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Abstract

This paper deals with the creep mechanism for ceramic matrix composites reinforced by long ceramic fibers in a ceramic or glass-
ceramic matrix, tested at low stresses (<400 MPa) and low temperatures, respectively <1673 K for the former and <1373 K for
the latter. The macroscopic results give few ideas on the mechanism, but observations at different scales until high resolution evi-
dence brittle damages which lead the authors to use the damage mechanics approach and to demonstrate that a damage creep
mechanism is operating for these CMCs in two steps: (1) matrix microcrack development until its saturation, (2) followed by the
opening of some of these microcracks enabling under certain conditions creep of the SiC fibers which bridge the microcracks. This
was enlightened by precise damage observations on stepping creep tests and by their quantification with automatic image analysis.

© 2002 Elsevier Science Ltd. All rights reserved.
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1. Introduction

Over the past 15-20 years, ceramic matrix composites
reinforced by continuous ceramic fibers, CMCs, have
been developed and tested in many aerospace and mili-
tary turbine engines, and in some nuclear or balistic
applications. '~'* One can quote for example, combus-
tor liners, exhaust vanes, exit cones, flame holders, hot
gas valves, nozzle petals, thermal structural panels for
space, thrust combustion chambers, transition liners,
turbine nozzles and wheels. If these composites are
considered as a class of high-tech materials for hot
structural applications, over the last 10 years they are
used not only in brake disks for aircrafts but also for
race cars and motorcycles. In few years they are expec-
ted to be used for high speed trains, trucks and top

* Corresponding author. Tel.: +33-231-452-664; fax: +33-231-
452-660.
E-mail address: jean-louischermant@ismra.fr (J.L. Chermant).

(first) class cars. '>~'® These applications benefit from
the low density, high strength, high chemical resistance
to severe environment, un-brittle behavior, low emission
and noise, ... of these CMCs in a field where un-pro-
tected metals or metallic alloys could not be used.

To develop new parts of CMCs or of any other
material, the design bureau needs toughness and statis-
tical date, and also life time parameters to accede to
correct predictions under stress, creep and fatigue soli-
citations. Moreover to avoid a catastrophic rupture, the
characteristics of the fiber/matrix interfaces or inter-
phases must be based on an interphase to favour some
specific microcrack deviations, generally in mode II,
along the interfaces or within the interphases.!?-2°

The aim of this paper is, mainly from the results on
different creep investigations performed in our labora-
tory, to present the mechanism which governs the creep
of ceramic matrix composites reinforced by long cera-
mic fibers (C; and SiCy) in a ceramic matrix (SiC and
SiBC) or a glass-ceramic matrix (MLAS and YMAS).
These composites were tested under stresses lower than
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400 MPa and at temperatures lower than 1673 K for
CMCs with a ceramic matrix and 1373 K for those with
a glass-ceramic matrix. These experimental conditions
were required to find a correct creep-mechanism indi-
cator. This paper will focus more particularly on CMCs
with a ceramic matrix.

2. Experimental
2.1. Materials

Many ceramic matrix composites with either a
monolithic ceramic matrix or a glass-ceramic matrix
were investigated in our laboratory : SiCMLAS,?!-22
SiC~YMAS?? (with A=Al L=Li, M=Mg, Y=Y,
S=Si0,), and CgSiC,>* SiCySiC?>>?¢ and SiCr-
SiBCz7,28

