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Figure 4. Pushout load-displacement curves for composites 1 and 2.
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Figure 5. Pushback load-displacement curves for composites 1 and 2.
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Table IV. Interface properties calculated for composite 1 with roughness
contribution included, (left) based on "absolute” seating drop and (right) based on
"effective” seating drop.

Fiber| A (4] G Fiber| A Tl (4] G
(nm) (Mfya) (J/m?) (nm) (Mlya) (J/m?2)
1 16 | 0.166 | 575 0.0 1 115 | 0.154 | 58.3 0.0
2 27 10.098| 61.2 0.0 2 305 | 0.061| 645 0.0
3 21 | 0.140 | 53.1 0.0 3 220 | 0.089| 58.2 0.0
4 24 10.136| 52.0 0.1 4 260 | 0.079]| 574 0.0
5 26 | 0.117 | 54.0 0.0 5 295 | 0.068 | 582 0.0
6 2 | 0.125| 534 0.0 6 260 | 0.079| 57.2 0.0
1 22 101221 516 | 0.0 7 255 100741 55.7 0.0
ave| 23 |0.129 | 54.7 0.0 ave| 244 | 0.08 | 585 0.0

Figure 1. Surface topography of CVD SiC fibers. Micrograph of SCS-6 (left) and
AFM image of Sigma fiber (right).
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Figure 2. Surface topography of melt grown fibers. Examples of long range
variations (left) and shorter wavelength undulations.
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Fig. 2 Microcracking in a SiC - CAS Composite at 70MPa.
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Vickers instrumentée est représenté en figure 4. 1l est
construit sur la base d'un microscope optique.
Ce dernier est équipé d’une tourelle porte objectif sur
laquelle est positionnée la cellule d’indentation, de la
méme fagon qu’'un objectif. L'échantillon, monté en
pince, est positionné sur un capteur de force.
La motorisation de la mise au point du microscope
permet d’atteindre des vitesses de chargement de 2 a
50 millinewtons/seconde. Le déplacement de
Iindenteur par rapport a la surface de I'échantillon
est mesuré a laide d’un capteur capacitif issu des
travaux de A. Bruére [10]. En utilisant une bande
passante de 10 Hertz, la résolution est de
10 nanométres pour une distance capteur-surface de
I'échantillon de 300 micrometres. Le capteur de force
autorise la mesure d’efforts jusqu'a 1 newton avec
une précision de 0.5 millinewtons inhérente a sa
grande souplesse, mais qui rend Iensemble
particuliérement sensible aux vibrations. De ce fait,
une isolation vibratoire du moyen d’essai s'est avérée
nécessaire. Le systéme est piloté par un micro-
ordinateur qui permet d'acquérir les courbes
d’indentation.

mise au point

colonne du

{(

’/////////,W/////////

Figure 4:Schéma de principe de I'apparell de microindentation

Le capteur de déplacement mesure la variation de la
distance d vis a vis de la surface du matériau qui
correspond a la déformation élastoplastique h,, a
laquelle se superpose le glissement fibre-matrice u
au-dela de Fy. L'exploitation de I'essai d'indentation
se fait en quatre étapes : (i) estimation de la force
scuil de décohésion Fy, donc de o4 ; (ii) extra-
polation de la déformation Elastoplastique
de I'ensemble fibre et indenteur au dela de Fy
(stade II) ; (iii) détermination du glissement fibre-
matrice u en retranchant la  déformation
élastoplastique hy, au déplacement d mesuré par le
capteur ; (iv) détermination de Iénergic de

décohésion G, et de la contrainte de cisaillement t &
linterface. En utilisant I'équation [7] relative a la
modélisation de Marshall, on détermine la valeur de

T, seul ge aramétre ajustable, qui s’approche le plus de
la courbe expérimentale (figure 4).

Les échantillons d'indentation se présentent sous
forme de parallélépipédes tels que les grandes faces
soient perpendiculaires aux directions principales de
renforcement. L'une de ces surfaces est ensuite polie
a la pate diamant jusqu'a une granulométrie de 0.25
micromeétres.

5. MESURE DE LA DURETE ET DU MODULE
D'YOUNG DES CONSTITUANTS DANS UN CMC.
La détermination du module d’Young a laide de la
technique d’indentation instrumentée supposc que
I'on réalise plusieurs essais pour obtenir une mesure
indépendante de la charge comme cela a été
démontré au § 3.1. Pour faire des essais sur des fibres
ou sur des régions de matrice peu étendues, il
convient donc de procéder a des cycles de
charge/décharge partiels en augmentant
progressivement  la  charge jusqu’au seuil de
fissuration.

La figure 5 illustre un essai pratiqué sur une fibre
SiC-Nicalon NLM 202 dans une matrice Nasicon, le
composite étant élaboré par pressage a chaud a
1050°C [5). Le module d'Young ainsi mesuré €tant
identique a celui de la fibre brut, on en déduit que les
conditions d’¢laboration n'ont pas altéré les
propriétés élastiques du renfort.

