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Abstract

The results of stress analysis of a ceramic matrix composite (CMC) vane using a physics-based
model developed for two-dimensional woven CMCs are presented. The model considers the
inherent defects and micromechanical damage in woven CMCs along with time-dependent
deformation of the constituents. Predictions include damage state under general load
conditions and the global deformation response of the vane. Strain-gage data from burst tests
are compared to strain predictions obtained using the model. Results from time-dependent
analysis and life prediction of the vane under constant loads and cyclic loads at elevated
temperatures are presented. Effect of fatigue frequency on the deformation and long-term
life of the vane are also discussed.
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1. Introduction

The high efficiency and regulatory requirements demanded of the next generation aircraft
engines impose severe constraints on the selection of structural materials that can be used in
building them. The high temperature capability combined with their low density as compared to
titanium and nickel-based alloys make ceramics and their composite derivatives ideal candidate
materials for the hot sections of turbine engines tailored for these requirements [1]. The use of
these materials allows for the potential operation of gas turbines at higher inlet temperatures
without the need for external cooling, which in turn reduces the overall weight while increasing
efficiency and reducing the noise level during engine operation while maintaining low Nitrogen
Oxide (NOx) and Carbon Monoxide (CO) emissions [2, 3]. Furthermore, as compared to monolithic
ceramics the reinforcements in ceramic matrix composites (CMCs) give them superior toughness
and durability even at elevated temperatures [4].

Uses of CMCs however add complexities in part fabrication [5]. Considerable advances have been
made since the 1980s in using CMCs to make combustor liners [6-8], nozzle flaps [7, 9], vanes [8,
10-13], blades [14], bladed disks [15], and shrouds [16, 17], though a number of these applications
remain experimental. Commercially, the major aircraft engine companies have made significant
investments in the development and manufacture of CMC hot-section components for use in
turbine engines [18, 19] and, in some cases, CMC parts are currently being flown on civilian aircrafts
[20].

Currently, a safe life approach [21] that requires the use of test data obtained from extensive
material testing done under flight-critical load conditions is the preferred method used to design
aerospace turbine engine hot section CMC components [22]. While material testing is important to
understand the deformation and failure mechanisms that may sometimes be unique to these
materials and to generate a design database, this approach to part design is ultimately time-
consuming and cost-prohibitive, leading to long development times and expensive parts. Therefore,
there is a need for a robust deformation modeling and life prediction approach that incorporates
these deformation mechanisms in order to apply the material technology to product design in a
cost-effective manner [22]. Lacking such a modeling approach testing will have to be done each time
the composite configuration and/or loading is changed significantly. A sufficiently well validated
model will be able to predict the effect of stress raisers, such as holes and notches, without further
extensive testing. A mechanics-based model will also be able to determine the residual life of the
composite part during service, which will be of significant benefit from inspection, replacement, and
life-cycle cost considerations.

Remarkable progress has been achieved over the past several years in understanding and
modeling of various deformation and damage mechanisms in CMCs, especially in two-dimensional
(2D) woven silicon carbide/silicon carbide (SiC/SiC) composites up to 1200°C. Models have been
developed for dominant deformation and damage mechanisms in these composites under various
load and temperature conditions relevant to engine operating conditions, including the effect of
environmental degradation. References [23-39] describe some such material models for CMCs. The
general approaches used to model the structural response of CMCs consists of either considering
the CMC as a homogeneous orthotropic material in combination with continuum damage
mechanics [23, 24, 31-34], or using micromechanics to combine models representing the damage
and deformation mechanisms in each of the individual constituents of the composite [25, 26, 28, 30,
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35, 36, 39]. Typically, when micromechanics is used, large structures are modeled either using a
unit-cell approach that captures the constitutive behavior of the CMC [25, 26, 28], or using a
multiscale approach that models the CMC at different length scales [30, 35, 36, 39]. The underlying
physics is predicted in greater detail depending on the modeling approach used. However, this
comes at greater computational cost. In general, solution fidelity and solution times, both, are the
least when the CMC is modeled as a homogeneous and single material and is the greatest in the
case of multiscale approaches. To be practical and cost-effective, analysis of large CMC structures
thus requires the right balance of solution fidelity and computational efficiency [40].

Some of the models in the references listed above have been implemented into finite element
(FE) structural analysis codes (for example, see [40, 41]). These physics-based models use material
properties and model constants determined by characterizing data from simple tension and creep
test specimens under unidirectional loading. In most cases, limited validation of their predictive
accuracy has been done by direct comparison with measured response of coupon-level test
specimens under laboratory conditions. Further validation of the models by successfully modeling
more representative CMC structures is needed before their eventual use in aiding turbine engine
hot-section component design. However, one challenge to achieve this is the limited availability of
relevant published experimental data from well-instrumented tests to sufficiently assess the models
due to the often proprietary and security-related nature of most CMC applications.

