POLITECNICO DI TORINO
Repository ISTITUZIONALE

Insight into microstructure and flexural strength of ultra-high temperature ceramics enriched
SICARBON™ composite

Original

Insight into microstructure and flexural strength of ultra-high temperature ceramics enriched SICARBON™ composite /
Gallizia, P., Sciti, D., Jain, N.. - In: MATERIALS & DESIGN. - ISSN 0264-1275. - STAMPA. - 208:(2021), p. 109888.
[10.1016/j.matdes.2021.109888]

Availability:
This version is available at: 11583/2952088 since: 2022-01-21T13:47:31Z

Publisher:
Elsevier Ltd

Published
DOI:10.1016/j.matdes.2021.109888

Terms of use:

This article is made available under terms and conditions as specified in the corresponding bibliographic description in
the repository

Publisher copyright

(Article begins on next page)

24 June 2026



Materials & Design 208 (2021) 109888

journal homepage: www.elsevier.com/locate/matdes

Contents lists available at ScienceDirect

Materials & Design

Insight into microstructure and flexural strength of ultra-high R
temperature ceramics enriched SICARBON™ composite i

Pietro Galizia®*, Diletta Sciti ?, Neraj Jain”

2 CNR-ISTEC, National Research Council of Italy - Institute of Science and Technology for Ceramics, Via Granarolo 64, 1-48018 Faenza, Italy
b Institute of Structures and Design, German Aerospace Center, Pfaffenwaldring 38-40, 70569 Stuttgart, Germany

HIGHLIGHTS

« Strength of 370 MPa was obtained by
tilting the beams from the lay-up
configuration.

« Tilted beams gave valid strength
values even with a span-to-thickness
ratio of 10.

« Failure onset of 280 MPa was
obtained through the maximum
proportional limit stress.

« Elastic constants and Tsai-Wu failure
indices were predicted using material
genome

« UHTC enrichment did not affect
strength and strain to failure (1%) of
the well-developed SICARBON™.
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ABSTRACT

Research efforts on Ceramic Matrix Composites (CMCs) are aimed to increase the operating temperature
in oxidizing environments by adding Ultra-High Temperature Ceramic (UHTC) phases to the matrix. The
structural performances of UHTC-enriched CMCs are generally investigated through bending test because
it requires simple fixture and specimen geometry with small quantity of plate material. However, there
are hardly any scientific studies which bring out what bending test conditions are required to determine
reliable flexural strength of these composites. In this study, the effect of span length and specimen ori-
entation on the flexural strength of UHTC-enriched SICARBON™ material, produced by Airbus, was com-
prehensively evaluated and reported. Transition of the failure mode was obtained by tilting the
specimens with horizontal build direction instead of lay-up configuration (vertical build direction). The
tilted configuration allowed to get a valid flexural strength of 370 MPa even with small specimens of
about 30 mm. To assess failure mode in different test configurations, virtual microstructure was gener-
ated on the base of cumulative distribution functions of observed microstructural features. Tsai-Wu fail-
ure criterion was extended in order to evaluate direction dependent failure indices for different lay-up
configurations.
© 2021 The Authors. Published by Elsevier Ltd. This is an open access article under the CCBY-NC-ND license
(http://creativecommons.org/licenses/by-nc-nd/4.0/).

* Corresponding author.

1. Introduction

Ceramic Matrix Composites (CMC) are setting foot in the future
aerospace transportation by replacing superalloys components of
hypersonic and rocket engines [1-3]. For instance during hyper-
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sonic flight, sharp leading edges of engine parts (engine cowl lip)
and main body (nose and fins) should exceed 2000 °C to further
increase the fuel-efficiency, reduce the exhaust emissions and save
cost [4]. In these components, where cooling is impractical, the
choice from the options of ceramic matrix narrows down to a lim-
ited number of diborides of transition metals, for example ZrB,,
which shows typical non-ablative properties and refractory beha-
viour of ultra-high temperature ceramics (UHTC) [5-10]. The so
called ultra-high ceramic matrix composites (UHTCMC) are paving
the way for reusable vehicles/engines for sustained hypersonic
flights [11-22]. This new class of materials, based on UHTC matri-
ces reinforced with carbon or silicon carbide fibres, was developed
in the H2020 European project C*harme (Next Generation Ceramic
Composites For Combustion Harsh Environments And Space, GA n.
685594) [23]. Unlike bulk UHTCs, UHTCMCs are damage-tolerant
and notch-insensitive [24-27]. However, the production of large
and dense UHTCMC s is extremely challenging [16,28-31]. This
issue is often addressed by adding UHTC or metal precursor (metal
derived UHTC) powders into conventional CMCs, e.g. C¢/SiC, fabri-
cated via Polymer-Infiltration-Pyrolysis (PIP) [32-38] or chemical
vapor infiltration [39-43]. However, CMCs with unidirectional 0°-
90°, 2D or even 2.5 D and 3D architectures are weak along the
transverse direction and are prone to exhibit ‘splitting failure’
[44-49]. The weakness is due to the higher matrix porosity and
lower grain cohesion, with respect to that of sintered UHTC matrix,
and to the delamination defects that occur mainly during the
pyrolysis (especially in case of plates thicker than 5 mm) [50]. Both
experimental investigations and finite element analysis showed
that C¢/SiC specimens fail under interlaminar shear stress, and only
at the end, final bending failure occurs [50]. The facile ‘splitting
failure’ can be exploited to measure the interlaminar shear
strength (ILSS) through the short beam shear test (SBT) method.
SBT is the chief method for determining ILSS of laminates compos-
ites and has the great advantage of its simplicity with respect to
the other ILSS test methods (such as double-notched tension),
which involve complex fixtures and extensive machining [51].
Usually, only an “apparent” ILSS as function of span-to-thickness
ratio (s/t) is possible to measure through SBT. In fact, owing to
the large compressive stresses in the areas near the loading and
support cylinders, no pure shear state of stress is realized with
SBT [52,53]. However, less literature is found considering the inter-
laminar properties of UHTC-enriched C¢/SiC [50]. On the other
hand, the low ILSS of planar CMCs led to lack of accurate and reli-
able flexural test results [54]. In fact, the tendency to ‘splitting’ fail-
ure can lead to underestimation of the flexural strength (G¢) or, in
the worst-case scenario, to a pure interlaminar failure that makes
the determination of oy impossible. Nevertheless, bending test of
UHTC-enriched C¢/SiC are generally performed with a s/t value
smaller than 17. This value is quite smaller than the value of 32
suggested as starting point in the ASTM C1341 - 13 standard in
order to limit the interlaminar shear contribution to the failure.
Moreover, to the best of our knowledge, no bending tests of
UHTC-enriched Cg/SiC were carried out under edge-loading or with
tilted specimens with horizontal build direction instead of lay-up
configuration (vertical build direction). This bending configuration
is particularly useful in the case of cross-ply architecture because it
not only avoids the interlaminar shear failure owing to the reduced
critical tensile stress but also simplify the analytical modelling of
the flexural strength to calculate the effective contribution of the
90° plies to the flexural strength [55].

