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Abstract

SiC-based fibers, a key component for the reinforcement of thermostructural ceramic matrix composites, are
subjected to subcritical crack growth (SCG) causing their delayed failure. Stress exponents <10 were reported
for various fiber types, standing out from other types of ceramic or glass. The continuum of silicon oxycarbide
(SiCO) and carbon free phases is suspected to govern the environmentally assisted crack growth phenomenon,
highlighted by relationships between SCG parameters and oxygen or carbon free contents. Metallic
heteroelements (Ti or Zr, found in Tyranno® fibers) play a critical role on this sensitivity as well. The existence

of 2 distinct groups of fiber types, possibly associated to different SCG mechanisms, is discussed.
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1. Introduction

Owning to their high specific strength at elevated temperature, creep resistance, low thermal expansion, high
thermal conductivity, chemical inertness and weaving suitability, SiC-based fibers have become a strategic
component for the long reinforcement of SiC/SiC Ceramic Matrix Composite (CMC), for application in power
plant, jet engine or sport automotive [1,2]. Like many oxide [3-7] or non oxide [8-11] brittle materials, these
fibers are however subjected to a thermally activated delayed failure under the combined effect of environment
and subcritical stress (for temperature below the creep threshold <1100 °C [12]). A power law is commonly
accepted to predict such lifetime (#), relating the stress intensity factor (Ki) to crack growth velocity (V) (Eq.
(1)), transformed and simplified into Eq. (2) using the fracture mechanics law.

y=da_y . K (1)
dt K,
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Where a is the crack size, Kic the toughness, n the stress corrosion susceptibility coefficient, here referred as

stress exponent, and Gapp the stress. V* and A are environmental constants following an Arrhenius law (Eq. (3)),

with Eascg the slow crack growth (SCG) apparent activation energy and Ao the pre-exponential constant.
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Stress exponent ranging from 5 to 10 were assessed by static fatigue on SiC bundles [13-15], below the 10-400
range reported on classical oxide [16,17] or covalent non oxide [8,18-20] ceramics. A low stress exponent is
often associated with a higher susceptibility to SCG (and vice versa) and suggests that the corrosion-
environmental effect is the dominant factor, instead of stress. Substrate properties are likely to have a large
influence on this environmentally assisted failure. If the chemical attack of strained bonds at crack tip is assumed
for glass or oxide ceramics [21], carbon free oxidation or volume expansion at crack lips was proposed to
explain the same on Hi-Nicalon and Hi-Nicalon-S SiC fibers [22].

In the present work, SCG parameters for various SiC-based fiber types were gathered. The understanding of how
they compare to properties (mechanical, chemical or microstructural) has not been addressed yet. The results
provide guidance for the selection of adequate fiber type to warrant application needs. Indeed, one of the key
challenge for CMC development remains this so-called design on purpose strategy: tailored reinforcement type

(high or low n) to suit the local stress or environmental condition and their versatility.

2 Material and method

Three generations of SiC-based fibers are commercially available, synthesized by the conversion of
polycarbosilane (Nippon Carbon Co. Ltd. under the trade name Nicalon®), or derivate containing a small amount
of organometallic (UBE Industries Ltd. named Tyranno®). The first-generation fibers are composed of SiC
grains in nanometer range embedded in a silicon oxycarbide phase (SiCO) and free aromatic carbon (Cre.) as
basic structural units [23,24]. Second generation fibers are however electron beam cured, hence oxygen free, and
contain excess of carbon inhibiting SiC grain growth, also in nanometer range. In the other hand, near
stoichiometric third-generation fibers are constituted of coarser SiC grains (>50 nm) and display good stability at
high temperature. In this study, 4 first-generation fibers are reported: Nicalon® NL207, Tyranno® Grade S
(titanium doped), referred as TS, Tyranno® Lox-M (titanium doped) and Tyranno® ZMI (zirconium doped). Two
different batches of TS tows were characterized. The first TS yarn batch contained 1600 fibers with 8.5 ym

average diameter, the second one 800 fibers with 11 pm mean diameter, respectively called TS and TS11.



