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FRACTURE BEHAVIOR OF ADVANCED CERAMIC HOT GAS FILTERS:
FINAL REPORT

dJ. P. Singh, S. Majumdar, M. Sutaria, and W. Bielke

ABSTRACT

This report presents the results of mechanical/microstructural evaluation, thermal
shock/fatigue testing, and stress analyses of advanced hot-gas filters obtained from
different manufacturers. These filters were fabricated from both monolithic ceramics and
composites. The composite filters, made of both oxide and nonoxide materials, were in
both as-fabricated and exposed conditions, whereas the monolithic filters were made only
of nonoxide materials. Mechanical property measurement of composite filters included
diametral compression testing with O-ring specimens and burst-testing of short filter
segments with rubber plugs. In-situ strength of fibers in the composite filters was evalu-
ated by microscopic technique. Thermal shock/fatigue resistance was estimated by
measuring the strengths of filter specimens before and after thermal cycling from an air
environment at elevated temperatures to a room temperature oil bath. Filter performance
during mechanical and thermal shock/fatigue loadings was correlated with microstructural
observations. Micromechanical models were developed to derive properties of composite
filter constituents on the basis of measured mechanical properties of the filters. Subse-
quently, these properties were used to analytically predict the performance of composite
filters during thermal shock loading.

Research sponsored by the U.S. Department of Energy, Fossil Energy Advanced Research
and Technology Development Materials Program, DOE/FE AA 15 10 10 O, Work Breakdown
Structure Element ANL-1(A).

~Vi-




1 INTRODUCTION

Hot, dirty gas exiting from a gasifier or an advanced combustor contains sufficient
particulates to warrant it undesirable for direct utilization in gas turbines and heat engines.
Today's hot, dirty gas cleanup systems, such as cyclones, can remove only the fraction
containing larger-size particulates. Smaller particulates can be removed only by cooling
and filtering the gas. The resulting enthalpy loss causes a significant decrease in overall
system efficiency. Thus, there is a critical need for cleaning hot dirty gas with little or no
cooling. The U.S. Department of Energy and others are currently supporting the develop-
ment of ceramic/composite filter technology for combined-cycle power generation with
coal gasification. Ceramic filter should essentially remove all of the fines from a hot-dirty
gas stream and be stable in hot-dirty gas environments.

This project supports the development of candle ceramic/composite filters for
cleanup of hot, dirty gases. Effort has been directed toward developing materials qualifi-
cation technology needed to ensure satisfactory performance of filters in hot, dirty gas
stream. In order to predict long-term performance of the ceramic/composite hot-gas
filters, it is important to understand and evaluate fracture behavior of these filters in
service environments. Mechanical properties should be evaluated to establish baseline
data. Thermal shock resistance should be measured to predict filter failure in service
environment [1]. Failure modes must be identified and failure mechanisms must be
established. Stress analyses should be performed and model should be developed to
predict filter performance.

In this report, the results will be presented on mechanical/microstructural evaluations
and stress analyses for the filters obtained from the 3M, Du Pont Lanxide, Industrial Filter
and Pump Mfg Co. (IFPM), Pall Corp., and Babcock & Wilcox. Specifically, presented are
the experimental results on the strength, thermal shock resistance, and microstructure
and the analytical results of micromechanical modeling to predict stress-strain behavior of
composite filters during mechanical and thermal shock loadings for the filters.

