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1. Introduction’

The objective of the Fossil Energy Advanced Research and Technology Development
(AR&TD) Materials program is to conduct research and development on materials for
longer-term fossil energy applications as well as for generic needs of various fossil fuel
technologies. These needs have prompted research aimed toward a better understanding
of material behavior in fossil energy environments and the development of new materials
capable of substantial enhancement of plant operations, reliability, and efficiency.

The research program of the Materials Response Group at Virginia Tech addresses the
need for reliable and durable ceramic composites to perform in high temperature
applications. Two of the major fossil ener%y applications for ceramic matrix composites
are heat exchangers and hot-gas filters."* In Section 2, we discuss the mechanical
property characterization of oxide/oxide hot gas candle filters. This characterization
includes tensile response, as well as response to internal pressurization. In Section 3, we
discuss the characterization of dense Nextel/SiC structural tubes. In this study, the tube
responses to axial tensile and compression loading as well as to torsional loading are
measured.

In addition to these experimental characterizations of composite performance, we have
also been involved in a number of modeling activities that are of importance for relating
the behavior of the composite to the behavior of the constituents. The first of these
modeling activities (described in Section 4) is to develop an understanding of the
bridging stresses in cracks that extend into both 0° and 90° plies. The stress
concentrations that result in the 0° plies may be important for making accurate
predictions of the tensile strength of cross-plied and woven laminates. Also, we have
been working toward the goal of developing models for the strength and toughness of
fibril-reinforced composites. The first step toward this goal, described in Section 5, is to
develop models for the bridging stresses in cases in which the bridging fibers are
randomly oriented.

In the last modeling effort described in Section 6, we attempt to join two types of
durability models that include the effects of multiple degradation mechanisms: those
based upon detailed micromechanical simulations of the composite behavior and those
based upon remaining strength. To do so, we use the results from the micromechanical
simulations for single degradation mechanisms acting independently as inputs to the
remaining strength model. The remaining strength model is then used to predict the
combined behavior and the results compared to those from the numerical simulation.

" Research sponsored by the U. S. Department of Energy, Fossil Energy Advanced
Research and Technology Development Materials Program, DOE/FE AA 15 10 10 0,
Work Breakdown Structure Element VPI-1



2. Performance of Hot Gas Candle Filters

Removal of particulate from hot gas streams is a current source of energy loss in power
generation. Current systems require the gas to be cooled before filtration or separation,
resulting in an overall reduction of efficiency. Service conditions dictate that the filters
must be able to endure sustained exposure to high temperatures, caustic environments,
and severe thermal shock. Research into high temperature systems that operate without
the need to cool the gas stream has produced several different candidate systems. These
range from monolithic ceramics to a variety of ceramic composite structures. Several
papers have been written reporting on the performance of the different materials and
structures®*. They use a variety of different test procedures to characterize these
materials. Axial tension, O and C-ring tension and compression, and internal pressure
tests are frequently chosen to characterize the stiffness and strength changes with high
temperature/service condition exposure. However, the O and C-ring tests generate
complex stress states over a small volume of material and therefore do not lend
themselves to accurate calculation of the global properties. Therefore, in this study, axial
tension and compression, torsion and internal pressure tests are performed to provide a
complete test matrix for determining the global stiffness and strengths.

This research is being performed on the candidate filter supplied by McDermott
Technologies, Inc. of Lynchburg, Virginia. This is an oxide/oxide ceramic composite
design. The structure is a Nextel 610 fiber filament wound to form the backbone. The
matrix is composed of chopped Saffil fibers that are added during the filament winding
procedure. The two types of fiber are bonded together by an aluminum oxide layer
deposited by sol-gel processing. This produces a structure with the high porosity (~70%)
and small pore size needed for the filter.

The objective of this research is to test the McDermott filter material, characterizing the
mechanical response under several loading conditions and after exposure to high
temperature and severe thermal shock. Several samples have been exposed to different
degrees of simulated back pulses (where ambient temperature air is forced back through
the 800°C filter to remove any particulate buildup on the outer surface). The tests
described in this paper were selected to create a complete data set such that it would lend
itself to composite material analysis. This will increase the understanding of the damage
and material degradation modes. The experimental results are used to validate different
modeling approaches. The ultimate goal is to apply the expenmental results and models
to generate life prediction estimates.