Second-generation Hi-Nicalon (Hi-Ni) and third-generation Hi-Nicalon Type S (Hi-Ni-S), with distinct
microstructure and composition, complete the study. Their chemical composition and microstructure are
summarized in Table 1.

Static fatigue tests were carried out on fiber bundles with hot grips technique described elsewhere [15,25,26].
Sized bundles were glued with alumina based thermostructural cement (Ceramabond 503, Polytec PI) in alumina
grips and cured at 370 °C for 2 hours. Probe was installed in a vertical resistive furnace and a dead weight (w;
Eq. (4), where vy is the fraction of initially broken filament) suspended to lower grip. The time before a probe had

failed thereby defines its lifetime.
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Where o, is the stress applied to the tow and S its total section.

3. Results

Some properties for the 6 fiber types, brought to 7 considering the 2 Grade S batches, are gathered in Table 1.
Toughness, extracted from fractographic analysis, coherently evolves with the silicon oxycarbide phase, ranging
from 1 to 1.2 MPa m'? when present on first-generation fibers and >1.5 MPa m'? when absent. The elastic
modulus, following a mixture rule associated to the volume fraction of each phase [27], is another good indicator
of the microstructure. Tyranno® SiCO fibers, with a higher carbon free content, show a Young modulus and a
toughness below the NL207. This tendency is exacerbated on Grade S fibers due to the high oxygen content and
associated volume of SiCO phase, exceeding the 10-13 at.% range of NL207, Lox-M or ZMI. Their -SiC grain
size is also lower. Whilst showing a higher oxygen content, TS11 displays properties similar to TS. Hi-Ni fiber
type is oxygen free and contain about 16 at.% carbon free, similarly to NL207 though with a higher percolation
state [27]. The same comment applies to ZMI compared to Lox-M or TS. The absence of silicon oxycarbide
(SiCO) phase has a remarkable impact on the Young modulus and toughness of these second and third
generation fibers. Based on these properties, Hi-Ni-S and in a lower extend Hi-Ni, would be expected to show

distinct behavior in static fatigue condition when compared to first-generation fiber types.



NL207 TS TS11 Lox-M ZMI Hi-Ni Hi-Ni-S
Si 38.6 31.8 31.6 354 35.5 41.9 48.2
C 48.6 48.1 41.7 53.3 54.3 57.2 50.8
O (at.%) 12.8 194 26.0 10.4 10.0 0.9 1.0
other - (Ti) 0.7 (Ti) 0.7 (Ti) 0.9 (Zr) 0.2 - -
Chree 16.4 26.0 23.0 23.1 23.9 15.8 3.1
Grain size (nm) 1.9 1.2 1.2 1.9 2.2 5.0 50
Kic (MPa m'?) 1.20 1.11 1.12 1.11 1.01 1.66 1.86
E (GPa) 210 180 180 200 200 300 410
n 7.3 5.0 5.8 4.9 9.1 8.4 7.2
Aspoec (MPas®) 2.0 x 107 24x10%° 94x102 43x10*° 2.1X10% 1.5X10% 5.7X10%
Agoooc MPas®)  1.7x10% 4.1x10"° 1.6x10%* 32x10° 98X10% 58X 10% 2.5 X 1077
Aspooc MPas®)  2.4x10% 1.0x10° 37x10*" 41x10%® 86X10*¥ 45X10¥ 2.1 X 10%
Asoooc (MPas”)  5.0x 10* 33x10"%  12x10* 7.6x107 12X10* 55X 10%* 2.7 X 10%
Easco (kJ mol) 140 100 100 150 170 180 170
Ao (MPa s") 9.8 x 107 58x10%  1.4x10° 6.1x10° 51x10% 8.4 x 10" 7.3 x 1016

Table 1: Composition, physical and mechanical properties completed with SCG parameters for the different

SiC-based fibers.