All the CMCs with a monolithic ceramic matrix—
2.5D C¢SiC, 2D SiCeSiC and 2.5D SiCg-SiBC—were
fabricated by SEP-SNECMA (now SNECMA Propul-
sion Solide, Saint-Médard en Jalles, France) by a more
or less complex chemical vapor infiltration (CVI) pro-
cess.??3% A thin layer of pyrolithic carbon was deposited
on all the fiber performs (NLM 202 and Hi-Nicalon
SiCy fibers or ex PAN Cy fibers). SiC—SiBC composites
are made of self sealing multilayered matrix based on
Si—-B-C phases. Three different batches of SiC—SiBC
were investigated: N1 and N2 with NLM 202 SiCy,

which differ in the pyrocarbon interphase thickness and
layer sequence, and H3 with high Nicalon (Hi-Nic) SiC;.
No more information can be given on these phases, due
to confidentiality. The morphology and the micro-
structure of SiC—SiBC composites have previously been
described by Darzens.?’-*! Due to the difference in the
thermal expansion coefficients between carbon and sili-
con carbide, C—SiC composites present some matrix
microcracks in the as-received state, due to their fabri-
cation process, which is not the case for SiC/SiC and
SiC~SiBC composites.

CMCs with a glass-ceramic matrix—I1D and (0-90°)q
SiC/—MLAS and 1D SiC—~YMAS—were fabricated
from a slurry of the adequate glass powders which
embedded Nicalon NLM 202 SiCy plies and then hot-
pressed, by Aérospatiale (now EADS, Saint-Médard en
Jalles, France) for 1D and 2D SiC—MLAS compo-
sites>!?2 and by ONERA (Establisment of Palaiseau,
France) for 1D SiC~YMAS?3 composites.

Fig. 1 presents some micrographs of these materials.

2.2. Experimental procedures

CrSiC, SiCSiC and SiC—SiBC composites were
creep tested with a Schenck Hydropuls PSB 100 servo-
hydraulic machine (Darmstadt, Germany), generally
under a partial pressure of argon, between 1273 and
1673 K at a stress up to 250 MPa. Some tests were also
performed in air for SiCySiBC. This machine was

Fig. 1. SEM micrographs of a (0-90°)s SiC—MLAS (a), 2.5D CSiC (b) and SiCSiBC (c).
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equipped with an airtight fence and an induction furnace
(AET and Ce¢lés, respectively Meylan and Lautenbach,
France). Strain was measured with two opposite resis-
tive extensometers (Schenck), inside the furnace. Dog-
bone tensile specimens were used, with a length of 200
mm and a thickness between 2 and 5 mm, and a width
in the gauge length between 8 and 16 mm. Temperature
was measured both with two W-Re 5/26% thermo-
couples for tests performed in argon (or Pt—Rh 0/10%
in air) and an optical pyrometer IRCON Mirage (Niles,
USA). SiC-MLAS and SiC.—YMAS specimens were
tensile creep tested with an Instron 1380 machine
(Bucks, England), with cold grips. The heating elements
in that case were halogen radiant lamps giving the pos-
sibility of reaching the desired stabilized temperature in
less than 15 min. Displacement was measured with a
capacitive extensometer (Instron 3118-230). Specimen
size was 150 x 10-8 x 2.5 mm?. Tests were carried out
in air between 1173 and 1373 K. SiC—MLAS was also
investigated in three point bending under vacuum,
between 1273 and 1473 K, on small specimens 14-30 x
5 x 2.5 mm? on TiC rods located on tungsten push
rods. The machine used was also an Instron 1380
equipped with an opening furnace (Sesame, VMDI,
Paris) and tantalum heating elements. The specimen
displacement was measured by two LVDT transducers
(Penny and Giles, Christchurch, England) attached to
the cross-head.

All these tests have been performed with very accurate
creep devices. Particular care has been taken especially
regarding the load frame alignment, the thermal gra-
dient and its stability, the temperature and strain mea-
surements and the pressure variation inside the
furnace.>>* For example most often tests were per-
formed in air-conditioning room, the temperature car-
tography gave on 22 mm in length a variation of
temperature in argon environment less than 7 degrees at
1673 K, and the bending component for the tensile tests
was less than 1%. If comparison of creep behavior have
to be made, it absolutely requires that creep tests must
be performed in conditions as accurate as possible.