2.1 Axial tests

A schematic of the axial test samples is in Figure 1A. Elastic stiffness was measured on
tube sections with a 12.5-cm gage section. Tests were performed on a MTS servo-
hydraulic load frame with axial and torsional capabilities. A mounting fixture gripped
the pins placed through the ends of the tube. Two different methods were used to
minimize the effect of the pinholes. First, a ceramic foam plug, cut to match the inner




diameter of the tube, was bonded around the pin and inner surface to distribute the load
away from the hole. This proved to be insufficient, so a second method of potting the
end in epoxy was used.

Composite Ring
A B
Figure 1: Schematic of test samples. A) Axial test sample. B) Internal pressure
test sample.

The axial tension and compression tests have a limit of 450 N (~100 Ibs.) tension and 225
N (~50 Ibs.) compression. The torsional stiffness test range was £115 N-m (~100 in-
Ibs.). Surface strain was measured using strain gages and extensometers.

Axial stiffness calculations are based on the extensometer measurements. Strain gage
data are on the order of 15% stiffer than the extensometer measurements due to the
adhesive permeating and locally reinforcing the matrix. This is not believed to have a
significant affect on the torsional stiffness measurements. It has been shown using an
energy formulation of the displacement of a composite tube that the axial stiffness is
predominantly controlled by the matrix properties, while the torsional stiffness is more
closely related to that of the reinforcing fiber properties>. This is not unexpected since
the material is a #45° woven structure. Another concern during testing is how minor
specimen misalignment can lead to significant bending moments. To account for
resulting bending moments, all strain measurements were made at four locations, equally
spaced around the tube. Averaging the data removed the resulting linear offset and gave
an accurate measurement of stiffness.

Axial and torsional stiffness results are in Figures 2 and 3. At this point, little to no
degradation of axial stiffness can be attributed to back-pulse exposure. More samples,
especially those subjected to 10 and 100 thousand back-pulse cycles, are currently being
tested.

Tensile stress-strain curves are shown in Figure 4. Samples 3 and 4 utilized the ceramic
end plug, while 7 and 8 were potted in epoxy. The reduction in strength is due to a
change in the failure mode. The samples using a ceramic end plug bonded to the inner
surface failed with cracks originating at the pinholes and winding around the sample
following the fiber tows. The samples with the epoxy ends underwent a gradual failure
with gage section necking. Due to the change in the mounting, it is impossible to attribute
changes in the fracture stress to back pulse exposure. Currently, more samples with the
epoxy end plugs are being tested so variations in tensile strength can be attributed to




service exposure. For the samples mounted with epoxy, the material exhibited no large
crack formation at the maximum strain level (4-6% strain or 4-6 mm displacement), but
generated damage throughout the sample. There appeared to be no fiber failure, instead
matrix failure, shear band formation and fiber realignment are the primary failure modes.

4'5 ] ¥ ) ¥ 1
1 1 ' 1 '
< ] 1 [ 5 t
1 ' ' ' '
401 --=-===== I R I R 4=~~~ -+
' 1 ) ! ?
! | ) , .
35{‘"’""? """"" ST T ;T T
l | : | .
30 oo e oo oo e
[
& | | | : :
= 1
g25f-------- Fomeoom- mmmmmse-- AR SRR R
2 ' ' | 1 1
1 1 ' 1 1
% 1 ' 1 1 1
E’_’ 2.0 ---------- T s=s=s=== [ S === == { R aAT - o= ===
£ ; ‘ ' ‘ '
< ' ' 1 1 '
15+----=-=--- e m o m -~ fo - ——— fm— == == =~ ] R B
' ¥ ' ) '
t
' | I : !
104----=--=-- mmmmm— o= [ e e e e e PR, J D
) 1 ) ) ]
'
. ) : | :
1
L oo nneee s s Rt et
1 1 1 1 '
1 1 1 1 1
0.0 . ! ! ; :
0 20000 40000 60000 80000 100000 120000

Back Pulse Cycles

Figure 2: Axial stiffness with exposure to simulated back pulses.
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Figure 3: Torsional stiffness with exposure to simulated back pulses.
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Figure 4: Tensile test results. Tubes 3 and 4 - ceramic end plugs, 7 and 8 — epoxy
ends