E 1
T (GPa) N\ . b) Hvi(GPa)
2001 440
\—»
0\ Laaachit)
100 1 120
hm(ym)
0 03 06

Figure 5: Détermination de Eet H, par microindentation sur
une fibre SIC-Nicalon dans une matrice NASIOON.

Le tableau 2 résume quelques résultats locaux
concernant des composites a renforts fibreux ou
particulaires [5]. On constate que la présence de
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then decreases. These maximum values
correspond to crack growth increments

Aa = 14, 10 and 8 mm respectively,
that means a total crack length
a =26 mm (from a = 12 and 16 mm)

= 20 mm). The

and a = 28 mm (from a3

decrease can be explained by the
progressive fracture of the fibers
located near the notch tip due to

bending as the crack enters in the
compressive zone of the remaining
ligament.
SIC-SiC CT 50#48¢3 mm3
15 T =
= 5 ®ap/W=0.3
E | Oog/w-o.l
~— i Bop/W=0.5
L
~ 10
[z T -0~
o
=
o
N
o
£
o
0
30
Matrix crack size (mm)
Fig. 15 : Variation of the bridging

zone size as a function of the matrix

crack size for large specimens of
type A materials.
5.2. Resistance curves and frontal

process zone size

-
The resistance curves R-Aa, GR -Aa
and KR—Aa for type B materials have

been calculated assuming a linear
elastic behavior because the reloa-
ding compliances met at the crigin

point. This behavior is confered by a
relatively strong fiber-matrix bon-
ding which induces an intense micro-
cracking of the brittle matrix as a
consequence of a good 1load transfer
from the fibers on the matrix (Fig.
16a). As the fiber-matrix debonding
is not favoured, very short pull-out
lengths are observed on the surfaces
of rupture and the fracture in the
brittle matrix around the fibers is
not fully brittle (Fig. 16b). More-
over, the application of th$, Irwin’s
relationship KR - (E'U;) when

N

using the,steady state values of the
K;~82 and G_-Aa curves (67 MPavm and

23 kJ/mZ, respectively) gives E’ =195

GPa which 1is consistent with the
longitudinal Young’s modulus EC = 230
GPa. This testifies the linear elas-
tic behavior of type B materials

which is highly damage tolerant (47).

S em Nezee:

Fig. 16 : (a)

Intense
of the brittle SiC matrix; (b)
pull-out lengths and weavy fractures
on the surfaces of rupture of type B
materials.

microcracking
short

From a notch depth a, = 8 mm, the

KR—Aa curve of figure 13b starts

rising by a crack growth Aa = 16 mm.
This corresponds to the interaction
of the frontal process zone with the
compression zone of the ligament or
with the opposite side of the speci-
men. The maximum size of the frontal
process zone along the direction
of crack propagation is then W =
(a0+Aa) = 16 mm, which is consistent

with the remaining ligament size when
the bridging zone size starts decrea-



sing for type A materials. Hence, the
continuous increase in the resistance
curves of the SENB specimens of type
A materials and the small CT speci-
mens of both types of materials means

that the ligaments (H—ao) were too
narrow for the frontal process zone
to develop fully (9)

The effect of the frontal process
zone size relatively to the ligament
width on the behavior of the resis-
tance curve is i1llustrated in figure
17 where the Kn-(urvvs f the twc
sizes of CT specimens of type A mate

rials are mpared. Different domains

are apparent, depending on the spe
men size
-
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Fig. 17 Comparison of the KR-Aa
resistance curves for a small and

large CT specimen notched at ao/U=0,3
(a) and aO/H = 0.4 (b) The diffe-

rent domains of behavior
ted

are depic-

- in domain I (Aa < 4mm) the KR

for both
corres-
fron-

values are identical
sizes of specimen; this
ponds to the creation of a
tal process zone,

- domain II is observed only for
large specimens. It is characte-
rized by a full development of
the frontal process zone size
which propagates continuously
within the ligament. Meanwhile,
the matrix crack is bridged by
the fibers and the size of this
bridging zone has not reached a
steady-state value. In domains 1
and II the KR curves behave 1like

va, as far
is totally contained
the remaining ligament,

as the frontal process
within

zone

ijomain III is characterized by a
parabolic behavior of the
kalurvv For the small specimens

this behavior is related to the
wedge of the frontal process zone
before it reaches a steady state
(insufficient size of the
remaining ligament) while the
matrix crack is bridged by the
fibers and damage continues gro-
wing. Large specimens behave
similarly as the frontal process
zone stumbles over the compres-
sion zone of the ligament or the
opposite side of the specimen.
Figures 18 show an example of the
surface of rupture of a CT speci-
men of type A materials.

size

Fig. 18 out

Long pull
observed on the surfaces of
of a CT specimen of type A materials.

lengths
rupture
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Again, the change in the behavior of
the KR—curves from domain II to

domain III corresponds to a remaining
ligament size of 16 mm. Meanwhile,
this value has to be confirmed using
larger specimens, i.e. W > 40 mm. In
fact, for the same materials and
using the data reduction formula (6),
the results obtained by Conchin et
al. (36) give an estimate of the
frontal process zone size of 4 mm,

which is low compared to the values
discussed above. The discrepancy
should be attributed to the methods
used for crack lengths measurement

(effective crack length versus matrix
crack lengh). Thus, for the compari-
son of resistance curves, it is
important to use not only the same
data reduction formula, but also the
the same method for crack length
measurement.