SEM observations were performed with a Jeol 6400
(Jeol, Tokyo, Japan), and TEM and HREM with a Jeol
2010 and a Topcon EM 002B (Tokyo, Japan), both
equipped with EDS analysis.

Aphelion software (ADCIS, Caen, France) was used
to perform automatic image analysis on optical and
SEM images, using more specifically the mathematical
morphology.33-3°

3. Results

We shall first describe the creep macroscopic
approach, i.e. the direct results obtained from the creep
tests.

3.1. Macroscopic approach

Some strain—time curves, e—¢, (creep curves) are pre-
sented in Fig. 2 for different types of CMCs tested in air
and in argon. To be sure of the presence of a steady
state creep, one plots the creep rate as a function of
strain or time, é—¢ or ¢. The existence of a plateau is a
way to confirm a true stationary stage. For each CMCs,
two different cases have been evidenced: a primary and
a stationary or pseudo-stationary stage. An example is
presented in Fig. 3.

At this stage of investigation and in our experimental
domain, from these curves one can only say that: the
plots are not too noisy, there are two creep stages and
no tertiary stage, this class of materials presents a good
creep resistance (between 10~% and 10~=° s~!) in a
domain where un-protected superalloys cannot be used,
the fiber woven architecture plays an important role, for
example for SiCSiBC the deformation after 20 h at
1473 K under 120 MPa is 3 times that at 1373 K, the
total deformation begins to be more important from
1350 K (Fig. 4), and the profit to use Hi-Nicalon
fibers compared to NLM 202 is 50 K or 50 MPa at
1473 K. Moreover if one plots the creep rate as a
function of temperature, é-7, an important evolution
is observed at temperatures higher than 1450-1475 K
(Fig. 5).

To determine a creep mechanism requires other
analyses and observations.?’

3.2. Creep-mechanism indicator

The observations of the surfaces of the CMC crept
specimens by optical and/or scanning electron micro-
scopies, and even by transmission electron microscopy,
reveal many types of damage: fiber/matrix debonding,
matrix microcracking, yarn/yarn debonding, fiber and
yarn bridging, fiber pull-out, fiber rupture, ... (Fig. 6).
In fact it corresponds typically to well known energy
dissipative mechanisms which enable non-linear stress—
strain behavior and have been investigated from a semi-
empirical/theoretical approach by many authors in
order to accede to some specific parameters which can
highlight the micromechanism(s) at work.?®** Such
damage has been observed in the case of many other
types of CMCs, such as other types of SiCqSiC, or
SiCSizNy, SiC—C, SiC—AlO3, SiCemullite, Al,Oz—
SiC, ..., whatever was the mechanical solicitation
(static, tension, compression, bending, creep, fatigue,
L. )455s

In the case of ceramic matrix composites with a glass-
ceramic matrix, same types of damage are observed,
whatever the matrix is: LAS, CAS, BMAS, MLAS,
YMAS.?1723:56=39 In the case of bending creep tests, if
the specimen is too small, one observes first, and
mainly, shear cracks. Maupas analyzed in detail the



2446 J.L. Chermant et al. | Journal of the European Ceramic Society 22 (2002) 2443—2460

26
24 _* Ar 2,5D C,-SiC, 1673K, 220 MPa
2,2
20 ] 2,5D C,-SiC, 1673K, 190 MPa
18-
1,6 -
—_ 1,41
=) 4
S 12
“ 104 SiCSIBC, 1473K, 120 MPa
08 ] ,5D C,-SiC, 1473K, 190 MPa
0,6
0,4
1 SiC-SiBC, 1273K, 120 MPa
0,2 /_,/-/
0,0 T T T T T T v T T T T T T T T T T T
0 20 40 60 80 100 120 140 160 180
t (h)
124 Air 1D SiC-YMAS, 1223K, 200 MPa
1SiC,-SiBC, 1473K, 200 MPa
1,04
' SiC,-SiBC, 1473K, 170 MPa
0,8
) . .
X 064 SiC,-SiBC, 1473K, 150 MPa
N’
=
0.4 1D SiC,-YMAS, 1223K, 150 MPa
0,2 A
2D SiC-MLAS, 1273K, 50 MPa
0,0 2D SiC-MLAS, 1273K, 40 MPa
T T T T T T T T T T T T T T T T M T
0 20 40 60 ¢ 80 100 120 140 160 180
t (h)