A search of the published literature by the authors identified experimental data from a study [10,
42] on the fabrication and instrumented burst testing of a CMC vane subelement to be suitable for
structural modeling. In the present paper, the CMC vane described in [42] is modeled and studied
using the FE method combined with a physics-based CMC material model that combines matrix
microcracking, constituent creep and SiC oxidation. A brief description of the CMC model is initially
presented. Composite properties obtained from flat test coupons are used as inputs to the model
in order to characterize deformation and failure of the vane subjected to increasing internal
pressure loading. Finally, the time to failure (service life) of the vane is predicted when the pressure
load is held constant and when the load is cycled.

2. Deformation Model for CMCs

The CMC model used in the stress analysis of the vane is based on a unit-cell approach. In this
model the 2D woven composite is considered as having fiber and matrix; one constituentis assumed
to be brittle while the other can exhibit viscoplastic behavior. Experimental observations [43] show
that matrix in CMCs undergoes progressive microcracking under load. The density of microcracks
increases with load and the final failure of the material is preceded by the fracture of fibers. The
present model considers the composite as an assemblage of damaged and undamaged unit-cells
(Figure 1(a)). Damage within the cells consists of matrix cracks transverse to the load direction, and
longitudinal cracks in the matrix or fiber-matrix disbonds. Here the load direction is considered to
be aligned along the fiber direction in a unidirectional composite and along one of the fiber
directions in a cross-ply system. The cracks are described by parameters n and p that are given by
the ratio of the length of the crack to the length of the composite in the direction of the crack. Thus,
n represents the proportion of the unit-cell width that is cracked while p represents the proportion
of the length of the unit-cell over which there is no shear load transfer between the fiber and the
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matrix. Further, the model assumes that under increasing load these parameters follow a Weibull

type curve that simulates the increasing crack density in the composite.
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Figure 1 (a) CMC Damage Model and (b) Unit Cells in CMC Damage Model.

The transverse and longitudinal cracks associated by the parameters n and p, respectively, divide
the unit-cell into three regions, U, B; and B;, as shown in Figure 1(b). Initially, assuming no initial
damage, the composite contains only U-type cells. With the assumptions stated above, n and p
increases progressively along with the volume fraction of the associated B and B; cells. Assuming
iso-strain condition in the direction of the load, we can use the rule-of-mixtures and the inverse-
rule-of-mixtures formulations to derive the strain rate in the composite. This derivation has been
described in detail in [28] and the final expression for the strain rate in the load direction can be
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Here E's and a’s are the Young’s modulus and the coefficients of thermal expansion, vthe volume
fraction, subscripts f and m denote fiber and the effective-matrix!, U, B; and B, the regions in Figure
1, o is the stress, T the temperature and ‘. denotes the time rate of the variable in the equation.
Then the strain rate just due to damage is simply

P = £(n, p) — £(0,0) (2)

In this model the functions n and p describing the evolution of the damage are expressed in terms
of the Weibull statistics function as

n(t) =1 — exp [—0.693 (Z—':)nn] (3a)
and
p(©) = 1= exp | ~poc (22)"] (3b)

Here oo is a matrix strength parameter defined such that n(t) = 0.5 when o, = 0o. The parameters,
0o, Nn, Pnc and pnn in equations (3) are obtained by calibrating the tensile stress-strain response of
the CMC at specific temperatures.

Similarly, fiber fracture is described in the model in terms of the following Weibull statistics-
based expression:
and

_ W
W) =1—exp [—0.693 <M) ] (3¢)

O-fO - O-fm

where of is the fiber strength parameter that corresponds to half the fibers failing (¢(t) =0.5) when
Of = Of, Ofm IS the minimum stress when fibers start to fracture, and the parameter ¢/, defines the
progressive fracture of fibers under increasing fiber stress, oy.

All the parameters describing damage in equations (3a), (3b) and (3c) are obtained at each
temperature by exercising the model to ‘fit’ the measured tensile stress-strain response of the CMC
at that temperature.