2 SPECIMENS FOR FRACTURE STUDIES

Filters studied were obtained from 3M (Nextel™/SiC composite filters), Du Pont
Lanxide (PRD-66 filters), Babcock & Wilcox (oxide composites), Industrial Filter and Pump
Mfg Co. (IFPM) (monolithic SiC and Recrystallized SiC filters), and Pall Corp. (monolithic
SiC). The 3M filters consist of layered composite structures. A tubular filter element is
sandwiched between the two Nextel™/SiC composite tubes. The bonding between the
Nextel™/SiC composite tubes and the filter layer is achieved by the chemical vapor
infiltration (CVI} of SiC. The inner and outer diameters of these filters are =5.08 cm and
=B.72 cm, respectively. Filters were obtained in both as-fabricated and exposed (in the
Tidd demonstration plant for 1100 h) conditions. The PRD-66 is an all-oxide ceramic
consisting of layered microstructure of alumina, mullite, cordierite, and some amorphous
material. The inner and outer diameters of the filters are =4.52 and =5.96 cm, respec-
tively. The Babcock & Wilcox filter is made of an oxide composite with chopped and
continuous Nextel fibers using a sol-gel technique. The inner and outer diameters of the
filters are =5.00 and =~5.96 cm, respectively. Both monolithic SiC filters primarily consists
of SiC grains. The inner and outer diameters of the filters are =4.52 and =5.96 cm,
respectively.
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3 EVALUATION OF STRENGTH AND THERMAL-SHOCK RESISTANCE

Strength of candle filters was evaluated by both diametral compression testing of
O-ring specimens and by burst testing of short filter segments with rubber plugs.

3.1 O-RING COMPRESSION TEST

One-inch-wide O-ring specimens were machined from each of the filters. These
specimens were loaded to failure in a diametral compression mode at a crosshead speed
of 0.13 cm/min. The maximum stress in a homogeneous cylinder develops at the inner
diameter across the load points, which simulates the thermal-shock stresses developed
during the pulse-cleaning cycle. The fracture stress, ofis given by [2]

PK

oy = o (1)
where P is the fracture load, K is a function of the ratio of inner and outer diameters [2],
b is the outer radius of the specimen, and [ is the length of the tube. This equation is
applicable for a homogeneous cylinder. For layered composite cylinders, it provides only
a relative load-carrying capability under different processing and service conditions.
A detailed analysis is provided in the Stress Analysis Section of this report. The load-
displacement plots for the filter specimens in as-fabricated condition indicated a non-
brittle failure mode for all composites, while the monolithic filters showed brittle failure
(e.g., Fig. 1).

The load-displacement plots in Fig. 1 are consistent with the observed microstructure
on the fracture surfaces of these filter specimens. Figure 2 shows photomicrographs of the
fracture surfaces of Nextel™/SiC and monolithic SiC filters. Clearly visible is a substantial
amount of fiber pullout in the composite filter, resulting in a nonbrittle failure mode.

On the other hand, the photomicrograph for the monolithic filters shows a brittle fracture
that is consistent with the load-displacement plot.

O-ring compression tests conducted on NextelT™M/SiC samples machined from com-
posite hot-gas filters in as-fabricated condition showed an ultimate strength of 19.7+ 2
MPa. The corresponding value of ultimate strength for filters exposed in the Tidd demon-
stration plant for =1100 h was 7.7 £ 1 MPa. This represents a strength loss of =60%
during filter
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Fig. 1. Typical load-displacement plots for {a) Nextel'™™/SiC and (b) SiC filters, indicating
nonbrittle and brittle fractures. '




Fig. 2. Photomicrograph of fracture surface of (a) Nextel™/SiC
and (b) SiC filters, showing nonbrittle and brittle fractures.

exposure. Based on the observation in other studies [3,4], we believe that the degradation
in the ultimate strength of composite filters is related to the degradation of in-situ fiber
strength. Therefore, we evaluated the in-situ strength of reinforcing fibers in as-fabricated
and exposed filters using the fractographic technique.
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3.2 IN-SITU FIBER STRENGTH EVALUATION

In-situ strength of fibers in the Nexte]™/SiC composite filters in unexposed and
exposed conditions was evaluated from characteristic fracture features of the fibers.
Strength of fractured fibers were determined from the measured values of fracture mirror
radii, as discussed in regard to use of the empirical relationship proposed by Kirchner and
Gruver [5] and as given in

O'f\/g = Am, (2)

where of is the fiber fracture strength, rm is the measured fiber mirror radius, and A is
the mirror constant and is taken to be 3.5 MPaVvm.

The measured values of in-situ fiber strengths were described by the Weibull strength
distribution function, as shown in Eq. 3.