Fig. 2. Strain—time curves, e, for different CMCs tensile creep tested at different temperatures and stresses, in argon and air.
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Fig. 3. Strain rate—time, é—¢, curve for N1 SiC~SiBC tested at 120 MPa under 1423 K: evidence of a stationary stage.
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Fig. 4. Variation of the total strain after 50 h of tensile creep as a function of the temperature 7, & so—7, during a cumulated test in temperatures

(1073-1573 K) for N2 SiCSiBC tested at 120 MPa in argon.
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Fig. 5. Change in the creep rate as a function of temperature, é-7, for SiCy—SiBC tensile creep tested in air, at different stresses.

damage development under stress in the case of (0-90°)q
SiC—MLAS composites.?>>7-38 The damage begins
always in the middle 90° ply (Fig. 7a), and then only in
the other 90° plies starting from the middle ply. The
general crack extension in the 90° plies is controlled by
the 0° plies when the applied stress is lower than 200
MPa and the cracks issuing from the 90° plies never
cross the 0° plies (Fig. 7b). If the applied stress is higher

then 200 MPa, then the 0° plies start to be damaged by
microcracks coming from the 90° plies (Fig. 7c) and
then it leads to the rupture of the specimen.

Now if these composites with a glass-ceramic matrix
are tested in air, from 1273 K there are always reactions
between the SiC fibers and the oxygen to form silica
which appears like a glue: it corresponds to the well
known oxidative degradation (Fig. 8).
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(e)

Fig. 6. SEM micrographs of the damages in different CMCs creep tested in Ar or air, at different temperatures and stresses: (a) SiC—YMAS, 1223
K, 75 MPa, air; (b) SiC—YMAS, 1223 K, 100 MPa, air; (c) Ct—SiC, 1673 K, 220 MPa, Ar; (d) CSiC, 1673 K, 220 MPa, Ar; (e) N1 SiC~SiBC, 1473

K, 120 MPa, Ar; (f) N1 SiC—SiBC, 1473 K, Ar.

In the case of CMCs with a self-sealing matrix, if tests
are performed in air at temperature lower than 1573 K,
one observes a crack-healing: the cracks are fullfilled by
a glass (Fig. 9a) which prevents oxygen to penetrate
further into the microcracks. It is a way, and the reason
for the development of these complex multilayered
CMCs, to prevent the oxygen to attack the pyrocarbon
interphase and the fibers themselves, as is the case for
more (and old) classical CMCs (Fig. 9b). Fiber weaking

due to fiber oxidation can be treated like stress corro-
sion cracking® for Nicalon fibers.

The observations of these crept specimens at higher
scales, by TEM and HREM, also reveals the damage
but at the microscopic and nanoscopic scales. Fig. 10
presents three examples corresponding to matrix micro-
crack propagation between some specific matrix layers,
a mode I — mode II matrix microcrack deviation and
the bridging of a matrix microcrack by nanometric
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Fig. 7. Micrographs of (0-90°)s SiC—MLAS specimens creep tested in bending at 1373 K, under 200 MPa, in vacuum: (a) microcrack in the 90° ply
located in the middle of the specimen; (b) matrix microcrack in a 90° ply; (c) matrix microcracks in 90 and 0° plies.

carbon ribbons. Moreover it is often observed in high
resolution lenticular pores in the pyrocarbon, generally
parallel to the loading direction: it corresponds, in fact,
to the nucleation of the matrix microcracks. Accurate
and fine observations and analyses at the nanometric
scale show an evolution of the microstructure of the
fibers: in the case of SiCy fibers one observes usually the
growth of SiC nanocrystals,?>27-%° while in carbon fibers
there is an increase of the basic structural units (BSU)
and the local molecular orientations (LMO) of these
BSUs during the creep: that corresponds to the starting
point of the creep of the CSiC composites.?*6!