1 Here the fiber refers to the coated fiber and the effective matrix is defined as a homogeneous equivalent material
that includes the actual matrix constituent of the composite and the transverse coated fibers.
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Time-dependent strain rate, gg}ﬂ , of the constituent, which in these CMCs is the in-situ matrix (m),

is modeled by the following modified form of the Bailey-Norton law:
gl = Ac,,™(el )" (4a)

Here o, is the stress in the matrix and A, n and m are material constants. In addition, the matrix
strain rate is limited to a minimum value, 8, i.e.,

Em < B (4b)

This limiting condition is based on observation of creep and two-hour dwell fatigue data from
the Sylramic™-iBN/ melt-infiltrated SiC (0101 CMC) CMC that shows that the secondary slope
reaches a limiting non-zero value at large times [44].

This approach has been used in Reference [28] to model the tensile response of several CMCs
with a wide range of non-linear stress-strain behavior and in Reference [44] to model the creep and
dwell-fatigue behaviors of the 0101 CMC. The solution procedure uses a numerical technique such
as the Runge-Kutta method to solve the non-linear equations. It has also been shown in [28] that
the product n*p which can be interpreted as a measure of the crack-density in the composite shows
the same qualitative behavior as the crack-density estimated in experiments using acoustic energy
data.

The model has also been extended to the case where in-plane shear is present [45] in a 2D woven
CMC. The nature of the weave and the loading of the vane sub-element considered in the present
study is such that in-plane shear does not play a significant role in determining deformation and
failure. Thus, in-plane shear was not considered in this study and a description of the shear model
is not presented.

SiC/SiC CMCs are known to degrade when exposed to oxidizing environment at elevated
temperatures [46]. The cracked matrix allow environment to enter and oxidize the fiber and
reducing the area over which it can carry load. The stress on the SiC fiber thus increases continuously
until rupture.

Oxidation kinetics of the SiC constituents and its effect on the composite response has been
incorporated into the forementioned model as described in Reference [47]. The conceptional view
of the combined damage-deformation-oxidation model is shown in Figure 2. Under a given set of
transient mechanical load and transient temperature conditions, the progressive damage model
determines deformations and stresses in the constituent materials (fiber, matrix, and fiber coatings)
within the composite as well as the distribution of damage in the form of microcracks in the matrix,
interfacial separations, and fiber fracture. The microcracks provide pathways for the oxidizing
environment to access the interior of the composite and the damage function n provides a measure
of the fraction of fibers that are exposed to the environment. Thus, increase in external load results
in more microcracking and thus n, and a corresponding increase in the fraction of fibers exposed to
the environment. The chemical kinetics models associated with oxidation of each of the constituents
determine the oxide thickness growth and the surface recession (material loss) of the constituents,
both of which translates to decreases in their respective volume fractions. Uncoated SiC fibers start
to oxidize as soon as they become exposed to the environment while oxidation of coated fibers will
start to occur after volatilization of the coating becomes complete. Volume fractions of the oxidized
constituents are updated in the damage and deformation model which subsequently evaluates the
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redistribution of micromechanical stresses and associated increase in microcracking and creep. This
time-dependent non-linear process is continued in the analysis, until a critical amount of fibers is
determined to fail resulting in the final failure of the composite.

/ Thermo- \
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Mechanical Load —p» Deformgation | I Chemll\;acw)ldlzlnetlcs <4— Environment
& Geometry Model
¢ Volume l \
Fractions . .
Damage Matrix recession Matrix Degradation
Deformation —— Coating loss Hot
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Figure 2 Combined oxidation-damage-deformation model.

For analysis of CMC structures, the above modeling procedure has been embedded in an in-
house FE analysis code with implicit integration scheme such that each integration point within each
element in the FE model follows the prescribed deformation and damage rules [48]. The FE
procedure allows modeling of structural response and the consideration of macro-damage modes
such as delaminations. The FE method combined with the above-described CMC constitutive model
that includes shear [45] thus allows for analysis of three-dimensional CMC layup structures
constructed using two-dimensional weaves. The damage and micromechanics-based approach has
undergone significant theoretical and experimental validation by comparison of predictions and
experimental measurements on a Sylramic™/melt-infiltrated SiC CMC [28, 44, 47, 48].

3. Material Description and Experimental Setup

The CMC material of the vane was developed under the Ultra Efficient Engine Technology (UEET)
program [10, 42]. It consisted of Sylramic™ SiC fiber coated with in-situ Boron Nitride (iBN). Fabric
of the fiber was woven by Albany Techni-Weave into a Y-cloth geometry in order to handle the
anticipated high interlaminar stresses at the trailing edge of the vane. Figure 3 shows the fiber
architecture and the Y-Cloth woven SiC/SiC composite used in vane fabrication. The vane sub-
element consisted of six plies of Sylramic™ SiC fiber cloth with Chemical Vapor Infiltration (CVI),
slurry cast and Melt Infiltrated matrix. The fabrication process is outlined in Reference [10].
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Figure 3 Modified Y-cloth geometry.