Slow crack growth coefficients are also given in Table 1. The values for stress exponent differ markedly from
type to type, ranging from 5 (Lox-M) to 9 (ZMI). On Hi-Ni-S, 7.2 [26] and 8.2 [14] stress exponents were
reported in literature. Albeit assessed on distinct probes (length scale, preparation) and temperature range, these
are however not expected to have such impact on prediction parameters. Environmental coefficients (A), as well
as pre-exponential Ay, are strongly related to the stress exponent making direct comparison difficult. Apparent
activation energies for SCG under ambient atmosphere and intermediate temperatures ranges from 100 kJ mol™!
(on the high oxygen containing TS and TS11 fibers) to 180 kJ mol! on Hi-Nicalon, itself close to Hi-Ni-S and
ZMI types both lying at 170 kJ mol™!. NL207 and Lox-M are intermediate with 140 and 150 kJ mol™! respectively
[15]. A first observation can be drawn: despite 10 at.% oxygen, Lox-M and ZMI types show a drastic different
behavior, mostly pointed by the stress exponent. Moreover, although being near stoichiometric (absence of SiCO
and Cre. phases) with pertinent properties (Table 1), Hi-Ni-S bundles show SCG parameters comparable with
other fiber types. Thence, no obvious relationship between these coefficients and substrate properties appear.
Endurance diagrams, showing the predicted lifetime for different applied stresses, indicate that lifetimes of
several years would be expected for tow under low stresses (<300 MPa) (Fig. 1). This statement implicitly
considers the model (Eq. (2)) can be extrapolated for such duration and no additional embrittlement mechanism
is activated. Such diagram can argue the selection of a given reinforcement type. For instance, ZMI and Hi-Ni-S
tows have markedly higher lifetime at 600 °C or 800 °C while Hi-Ni, though closer to Hi-Ni-S in terms of
composition, show the lowest lifetimes for stresses >300 MPa. Other first-generation fibers are close to each
other. This observation shows the stress exponent can not, by its own, indicate which fiber type should be

preferred to match expected performances in terms of service life. The environmental coefficient (A) should as



well be considered, following a given evolution with temperature as illustrated by the Eascg parameter. For
temperatures below 600 °C, such ranking would indeed be different, more favorable for Hi-Ni. Microstructural,

mechanical or chemical factors would likely explain these statements afterward discussed.
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Fig. 1: Endurance diagram comparing the predicted median lifetime (Eq. (2)) for the different fiber types at (a).

600 °C and (b). 800 °C.

4. Discussion

The general trend to low stress exponents of these SiC based tows, compared to sintered SiC or glass samples
commonly >20, must be emphases as indicative of strong sensitivity to thermo-chemical mechanism. A larger
stress exponent could have been expected on Hi-Ni-S with regard to the larger grain size involved [19,28].
Several classification approaches are offered based on prediction parameters. The apparent activation energy
would for instance distinguish 3 groups: 170-180 kJ mol! (Hi-Ni, Hi-Ni-S, ZMI), 140-150 kJ mol"' (NL207,
Lox-M) and 100 kJ mol! (TS, TS11) (Fig. 2). Stress exponent would alternatively distinguish the titanium doped
fibers (n<6) from others (6<n<9). Relationship between the SCG parameters and some fiber characteristics

(chemical composition or mechanical behavior) however points 2 families: the first one (@) gathering low

oxygen or zirconium doped types, the second one (@) with higher (>10 at.%) oxygen content.
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Fig. 2: Apparent SCG activation energy versus stress exponent for different SiC-based fiber types. Red triangles
and blue dots indicate respectively families @ and @

The first justification for such classification originates from the relationship between stress exponent and carbon
free content or Young’s modulus (toughness shows similar trend): distinct linear trend. When the carbon free
content increases, going together with a lower elastic modulus, the stress exponent increases on @, whereas the
opposite behavior is observed with @ (Fig. 3) in a better agreement with literature data [29]. The activation
energy seems globally to increase when the oxygen content, thus the volume fraction of silicon oxycarbide
phase, decreases (Fig. 4a). As indicated in result section, the environmental coefficient is strongly related to the
stress exponent and thus hardly comparable. Elevated to the 1/a™ power these coefficients are more comparable

and seems linearly related to n, both families combined (Fig. 4b). ZMI and Hi-Ni-S stand above this trend,

indicative for their superior resistance to SCG (Fig 1).
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and (b). A" taken at 600 °C with stress exponent.