So, for these experimental conditions, only phenom-
ena with matrix, interface and fiber fracture are
observed. No specific dislocation motions have been
evidenced by TEM or HREM. Moreover in this tem-
perature domain no diffusion phenomena of Si, SiC or C
can arise, the temperature being too low: if one analyzes
the published diffusion data regarding C and SiC, there is
diffusion phenomena above 1828 K for SiC and above
2423 K for C.%3-%% Therefore no diffusion-creep mechanism
can be activated for these experimental conditions.

In case of CMCs with a glass-ceramic matrix, there is
no diffusion date, but from 1273 K the matrices begin

to be viscous and then the ceramic fibers control the
creep behavior.

3.3. Damage mechanics approach

The damage mechanics approach proposed by
Kachanov®® and Rabotnov,°® has been adapted to
composite materials by Ladevéze.®”-%% 1t is in agreement
with the fact that many types of damage are observed in
these crept materials. In these conditions one has to
undertake un-loading and reloading loops during creep
tests, in order to follow the change in one of the elastic
moduli. The damage parameter, D, is given by:

p=1-L%

Ey
with: E,, the elastic modulus of the un-damaged mate-
rial; E, the elastic modulus of the damage material at
time 7 (secant modulus of the hysteresis loops).

The plot of the damage parameter, D, as a function of
the inelastic strain, &;,, or of time, ¢, is very instructive
(Fig. 11).2426:27.69-71 The same type of curves has
been obtained for CSiC, SiCSiC, SiCqSiBC ten-
sile creep tested in argon, and also in air. Two stages
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Fig. 8. SEM micrographs of two CMCs with a glass-ceramic matrix
creep tested in tension, in air: (a) surface of a 1D SiC—YMAS, after 50
h of creep at 1223 K under 75 MPa; (b) (0-90°)s SiC—MLAS, after 25
h of creep at 1373 K under 60 MPa.

are evidenced: (1) a very rapid increase of the damage at
the beginning or during the loading; (2) a second stage
which evolves very slowly. These two stages have to be
now explained.

The damage parameter appears not only as a fruitful
tool for monitoring damage evolution in these materi-
als, but it also can be used to model the creep curves
from an extension of the isotropic damage macro-model
proposed initially by Ladevéze,®”-%® applied to high
temperature tests with the introduction of a visco-plas-
tic potential,”? (Fig. 12).

4. Discussion

Since no dislocation creep’? or diffusion creep’#7° are
involved in the case of CMCs creep tested at low stress
and low temperature, one considers at the LERMAT
that the so-called damage creep mechanism’’-’® controls
the creep deformation of these materials. This is based
on the results of the damage mechanics, on the obser-
vations at the different scales, and on some results using
other techniques.

JEOL ? : & mm

Fig. 9. Influence of the oxidation on CMCs: (a) crack healing in a
SiCSiBC specimen tensile creep tested at 1473 K under 170 MPa, in
air; (b) first step of the oxidation of the pyrocarbon layer in a 2D SiC¢—
SiC specimen bending creep tested at 1573 K under 200 MPa and in
vacuum.

For example in the case of C—SiC or SiCSiC com-
posites tensile creep tested in argon, respectively Boi-
tier>* and Darzens®’ have shown that there is creation of
matrix microcracks and from a certain time an opening
of the transverse matrix microcracks with the develop-
ment of longitudinal matrix microcracks mainly
between the yarns (Fig. 13). That opening is intensified
at constant temperature by the stress (the opening
increases with stress) or, to a lower extent, at constant
stress by the temperature, and no new matrix micro-
cracks are observed.