Since the primary application of the vane sub-elements was a demonstration in the High-
Pressure Burner Rig (HPBR) at NASA Glenn Research Center the specimens were tested in the HPBR
before being subjected to burst test. A total of six vane sub-elements were produced and two test
specimens were cut from each vane. Figure 4 shows the typical vane geometry tested. The
specimens were instrumented with strain-gages on its pressure and suction side in order to record
the tension and compressive strains. The locations of the strain-gages are shown in Figure 5. Two
specimens were mounted with five strain-gages each while each of the other ten vane specimens
had two strain-gages. The vane specimens were subjected to monotonically increasing internal
pressure at ambient temperature until failure. The loading was done using a flexible bladder, formed
to the shape of the specimen cavity. Further details of the instrumentation and the testing are

described in Reference [42].
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R 1080
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Figure 4 Geometry of the CMC vane test specimen.
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Figure 5 Material regions and strain-gage locations in CMC vane.
4. Estimation of Material Properties

The objective of the NASA research on the vane was to demonstrate the progress made in the
design and fabrication techniques, developed under UEET, toward the application of CMC in cooled
aerodynamic parts. In this regard the emphasis in the NASA project was to successfully make CMC
blanks and to machine and test vane specimens. Comparison of the burst pressure and the failure
mode was then made for vanes from different manufacturers. Since comparison of the strain
response of the vanes was not the goal, the tensile stress-strain response of this material was not
obtained. This material, with SiC fibers and SiC matrix with a fiber volume fraction of 40%, was
expected to be nominally similar to the 0101 CMC material characterized in Reference [28]. Thus,
in order to make the modeling of the vane more realistic it was decided to use the constituent
properties fromthe 0101 CMC material along with the Y-cloth architecture of the vane CMC material
and obtain a better estimate of the structural properties.

Analyses were performed using the pcGINA software for CMCs [49] to estimate the elastic
composite properties of the vane material. The preform architecture used was a Y-shaped fabric
manufactured by Techni-Weave and consolidated by BF Goodrich as reported in the work by
Calomino et al. [10] and Brewer et al. [42]. Two types of weaves were used in the manufacturing of
the vane blanks: five-harness satin weave (5H-SW) and plain weave (PW). Each of the 2D weaves
had fibers running in orthogonal directions with a total fiber volume fraction of 40%. The CMC was
coated on the outside by an Environment Barrier Coating (EBC) material. The locations of the CMC
with the two weave patterns and that of the isotropic EBC material are shown in Figure 5. The
estimated material properties of the vane material including the CLIP damage constants are listed
in Table 1. In the absence of stress-strain data for the vane material the damage constants and
nonlinear deformation used is the same as that of the 0101 CMC [28]. The stress-strain curve
predicted for the 5H-SW and PW CMC used in the vane is compared with data from the 0101 CMC
and shown in Figure 6.

Table 1 Material Properties of Vane CMC Constituents.

SiC/siC (23°C) 5H-SW  PW  Coating
E) (GPa) 333 333 207
Fiber: E: (GPa) 173 173
(Sylramic-iBN) v 0.20 0.17 0.20
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o (um/m/°C) 2.7 2.7 2.77
&5 0.0037 0.004
Ei (GPa) 300 200
Matrix: E: (GPa) 300 200
CVI/MI SiC Y 0.20 0.125
o (um/m/°C) 2.5 4.7
oo (MPa) 226 226
Damage Nn 0.53 0.53
constants Pnc -0.276 -0.276
Pnn 2.5 2.5
Vol. frac. - fiber & coating (%) 40 40
Vol. frac. - porosity (%) 5 5
Stress free temp. (°C) 1450 1450
500
Sylramic-iBN/MESIC Cross-Ply CMC
Tension )
400 -
01-01
cmc
& 300 |
£
g 200 - 5H-sW
100 - PW
Symbol -- Data
Line -- Prediction
0 . : . ;
0.000 0.001 0.002 0.003 0.004 0.005

Strain (m/m)
Figure 6 Predicted Stress-Strain Response of Vane CMC.
5. Analysis and Prediction of Pressurized Vane Tests