In this work, ILSS and o of UHTC-enriched SICARBON™ material
produced by Airbus (former EADS) [34,56,57| were investigated
through bending tests by (i) gradually increasing s/t ratio up to
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130 and (ii) changing layers orientation (horizontal or vertical
build direction). The main aim, beyond measuring the ILSS and
o of this new material, was to find the bending setup necessary
to obtain a valid test and a reliable flexural strength. Hence, this
study would offer a guideline to optimize the test configurations
in the future for determination of valid strength of CMCs while lim-
iting the quantity of material required for testing. We chose this
material because SICARBON™ is already a well-developed product
and the addition of UHTC within the C¢/SiC composites is the cur-
rent research effort carried on increasing the temperature limit.
An extensive image analysis on electron micrographs was per-
formed to measure the volume content of the constitutive phases
and to extract the cumulative distribution function of the charac-
terising microstructural features, such as fibre diameter and
misalignment. The microstructural characterization was reported
as single values of the measured volumetric contents and as
parameters of an appropriately modified Boltzmann function to
consider, at most, two populations in the fitted distributions. The
reported microstructural framework would offer a sort of
microstructural genome that can be easily integrated in the models
[58]. Young’s modulus of the composite was estimated by integrat-
ing the microstructural genome into the classical laminate theory.
A good agreement between the experimental modulus and the cal-
culated one was found by considering the large content of porosity
and pyrolytic carbon. Finally, with the help of direction dependent
extension of Tsai Wu failure criterion [59], the load carrying limit
of the samples and the responsible failure modes were evaluated.

2. Method
2.1. Material manufacturing

Unwound Cg/SiC composites enriched of ZrB, and TaC UHTC
were fabricated via the filament winding and PIP process devel-
oped by Airbus (former EADS) [56] and currently used to manufac-
ture the SICARBON™ material [57]. A schematic overview of the
involved process is displayed in Fig. 1 . The following single steps
of PIP-process are:

1) Continuous carbon fibres (type T800HB-6000-40B, Toray
Industries Inc., Japan, tensile strength of 5490 MPa, modulus
of elongation of 294 GPa, strain at failure of 1.9%, density of
1.81 g/cm?, filament diameter of about 5 im) were coated
with pyrolytic carbon (PyC) via CVD to avoid fibre-matrix
reaction.

2) Coated fibre bundles were infiltrated with pre-ceramic
slurry during an automatized filament winding technique.
The slurry was prepared by wet mixing pre-ceramic poly-
mer, ZrB, powder (Grade B, HC Starck, Germany) and Ta
powder (American Elements, California, US). The starting
amount of pre-ceramic polymer and fillers was the same
as used for Z50 sample reported in Ref. [34].

3) Greenbody samples were prepared by staking 16 prepregs of
185 mm x 160 mm surface in a [0,90]4s laminate.

4) Curing was done in the autoclave at 100-300 °C under 10-
20 bar.

5) Ceramization via pyrolysis was performed at 1600 °C in
nitrogen atmosphere at ambient pressure.

6) 3 re-infiltration steps with a pre-ceramic SiC precursor and
following pyrolysis was carried out with the aim to reduce
the porosity resulted from the conversion of the organic to
thenon-organic state. The resulted plate had a thickness of
3.7 mm.
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Fig. 1. Schematic flowchart of filament winding and Polymer-Infiltration-Pyrolysis (PIP) process developed by EADS [56] and modified to manufacture unwound Cg¢/SiC

composites enriched of ZrB, and TaC UHTC.