Boitier?#7?:8 and Darzens®’#* have used automatic
image analysis to quantify these damages. For C¢SiC
composites, the surface fractions of matrix microcracks
increases from 1.4 (for the as-received material) to 6.4
(for a material tensile creep tested at 1673 K, at 200
MPa, in Ar, during 130 h) and the surface area of the
yarns increases respectively from 135 650 to 146 900
um?. So a swelling of the specimens is observed and has
been quantified. For N1 and N2 SiC~SiBC composites,
the matrix microcrack opening, e,,, has been quantified
and related to the inelastic deformation, &;,, after tensile
creep tests at 1473 K under 120 MPa and in argon. A
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Fig. 10. TEM micrographs showing in the case of SiCSiBC specimens tensile creep tested in Ar: (a) matrix microcrack between matrix layers (1473
K, 200 MPa); (b) mode I — mode II deviation (1523 K, 120 MPa); (c) carbon nanofilaments bridging a microcrack (1473 K, 200 MPa).

linear relationship is obtained (Fig. 14). It appears that
for N2 composites the microcrack opening evolves more
largely than for N1 composites, while the microcrack
interdistance remains similar: 650 and 610 um, respec-
tively for N1 and N2 composites. This difference
informs on the existence of two different damage
mechanisms which confirms the macroscopical and
damage mechanics results. Darzens?’ has shown that
the carbon interface is not the same and then it leads to
different microcrack process.

From all these results one can propose a creep
mechanism in two stages, which is plausible. First there
is creation and development (SiC—SiC, SiC—SiBC) or
development (C—SiC) of a matrix microcrack pattern
until its saturation. In the case of SiCy~SiBC and CSiC
that microcracking array is formed very rapidly during
the loading and, probably, a little thereafter. The
microcracks grow through the transverse yarns, by pas-
sing the fibers. In the case of SiCy fibers, the matrix
microcracks are generally nucleated at the inter-yarns
macropores, as it has been shown, for example by
Guillaumat and Lamon.®' That damage corresponds to
the first part of the D—e;,, or D—t curves (Fig. 11). At this
stage the load is mainly carried by the longitudinal yarns.
In the case of C+SiC, Boitier?*#? has clearly shown that
five types of matrix microcracks are developed according

to the direction of the fiber architecture with regard to
the loading direction (Fig. 15). Inter-yarn cracks are
typically resulting from the straightening of the long-
itudinal yarns parallel to the loading direction, as it has
previously been described by Schuler et al.®3 Secondly,
after the matrix microcrack saturation, the propagation
in the longitudinal yarns and opening of the micro-
cracks in the transverse yarns have been shown both
from microscopic observations and from the measure-
ment of the opening of the matrix transverse micro-
cracks by means of automatic image analysis:’>-80 it
corresponds to the second part of the curve. Then some
of the matrix microcracks become master (dominant)
cracks and one of these leads to the rupture of the spe-
cimen.?*2782 That last rupture mechanism can be
assimilated to a slow crack growth process, SCG, well
known for glass and ceramic materials.3%83

The straightening of the longitudinal yarns parallel to
the loading direction appears as one of the driving for-
ces for the damage development, and consequently for
the creep of such composites. That straightening induces
bending efforts in the transverse yarns and the sub-
sequent ““V-like” (or “flexural type) opening of the
transverse microcracks and the appearance of long-
itudinal cracks (type [4] in Fig. 15) in the transverse
yarns.®3 That was confirmed also by some in-situ
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Fig. 11. Evolution of the damage parameter, D, as a function of: (a) time, ¢, for C—SiC specimens tensile creep tested at 1673 K in Ar; (b) inelastic defor-
mation, &, for SiCp-SiC and SiCSiBC specimens tensile creep tested at 1473 K respectively in Ar (results from Rospars?® at 110, 125 and 130 MPa) and air.