Figure 7 shows the 2D finite element mesh used in the analysis and the strain-gage locations
corresponding to the test. The mesh consisted of 2917 nodes and 883 eight-node isoparametric
plane-strain elements. Note that material properties of the composite vary throughout the vane
(Figure 5). Fibers are oriented along the tangential (hoop) and the axial (out-of-plane) directions in
the model. Thus, the 2D plane of the FE model consists of the hoop and radial (thru-thickness)
material directions. At the trailing edge of the vane the hoop-direction fibers from the upper and
lower arms of the vane meet in a ‘Y’ and round the central part of the trailing edge. The inner and
outer regions of the trailing edge are packed with extra matrix material to give the vane the desired
form. Matrix damage in the hoop and out-of-plane (axial) directions is considered in the analysis
while the stress in the radial direction in the vane is used to estimate ply debond. Thus, even though
the FE mesh is two-dimensional this damage analysis itself is three-dimensional.
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Crack

Figure 7 FEA Model of vane specimen showing delamination crack at inside of trailing
edge.

FE analysis of the vane without a crack was done with uniform pressure load (p) applied along
the entire inner surface in the model. Ply delamination was not considered. Results from the analysis
for p = 2.0 MPa are shown in Figure 8. The hoop (S11) and axial (S33) stresses, shown in Figures 8(a)
and 8(d), respectively, are high at the inside radii on both the leading and trailing edges (locations
marked A and B in Figure 7), while the interlaminar stress (S22), shown in Figure 8(b) is highest at
the inside radius of the trailing edge (location Cin Figure 7). Figures 9(a) and 9(b) show variation of
the damage functions n and p in the vane, respectively. It can be seen from the figures that matrix
microcracking damage is significant at locations A and B, where the composite in-plane stresses are
high. The maximum values of the in-plane stresses occur on the inside corner at the trailing edge
near where the Y-cloth bifurcates. This is also the location where the matrix damage is most intense.
Load is transferred to the fiber from the matrix as the latter cracks and eventually the fibers start to
fail leading to the local failure of the composite. Consequently, the inside corner at the trailing edge
near where the Y-cloth bifurcates will also be the region where the vane is expected to rupture
when in-plane failure is the dominant failure mode.

S, 511 s, 522
(Avg: 75%) (Avg: 75%) Y
+5.75424+02 +4.6182+02
+4,783e+02 +3.915e+02 L
+3.811le4+02 +3.212e402 x
+2.840e+02 +2.50%e+02
+1,86%2+02 +1,8062+02
+8.972e+01 +1.1032+02
-7.419+00 43.9942401
-1.0462+02 -3.036e+01
-2.017e+02 -1.007e+02
-2.988a+02 -1.710e+02
-3.960e+02 -2.413e+02
-4.931e+02 -3.116e+02
-5.902e+02 -3.819e+02
S, 533 5, 512
(Avg: 75%) (Avg: 75%) ¥
+9.633e+01 +3.193e+02
! +7.966e+01 +2.663e+02 L
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— +4.631a+01 +1.602e+02
t +2.964e4+01 +1.072e+02
+1.297a+01 +5.413e+01
-;-gg;rgg +1.091e+00
-2. + -5.1952+01
-3.705e+01 -1.050e+02
-5.373e+01 -1.560e+02
-7.0402401 -2.111e+02
-8.707e+01 -2.641e+02
-1.037e+02 -3.172e+02
(c) (d)

Figure 8 Predicted stress (MPa) state in CMC vane without crack for p = 2.0 MPa: (a)
hoop stress, (b) axial stress, (c) radial stress, and (d) shear stress.
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Figure 9 Predicted matrix damage in CMC vane without crack for p = 2.0 MPa: (a) n-
function and (b) p-function.

Variation of the hoop stress at locations A and B, and at the location of strain gage-2 in the vane
astheinternal pressure is increased from zero to 2.0 MPa is shown in Figures 10. The corresponding
growth in matrix damage at these locations in the vane is shown in Figure 11. The results show that
microcracking damage in the matrix grows as the internal pressure is increased and that the
material’s load-strain response exhibits nonlinear behavior that corresponds to the growth in matrix

damage.

Pressure (MPa)

Strain (m/m)

Figure 10 Predicted load-deformation behavior at strain gage-2, and locations A and B
in the CMC vane.
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Figure 11 Predicted matrix damage at strain gage-2, and locations A and B in the CMC
vane: (a) n-function and (b) p-function.
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Figure 12(a) shows the measured and predicted strains in a test at five locations in one of the
vane specimens as reported in Reference [42]. It is evident that, during the test, severe damage
occurred at approximately 0.6 MPa applied pressure, resulting in abrupt change in strain-gage
readings. The measured and predicted strains at two locations in a second vane specimen tested is
shown in Figure 12(b). In this case sudden deviation from linear response occurs at about 0.3 MPa.
As stated above, the effect of microdamage is included in the analysis results in Figures 12(a) and
12(b), but the model did not include representation of macrodamage such as delamination and
gross matrix cracking.