Emphasis should be placed upon the effect heteroelement type (Ti or Zr in Tyranno® fibers) seems to play on
stress exponent. Although titanium and aluminum were respectively incorporated to preclude or foster B-SiC
grain growth, zirconium-doped fibers development was chiefly motivated by improved corrosion, oxidation and
heat resistance [30]. Classification of ZMI fiber with the oxygen free group (@) could hence be interpreted as
follows: when zirconium-stabilized, the fiber is not subjected to stress corrosion of the silicon oxycarbide phase
(absent in Hi-Ni and Hi-Ni-S); carbon free oxidation becomes the piloting factor (percolation related severity)
with Eagcg about 170-180 kJ mol!. Titanium would however have a converse effect, enhancing the sensitivity to
chemical attack thus lowering the stress exponent. Alternative fibers, not yet studied under static fatigue

condition such as Lox-E (5 at.% O, Ti) or ZM (9 at.%O0, Zr) etc... [27], would argue this explanation.

5. Conclusion

SiC-based filament tow are subjected to SCG mechanism causing their delayed failure, found to be strongly
dependent on the fiber type. Fiber with low oxygen content (second or third generation) or zirconium stabilized,
show a homogeneous activation energy and relatively high stress exponents. They are hence less sensitive to
environmental chemical attack than a second group instead displaying high (>10 at.%) oxygen content with
lower stress exponents and activation energies. Carbon free, oxygen content and metallic heteroelement were
highlighted as major factors affecting the SCG rate and mechanism. If, for the former group, oxidation at flaw
crack tip of carbon free (favored by its percolation state) was proposed, stress corrosion of the SiCO continuum
phase is however suspected for the latter group. These findings would argue further development or selection of
CMC continuous reinforcement for extended life applications. A better understanding of the stress accelerated
chemical reaction leading to the crack growth seems prominent to further explain the here highlighted

relationships.
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Figure captions

Fig. 1: Endurance diagram comparing the predicted median lifetime (Eq. (2)) for the different fiber types at (a).

600 °C and (b). 800 °C.

Fig. 2: Apparent SCG activation energy versus stress exponent for different SiC-based fiber types. Red triangles

and blue dots indicate respectively families (1) and (2).

Fig. 3: Evolution of stress exponent with (a). carbon free content or (b). Young modulus.

Fig. 4: Evolution of (a). apparent activation energy for SCG at intermediate temperature with oxygen content

and (b). A" taken at 600 °C with stress exponent.
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Fig.3
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Fig.4
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Table captions

Table 1: Composition, physical and mechanical properties completed with SCG parameters for the different

SiC-based fibers.



Table 1

Si

C

o) (at.%)
other

Cfree

Grain size (nm)
Kic (MPa m'?)
E (GPa)

n

Aspooc (MPa s")
A(,()() °C (MPa S")
A7()() °C (MPa S")
Ag()() °C (MPa S")
Eascg (k.] mol’l)
Ay (MPa s")

NL207 TS TS11 Lox-M ZMI Hi-Ni Hi-Ni-S
38.6 31.8 31.6 354 35.5 41.9 482

48.6 48.1 41.7 53.3 54.3 57.2 50.8

12.8 19.4 26.0 10.4 10.0 0.9 1.0

; (Ti) 0.7 (Ti) 0.7 (Ti) 0.9 (Zr) 0.2 ; .

16.4 26.0 23.0 23.1 23.9 15.8 3.1

1.9 1.2 12 1.9 22 5.0 50

1.20 1.11 1.12 1.11 1.01 1.66 1.86

210 180 180 200 200 300 410

7.3 5.0 5.8 4.9 9.1 8.4 72

20x 107  24x10®° 94x102 43x10° 21X10% 15X10°  57X10%
1.7x10%  41x10° 1.6x102 32x10° 98X10° 58X10% 25X 107
24x105  1.0x10° 37x102 4.1x10® 86X10° 45X107  2.1X10%
50x 10 33x10®  12x102 7.6x107 12X10° 55X10% 27X 10%
140 100 100 150 170 180 170
98x107  58x10® 14x10% 61x10° 51x102 84x107  73x10°