2.2. Characterization

2.2.1. Microstructure

The geometric density was measured on the fabricated plate of
185 x 160 x 3.7 mm?>. The microstructures were analysed on pol-
ished and fractured surfaces using field emission scanning electron
microscopy (FE-SEM, Carl Zeiss Sigma NTS GmbH Oberkochen,
Germany). Volumetric content of UHTC, SiC, fibre (V) and coating,
and distribution of fibre diameter (D) and coating thickness (T)
were measured by image analysis using the Image-Pro Analyzer
7.0 software (v.7, Media Cybernetics, USA) on FE-SEM images of
polished sections. D was calculated as equivalent circular area
diameter. T was calculated as half the difference between equiva-
lent circular area diameter of the coated fiber and that of the fiber
without considering the coating. Distribution of fibre misalign-
ment (0), size of SiC particles (P) and aggregates (B) were measured
on fractured surfaces. The cumulative distribution functions (CDF)
of the microstructural features measured through image analysis
were fitted with the following modified Boltzmann equation to
consider, at most, two intended populations:

1+b 1-
oy =1+ 20500y (2P (1)
T+ea 1+e2

where x is the generic microstructural quantity (D, T, 6, B or P), X,
and x, are the corresponding median values (50th percentile), p,
is the fraction of the first population, a; and a, define the steepness
of the 1°- and 2°-distribution, respectively (a larger absolute value
denotes a shallow curve), and b; and b, are the parameter values
that can be associated to the fraction. Ideally b1 and b2 should be
equal to —2 and 0, respectively, in case there is only one population,
and to 0 and —1, respectively, if two populations are considered.
However, in certain cases we did not fix b; and b, to better fit the
measured data (achieve a R? > 0.99). It is worth noting that the
extrapolated parameter values not only were useful for the mod-
elling presented in this work but also offer an initial microstructural
genome [58] of the investigated materials, which is useful for dis-
semination purpose and facilitation of discovery, modelling and
design of this class of composites.

2.2.2. Mechanical properties

The Young’s modulus of the composite (E.) was measured using
the resonance frequency method (ASTM C1198 - 09) on three bars
2.5 x 7 x 60 mm? (thickness by width by length, respectively).

The labels and dimensions of specimens and each correspond-
ing bending test configuration are reported in Table 1 and Fig. 2,
respectively. The sample ID indicates how the build direction
was oriented during bending test: vertical (V) and horizontal (H),
while the number represents the s/t ratio. All tests were performed
in air at room temperature using a Zwick-Roell Z050 screw-driven
load frame, support and loading cylinders of 3 mm in diameter. A

strain rate of 0.0001 s~!, calculated according to ASTM C1341 -
13 standard, was set. Three specimens were fractured for each con-
figuration. s/t was varied from 5 to 130 in order to (i) reduce the
departure of stress distribution from the classical beam theory
and measure a more reliable ILSS value [52] and (ii) try to observe
a transition of the failure mode from shear failure to tensile or
compression failure. The transition occurs when s/t ratio satisfies
the Eq. (2), otherwise the larger s/t ratio allows just to achieve a
higher maximum flexural stress (o) that is even more closer to
the flexural strength (o the critical stress level to initiate the fail-
ure in tension or compression).

s/t > 207 /ILSS )

To increase the chances of getting a valid flexural fracture,
three-point bending tests were performed with specimens having
horizontal build direction (Fig. 2c, d). Horizontal build direction
imposing the iso-strain condition lowers the flexural strength
due to the presence of both 0° and 90 fibres in the tensile surface
where the maximum tensile strain is achieved, hence also oy/ILSS
could be lowered. ILSS for both four- and three-point test was cal-
culated with Eq. (3) according to the classic beam theory [60]:

ILSS = 3P /4wt (3)

where P is the total applied force (the first peak load in the bending
test), and w and t are average measured width and thickness of the
specimen, respectively. According to ASTM C1341 - 13, flexural
strength was calculated with Egs. (4) and (5) for three- and four-
point bending test, respectively.

of = 3sP [1 +6(d/s)? —4t(d /sz)] 2w (4)

op = 3sP/4wt? (5)

where d is the deflection at beam centre at maximum applied force
and the term between the square bracket of Eq. (4) considers the
nonlinear behaviour due to the large s/t ratio. The maximum pro-
portional limit stress/strain (PLS;,.x) was defined as the stress at
5% deviation from the linear segment extrapolated from the range
where the slope was maximum. Four-point bending configuration
of V5-specimens (Fig. 2a) was chosen in order to achieve a direct
comparison with previously characterized continuous fibre-
reinforced ultra-high temperature ceramics [24-26,44]. The maxi-
mum lower spans used for V45 and H130 were limited by the
length of the specimens and the maximum deflection allowed by
the fixture. The intermediate spans were chosen randomly. The
strain (€) was estimated according to ASTM C1341 - 13 standard
to compare the load-displacement curves obtained with different
test configurations (Fig. 2).
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Table 1
Sample ID and corresponding geometry and bending configuration.
ID Sample geometry Bending set up Sketch
Thickness Width pt Upper span Lower span
(mm) (mm) (mm) (mm) (mm)
V5 2 2.5 4 10 20 Fig. 2a
V20 3.7 12 3 - 74 Fig. 2b
V45 3.7 12 3 - 166.5 Fig. 2b
H10 1 3.7 4 10 20 Fig. 2¢
H30 1 3.7 3 - 30 Fig. 2d
H45 1 3.7 3 - 45 Fig. 2d
H80 1 3.7 3 - 80 Fig. 2d
H130 1 3.7 3 - 130 Fig. 2d

Fig. 2. Test configuration and specimen geometry for (a) four-point bending tests
and (b) three-point bending tests with lay-up configuration (vertical build
direction) and (c) four-point bending tests and (d) three-point bending tests with
tilted configuration (horizontal build direction). The arrows point the lay-up
directions. The red lines show the direction of the fibres in the visible surfaces. The
tensile surface presents only 0° fibres (fibres aligned along the tensile stress
direction) in case of lay-up configuration (a, b), and fifty-fifty 0/90° fibres in case of
tilted configuration (c, d). (For interpretation of the references to colour in this
figure legend, the reader is referred to the web version of this article.)