5.3. Creep behavior

Comparison of SiC/C/SiC and SiC-MLAS
indicates that at equivalent tempera-
ture, SiC/C/SiC materials are more
creep resistant than SiC-MLAS, but it
confirms that their domain of uses is
higher.

In any case, the predominant mecha-
nisms are matrix microcracking, deco-
hesion and interfacial microcracking,
fiber creep and for glass or vitroce-
ramic matrix viscous flow.

Although these two materials are made

SiC fibers (NicalonR
and damaging
different

from the same
NLM 202), the fracture

features are in fact very
(Fig.19) fiber pull-out decreases
with temperature in the 1173-1473K
domain for SiC/C/SiC, while it in-
creases in the same domain for SiC-
MLAS. That evidences clearly the
predominant role of interfaces and
the importance of their degradation.

SiC-MLAS, 1373K

SiC/C/SiC, 1373K



SiC/C/SicC, 1473K

Fig. 19 Scanning electron micro-
graphs of SiC-MLAS and SiC/C/SicC
after creep tests at different tempe-
ratures.

6. CONCLUSION

In this paper we advocate the utili-
zation of in-situ matrix crack length
as far as possible, rather than an
effective crack length, for the in-
vestigation of crack growth resis-
tance of CMCs. The application of
this method to SENB and CT specimens
of bidirectional SiC/C/SiC materials
shows that :

(i) SENB specimens may be suited
for in-situ matrix crack length
measurement, depending on the
toughning mechanism specific to
the type of materials, i.e the
fiber-matrix bonding,

(ii) crack growth resistance curves
obtained using SENB or CT spe-
cimens of small size (W = 20

mm) are strongly dependent on
the specimen size because the
full extend of the frontal
process zone (= 16 mm) is lar-
ger than the ligament size,

(iii) for both types of materials,
crack growth resistance curves
non-dependent on specimen size
are obtained when using large
CT specimens (W = 40 mm),

(iv) intercomparison of the resis-
tance curves of the two types

of materials indicates that a

weak fiber-matrix bonding is

not a necessary condition for
enhancing the fracture tough-
ness. Tougher materials have
been produced by promoting
intense matrix microcracking

(type B materials) against

fiber-matrix debonding and

pull-out of broken fibers (type

A materials).

(v) attention must be paid when
comparing resistance curves
from different bibliographical
sources : the crack length
measurement method 1is impor-
tant.

(vi) these CMC have a high domain of
creep resistance where several
mechanisms act and the aging of
the fibers and of the interfaces
must be taken into consideration
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Composite ultimate
strength ( MPa ).
2000 ViS.
Pyrex / NL-607. ©
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CAS Coming. A

-

Volume Fraction of Fibres ( Vr X

Fig.1 A sample of ultimate bend fracture stresses (0,) for GMCs and GCMCs illustrating the improvement in g,
for MAS compositions relative to borosilicate matrix composites with optimised processing. The reference
lines represent typical g, - V, relations for tensile fracture according to theory [3,5].

Temperature.
Pressure. Stress (MPa). .
T 1200- Ultimate Bend Strength
e E=154£14GPa,  Ouns™ 1083212 MPa.
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Y i
T-T-T Curve. Acoustic Emission Profile.
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............... - Pressure
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Fig.2  Typical pressure/temperature cycle for GCMC Fig.3 3 point bend stress/deflection plot for a high

hot-pressing to optimise matrix densification strength Nicalon 607/MAS matrix composite.
and avoid fibre damage. Pressure application Acoustic emission from the composite is
is delayed until glass softening and is followed recorded during the test to indicate the
by rapid densification in the interval before initiation of matrix cracking.

substantial matrix crystallisation (shown via the
T-T-T curve in relation to liquidus temperature
Te).













Fig.5

Fig.6

x-ray line scans across the fibre/
matrix interfaces.

Sectional SEM image and X-ray analysis line scans illustrating interface oxidation (carbon removal followed
by Si0, *bridging’) only within 1-2 fibre diameters from the free surface after 100 hours at 1200°C. Fibres
below this level are protected by slow oxygen diffusion rates through the CAS glass-ceramic matnx.
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o— CREEP RATES - 100MPa
1 07 30O
GE CO“‘WS‘ =
Asymptotic strain for the elastic fibre model
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08 e
1 ite (480°C)
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5 , P 9
{ _———1450°C)
024 o/ L @GM composite { |
// e V
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TIME s x10°

Creep curves modelled for U.D. Nicalon GMCs and GCMCs corresponding to differing temperature regimes:
(a) and (b) typify transient creep (elastic fibres) for borosilicate matrix composites at 450°C and 480°C,
respectively. Creep curve (c) combines transient and steady-state creep at 2 higher temperature (1150°C)
where fibres and matrix undergo creep (fibre creep rates ~ 1% of matrix rates for Nicalon/MAS, CAS.