Fo) = 1 - epri—-LIj—(—q-)m] , (3)

o 0-0

where F(c) is the cumulative failure probability at an applied stress o, Lo is the fiber gage
length at which Weibull parameters are estimated, L is the standard gage length taken to
be 10 mm, G, is the scale parameter signifying a characteristic strength of the distribution,
and m is the Weibull modulus that characterizes the flaw distribution in the material.

A very limited number of developmental filters have been tested in actual pilot plants.
Therefore, the willingness of 3M to provide one of the tested filters (which are in high
demand) for our evaluation is greatly appreciated. Figure 3 shows the distribution of in-
situ strengths of the fibers in composite filters in both unexposed and exposed conditions.
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Fig. 3. Weibull strength distribution of Nextel™ fibers in NextelTM
fibers/SiC composite filters in as-fabricated and exposed
conditions.




-5-

The average value of fiber strength in unexposed filter is 1.74 GPa, while average in-situ
strength of fibers in exposed composite filter is 0.83 GPa. Thus, degradation of in-situ
strength of fiber during exposure is =52%, in agreement with the strength degradation of
filters. This confirms that filter strength degradation is related to fiber damage.

3.3 BURST TESTING

Burst testing was performed on 1-in.-wide-O-ring specimens machined from
Nextel™/SiC composite filters in as-fabricated condition. As shown in Fig. 4, load was
applied to the O-rings through a rubber plug (1.94 in. in diameter and 1.5 in. long), which
was compressed between two aluminum plates. Figure 5 shows a typical load-displacement
plot for a Nextel™/SiC composite filter specimen in as-fabricated condition.

Elubber Schematic diagram of burst test
,UQ setup.
Filter — : i
Aluminum .
Plate
zZr .
T T 4
o r J
o f ]
- L -
i M R T VS R S S SRy T

Displacement (m)

Fig. 5. Typical load-displacement plot for Nextel™ /SiC
filter specimens.




-6-

The maximum hoop stress (6¢) in a homogeneous cylinder occurs at the inner wall and
is given by Egs. 4 and 5 [6].

PL( +r,»)' (4)
= |

Pl = v (Pf_PO)
(1-v) =

!

, (5)

where plis the radial pressure on the inner wall of the filter; r, and r; are the outer and
inner radii of the filter, respectively; Ps is the maximum applied load at fracture; P, is the
load at which the rubber plug makes contact with the filter; and v is the Poisson's ratio
(taken to be =0.5). The fracture load Prand contact load P, were obtained from the load-
displacement plot. A limited number of specimens were evaluated by burst testing to
compare the strength data with those obtained by O-ring compression testing. For the
NexteI™/SiC composite filter specimens, the burst strength was measured at 6.4 + 0.22
MPa, lower than that obtained by O-ring tests. This difference is believed to be partly due
to the larger specimen volume subjected to high stresses during burst testing than that in
O-ring compression testing. A detailed analysis is given in Section 5 of this report.

3.4 THERMAL SHOCK TESTING

Thermal shock testing was performed on 1-in.-wide ring specimens machined from
the filters. The ring specimens were insulated on their outer surfaces to simulate heat
transfer conditions in service. These specimens were heated to preselected temperatures
(25-1100°C) in an electric furnace, as shown in Fig. 6. Subsequently, the specimens were
quenched in silicone oil at a room temperature of =25°C. Thermal shock damage was
estimated by measuring strength of the ring specimens before and after thermal quench.