2.3. Modelling approach

The information obtained from the microstructural characteri-
zation was used to generate the Representative Volume Elements
(RVEs) with varying fibre diameter and coating thickness to repre-
sent the variance in the analysed data. RVE was modelled and the
orthotropic elastic properties of unidirectional composite were
evaluated with the help of a commercial tool, MultiMechanics™
(Siemens Industry Software GmbH). Usually, RVEs exhibit an ideal
microstructure with fixed packing or a microstructure with ran-
dom values of input (such as fibre diameter) in a pre-defined range.
The RVEs generated in current work, on the contrary, take the
probability distribution function as input from the evaluated val-
ues obtained from microstructural characterization. A detailed
study of the effects of RVE generation approach over the thermo-
mechanical properties of UHTCMCs is an ongoing research and will
be published in a future work. The microstructural features com-
bined with the strength properties obtained from tests act as input
for macroscale modelling in a commercial FEM software (ANSYS™
Workbench from ANSYS Inc). Solid shell elements were used to
model the bending samples while keeping the number of layers
and fibre orientation same as in the test samples. A damage initia-
tion and damage evolution law were employed to determine the
load limit of the samples. Maximum stress criterion was used for
individual stress components as damage initiation criterion. For
the evolution of damage, inbuilt instant stiffness reduction option

within ANSYS™ Workbench was used where the stiffness reduces
by a pre-defined percentage after the satisfaction of the damage
initiation criterion. In this way, the failure limit was determined
for different test configurations with the help of progressive dam-
age analysis. Other available criteria in ANSYS™ Workbench as
damage initiation criterion are Puck, Hashin and Larc04, which
are phenomenological in nature and can differentiate between fail-
ure modes. However, determination of parameters for these failure
criteria through test, pose a massive challenge for this novel class
of material. For example, the test required in determining the incli-
nation parameters required for Puck failure criterion are well
established for fibre reinforced polymer composites but there are
no recommendations for CMC materials in the literature. However,
it was necessary to figure out the stress component responsible for
the failure of a sample under a particular test configuration with
consideration of interaction of stress components. For this purpose,
extended Tsai-Wu failure criterion proposed by Wim Van Paepe-
gem [61] was implemented for a 3D finite element model to eval-
uate the direction dependent Tsai-Wu failure indices for each test
configuration. These indices give a hint about the stress component
majorly responsible for the failure of the bending sample. The fail-
ure surface in the stress space of the standard Tsai-Wu failure cri-
terion can be given by [59]:

F,'O','+F,'J‘O','O'j=1 (6)

where i,j=1,2,---,6; F; and Fj are strength tensors of the second
and fourth rank, respectively. These values are the strength proper-
ties of a composite in different directions and o;; are stress compo-
nents. With the introduction of safety ratio (R) and reformulation of
the Eq. (6), the safety ratio can be obtained by solving the quadratic
equation [62]:

(FijUin)R2 + (Fio)R—1=0 (7)

By using R, the failure factor for any load case can be calculated.
However, the original Tsai-Wu quadratic failure criteria do not dif-
ferentiate between different failure modes. In 2003, Paepegem
et al. [63] presented an extension of the Tsai-Wu failure criterion
for progressive failure analysis. Instead of one failure index, a set
of directional failure indices ), were defined for the respective
stress components g [63,64]. For example, the failure indices

532 can be calculated as shown in Eq. (8).

2
01 01
Fi W—FFZGZ + F305 + F4 <ﬁ> +F220’§ +F330’§
21] 21]

+ F44033+Fs5503; + Fes07, = 1 8)

The one-dimensional failure index 3_;" is given by the ratio of
o to the respective strength component. The relative importance
of the failure index, >";; was then calculated as in Eq. (9):



P. Galizia, D. Sciti and N. Jain

i
- 9
D i o
In a similar fashion, the general Tsai-Wu quadratic criterion in
stress space can be rewritten for the evaluation of 3°,,, >33, 315,
>3 and >, for the stress components 0, 033, 012, 023, and
013, respectively [43]. It is important to note here that the damage
term used in the work of Paepegem was not considered in this
paper, as it is out of scope of the current work. After the evaluation
of these indices for a multiaxial stress state, a comparison of the
indices can be made to find out stress components responsible
for failure of the sample. These failure indices were evaluated with
the help of a Python script and were then imported back to ANSYS™
Workbench to visualize the results.

3. Results and discussions
3.1. Microstructure

The investigated microstructural features are reported in Fig. 3
and Table 2. The obtained microstructure was characterized by a
density of 1.82 g/cm®, which mainly reflected the high porosity
of 27 vol% (except carbon fibre, all phases have a higher density:
CVD carbon should have a density of 2.1-2.2 g/cm?® [65], PIP SiC
of 3.2 g/cm? [65], ZrB, and TaC of 6.1 [5] and 14.5 g/cm? [6], respec-
tively). The large porosity (visible as black holes in Fig. 3) is some-
thing which was expected and desired to fabricate a weak matrix
composite characterized by higher toughness [66,67]. In fact, it is
well known that seven impregnation steps are necessary to obtain
open porosities below 10 vol% [68]. The final amount of UHTC was
4 vol% (bright particles in Fig. 3), which corresponded to a UHTC-
to-SiC volumetric ratio of about 0.24. In the previous work [34],
Uhlmann et al. showed trough EDX and XRD analysis that the
bright particles are ZrB, (coarse particles up to 6 um) or TaC (fine
particles smaller than 1 pm). The fibre volumetric content, net of
PyC coating, was 35 vol%. Polished section evidences the fibre dis-
tribution in the matrix in both directions perpendicular and paral-
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lel to the fibre and discloses a certain fibre disorder and
misalignment.