Fig.7

Fig.8
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Sectional SEM images of a SiC monofilament/Si,N, matrix composite showing filament distribution
(a), partially-reacted interface layer (b) and filament microstructure after high-temperature (1700°C)

fabrication.

debonding event Vickers indentor contact

A A

.slcid_\ state push lhrough

A ALE RS EA A S REE e S Bl e e m e

2 4 6 ] 10 12 14
distance/microns

Force-displacement plot from an SEM-based
indentation ‘push-through’ test to measure
interface debond and shear stresses for SiC
monofilament/SRBSN matrix composites. The
peak force represents the initial debond,
followed by frictional sliding of the filament at
nearly constant force.

Fig.9

SEM image recorded after indentation ‘push
through’ of a SiC monofilament, illustrating
preferred debond and shear at the inner C/SiC
interface.



10-10

Acouslic emmission

s @ g Count rate/
} o Agm{\m emmission 400+ Stress/MPa arbitrary unitsy 2000
Stress/MPa Count rate/ /ﬂl -
800 1 arbitrary units L 3000 3 /}/
1 300 /
- 506
«— / 1500
600 4 PR
+ 2000
2004 1000
400 A
> 3
- 1000 —
200 ] 1004 F SO0
0 L Aas Mde St S o e e e B e S 0 0 - = - - - T 0
0 1 2 3 0 02 04

deflection/mm deflection/mm

Fig.10 Stress-deflection and stress-elongation curves for 3 point bend (a) and tension (b) tests on a SiC
monofilament/SRBSN matrix U.D. composite. Acoustic emission traces are used to detect matrix cracking
for comparison with non-linearities in stress-strain plots.
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Fig.11 Tensile fracture surface from a SiC Fig.12 Bend-creep data for a SiC monofilament/SRBSN
monofilament/SRBSN matrix U.D. composite matrix U.D. composite compared with two
showing extensive filament pull-out and matrix grades of monolithic silicon nitride ceramic.
cracking.















1. C/SIC AND SIC/SIC C.M.C. DESCRIPTION

These two material families are currently the most used for
designing themostructural-oriented parts or sub-systems in
an oxidizing environment.

C/Sic are made up of a carbon fiber reinforcement, a pyro-
carbon interphase and a silicon carbide matrix.

SiC/SiC are made up of a silicon carbide fiber reinforce-
ment, a pyrocarbon interphase and a silicon carbide matrix.

Fiber reinforcements can be cither bidirectional - consisting
of a mere fabric stacking (2 D) or made up of layers that are
bound together to form a multi-layer (2.5 D) - or three-
directional in the case of carbon reinforcement by using the
needling technigue (3 D NOVOLTEX or SKINEX).

The interphase and then the matrix are deposited by chemi-
cal vapour infiltration (CVI) of a carbon or silicon carbide
(SiC) precursor
A Tensile strength 2D Sic-sic
(MPa)

200 Test at 300 K Test at 1250 K

Test at 1675 K

150

100

50

Direction 1 and 2
Elongation (%)
-

10 20 30 40 50
FIGURE 1: SIC/SIC 2D STRAIN/STRESS CURVE

f Tensile strength
| (MPa)

3001 2.5D C-SiC

24
80 A 160

o X 190

Elongation (%)
x R} 6 .8 10

FIGURE 2: C/SIC2.5D STRAIN/STRESS CURVE

Tensile strength
3004 (MPa)
] 3D C-SiC SKINEX
200+
25
100+
120
Elongation (%)
0 ey - -

2 4 ¢ 8 10
FIGURE 3 C/SIC 3D SKINEX  STRAIN/STRESS CURVE

Figures 1, 2 and 3 remind the mean behaviour laws
(stress/stran) obtaned tor some examples that are the most
representative of these matenals. They are representative of
average unazed matenal behavior for stndard fiber ratio
and density

Ihese curves show well the specitic behaviour of these
matenials, that can be gqualificd as “clasuc-damageable”

Ihey are elastic because the discharge curves, that are
quasi-linear, pass again close o the ongimal deformation. A
residual deformation, due to the fact that cracks are not
completely closed, can be noted but remains Tunited and
without great influence on design

FIGURE 4 : STRESSED SIC/SIC MICRO-CRACKS SYSTEM




























that the real cases will also be modelized with the introduc-
tion of an unavoidable distortion

¢ Interlaminar shear
34 strength ratio

Orthogonal compression (MPa)
0 ———

25 50
FIGURE 22 : TEST RESULTS
Ihe curve in figure 22 indicates the resuits for the 2D C/8iC
material. The interlaminar shear strength doubles for a com-
pression stress of about S0 MPa. One has to reason upon

these elements 1o define a failure criterion adequate for this
specific bi-axis load.

4.3 Overstresses in rotational symetric flange

CMC tube

Compressive tool

Support

FIGURE 23 : ROTATIONAL SYMETRIC FLANGE DESIGN
AND TEST DEVICE

Figure 23 presents the case of an rotational symetric flange
with a torsion phenomenon applicable to different parts
such as combustion chamber tubes or divergents (such
“poor” geometry can be imposed by considerations that dif-
fer from pure mechanical requirement).