2.2 Internal pressure tests

The internal pressure test procedure is the same as was described in the paper by Singh,
et al.>* and is illustrated in Figure 1B. A rubber plug, fabricated slightly smaller than the
inner diameter of tube and about the same length, is compressed so that the Poisson
expansion provides pressure to the inner surface of the filter section. Test samples
ranged from 2.5 to 7.6 cm in length. To prevent frictional loading, two plastic sheets
enclosing a lubricant layer were placed at the interface of the plug and filter. During the
test, the load and stroke are recorded so that the pressure on the inner surface can be
calculated as

c,—E.,

2v

14

where P; is the inner surface pressure, ©p, E;, vp and €, are the applied stress, Young'’s
modulus, Poisson’s ratio, and the axial strain of the plug. A plot of the internal pressure
vs. axial displacement of the plug is located in Figure 5. The change in the curve at 10
mm is due to the plug making contact with the tube section, and the test program ending
at slightly more that 16 mm. The materials did not exhibit catastrophic failure, but
underwent a gradual increase in damage throughout the entire sample. There were no
preferred failure sites or large crack initiation or propagation. A burst sample at the
maximum stroke range is in Figure 6. The surface tows can be seen as they change
orientation and pop out of the filter. The matrix material is crumbling and falling off, as
can be seen lying around the sample. Once the load is removed, the sample retains its
deformed shape and has little structural integrity remaining.
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Figure 5: Pressure vs. axial plug displacement curve for internal pressure burst test
sample after 10,000 back pulse cycles

The influence of sample size on burst pressure is seen in Figure 7. The data for 25-cm
specimens (open square data points) are taken from Alvin, et al’. This is significant since
those tests were performed using a water filled bladder, and should not have effects
induced by compressing a rubber plug (frictional loading and non-uniform internal
pressure). It should be noted that these results are a combination of as-fabricated and
exposed samples. Further testing is needed to produce enough data so that the effects of
both thermal cycling and sample length can be separated. The increase in burst pressure
with increasing length is believed to be caused by edge effects.

Figure 6: Burst test sample after failure.
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3. Performance of Nextel/SiC Tubes

In addition to the tests conducted on the hot gas filter materials, mechanical tests have
also been conducted on 87% dense Nextel 312/SiC tubes fabricated at ORNL using the
FCVI process. The tubes possessed a nominal inner diameter of 50 mm and a nominal
wall thickness of 5 mm. Each end of the tube was mounted in epoxy, providing a gage
section of approximately 75 mm. Strain rosettes were placed at four equally spaced
locations around the circumference to determine all in-plane strain components as well as
any bending strains that might be present. An example of such a tube (after failure),
illustrating strain gage placement is shown in Figure 8.

Initial characterization focused on determining the mechanical stiffness properties of the
tubes. To do so, axial tension and compression tests were conducted to low load levels
(well below the matrix cracking stress). Results from such tests are shown in Figure 9.
The effective axial stiffness of the tube was found to be 25 msi (171 GPa). Similar tests
were conducted in torsion to determine the initial effective shear stiffness of the tube.
The results from these tests, shown in Figure 10, exhibit as great deal of scatter.

Figure 8: Specimen configuration for dense tube testing.

After the initial mechanical properties had been determined, a quasi-static tensile test was
conducted on the first tube section in an attempt to determine the axial strength of the
tube. This test resulted in premature failure at the grip region at an applied stress of 30.9
MPa. Subsequent refinement of the gripping procedure for the second tube resulted in
behavior that is more representative of the actual performance of the tube. Failure in this
case occurred at 68.1 MPa. The results from such tests are summarized in Figure 11.
Failure surfaces exhibited significant amounts of fiber pull-out, as illustrated in Figure
12.
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Figure 9: Axial tension and compression test results for Nextel 312/SiC tubes.
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4. Crack Bridging Analysis: Aligned Bridging

We have also begun a study of the bridging of short matrix cracks. A schematic of the
problem is shown in Figure 13 for two cracks. One crack is fully bridged while the other
is partially bridged. This figure shows the relevant parameters of the problem. For a
crack of length ¢, with a bridged length a, we wish to determine the crack shape u(c), the
stress intensity factor at the crack tip, and the stress on the bridging fibers.