Fig. 4 and Table 3 highlight further details of the obtained
microstructure. The obtained median value of fibre diameter, and
PyC fibre coating, was about 5.3 and 0.6 pm, respectively (Fig. 4a,
b). The trend of the experimental CDF of diameter and fibre coating
thickness attested the single-mode dispersion of the coated fibres
in the consolidated composite. On the contrary, the fibre alignment
was characterized by a bimodal distribution (Fig. 4c): about 71% of
the fibres kept a misalignment within 1°, and the remaining 29%
was centred at 5° of misalignment.

As for the matrix, since the ceramic is twice as dense as the
polymer precursors, conventional PIP technique leads to the for-
mation of cracks as a consequence of the large amount of shrinkage
that accompanies hydrogen evolution and its transformation into
the ceramic phase [73-76]. The shrinkage of SiC precursor led to
the typical morphology obtained after PIP process [73-77]. The
final network of cracks (Fig. 4d) produced blocks of SiC matrix
characterized by a broad size distribution characterized by a med-
ian value of about 6 pum. Each block consisted in aggregated pri-
mary SiC particles of about 118 nm (Fig. 4e). It is noteworthy
that the last pyrolysis cycle at 1600 °C did not convert all of the
polymer in the third infiltration that appeared in the SEM micro-
graphs as glassy layer over the aggregates (Fig. 4e).

3.2. Young’s modulus

As showed in Fig. 5a, the measured Young’s modulus of 56 + 6
GPa agrees with the expected one calculated using the measured
microstructural features and the moduli of the constituent phases
(Table 4). The calculated Young's modulus of the composite (E.)
was estimated by integrating the observed distribution of the fibre
misalignment (%,) into the classical laminate theory [78]:

1 cos* (0)  sin® (0) ( 1 2vm> S
= — ——==)cos” (0)sin” (0
Ec, Gz Ecq (©) (©)

Ec,l

Fig. 3. SEM micrograph of the polished cross section of the unwound C¢/SiC composites enriched of ZrB, and TaC (Z50 specimen) with high magnification image inset. The
arrows point the presence of dispersed UHTC grains (light grey), SiC matrix (medium grey), Toray T800 PAN fibre (dark grey), and pores (black area).

5
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Table 2
Microstructural and mechanical properties of unwound C¢/SiC composites enriched of ZrB, and TaC UHTC (labelled as Z50) and EADS - Astrium’s C¢/SiC material named
SICARBON™ [68-71]. p: density. P: porosity. V;: fibre volumetric content. ILSS: interlaminar shear strength.

p P Sic UHTC Vi PyC E. oy of ILSS

(g/em?) (%) (%) (%) (%) (%) (GPa) (MPa) (MPa) (MPa)
750 1.82 27 +2 1742 4+1 35+3 1742 56 + 6 - 370 + 15° 40+ 0.4
SICARBON™ 1.8 22¢(8) 24¢ 0 37° 19° 85+5 365 + 105 500 15+5

? Mean value obtained with all the H-specimens fractured through 3-point bending.
b Measured through image analysis on Fig. 5d of Ref. [72] and by taking into account the fibre diameter to coating thickness ratio reported in Fig. 4a, b.
¢ Calculated by considering the density of the composite (1.8 g/cm?), the theoretical density of SiC (3.2 g/cm?), and the volumetric content of fibre (37%) and coating (19%).

Of5 1:0 1.5
Fibre diameter, D (um) Coating thickness, T (um) Fibre misalignment, 6 (°)

0.8
. 0.6
O 044

0.2 H

0.0 4

10 15 200 300
SiC block size, B (um) SiC particle size, P (nm)

Fig. 4. Cumulative distribution function, CDF, of (a) equivalent fibre diameter, D, (b) thickness of fibre coating, T, (c) fibre misalignment, 6, (d) size of SiC aggregate, B, and (e)
particle size of SiC, P. The sigmoidal trend of measured values (open square symbols) was fitted with modified Boltzmann function (solid red line, R? > 0.99). (For
interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)

Table 3
Parameters of fitted CDFs according to Eq. (1).
X P1 X1 a b, X2 a2 b
D (um) 1 525794 0.31091 2 0 1 0
T (um) 1 0.59682 0.10965 2 0 1 0
0(°) 0.71493 1.11597 —0.54086 0 4.85818 —1.55956 -1
B (um) 1 5.9636 3.28882 —2.25876 0 1 0
P (nm) 1 118.11211 22.02992 -2 0 1 0
w] T T T — 0] o T . T T —]
Experimental range
90 - - - Adapted to experimental data 1
80 -| i
70 i

Cumulative Young's modulus, E,
Cumulative Young's modulus, E,

20 4 ® Experimental
m  Calculated

10 B

0 T T T T 0 T T T T
0 20 40 60 80 0 20 40 60 80

Fibre orientation, 0 (°) Fibre orientation, 0 (°)

Fig. 5. Experimental Young's modulus measured through the resonance frequency method and predicted cumulative Young's modulus vs. content of the fibres sorted as
function of their orientation (Eq. (11)). In (a) the prediction is based, in one case, on the maximum values reported in Table 4 (upper limit), in the other on the minimum
values (lower limit). The solid curve is the average of these two limit cases. As for the prediction in (b) were taken only the maximum values of the fibre properties and the
minimum values of the matrix properties.
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Range of elastic properties values of the single phases and a unidirectional lamina (the last four rows). The micromechanics models refer to the rule of mixtures and the inverse

rule of mixtures.