Regular design driver of such a flange is interlaminar shear
stress. But the ring torsion causes the flexion of the tube
thin part and very locally generates an important peak men-
dian tensile stress even with optimised finite element size.
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Non linear analysed stress fields in meridian traction and
interlaminar shear are presented on figure 24 and 25.

Stress (MPa)

[ 120
Bl 50
Bl -20
Ml 0

I -160

FIGURE 24 : FLANGE MERIDIAN TRACTION STRESS

Stress (MPa)

(] 85
3 60
=8 30
El 5
o5
. 0

FIGURE 25 : FLANGE INTERLAMINAR SHEAR STRESS

MERIDIAN| INTERLAMINAR
TENSILE SHEAR
MATERIAL 70 80
STRENGTH - MPa
ANALYSED 120 85
PEAK STESSSES
MPa
PERCENTAGE +70 % +6%

FIGURE 26 : MATERIAL AND TEST RESULT

The failure test shows that the rupture occurs by shearing in
the flange for a maximun local value that is 6% higher than
the material capacities in very good accordance with mate-
nial standard rupture value.
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FIGURE 27 : BOLTED ZONE SAMPLE AND TEST DEVICE
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FIGURE 28 : LINEAR BOLT AXIS TENSILE STRESS

At rupture, the maximum meridian tensile stress reaches a
value that is 70 % higher than the mean failure value of a
standard traction sample. Sample examination do not allow
10 detect any meridional cracks.

This technological sample allow to conclude that the simple
criterion in stresses on the most tensioned fiber is in this
case very conservative, the local peakstressed zone 1S not
relevant for FMECA and shear is the good design driver.

4.4 Overstresses in bolted zone

The test piece described in figure 27 is representative of a
massive part attachment with machined grooves. The stress
field of figure 28 obtained with 3D linear calculation for
preliminary design indicates an axial tensile stress coneen-
tration area in the connecting radius under the fastening
screw head. Axial traction tests of this technological sample
showed that the rupture :

- did oceur from the overstressed areas,

- for a maximum tensile value twice higher than the mate-

rial capacities.

Such informations allow to estimate real margin. In that
case, the use of linear analysis and consideration of the
simple criterion would have been oo conservative leading
10 an over-design.

More sophisticated non lincar analysis of this sample will
allow to define a relevant rapture cniteria tor such a couple
geometry/load

Ihis exemple show also that CMC are able 1o whistand
IMpPOrtant stress concentration

5 CONCLUSION

The know how in CMC design 18 beginning to be fonmalized
This allows better appreciation of the real potential and appli-
cation possibilities of the materials that are sull very new

The experience acquired in refractory metal structure and
part design and the methodologies developed are used tor
guidance in structuring these activities, but are not entirely
transposable.

Ihe degradation modes and the sensitive parameters differ from
those already known and identified for metals or ceramics.
‘Thanks to a hetter control of these aspects, it is now possible 1o
umprove the analysis and the chamctenzation relevance.

Today, a structured approach much more specific (o these
materials appears following the first global experiments
performed and providing a greater determinism and better
design control.
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Figure 7: Arrangement of Inserts for Figure 8: Assembled Carbon Fibre Preform
the Preform Set-Up

Figure 9: RTM Arrangement of a Two-Chamber Mold with Inserted
Fibre Preform (left) and Molten Precursor (right)

Figure 10: CFRP Component (270x270x35mm3) Manufactured in a
Near-Net-Shape Technique
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Infiltration Cycles

Fibre Coating

Porosity
Density

Tensile Strength

Elongation

Young's Modulus

Interlaminar Shear Strength| MPa

Bending Strength

Bending Strength 1000°C
Bending Strength 1100°C

1
1 f
= |
% 20-25 |
g/cm?|1.6-1.7
MPa |100-120
% %)
GPa 60-80
4
MPa |100-120
MPa =
MPa —

Lamination: 0/90° UD-Prepregs

Table 2: Properties of CMC Materials Manufactured by the Si-Polymer Route

IMPREGNATION OF FIBRE STRUCTURES (PREFORM)

—

4

Chemical Vapour
Infiltration (CVI)
Variations:

= Isathermal

- Temp. gradient

- Pressure gradient

- Forced convection
- Pulse process

Liquid phase infiltration

4

b

Without in situ-reaction

With in situ reaction

U 4 4 " §
Matrix- Slurry Sol-Gel Polymer Metals, Alloys
melting
4 ey 4 v 4
Reaction
Drying Dehydratior Pyrolysis Reaction with gas-
(Ceramizatio with fibre atmosphere
n) structure N, 0,,C0O,
Lanxide
) 4
Sintering Sintering
Hot-pressin

Table 3: Manufacturing Processes for CMC Materials |5]
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Figure 1: Sketch of a gradient CV1 reactor

The SiC premior gas is methyltrichloro-silane
(CH3SiCl3) in excess hydrogen as carrier gas.