Bridging Fibers . .
Unbridged Region

///
—’//
Crack Profilés
\\\ /
]
C=1.95 C=3.9
X

Figure 13: Schematic of centrally bridged crack

This problem is relevant to the issue of bridged matrix cracks at elevated temperatures.
As time progresses and the fibers degrade, will the 0° crack extend into the 90° ply or
tow?

The equation which we consider gives the equations of shape for a 2-D crack in plane

stress with a crack opening displacement u(x) and surface tractions p(x) under uniform
remote stress 0. The displacement is related to the traction as follows:

_2 ‘s ‘o —p(t)
u(x)—ﬂzj w/sz—xz{ AV dt}ds,OSx<c. )

Additionally, the stress intensity factor at the crack tip is
K= 2\/—E Jcﬂ':_—p(ﬁdx 3)
), [ o2 —x2

12

X




Our next task is to determine the bridging law which relates the crack opemng to the
bridging traction. We have chosen a form given by Danchaivijit and Shetty (DS)® which
is given by

1
16(1+7) E, f mu |?
pu)=—122= 11+ ( Z),ffm +1 )
2(1+1) no.r
where 771s a parameter
_E
n= &)
(1-f)E,

We also normalize the stresses and displacements and substitute the bridging law into the
crack shape relationship yielding an integral equation for U(X)

U(X)--}EJ T = = J 77+2-[772js421(i;77) e/ . ©6)

where ¥, C, U, and S are given by

4
y—3(1+77)
c. . _ _Kc_m§ 2 2
R SR
_ux) o
= u°_4(1+77)E,fZT @)
$2%; gy m(art)”, an U VEL M1t )
Oy rE,,

Note that oy is the Aveston, Cooper, and Kelly (ACK) matrix cracking stress’.

Finally, the order of integration is reversed which yields improved convergence
properties

v(x)= ‘412”)“ [2+20+ P(X)] AIJl_iJ”lZ x| L[2+277+P(X) }‘/1_—:/—;2*/1_27,
P(X)=[rf* +4(t+ U ()P -1 ®)

The resulting equation is then iterated until convergence in U(X) is obtained. If the
critical stress required for crack extension is desired, the crack-tip stress intensity factor
can then be found and compared to the critical stress intensity factor. If the condition is

13



not met, the applied stress, S, can be altered and the crack shape iterated again. This
process continues until both the shape and the stress intensity factor conditions are met.
For a more complete treatment of this problem, the reader is referred to Danchaivijit and
Shetty’.

For a partially bridged crack, the bridging law P(X) is set to zero over some portion of the
crack. As an example of the technique, we compare the results obtained from using the
DS bridging expression to the results from an earlier expression from Marshall, Cox, and
Evans (MCE)S, namely

2 l 1
49°E, (1+ n)]zu; ©

pw)= [ .

For unidirectional dense alumina fiber/alumina-yttria matrix composites at room
temperature, 7] is found experimentally to be 3.56. The normalizing stress, oy, is the
ACK cracking stress, 458 MPa. The normalizing crack length, co, is 1.01 mm. Given the
fiber volume fraction of 48.5% and the fiber radius of 6p, we find that the normalizing
crack length covers approximately 40 fibers.

Figure 14 shows the effect of the two bridging laws on the calculated matrix cracking
stress of the unidirectional oxide/oxide materials. For long cracks, the two expressions
yield nearly identical matrix cracking stresses, but for short to intermediate cracks, the
DS expression results in higher stresses.

The extension of 0° tow cracks into the 90° tow will be affected by the properties of the
90° tow. For example, the stress carried by the 90° tow will be dependent on its
modulus, and crack extension will be governed by its fracture toughness. As an example,
we can consider a crack which extends from the 0° tow into the 90° tow. The crack is
‘half-bridged’ with equal regions in the 0° tow and in the 90° tow. The stress ratio is
defined as the far-field stress (0..) carried by the 90° region compared to the 0° stress.

We shall assume that the fracture toughness of the two regions is identical. The resulting
plot for various total crack sizes, C, is shown in Figure 15, which demonstrates that as the
stress carried by the unbridged region decreases, a greater far field stress is required for
crack extension. In general, the critical stress for crack extension depends on the initial
crack length, the bridging extent, and the stress ratio.