Applied Pressure (MPa)
Y
Apnplied Pressure (MPa)

strain {my/m) Strain (m/m)
(a) (b)

Figure 12 Predicted (without crack) and measured strains in (a) specimen-1 and (b)
specimen-2.

Observation of the final condition of the burst test specimens (Figure 13) shows that final failure
occurs by complete separation of the CMC material at the trailing edge. This is consistent with
initiation and growth of an interlaminar crack at the trailing edge. Stress analysis indicates that the
maximum value of the ILT occurs on the inside of the trailing edge (location Cin Figure 7). This result
suggests the formation of a crack on the inside of the trailing edge that grows across the trailing
edge as the macromechanical damage mechanism responsible for the sudden change in strains
shown in Figures 12(a) and 12(b). For pressure load of 0.6 MPa the through-thickness or ILT stress
at the Y-cloth bifurcation location exceeds 30 MPa. This value seems sufficient to initiate a crack in
a direction bisecting the trailing edge in the specimen whose results are shown in Figure 12(a).

Figure 13 Typical final State of the Failed CMC Vane Specimens [31].

Thus, we attributed the nonlinearity in the strain-pressure curve seen after 0.6-MPa to be due to
the initiation and subsequent growth of a crack at the Y-cloth bifurcation location (see Figure 7). By
assuming that this was the only dominant crack in the vane we next used the strain data from gage-
2 to determine the variation of crack length with the applied pressure. This plot, shown in Figure 14,
was generated by solving a series of problems by the FE method, each with a different crack length,
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such that the compliance of the vane is matched at gage-2 at each value of applied pressure. The
broken lines in the figure represent compliance values corresponding to each crack length. It was
further assumed that the final point on the gage-2 strain verses pressure plot corresponds to a crack
length of 10-mm. This dimension was selected because it is the total length of the vane ahead of
the bifurcation location of the Y-cloth. Note that Figure 14 is not a prediction, because data from
the vane test was used to back out crack length versus load. To do a prediction, we would need the
(fracture) resistance curve of the material obtained from a delamination test. Such data was not
available.

-9
.-.._-r"" P
__—."-- -
— 0.80 --8- g
© - -
% .’."/' d’l
-
= ra ’ -~
L 060 2 s o7 I
= ‘ y .7 L ] Gage-2 Data
W s
8 f 7’ ’,’ =8 6m
£ , , / - a=5.6mn
- 0.40 . P w7 ———
O ,f d=4 .M
= 4 4 -
o rs -
o "’ P Prd 2=9.5mm
T non -
0.20 8 . P
’ s, | - a=10mm
/'/’
e~ -====Model Calibration
Pt -
0.00 #
0.0000 0.0005 0.0010 0.0015 0.0020 0.0025
Strain {m/m)

Figure 14 Calibration of strains at gage-2 using crack length.

In Figure 15, while gage-2 strains were used for calibration (because material toughness data was
unavailable), the strains at the other strain-gage locations were predicted by the model using the
above calibration, and seem to show general agreement with test data. Thus, the data from the
strain-gages is consistent with the assumption of a dominant crack initiating at the inside of the
trailing edge and growing across the section of the vane.
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Figure 15 Predicted and measured strains at all strain-gages (with crack).
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During each of the FE computations, with different crack lengths, the crack tip energy release
rate (G) was also computed (using the path-independent J-integral method) for each crack length.
Figure 16 shows the corresponding stress intensity factors (K) of the delamination crack that was
determined from G. Extrapolation of the plot to a very small crack length gives a value around 5
MPavm for K. Assuming that a small crack formed at an applied pressure approaching 0.6 MPa, the
K at the tip of that crack would be around 5 MPavm. Further increase in pressure would have caused
that crack to initiate and grow in a stable fashion. The crack might have become unstable at some
point after certain amount of crack growth. The initiation toughness value of 5 MPavm is in close
agreement with delamination toughness of 6 MPavm inferred from C-channel tests done on the
0101 CMC material [50]. These values of fracture toughness are also similar to that of pure SiC at
room temperature, which is reported to be 4.6 MPavm in Reference [51].
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Figure 16 Computed stress intensity factors in CMC vane.

Note that the above fracture analyses assumed only a single crack. It is however possible that a
second crack might have formed at some other location at some point during the pressure increase
beyond 0.6 MPa.