A temperature gradient which is inverse to the pressure
gradient is applied to control the local distribution of
the matrix deposition within the preform. At the
beginning of the infiltration process, the down-stream
side of the preform body is typically heated to 1450 °K
for the SiC matrix process whereas the up-stream side
is held at a lower temperature at which SiC deposition
does not yet occur. This means that the densification of
the fibrous structure by SiC matrix growth proceeds
from the rear to the front side against the gas flow
direction and thus allows a permanently open access
for the feed gas throughout the densification process,
until the growth front reaches the up-stream surface.
The progress of the growth front is dnven by the
increase of the thermal conductivity where the pores
are filled with SiC matrix.

In comparison to the isothermal/isobaric CVI process,
the gradient-CVI exhibits two essential differences:

e amarkedly higher gas flow
« araised deposition temperature.

Both of these features involve a remarkably higher
deposition rate which would cause soon clogging of the
surface near pores and exclude complete densification
when applied in the isothermal/isobaric process. This
higher useful deposition rate reduces the time required
for densification of a certain thickness by at least one
order of magnitude.

A pilot plant for the gradient-CVI process is shown in
Figure 2. This equipment provides a working capacity
of 220 liters and allows, as it is fully automatized,
continuous infiltration runs without personal control.

Figure 2: Fully automised pilot plant for gradient CVI

3.3 Final machining and joining

Manufacture of CMC parts is mainly based on near-
net-shape processing. However, as already stated, the
final machining, especially on all contact surfaces at
connecting joints, cannot be avoided. The final
machining of CMC parts is performed by diamond
grinding and drilling, including also, if necessary,
cutting by a high power laser. The high hardness of the
material makes the machining operation difficult and
very expensive. On the other hand, there are no
degradation effects through the machining and the
strength of the parts is not reduced by cutting of the
fibres. Moreover, by the adequate form, smoothing,
avoidance of the residual stresses, preloading, etc., the
strength of a structure can be significantly improved.

Joining is done with metallic fasteners, made of
refractory metals if the service temperature is beyond
the maximum temperature level for usual metallic
fasteners. The high compressive and shear strengths of
the CVI-derived ceramic composites make this kind of
joining a very reliable one. Furthermore, it provides the
important advantage of an easy dismounting for
inspection, and repair in case of local damage.

A further metallic joining method which has already
been tested is brazing with reactive brazes. However,
probably due to the typical residual porosity of CVI
derived CMCs, the reliability of brazed joints is not yet
satisfactory so that additional development work is
necessary. Furthermore, this is the joining method with
the strictest temperature limitation.

Where only low mechanical loads occur, joints with
ceramic cements, preferably with SiC powder filler, are
applicable. In this case it is necessary to machine the
joining surfaces accurately to ensure a uniform tight
contact. The cement volume should be kept at a
minimum and the support by fixations is favourable.
Good experiences were gained with silicon organic
polymers (polycarbosilames and - silazanes) as bin-



ders in the ceramic cement. Upon their pyrolysis under
inert gas they form an amorphous SiC residual which
fits to the SiC matrix composite material.

A very promising development route, which provides
inherently joined elements, i.e., over interlaced fibres,
relies on the utilisation of 2D- and 3D-woven shaped
fibrous structures. The current development is oriented
towards higher fibre volume contents, comparable to
those obtained with stacked 2D-fabrics and
multidirectional in-plane fibre orientation.

3.4 Feasible forms

As already mentioned, the gradient-CVI process
favours regularly shaped parts. Examples of feasible
geometric are even and curved plates, cylinders,
angular tubes, boxes and U-section beams. These parts
can be provided with engineering elements such as
flanges, corrugated sections, thickness variations, and
integrated ribs of some millimeters in height.

Furthermore, with the gradient-CVI method it is
possible to realize wall thicknesses which are beyond
the capability of the conventional CVI process, €.g.,
plates with 25 mm thickness have successfully been
infiltrated by gradient-CVL

Examples of manufactured basic parts are shown in
Figure 3 and Figure 4 demonstrating, at the same time,
the principle of how such parts are assembled to a
complex component.

Figure 3: Basic parts, manufactured with gradient-CVI

Figure 4: Assembly of gradient-CVI parts to a
complex component

4. DESIGN PROCEDURE

CMC materials exhibit very different and more
complex response to applied loads compared to other
materials and provide remarkable mechanical
characteristics in comparison with bulk ceramics.
Different analyses has been performed to relate the
strength properties under tensile conditions, especially
first matrix cracking, to microstructural behaviour, as
fibre sliding in the matrix, fibre bridging and pull-out
in the crack wake and the fibre rupture. The
achievement of the adequate strength properties of the
CMC structures depends on the knowledge of the role
played by each of these features during deformation
and development of the failure. Therefore, the
improved modelling of the behaviour, which is based
on micro-structural features, can provide significant
contribution to the understanding of the behaviour and
prepare preliminary information necessary for the
adequate structure design.

The analytical modelling of the mechanical behaviour
is performed not only for the purposes of ceramic
adequate integrated design, but also for the
optimisation of basic material.