Our other interest is in the stress carried by the centrally bridged fibers, as this will
govern their strength degradation. Figure 16 shows the stress carried by the fibers for a
crack in the 0° tow of a Hi-Nicalon/CVI Silicon Carbide composite that we have tested
recentlyg. The relevant mechanical properties are

E, =270GPa o, =290MPa
E, =310GPa ¢y =784
f=0342 n=0452

14
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Figure 14: Effect of MCE and DS bridging laws on matrix cracking of
unidirectional materials

The geometry of the tow revealed a thickness of 152 pu, approximately twice the length
required for a steady-state matrix crack. Here we consider a matrix crack which crosses
the entire 0° tow (C=1.95) and cracks which grow progressively into the 90° tow, ending
with a crack which extends through the 0° tow and halfway into the adjacent 90° tow
(C=3.90). The appropriate stress ratio is unity, and the applied stress is arbitrarily set to
80 MPa. As the crack extends into the 90° tow the stress carried by the intact fibers
increases, especially near the 0°/90° tow interface. For the largest crack, the stress at the
interface is greater than the steady-state fiber stress. Ultimately, for the long crack the
average fiber stress should approach unity.
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Figure 15: Effect of stress ratio on critical matrix cracking stress
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5. Crack Bridging Analysis: Randomly Distributed Fibers

5.1 Crack Closure Pressure for an Inclined Fiber

Tm Tf T, Tm

7

b /// VA
e / C’
/

T T

Figure 17: Analysis of fiber pullout for an inclined fiber.

The mechanics of fiber pullout can be conveniently analyzed by applying tractions Ty,
and Tt equal and opposite to the stresses in the matrix and fibers along AA’ at the end of
the slipped region, and removing the section AA’CC’. If we neglect the effect of shear
stresses above AA’ (i.e., assume that it represents an isostrain plan) these tractions are
related:

T T,

m —

= L (10)
E E,
where

T and Tt are the tractions within the matrix and the fiber respectively;

En and E; are the modulus within the matrix and the fiber respectively.
Equations relating the stresses and displacements are obtained by considering the

equilibrium of the matrix and fiber separately and also calculating the extensions & and
8+u of the matrix and fiber.®
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Matrix equilibrium: T A, cosy =2 Rtcosy
Fiber equilibrium: TA;cosy =T A cosy + 27RTIcosy
: . ) 7RIT
Matrix elongation: =
Icosy ALE,
T,
Fiber elongation: o L ¥ _r, 7iRlT
lcosy lcosy E, AE;
where
w = fiber angle
A, = area of matrix per fiber
Ar = fiber cross-sectional As=7 R®
R = fiber radius
I = sliding length
7 = shear stress
o elongation
u crack opening
From Equations (10) and (11), we have
27RIlT Ef
T, =———
4, E,
From Equations (12) and (15), we have
2t
T=—1I1+
= L+7]
with
_E4A _EV,

If we substitute Equations (13) and (15) into Equation (14), we find:

27RlTcosy + nRlTCOSY 7RlTcosy
A'mEm AfEf AmEm

u
l

After some simplification, we can find the sliding length I:

uRE ’

Pe—e——
7L+ n)cosy

Finally, by combining Equations (16) and (19), we obtain the traction T

e [4uEf1(1 + n)]%

Rcosy

(11)
(12)

(13)

(14)

(15)

(16)

17

(18)

19)

(20)
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5.2 Extension to Randomly Distributed Fibers

We now seek to extend the solution for the closure traction to the analysis of cracks that
are bridged by randomly oriented fibers. These fibers are assumed to be sufficiently long
that pull-out does not occur. For such a case, the probability density function describing
the orientation of fibers in the matrix is defined as (with the normalization condition)

Fw)= [, f(w)dw
F(£)=1 21

If we consider f{w)= constant (so that the distribution is completely random), we find
that

fly)= (22)

Following Jain and Wetherhold'’, we introduce the auxiliary variable y’, which

represents the signed distance from fibers’ center to the crack plane. The required
probability density is:

P[E,E,] (23)
where, )
E, =yely.y+dy]

(24)
E,=yely,y+dy]

Crack plane y’= Il

Figure 18: IlNlustration of the definition of the auxiliary variable y’.