6. Prediction of Time-Dependent Response and Life of CMC Vane

There were no test data available for the response of the vane under constant applied load at
elevated temperature. The purpose of this analysis was therefore purely heuristic and simply
intended to show how the CMC model described in this work could be used to life the CMC vane. In
the analysis, the vane was loaded to an internal pressure of 0.5 MPa and held constant at a
temperature of 1204°C. The load level selected is lower than the load at crack initiation for the vane
specimen in Figure 12(a).

The material of the vane was taken to be the SiC/SiC composite of Table 1. Based on earlier
modeling work [44], the time-dependent deformation mechanism was assumed to be creep of the
matrix material. Stress analysis under constant load therefore requires knowledge of the creep law
for the matrix. Typically, this can be deduced from strain data from at least two creep tests (at two
stress levels) at the temperature of interest. Since this data was not available for the CMC material
of the vane, we assumed the behavior of this material in creep to be identical to the 0101 CMC. The
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time-dependent response of the SiC matrix at 1204°Cinthe 0101 CMC has been modeled previously
[44] using the power-law creep law of equation (4) with A =1.427 x 102 MPa™s1, m=7.1737,n =
-1.8316 and 8 = 2.366 x 10! s, and shown to capture the time-dependent behavior of the
composite over the stress range 110 MPa to 248 MPa. Similarly, oxidation constants for SiC fiber
and SiC matrix reported in Reference [47] were used to model the effect of oxidation at 1204°C.

The finite element mesh shown in Figure 7 was used in the analysis. As described earlier the
material properties of the composite vary throughout the vane (Figure 5). Matrix damage in the
hoop (tangential) and the axial (out-of-plane) directions is considered during the load-up phase of
the analysis. When the pressure load is held after it reaches the maximum value (0.5 MPa) creep
deformation of the SiC matrix is considered. As it creeps it will shed load to the surrounding fibers
and matrix resulting in stress redistribution throughout the structure.

Figure 17 shows the predicted time-dependent strain at two locations in the CMC vane: at gage-
2, and at location A (Figure 7) in the vane where the hoop stress is the highest. There is rapid growth
of creep strain initially. The growth strain of the strain soon becomes more gradual and approaches
a constant value. The time variation of the hoop direction stress in the fiber at the same two
locations is shown in Figure 18. The stress in the fiber is seen to increase continuously, both, due to
matrix creep in which load is transferred to the fiber from the matrix, and by fiber oxidation in which
stress increases as the cross section of the load-carrying part of the fiber gradually decreases.

Location-A

Hoop Strain (m/m)

Time (hr)

Figure 17 Predicted Change in hoop strain in CMC vane during creep.
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Figure 18 Fiber Stress and Life Prediction of the CMC vane under constant load.
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The strength of the in-situ Sylramic™ SiC fiber in the 0101 CMC at 1204°C as determined in
Reference [47] is also shown in Figure 18. The results are shown up to 1200 hours, which was how
long the creep analysis, was run. Rupture of the CMC will be expected to occur when the fiber stress
becomes equal to the fiber strength. From the figure we see that in this case the life would be about
660 hours (obtained by extrapolating the fiber hoop stress curve at Location-A to intersect the fiber
failure plot). Similarly, according to the results shown in Figure 18, failure of the CMC at the location
of strain gage-2 is expected to occur after 960 hours. Of course, local rupture of the CMC at location-
A would result in redistribution the stresses in the vane and any subsequent failure.

Rupture life of the vane was also determined for various other values of applied internal pressure
in the range between 0.3 and 0.6 MPa. The results from this study are shown in Figure 19, which
shows that, as expected, higher loads correspond to lower rupture life. In fact, for the model
predicts no failure even after 10,000 hours for internal pressure values lower than 0.32 MPa. As
noted earlier, the experimental data showed that the vane fails by delamination at the bifurcation
location of the Y-cloth for internal pressure values higher than 0.6 MPa.

Vane subject to constant
internal pressure

Applied Pressure (MPa)

500 1000 1500 2000 2500 10,000

Runture Life {Hr)

Figure 19 Effect of magnitude of internal pressure on rupture life of CMC vane under
constant loading.

The effect of cyclic loading on the CMC vane was also investigated. Prior work [52] has shown
that the deformation under fatigue loading depends only on the stress level and on the time the
material is maintained at the stress level: the higher the stress and greater the time during which
the material is exposed to stress, the larger the deformation. Besides the time at stress there is no
other frequency effect on the deformation seen in this class of SiC/SiC CMC. It was also shown that
the damage and creep model described earlier can predict deformation under cyclic loading.