experiments carried out at room temperature on
polished 2D C¢SiC specimens: one observes the open-
ing of these cracks under load, but at rupture they close
up (Fig. 16).36-87

Finally in the case of CMC based on SiC fibers, when
the longitudinal matrix microcracks are bridged by
some SiCy fibers, their creep can operate. At 1473 K
Darzens?’ has shown for tensile creep of SiC—SiBC
under argon that the strain follows a logarithmic evo-
lution during the pseudo-stationary stage at 1473 K,
while at 1373 and 1423 K it is a linear one, both for N1
and N2 composites. Consequently the creep strain of
NI and N2 composites can be governed by a relation-
ship as:

t SiC¢-SiC, 1373K, 130 MPa, Ar
&
z
Q

Fig. 12. Comparison of experimental (Exp.) and model (Mod.) curves
for 2D SiCSiC specimen creep tested in tension at 1373 K at 130
MPa in argon, with unloading-reloading loops performed during the
creep test to access to the damage parameter. From Rospars.2°.
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Fig. 13. Matrix microcrack evolution: for CiSiC, tensile creep tested at 1673 K in Ar, at 220 MPa for different strain, ¢: (a) as received; (b)
£=0.5%:; (c) at rupture; (d) for N2 SiCSiBC (transverse microcrack), during tensile creep tests at 1473 K, at 120 MPa, in Ar, after different creep
time, ¢, (1, 3 and 50 h).
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Fig. 14. Change in the microcrack opening, ey, as a function of the inelastic strain, &;,,, for N1 and N2 SiC¢SiBC specimens, tensile creep tested at

1473 K and 120 MPa, in air, for different creep times (in h).

(@)

Fig. 15. Schematic illustration of the five types of matrix microcracks in a C¢SiC composite: (a) as received; (b) after tensile creep test.

with :q, the strain at ¢, (%); b, the time exponent; ¢,, the
reference time, taken in these experiments as 1 h.

Fig. 17 presents some creep curves for N2 SiC~SiBC
specimens, tensile creep tested at 1473 K under 120
MPa, and the corresponding power law plots. The
values of b are between 0.19 and 0.24. Carrére®® during
his work on the same type of composite has observed a
similar evolution. If one takes the creep results of the
Nicalon NLM 202 under argon by Bodet,?® Carrére has
shown that at the same temperature, but under 450
MPa, these SiCy fibers follow a similar power law with
the same exponent. This logarithmic evolution for the
strain has also been observed by several authors for the
Nicalon fibers.”*> So one concludes that the creep
behavior of SiC—SiBC of type N is controlled by the
creep of the Nicalon fibers, while for type H (Hi-Nica-
lon) composites the fiber creep is not activated at 1473

(b)

K, under 120-150 MPa: only a linear deformation in the
stationary stage is observed and the creep is controlled
by the longitudinal yarns.?’” In these conditions the
crack growth is limited by the crack bridging of the SiCy
fibers. In the case of tensile tests performed in air, one
observes an oxidation-assisted fiber rupture due to the
oxygen penetration, which has to be investigated and
quantified.®®> These results are in agreement with the
deformation and damage processes proposed by Wil-
shire and Carrefio for SiCSiC and SiCi—~Al,05.%*

Our observations and analysis demonstrate that the
matrix microcracking control the rates of strain accu-
mulation in these materials, with a stress transfer from
the matrix to the fibers, and a possible creep of the SiC
fibers which accompagnies the matrix microcracking
depending on the experimental temperature and stress
conditions. So from all these results one can propose for
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(b)

Fig. 16. 2D SiCSiC specimen during an in-situ tensile test at room temperature in a SEM: (a) development of an inter-yarn crack under a load of
1500 N; (b) same area at rupture (1550 N): one notes the inter-yarn crack closing.
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Fig. 17. Creep curves and corresponding power law for N2 SiC—SiBC specimen tensile creep tested at 1473 K, in argon, at 120 MPa.