Using the Bayes’ theorem for non-independent events E; and E; we can write:

19



P[E, Eﬂ:P[%z]- P[E,] (25)

The second probability is well defined by Equation (22). For the events E; the only

values of y’ are those which intercept the crack, i.e. y'e [% cosy, IEf cos l//’]. Under the

assumption that the fiber center of gravity is uniformly distributed in y direction
[fy (y)=%,ye[0,h]], we can say that y is also uniformly distributed
[fy, (y)=%,y’e [H-h,l'[]]. We may study y'e[O,%cosw] and multiply that
probability by 2.

The probability density that a single fiber bridges an arbitrary crack plane y = II with

events E; and E; is thus:
2Y2
dN,=|—| = |dwdy’
d (%)(h) Ve (26)

= 0 elsewhere

The number of fibers crossing the crack plane with events E; and E; is defined as:

2Y2),, (5Lesv .,
N,c=(;)(z)zvfjff dy'dy @7

where,

h - width of the composite plate
Ny — total number of fiber in the sample.

ARV
y=—"t (28)
Arly
The closure pressure is defined as:
P(y)=T(y)V,.cos’w (29)
where,
Al
v.="S1IN 30
£ooARTE G0)

is the volume fraction of the fibers that bridge the crack plane IT with events E; and E; .
By taking into account Equation (27)and Equation (28) we can write:

222 ! cos y ,
V,c=(;; JZJF " ay dw)vf 31)

Thus, if the crack is large enough that that bridging fibers are randomly distributed, the
approximate closure pressure as a function of position is given by
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Rcos

’y)- ( % j( % )V, Jo_ﬂ Li w[4u(y)EfT(l 4-.77)]% s waydy

After integration we have

ro)=(2) [ o

z)\h R

If we evaluate the integrand numerically, we obtain the final result that

P(y)= 0.457(% )|:4u( y)E,z(1+ n)]}évf

R

(32)

(33)

(34)

so that for the case in which the length of the fibers is the same as the length of the
composite, the average bridging stress is roughly half that which would be expected if the

fibers were aligned with the loading direction.

Once the average crack closure traction is obtained, it is possible to determine the crack
shape in the manner described in the previous section. The resulting crack shape may
then be used to determine the stress intensity factor at the crack tip as a function of the

global applied load.
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6. Life Prediction Analysis for Multiple Damage Mechanisms

The last aspect of our work to be described in this report is on the life prediction of
ceramic composite materials that experience combined degradation mechanisms. In
previous reports, we have described two different techniques for accomplishing this task:
(1) micromechanical models that combine the two mechanisms through either analytical
results or simulation results’, and (2) residual strength based approach (MRLife or
CCLife)” !!. The first approach tends to be more computationally intensive limiting its
applicability to real composite structures, while the second approach often requires
extensive experimental characterization and phenomenological representations of the
resulting data. In this effort, we seek to merge the two approaches by using the results of
the detailed micromechanical simulations for two individual degradation mechanisms as
input to the residual strength approach. The residual strength approach is then used to
predict the combined behavior.

The first damage mechanism to be considered is that of slow crack growth in the fibers.
The analysis of this damage mechanism has been described in detail in a previous report,
and will not be repeated here.

The second mechanism to be considered is asperity creep along the interface. For this

mechanism acting alone, we use a simple model with a few main assumptions

e The fibers creep while the matrix, which carries no load, does not

o The fiber creep reduces the asperity amplitude only — not the fiber radius

e The composite strength is governed by the tensile strength equation — no fiber
degradation

We begin the analysis with the relationship between asperity height and frictional stress,
where A is a combination of elastic constants

r=at (35)
r

Next, we assume that fiber creep changes the asperity height, h, only, and use a power

law creep rate £= Bo" to obtain the frictional stress, T, as a function of time

T =%[h‘, —%Ba"t(r+ho)] (36)

In deriving Equation (36), we have assumed that the volume of the fiber remains constant
during the creep process.