4.1 Analytical modelling of the behaviour

The first kind of problems relate to the determination
of the "elastic" modulus. The elastic modulus of a
single, uni-directional ply composite, in the direction
of the fibre, can be given by the law of mixtures:

ECMC=V'EF+(l-V)'EM. (1

However, a general feature of the stress-strain curve of
a tension test is that the initial linear elastic region is
followed by a non-linear stress increase up 1o a
maximum where the failure occurs. Generally the onset
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Figure 7: Microscopic cross section of C/SiC, a) and
the approriate FEM model, b)

The previous analysis shows that voids induce more
cracking and are also responsible for non-linear
macroscopic behaviour. In typical CMC material with
2D-woven fabrics, the volume fraction of the pores
within of the matrix is nearly the same as the fibre
fraction in the loading direction under tensile loading
conditions. Therefore the effect of pores should be

significant.
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Figure 8: Comparison of test results to computed
results with different CMC models

On the other hand, comparison of some results for
different CMC materials have shown that 2D-materials
may be nearly accurate represented by the 1D-version
of the same materials if the stress-strain curve is scaled
down according to the fibre fraction change in one
direction (mostly 50 % for 2D-CMC) (shown
shematically in Figure 9 according to [8]). Based on
this, one can assume that the behaviour of 2D-CMC is
mainly controlled by the fibre lay-up in the direction of
the loading. Even in the case of woven 2D-fabrics, the
differences were so small, leading to the conclusion
that the contribution of the fibre curvature may be also
negligible.
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Figure 9: Tensile stress-strain curves for 0° and 0°/90°
SiC/LAS at room temperature

Generally, previous results show that further modelling
effort is necessary and very desirable, both for the
fundamental understanding of the behaviour and for the
optimisation of the CMC basic structure. The
corresponding investigation must concentrate on the
sensitivity analysis of CMCs to the vamation in
parameters and features of the basic components
included in the composition of the material.

Although the analysis shows that the FE method is a
very important tool that can efficiently aid the
investigation of the microstructural aspects, the
presented results are preliminary, and have to be
verified by further examination. The results were
presented here to show the influence of porosity, which
is usually neglected in different models, at first also in
the simplest one, of the so-called "law of mixture" (1)
for the evaluation of "elastic” modulus.

4.3 Material characterisation

For the practical application in addition to the tensile
rupture strain capability other characteristic of the
materials may also be very important, as for example,
general performance under stress condition (stress
concentration, bi-axial stress conditions, shear
strength), fatigue behaviour, creep and environment
effects.















Figure 22: Single shear specimen with supporting
frame and refractory bolt.
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Figure 23: Rerults of the single shear test with
refractory bolt and C/SiC specimen

Figure 24: Single shear specimens with refractory bolt
after rupture.

6. CONCLUSIONS

The gradient-CVI process has beer. shown to provide
ceramic composition with SiC matnix which possess
the required properties for application in Hhigh
performance components, e.g. high strength and strain
to fracture and high temperature resistance. The
favourable shear and compressive strengths are useful
for joining with bolts.

The gradient-CV1 process itself was affirmed to offer
the advantage of short infiltration periods what makes
this process cost-effective and allows shon
development cycles for CMC products. Its applicability
for the manufacture of parts could successfully be
demonstrated. The particularities of the process favour

regularly shaped pans. A design principle has therefore
been developped for the assembly of standardized parts
to complex components

Further developmemt efforts require, however. 10
improve oxidation protection and perform the long
time endurance (> 1000 hours) testing at high
temperatures in oxidising environment with protected
CMCs based on SiC matrix. Major demands to be
fulfilled in this respect are mmproved SiC fibres,
oxidation resistent fibre coatings and external seal-
coats with increased performance
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need for optimization of the material processing parameters.
However, since the changes in the processing parameters
could introduce global problems of warping, etc.. there is a
need for iterative material selection and processing parame-
ter modulation until the global and macroscopic design is
achieved to satisfaction. The third and the final step (with the
necessary feed back as shown in Figure 2) of composite
development would be the micro-control of the properties
such as the chemically formed interphase region between the
fiber and the matrix matenials.

The objective of this paper is to describe the role of ultrasonic
nondestructive evaluation in materials development so that
the composite being designed can be evaluated through var-
ious stages of development such as material selection, life
prediction, material behavior, fracture mechanics, etc. The
nondestructive methods developed during the initial stages of
the design of the composite system can also be used after the
development in order to: (a) assure that the composite panel is
free of defects while the designed properties are being
achieved during production, and (b) detect the degradation of
initial properties because of use.

ROLE OF ULTRASONIC NDE IN MATERIAL
DEVELOPMENT

Ceramic matrix composites are designed and developed as
structural materials for use at elevated temperatures made
with two components: a matrix material and embedded fibers.
There are various aspects of the composite developmental
procedure that can benefit from the use of ultrasonic NDE.
For example, improper consolidation of the matrix at the
interfacial region can be easily detected |1 using ultrasound
as shown in Figure 3. Such a capability to nondestructively
detect consolidation problems will help to eliminate the use of
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samples in further tests such as fiber push-in for interfacial
strength estimation as discussed next.