these CMCs with a ceramic matrix, the schematic
mechanism of Fig. 18, with the possibility of creep for
the ceramic fibers under specific conditions of load and
strain: first we have the matrix microcracking in the
transverse yarns (Fig. 18b) and in the longitudinal yarns
until their saturation (Fig. 18¢), accompanied by fiber/
matrix and yarn/yarn debonding; so there is a reloading
on the fibers, mainly longitudinal, giving the possibility
to the SiC fibers bridging the matrix microcracks to
creep and which is facilitated by the crack openings

(Fig. 18d and e); one of the main matrix crack becomes
the master crack, leading to the rupture of the long-
itudinal yarns, which is made easier by the fiber/matrix
and yarn/yarn debondings. Such mechanism approa-
ched by material science concepts seems also to agree
with the different published results on CMCs, as those
already quoted or those concerning a more general
overview or a comparison of creep results®*—° although,
as written previously, it is very difficult to compare
published results from different laboratories, as the
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d e

Fig. 18. Schematic illustration of the tensile creep in CMCs. These sequences are based on true micrographs of the observed damages (arrows

indicate the loading direction).

experimental conditions and morphologies are most
often different. That was also supported by the very
recent papers of Henager et al.®”® on crack growth
activation energies and time temperature exponents for
SiCSiC also tested in argon; it agrees with fiber creep
activation energies and non-linear creep equations for
both SiC; types: the growth of subcritical cracks in
argon for NLM 202 and Hi-Nic fiber reinforced CVI
silicon carbide matrices is controlled by fiber creep pro-
cesses. A dynamic crack growth model has also been
developed by these authors®® to predict the slow crack
growth in ceramic matrix composites containing non-
linear, creeping fibers in an elastic matrix.

5. Conclusion

This paper has resumed more than 10 years of
research at LERMAT on the creep of several batches of
CMCs with a ceramic or glass-ceramic matrix and the
role of the microstructure. It has shown that the creep
of ceramic matrix composites reinforced by continuous
ceramic fibers with a ceramic matrix is controlled by a
damage creep mechanism, while for those with a glass-
ceramic matrix above 1273 K it is controlled by the
fibers. For the first class the creep mechanism is in two
stages: first a matrix microcracking until its saturation,
followed by an opening of the transverse microcracks
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occurring with the inter-yarn debonding and the micro-
crack development in the matrix of longitudinal yarns.
When the ceramic fibers bridge the longitudinal matrix
cracks, if conditions of temperature and stress are ade-
quate (high enough) the SiC fibers can creep, but not the
carbon fibers in our experimental domain investigated.
Such results are the consequence of multiscale and
multitechnique investigations, which are absolutely
necessary to understand the mechanical behavior of
such complex materials.

One has also shown that damage mechanics is a sui-
table tool to describe the mechanical behavior of these
materials and that automatic image analysis permits to
quantify the damages and to bring to the mechanical
engineers morphological parameters of the damages,
which have now to be included in the damage mechanics
formalisms. Such approach also enables to correctly
model the creep curves,’?9%1% without any hypothesis
on the different components: fibers, matrix, fiber/matrix
interfaces. That is a very positive point. Other models to
describe the creep behavior are also proposed based
either on damage-enhanced creep, fiber damage, time-
dependent failure by fiber degradation or interface shear
creep, creep-crack growth with small bridging or a
bridging law for creeping fibers, or even on finite ele-
ment methods based on simulations of the mechanical
response of composites. 01-107

These CMCs based on ceramic matrices appear as
very good creep resistant materials in a field where
classical and un-protectedalloys or superalloys cannot
be used. Moreover thermal barrier coatings (TBC) are
developed and modelled today to still improve all these
types of composites.!08-113
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