Now that we have the frictional stress as a function of time, we may substitute Equation
(36) into the Curtin tensile strength expression

L 1
ogl,T '"*1( 2 )ﬁ(m+1)
= mE 37
T f( r ) m+2 m+2 7

to obtain a normalized composite strength
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1

% =l:1——1—B0'"t[1+L):|m+l (38)
auO 2 hO

=2 '1-( 7 ) ] (39)
[1+—r—)Bo"' Tuo
hy

Figure 19 shows a plot of this failure time along with failure times determined by
numerical simulation with initial asperity height 100um. The agreement between
simulation and analysis is fairly good. Increasing the composite length makes only a
slight difference in simulated lifetimes, unless the applied stress is very near the bundle
strength of the material. Results are also shown for the analysis with a 20um asperity
height.

with a failure time

200 -

180 -
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140 - O 0
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Figure 19: Asperity analysis for woven composites containing Nextel 610 fibers with
an alumina-yttria matrix.

We now seek to combine the effects of the two mechanisms. As input to the slow crack
growth model, we may use the single fiber data from Yun and DiCarlo'? for Nextel 610
fibers. We are less certain about the asperity creep. However, for the purposes of
demonstrating the manner in which the two mechanisms may be combined, we assume an
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asperity creep behavior that gives us the same composite time to failure at an applied
stress level of 170 MPa as does the slow crack growth model. This situation (that in
which the mechanisms act on the same time scale) should give us the greatest interaction
between the two mechanisms.

For the residual strength approach, a number of different models have been suggested.
For simplicity, in this work we employ the wear-out model so that the rate of change of
the normalized remaining strength, Fr, for a single damage mechanism is given in terms
of the normalized applied stress, Fa, by

T __ T paopie (40)
dt a

where f and o are constants that depend upon the value of Fa. If we integrate Equation
(40) for the case in which Fa is constant with respect to time, and simplify, we obtain
1

P

Fr= [1 ~(1- Fa“)-—t—} )
s

where #ris the time to failure.

For the combined mechanism case, we assume that the rate of change of remaining
strength may be given by

1
Oster

dFr _ 1
dt Olltfl

(1- Fa®)Fr'™®1 ———(1- Fa® )Fr'™® 42)

where ¢, and ¢, correspond to the first mechanism (slow crack growth), and &, and
t;, correspond to the first mechanism (asperity creep).

To compare the two analysis results, we proceed as follows. First, we perform the
simulations for the slow crack growth and asperity creep mechanisms acting
independently. The results from the simulations for each mechanism are fit to Equation
(41) using a least squares method to determine «,, t;,, &,, and #,,. Then Equation (42)

is evaluated numerically to predict the combined behavior. The predicted combined
behavior is then compared to the simulation results. Results of such a comparison are
shown in Figure 20 for the 170 MPa applied load. We see that the residual strength
approach accurately predicts the simulation results for this case. This process has been
repeated at different applied stress levels with similar success”. The importance this
result is the implication for the analysis of real composite structures. In such structures,
the simulation approach is (presently) too computationally intense to be applied directly.
However, the results from the simulation may be used as inputs to the less
computationally intense residual strength approach, which may then be applied to the
structural analysis.
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Figure 20: Comparison of simulation results and residual strength results.
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7. Summary

This report describes the results from the research program of the Materials Response
Group at Virginia Tech addressing the need for reliable and durable ceramic composites
to perform in high temperature applications. Included in this effort is the mechanical
property characterization of oxide/oxide hot gas candle filters under tensile loads and
internal pressure. In addition, the mechanical properties of dense Nextel/SiC structural
tubes have been determined by applying axial tensile and compression loading as well as
to torsional loading,.

In conjunction with these experimental characterizations of composite performance, we
have also described a number of modeling activities that are of importance for relating
the behavior of the composite to the behavior of the constituents. The first of these
modeling activities is the development of an understanding of the bridging stresses in
cracks that extend into both 0° and 90° plies. The stress concentrations that result in the
0° plies may be important for making accurate predictions of the tensile strength of cross-
plied and woven laminates. Also, we have described our efforts toward achieving the
goal of developing models for the strength and toughness of fibril-reinforced composites,
beginning with the development of a model for the bridging stresses in cases in which the
bridging fibers are randomly oriented.

In the last modeling effort described we were successful in joining two types of durability
models that include the effects of multiple degradation mechanisms: those based upon
detailed micromechanical simulations of the composite behavior and those based upon
remaining strength. To do so, we used the results from the micromechanical simulations
for single degradation mechanisms acting independently as inputs to the remaining
strength model. The remaining strength model was then used to predict the combined
behavior. The comparison with the simulation result was seen to be very good.
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