However, cyclic loading does result in premature failure of the CMC as compared to constant
loading either due to fatigue-induced damage of the coating material, due to interface abrasion that
facilitates increased oxidation of fibers [53], or due to fatigue damage of the fibers [54]. Fatigue
failure data from 0101 CMC was used in Reference [52] to obtain the following relationship between
cycles to failure (Ny) and in-situ Sylramic™ SiC fiber strength (o):

oro(MPa) = —10.94In(Ny) + 793.49 (5)

Since Equation (5) for the fiber was obtained by analyzing composite data, the effect of all three
phenomena listed above that induces failure under fatigue is included in it.
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Tension-tension fatigue study was done on the CMC vane using Equation (5) along with Equation
(3c) to determine failure of the load-carrying fibers and, therefore, final failure of the CMC. Two
values of load cycle frequency were considered: 1 Hz and 30 Hz. The ratio of minimum to maximum
load (R-ratio) used in the study was 0.05. Change in maximum load on the fiber during each load
cycle at location A in the vane with number of cycles for the 1 Hz and 30 Hz cases as determined by
the model and corresponding to maximum internal pressure (pmax) equal to 0.5 MPa are shown in
Figures 20(a) and 20(b), respectively. Also shown in these figures is the change in in-situ fiber
strength according to Equation (5). Failure of the vane is predicted to occur after 400,000 cycles
under 1 Hz fatigue loading, while at 30 Hz the vane is predicted to accumulate 10,000,000 cycles
before failure. But as expected, failure of the vane subjected to 30 Hz fatigue loading occurs earlier
(93 hours) than if the load is cycled at 1 Hz frequency (113 hours).

Stress during each cycle

MPa)

Maxirmum Fiber Stress during each cycle
MPa)

maximum Fiber

Cycles Cycles

(a) (b)

Figure 20 Fiber Stress and Life Prediction of the CMC vane under (a) 1 Hz and (b) 30 Hz
cyclic load.

Figure 21 shows the predicted effect of the maximum value of cyclic internal pressure on fatigue
life of the vane for the 1 Hz and 30 Hz frequency cases, each with R-ratio =0.05. Smaller loads result
in longer life. The load versus life behavior is seen to change abruptly for values of peak internal
pressure less than 0.25 MPa and results in relative long rupture life. It is also seen that at each load
level, the load cycled at 30 Hz frequency accumulates more cycles before failure as compared to 1
Hz frequency load cycling. Failure of the vane under cyclic loading is predicted to occur at location
Ain the vane just as in the constant load case.

0.4

Pumax (MPa)

0.3

0.1 | CMC Vane
Fatigue, R=0.05

‘:‘
1.E+03 1.E+04 1.E+05 1.E+06 1.E+07 1.E+08 1.E+09 1.E+10
Cycles at Failure

Figure 21 Effect of magnitude of internal pressure on rupture life of CMC vane under
cyclic loading.
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From the above results it can be noted that as the matrix creeps the local stress will decrease.
Failure will occur when the local fiber stress reaches the strength of the fiber. Thus, in this example
where the initial peak load is chosen to be smaller than that at crack initiation failure will likely occur
due to failure of the hoop direction fibers. And unlike the burst test case, where failure occurred at
the Y-cloth bifurcation location, in the time-dependent example failure is expected to occur near
the inner radius location at the trailing and leading edges. This example thus shows that the nature
of the applied load can change the mode of final failure of the CMC structure by affecting the
amount of matrix microcracking and/or delamination.

7. Conclusion

A mechanistic modeling approach to analyzing 2D woven CMCs that considers the simultaneous
effects of matrix microcracking, fiber fracture, time-dependent deformation of the constituents,
and oxidation of the constituents has been used to model the burst test of CMC vanes. All the
analysis and predictions of the vane were done using data from simple flat coupons. The model
predicts that when in-plane damage is the dominant failure mode, the vane exhibits non-linear
deformation behavior due to microcracking of the matrix. Analytical deformation results from the
model are compared to test data obtained from experiments done on the vane at room
temperature. Results of FE analysis using the CMC material model have been found to be consistent
with the initiation and growth of a dominant delamination crack at the trailing edge leading to final
failure. This assumption also explains the significant load carrying capacity of the CMC vane found
to exist beyond crack initiation. The ability of the model to determine time-dependent deformation,
damage and service life under constant loading and cyclic loading has been demonstrated. It is
shown that constant loading is less deleterious to the life of the vane than fatigue loading. The
higher the frequency of load cycles, the vane accumulates more cycles before failure, but the
corresponding time to failure is shorter.
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