Elastic property Symbol Range (GPa) Ref.
Longitudinal modulus of the fibre Efa 235 294 From Ref. [80,81]
Transverse modulus of the fibre E» 10 20 From Ref. [82]
In-plane shear modulus of the fibre Gr12 2 27 From Ref. [80,83]
Major Poisson’s ratio of the fibre Ur12 0.24 0.28 From Ref. [81,84]
Young’'s modulus of PyC Epyc 12 26 From Ref. [85]
Shear modulus of PyC Gpyc 2 10 From Ref. [85]
Young’s modulus of SiC Esic 155 420 From Ref. [86,87]
Shear modulus of SiC Gsic 160 227 From Ref. [88]
Young’s modulus of UHTC Eunrc 340 540 From Ref. [6]
Shear modulus of UHTC Gunre 177 246 From Ref. [88]
Young’s modulus of the matrix En 22 110 Calculated in agreement with Ref. [86,89]
Shear modulus of the matrix Gm 10 50
Poisson’s ratio of the matrix Um 0.10 0.15
Longitudinal modulus of a composite ply Ecq 90 180 Calculated by using simple micromechanics models [79]
Transverse modulus of a composite ply Ec 16 41
Shear modulus of a composite ply Ge12 4 38
Major Poisson’s ratio of a composite ply Vc12 0.15 0.20
90" /dy to the occurring of local damage under the loading cylinders. As
E = —=-Ec(0) )do (11) for th hich fail interlaminar sh
e do expected for the tests, which failed under interlaminar shear, no

where the orientation dependence of the elastic modulus (E;(6)) of a
unidirectional lamina without fibre misalignment is a function of its
longitudinal and transverse moduli (E.; and E.,, respectively), in-
plane shear modulus (G.i2) and major Poisson ratio (v.i2). Eq.
(11) plotted in Fig. 5a shows the contributions of the layers at 0°
and 90° onto the overall Young’s modulus, as demonstrated by
the two-step increase of the cumulative Young’s modulus close to
0° and 90°. The increase is not net at these two angles because of
the distribution of fibre misalignment. The calculated contribution
of the transverse layer is in the range of 10-20 %. The calculated
range is most affected by the uncertainty on E, that needs refine-
ment. However, the trend is anyway consistent with the experi-
mental results and confirms the microstructural analysis. It is
worth to note that the resonance method is not a standard tech-
nique for fibre-reinforced composite characterized by a porous
matrix and may lead to underestimation of the elastic modulus
due to scattering of acoustic waves at interfaces/porosity. This con-
sideration may be consistent with the reason why the experimental
values fall near the calculated lower limit. On the other side, if we
try to fix the calculated value, the smallest difference with respect
to the measured values was found by using the maximum values
related to the fibre and the minimum values related to the matrix
(Fig. 5b). Hence, according to this approach the matrix should have
a Young's modulus of 22 GPa that could be consistent with the large
content of porosity and PyC.

3.3. Interlaminar shear strength

All the specimens tested with vertical build direction exhibited
shear failure near their mid-thickness and in the form of longitudi-
nal cracks (Fig. 6a, b). The other delamination cracks, closer to the
outer surfaces of the specimens, developed later. All the delamina-
tion cracks mainly developed along the interface between longitu-
dinal and transverse plies, as it can be seen in Fig. 6a-c. As
commonly observed in carbon fibre-reinforced composites [89],
this could be due to the concentration of residual thermal stress
between the adjacent plies with different fibre orientation. The
recorded stress-strain curves (Fig. 7a) show the typical trend of
interlaminar failure [90]: the stress drop after the nominal maxi-
mum stress is followed by a load increase (samples V20 and
V45). The different trend showed by V5 samples should be ascribed

plateau was observed and apparent ILSS showed a decreasing trend
as the s/t ratio was increased (Fig. 7b). This same trend was
reported in other experimental investigations as well [52]. The
low value of ILSS should be ascribed mainly to the large number
of pores and cracks spread within the matrix (i.e. low matrix den-
sification) and voids (i.e. open porosities due to the few impregna-
tion steps) that cut down the bond between the stacked plies. On
the other hand, the nominal maximum stress achieved in the ten-
sile surface linearly increased up to 365 + 15 MPa at s/t = 45
(Fig. 7). As recommended by ASTM C1341 - 13 standard for com-
posites with low ILSS (<3.5 MPa) based on low matrix density or
shear failure at interfaces, a s/t ratio of 60 should be used to pre-
vent shear failures.

3.4. Flexural strength

Flexure type failure was imposed by machining the specimens
with different ply orientation: from vertical build direction to hor-
izontal build direction (Fig. 2c, d). With this configuration, all the
tested specimens showed a tensile failure under the bending
moment (Fig. 6d, e show the tensile surface after test). No failure
due to interlaminar shear stress was observed, not even at the
low s/t ratio of 10. However, an invalid test was produced at s/
t =10 due to in-plane shear failure. The appearing of in-plane shear
failure at low s/t ratio was favoured by the small thickness of the
samples (1 mm) and confirmed that the stacking surfaces are crit-
ical in such composites. In Fig. 6d, the plies with fibre at 90° with
respect to the applied tensile stress showed a multiple splitting
failure. On the other hand, the plies with fibre aligned to the
applied tensile stress direction showed a fibre bridging even at
the maximum crack opening displacement. This evidence suggests
that only the 0° layers withstood the load up to the nominal max-
imum stress, while the 90° layers cracked several times as the
stress sustained by the 0° layers increased. Higher-magnification
SEM observations of the fracture surface (Fig. 6f) revealed matrix
particulates remaining adhered to the surface of pulled out fibres.
This result suggests that no debonding at C/C interface (fibre/coat-
ing interface) occurred. Failure involved debonding of matrix/coat-
ing interface or by cracking the matrix, which remained bonded to
the coating of the pulled-out fibre. This observation attests to the
efficacy of the matrix in mitigating stress concentrations around
fibre and hence yielding matrix weak composite behaviour, i.e.
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Fig. 6. SEM micrograph of composite with lay-up configuration (vertical build direction) failed under interlaminar shear stress produced by bending test: (a, b) lateral view
and (c) delaminated surface. Dotted arrows highlight crack deflection. (d, e) Tensile surface of composite tested with tilted configuration (horizontal build direction) showing

tensile failure under the bending moment. (f) Pulled-out fibres.

