement with
the calculated WoF (Fig. 4 c). The MFSPS specimens showed the lowest value of 0.35 kJ/m?. The
WOF slightly increases, up to 0.45 kJ/m?, in the case of FDHP specimens. This value is comparable
with that showed by continuous fibre-reinforced UHTCMC characterized by strong fibre/matrix
interfaces [27]. On the other hand, the highest value of about 4 kJ/m? corresponds to the SIHP
specimens. This value approaches the upper limit of 4.6 + 1.2 kJ/m? showed by continuous fibre-
reinforced UHTCMC characterized by weak fibre/matrix interfaces [27]. The RFCVI specimens,
having a WoF between 1.8 and 2.7 kJ/m?, showed an energy dissipation to the fracture higher than
those reported in literature, generally lower than 2 kJ/m? [28]. As with flexural strength, the RMI-1
specimens with a WoF of 0.38 kJ/m? confirm their brittle behaviour, while the large data scatter of
RMI-2 (WOF = 2.6 + 1.9 kJ/m?) confirms the not perfectly controlled reaction of the molten alloy

with the fibres.
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- Retained flexural strength after heat treatment at 2278 K. Values and curves of strength after
sample oxidation are reported in Fig. 4 b and 5. The right-hand ordinate of Fig. 4 b shows the
retained / initial strength ratio. In all cases, the failure mode, brittle or non-brittle, did not change
within each class of composite, see Fig. 5. On the contrary, the slope of the curves showed a notable
variation, indicating a marked change in the modulus. The loss of strength was related to the effects
of oxidation at 2278 K inducing a significant level of damage at the surface. Assuming that for most
of the samples the bulk damage was less important, the formation of a compact and dense oxide
resulted in minimum variation of the strength. On the contrary, a highly damaged external layer
severely impacted the strength.

Fig. 5 shows that both types of short fibre-reinforced composites, CFHP and MFSPS, maintained
the highest values of retained strength, above 80% of the initial values. This was attributed to the
higher amount of protective ceramic matrix (60 vol.%) surrounding the carbon fibres and the very
low amount of residual porosity, which was <1 vol.%. Since the internal microstructure was
apparently unchanged, the resulting decrease in strength can be simply attributed to the smaller
cross section under loading and the lower strength contribution provided by the oxide scale. In the
case of the MFSPS, the limited oxidized layer allowed the stiffness to be retained, as demonstrated
by the overlapping nature of the curves of the as-produced and thermally treated specimens, Fig. 5
b. However, looking more deeply the load-displacement curve, the higher displacement to failure
showed by the heat treated CFHP specimens suggests a weakening of the matrix/fibre interfaces,
which may explain the 18% increase in WoF after heat treatment (Fig. 4 c).

For sintered composites with continuous fibres, SIHP-1 and 2, their retained strength and WoF
decreased to around 70% and 90%, respectively, of the unoxidised values. In this case, the higher
amount of carbon fibres, 47-48%, left large empty channels in the scale, increasing the rate of
oxidation and making the scale more brittle. The CVI samples retained 35-45 % of their original
WoF and 40-50 % of their original strength, which was attributed to the original residual porosity,
higher than 10%, and the high amount of carbon phase originally present, both in the form of fibre
and pyrolytic carbon, both of which will have burnt out leading to an increase in the oxidation
kinetics. Finally, the RMI composites showed the lowest retained strength and WoF, below 20%.
This result was expected because the heat treatment at 2278 K strongly damaged the matrix down to

the centre of the cross section, leaving a discontinuous microstructure.

4 Conclusions

For the first time, the flexural strength of different types of UHTCMCs has been compared before

16



and after oxidation at 2278 K in air. All the composites were damaged to some extent by the
oxidation of the most vulnerable phase, the C, which led to the formation of pores and channels and
hampered the formation of a fully protective oxide scale. The short fibre-reinforced composites
showed the best oxidation resistance and a retained strength higher than 80% of its original value
thanks to the dense matrix and the limited amount of fibres present (40 vol.%). The continuous
fibre-reinforced composites, which were characterized by 50 vol.% of fibre and a dense UHTC
matrix, maintained ~70% of their original strength. With an increase in the amount of carbon phase
present, the RF-CVI-based samples, the retained strength decreased down to ~50%. Nevertheless,
all UHTCMCs with a ZrB»-based ceramic matrix demonstrated the ability to sustain extreme
temperatures in an air environment with a promising degree of strength retention. In contrast, the
UHTCMCs processed by the RMI technique were found to be unsuitable for application at such a
high temperature, due to the presence of unreacted residual metal that led to a severe loss of matrix
stability. Future works will be focused on the ablation resistance of the first two classes of materials

that showed the highest strength retention.
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