Figure 4 shows the result of fiber push-in tests on a SCS-6
Glass sample where a section of the sample was intentionally
selected in a region shown to have some areas of consolida-
tion problems while other areas were properly consolidated.
In the figure, the inset shows the section of the sample used for
fiber push-in tests. The ultrasonic image shows that the con-
solidation is good from fiber 1 to 5 while it is progressively
poor going from fiber 6 to 12. The peak loads that were
required to push-in the fibers in the sample clearly show a
correlation with the ultrasonic evaluation of the interfacial
consolidation. Thus, if the ultrasonic scan is properly used to
sort out the samples with improper consolidation, the validity
of tests such as fiber push-in can be enhanced because the
push-out results will now reflect only the interfacial strength
rather than the scatter due to manufacturing problems. Fur-
ther details of this experiment can be obtained from the
literature |2].

Ultrasonic NDE can also be effectively used to evaluate and
study the elastic behavior of the interphase region {3, 4|
between the fiber and the matrix materials. Such an evalua-
tion is important because the overall properties of the
composite are largely dominated by the behavior of the inter-
face. The interface provides the load transfer between the
matrix and the fiber. At the same time, the interface acts as a
mechanical fuse and provides crack resistance to the compo-
site and prevents catastrophic failure. As a result, the
characterization of the interface between different types of
fibers and matrix materials is of great interest to the research-
ers who are developing the composite materials. The
objective of the evaluation of the interface would be to estim-
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50 MHz [\n

Focused [\/»
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Fig. 3 Detection of improper consolidation using ultrasound.
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Fig. 4 Ultrasonic corroboration of fiber push-out tests

ate the achieved interfacial load transfer behavior between
the fiber and the matrix in order to obtain a composite with
suitable fracture behavior. Since the destructive tests of inter-
facial evaluation render the sample unusable, there is a need
to develop an ultrasonic nondestructive tool for the charac-
terization of the interface to study the fiber-matrix interface in
at least the outermost layers of a real, multi-fiber composite
system

An ultrasonic back-reflectivity technique has been developed
to complement other existing techniques for the charac-
terization of the interfacial behavior in fiber reinforced
composites. The ultrasonic characterization of the interface is
achieved by the analysis of the back-reflected signal from the
fiber-matrix interface. The advantages of the ultrasonic back-
reflectivity technique are several: (1) the method is
completely nondestructive and facilitates the use of the same
sample for the tests (fatigue and creep) other than the inter-
face analysis, (2) the technique can provide the distribution
and vanation of the interfacial properties along the length of
the fibers thereby facilitating better process control, and (3)
the interface can be monitored for degradation and changes
during fatigue tests for life prediction. The configuration of
the model is shown in Figure Sa, the boundary conditions
used are shown in Figure 5b, the analytical expression
obtained is shown in Figure Sc, and an example of the result
obtained from the model is shown in Figure Sd. Further
details of the modeling analysis can be obtained from the liter-
ature |3]. An extensive physical reasoning behind the
modeling | 3] has been described in the literature |4).

CONCLUSION

Ultrasonic NDE is an excellent complementary methodology
to be used in concert with the development of a new structural
material such as ceramic matrix composite. Ultrasonic NDE
facilitates interrupted tests during fatigue experiments by

ensuring that the sample is available for further tests of inter
est. Also, ultrasonic NDE is effective to charactenize the
fiber-matrix interface in ceramic composites and provides a
tool to help the developers of new composite systems to (1)
determine the compatibility between the matrix and the fiber
of choice, (2) establish the processing parameters such as
pressure and temperature, (3) evaluate the interface for
degradation and debonding during temperature and mechan-
ical fatigue tests, (4) obtain an accurate measurement of the
fiber debonded length produced by push-in tests and also by
fiber fracture thereby providing a common basis for the stress
analysis and fracture mechanics groups, (5) monitor fiber
breaks, crack initiation |5], and growth in ceramic composites
during fatigue tests, (6) validate and reduce data scatter for
interface evaluation tests such as fiber push-in, push-out,
fiber fragmentation, etc

The design and development of a new CMC needs a pyramid
approach where first global, then macro and finally micro
properties are iteratively designed with extensive feedback
and interaction. Concurrent engineering approach is essential
for the design and development of CMCs wherein there are
extensive interactions and involvements by groups working in
material science, fracture mechanics, nondestructive evalua-
tion, component design, etc. It is critical to view the CMC
development process from ‘out side’ the existing conventions,
and formalities. Design procedures and manufacturing meth-
odologies will have to be evaluated concurrently to obtain the
best possible benefit from the composites for a given
application. Common ‘scientific language’ (definitions, termi-
nology, etc.) need to be established for groups from different
fields to be able to interact. Other NDE techniques such as
laser induced ultrasound need to be cultivated to evaluate the
interface at elevated temperatures. However, improvements
in signal-to-noise ratio, sensitivity, etc., are to be achieved
before effective use.
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