damage tolerant behaviour [67]. The recorded stress-strain curves
(Fig. 7a) show a constant decrease in stress after maximum point.
These non-catastrophic failures, sometime also called fibrous or
graceful failures, were observed up to s/t ratio of 30 (H10 and
H30 samples). Further increasing s/t, owing to the proportional
increasing of the deflection at beam centre at maximum applied
force, the larger strain energy release rate produced a catastrophic
failure. Only for the H45 specimens, the load then dropped to a
residual value, which was about 30% of the peak load. For all the
H45, H80 and H130 specimens, at the ultimate point of the test,
the two broken pieces flew away. Ultimate damage mechanisms
aside, the valid flexural failure made it possible to measure the
flexural strength. The goodness of the measurement is attested
by the invariance with respect to the s/t ratio (Fig. 7b). Hence the
flexural strength of these composites is 370 + 20 MPa. Moreover,
according to the above failure analysis and the Hart-Smith 10%
rule, the 0° layers withstood a maximum tensile stress of
670 MPa and an ultimate strain of 1%. PLS.x was 280 MPa
(510 MPa if 10% rule is considered). The decrease of stiffness after
PLSax should be ascribed to the failure onset of 0° layers and/or
crack onset by in plane shear stress, rather than failure of 90° lay-
ers. In fact, since the loss of linearity was calculated starting from
about 0.3% of strain (the point where the maximum slope was
achieved), the failure of 90° layers did not contribute to the calcu-
lated linearity loss of 5%, because they should have failed before
between 4 and 20 MPa [44]. As expected in a weak matrix compos-
ite [91], after matrix-cracking, the damage evolution should be
dominated by the fibres. From the failure onset of on-axis layers
(PLSiax) to their final failure (o), the observed nonlinear beha-
viour may be attributed to better alignment of the fibres, allowed
by the coating and the high porosity of the matrix, to the tensile
stress.

3.5. Modelling

In Tables 5 and 6, the mechanical properties used in the current
analysis are shown. The values of elastic properties (Table 5) of
fibre and coating and matrix were taken from the literature
[80,82] while assuming the presence of high porosity degraded
mechanical properties of the matrix [89]. It should be noted that
the Young’s modulus of the fibre was taken as 235 GPa instead
of 294 GPa, as mentioned in the data sheet from the manufacturer
and observed in this work to match the calculated value of the
composite to the experimental one (Fig. 5b). Since the other elastic
properties of the fibre were taken from a dataset reported in the
literature, for the sake of consistency, Young’s modulus was also
taken from the same reference. The resulting Young’s moduli used
for homogenization of the uni-directional Z50 composite (Table 5)
fall near the calculated lower limits reported in Table 4. The tensile
strength properties of unidirectional layers were taken from the
bending tests performed within the framework of current work.
The strength properties under compression and shear were taken
from the test campaign of the EU project C*harme [23]. The
homogenized elastic properties (Table 5) of the composites were
then evaluated after applying planar boundary conditions on the
surface of the 3D RVE in MultiMechanics™.

The properties from Tables 5 and 6 were then used an input for
ANSYS™ Workbench. The stiffness of the elements was reduced by
5%, derived from the measured change in linearity in the force-dis-
placement curves of the tested samples. A displacement load was
applied on all the samples in 10 sub steps. After reaching the
defined strength limit, the stiffness reduces to 95% of the original
value and is carried on to the next loading step. In Fig. 8, the virtual
force displacement curves of all three-point bending samples are
shown together with the corresponding experimental curves. A
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Fig. 7. (a) Flexural stress vs. strain curves and (b) flexural strength (half up squares) and apparent interlaminar shear strength (half up triangles) vs. span-to-thickness ratio of
specimens with lay-up configuration. (c) Flexural stress vs. strain curves and (d) flexural strength (half right squares) and maximum proportional limit stress (PLSyax, half
right circles) vs. span-to-thickness ratio of specimens with tilted configuration. In (c) the red square and the orange circle represent the mean value of the flexural strength
and PLS.x, respectively, of all the H-specimens fractured through 3-point bending. (For interpretation of the references to colour in this figure legend, the reader is referred to
the web version of this article.)

Table 5
Elastic properties of the constituent (fibre, fibre coating and matrix) used for homogenization and that of the resulting uni-directional composite (Z50).
Eq E» Es3 Vi2 Vi3 V23 G2 Gi3 Go3
(GPa) (GPa) (GPa) =) (=) (-) (GPa) (GPa) (GPa)
Fibre 235 14 14 0.24 0.24 0.1 11 11 10
Coating 12 20 20 0.25 0.25 0.25 5 5 5
Matrix 20 20 20 0.14 0.14 0.14 - - -
Z50 75 17 17 0.19 0.19 0.18 7 7 7
Table 6
Strength properties obtained from the bending tests for a layer with 0° orientation. Superscripts T and C refers to tension and compression, respectively.
al ) =al a§ a§ = a§ G12 =013 023
(MPa) (MPa) (MPa) (MPa) (MPa) (MPa)
750 670 25 504 100 21 4

good agreement of the values obtained from the progressive dam-
age model was found in prediction of the load limit of the samples.

The stress state obtained at the displacement limit was used for
the evaluation of direction dependent Tsai-Wu failure indices. The
equations from Section 2.3 were used in evaluation of Tsai-Wu fail-
ure indices for the samples in the local fibre coordinate system (1:
fibre, 2: in-plane transverse, 3: out-of plane transverse). It was
observed, as shown in Fig. 9, that V-samples fail mainly due to
interlaminar shear stress as implied by the presence of higher per-
centage of X,3. However, as s/t ratio is increased from 20 to 45 in V-

samples, the contribution of £,; and X,, increases but X,3; remains
the major contributor when compared to other failure indices. On
the other hand, all the H-samples fail majorly due to X£;; and Z,.

This comparison becomes clear in the Fig. 10 where the finite
element results from V45 and H45 are shown. In sample V45, the
outermost layers fail due to ¢;; (red) since they are oriented in
0° followed by 90° layers which fail due to 03, (orange) in the
mid-section (Fig. 10a). The delamination due to interlaminar shear
starts from the area close to the neutral axis and it increases as one
move away from the mid-section towards either side (Fig. 10b) of
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Fig. 9. Percentage of failure indices of elements in the finite element model for
different samples where X; represents the contribution of respective stress
component ¢j. ‘V’ and ‘H’ on x-axis denote the ‘vertical’ and ‘horizontal’ build up
respectively with varying s/t ratio.

the sample. On the contrary, H45 exhibits failure mostly due to g1,
and g, except for some elements which fail due to in-plane shear
in the mid-section (Fig. 10c) on the tensile side of the flexural sam-
ple. When H45 is compared with other H-samples with higher s/t

Vertical build direction

ratios, as observed in Fig. 9, only a minor increase in X1; and X, is
observed which demonstrates the size independency of H-samples
in producing valid flexural results with iso-strain conditions in
both 0° and 90° layers.

3.6. Benchmark against SICARBON™

The critical tensile stress of Z50 samples, measured by applying
a flexural moment, matches well with the tensile strength mea-
sured on SICARBON™ through tensile tests (Table 2). This is
expected, since both the composites had the same fibre volumetric
content, the stacked layers in both tests (flexural test of Z50 with
horizontal build direction, and tensile test of SICARBON™) had
the same fibre orientation with respect to the applied maximum
tensile stress (fifty-fifty 0/90° fibres) and the maximum tensile
stress was borne by fibres rather than cracked matrices character-
ized by low density. Hence, the UHTC enrichment of 24% (4 vol% of
UHTC on 17 vol% of SiC) did not affect the tensile strength of SICAR-
BON™. On the other hand, the higher ¢ of SICARBON™ should be
due the different bending configurations: most likely, lay-up con-
figuration with 100% of 0° fibres in the tensile surface and s/t larger
than 45. Unfortunately, the experimental set-up is not reported in

Horizontal build direction

Fig. 10. Finite element results of the cross section of samples (a-d) with [0/90]4s layup with vertical build direction and horizontal build direction where the elastic constants

are evaluated from RVE. The size of RVE is 18.2 pm x 18.2 um x 18.2 um.
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literature. For the same reason, above all the ILSS cannot be com-
pared because it is strongly affected by the test configuration.
However, the above flexural tests confirmed that surfaces between
two stacked layers are critical and showed a low interlaminar
shear strength. Finally, we want to point out that the declared
porosity value reported in literature of SICARBON™ of 8% is not
the total porosity, but only the open porosity that does not con-
sider the cracks of the matrix produced by the polymer shrinkage,
and the voids inside the composite. Hence, in our opinion the two
compared materials had similar microstructures in terms of matrix
relative density and fibre volumetric content and showed compa-
rable mechanical strength even when about one fifth of the SiC
was replaced with UHTC.

4. Conclusions

The microstructure of SICARBON™ enriched with 4 vol% of UHTC
was extensively characterized trough image analysis. The mea-
sured volume contents of the constitutive phases and the extracted
cumulative distribution function of the characterising microstruc-
tural features were reported, respectively, as single values and as
parameters of an appropriately modified Boltzmann function. In
this way, the reported microstructural framework offers a sort of
microstructural genome that can be easily integrated in the mod-
els. The goodness of the measured microstructural features was
checked by comparing the output of the analytical modelling of
the Young’s modulus with the measured value. This comparison
agreed with the low density of the UHTC-enriched CMC (1.82 g/
cm?) and the large porosity amount (27 vol%) and suggested that
the matrix should have a Young’s modulus of about 20 GPa. As
expected, the weak matrix resulted in a low ILSS (4 MPa) that
caused the shear failure even at s/t = 45. On the other hand, spec-
imens tested with tilted configuration gave valid flexural failure
under tensile stress throughout the large s/t range, from 10 to
130. Hence, this configuration can be exploited to obtain valid flex-
ural strength while utilizing small quantity of plate material very
efficiently. The flexural strength of 370 MPa is comparable to that
of the already well-developed SICARBON™ product: 4 vol% of UHTC
enrichment did not actually affect the flexural strength. Finally, a
finite element model was developed and the results were in agree-
ment with the experimentally observed failure behaviour. With
the help of directional dependent failure indices, test configura-
tions can be optimized in the future for determination of valid
properties of CMCs.
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