The results of the thermal shock experiments are shown in Fig. 7, which shows the
retained strength (measured by O-ring compression test) of specimens subjected to
varying degrees of thermal quench (AT). Vertical bars represent standard deviation where
three or four specimens were tested. Other data points represent values for single

specimen.
Thermocouple / Sample Holder
“®— Furnace Cover

" Sliding Plate

Quenching Oil

Fig. 6. Schematic diagram of thermal quench test apparatus.
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Results in Fig. 7(a) indicate that composite filters show little or no strength -degra-
dation when quenched from temperatures up to =900-1000°C. At higher quenching
temperatures, slow strength degradation was observed. Although, no significant strength
degradation was observed, area under load-displacement plots decreased significantly
(Fig. 8) in the specimens quenched from temperatures higher than 600°C, indicating an
increase in brittleness of composites quenched from these temperatures. This was clearly
evidenced by the microstructural observations of the fracture surfaces, as shown in Fig. o.
The increase in brittleness is believed to be due to fiber/matrix interface degradation at
these elevated temperatures.
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As shown in Fig. 7(b), regular monolithic SiC filters showed no strength degradation
when quenched from temperatures up to =700-900°C. At higher temperatures, strength
decreases at a relatively sharper rate. On the other hand, recrystallized monolithic SiC
filter specimens showed higher initial strength and retained this strength to higher
quenching temperatures than did the regular SiC filter specimens. This may be related to
the difference in the strength of grain boundary phases in the two cases.

4 EVALUATION OF THERMAL FATIGUE BEHAVIOR

Thermal fatigue testing of both monolithic and composite filters was performed on
1-in.-wide ring specimens machined from the candle filters. These specimens were
thermally cycled between room temperature and preselected elevated temperatures. The
elevated temperatures (800-1000°C) for thermal cycling were selected close to the critical
quenching temperature observed in single-cycle thermal quench experiments. The ring
specimens were insulated as before on their outer surfaces to simulate the heat transfer
conditions in service. Thermal fatigue damage was estimated by measuring strength
(by O-ring compression tests) of the ring specimens before and after thermal cycles.

The results of the thermal-fatigue experiments are shown in Fig. 10, which shows the
retained strength of filter specimens as a function of thermal cycles. Vertical bars repre-
sent standard deviation, where three or four specimens were tested. Other data points
represent values for a single specimen.

For thermal cycles between room temperature and 800-1000°C, NextelT™M/SiC, PRD-
66, and Babcock & Wilcox composite filters show an 18-24% strength degradation up to
three cycles. The strength decrease for the Nexte]TM/SiC composites is accompanied by
=73-85% decrease in the area under the load-displacement plots, indicating an increase in
the brittleness of the composites with increasing thermal cycles. As discussed previously,
this is believed to be related to fiber/matrix interface degradation during thermal cycling.
At higher numbers of thermal cycles, strength degradation remained unchanged. Similar
behavior was observed for the monolithic filter specimens thermally cycled between room
temperature and 800°C. Initially, strength decreased by 15-28% up to about three cycles,
beyond which the strength remained constant. On the other hand, for thermal cycling




Fig. 9. Photomicrograph of fracture surface of Nextel™ /SiC
ring specimens: (a) as-fabricated and (b) quenched
Jrom 1000°C.

between room temperature and 900°C, a large drop in strength was observed in filter
specimens obtained from Pall Corp. The reason for this behavior is currently under
investigation. - Only one specimen was tested per condition because of the lack of avail-
ability of filter specimens. As expected, both monolithic and composite filters showed
a slight decrease in strength values when thermally cycled from higher temperatures.
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5 STRESS ANALYSIS

Mechanical characterization of the 3M woven composite filter was achieved by three
different types of tests:

¢ Axial tensile tests.
* O-ring burst tests with an internal plug.

e O-ring bending tests with and without prior thermal shock.
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While the first two types of tests generated primarily membrane stresses without
significant bending, the third type of test generated primarily bending stresses in the
filter. The filter had a woven NextelT™ fiber-reinforced SiC matrix composite cylinder that
provided the bulk of the strength. Bonded to it on the outside was the filter element itself.
Although not specifically intended, the filter element added significantly to the stiffness
and strength of the filter. Micromechanical models were developed to account for the
stiffness and strength of both the woven fiber-reinforced composite cylinder and the filter
element. The elastic and fracture properties of the filter element were deduced from
correlations with O-ring burst tests. The models were also used to interpret the tests
conducted to determine the effects of thermal shock on the subsequent behavior of the
filter in O-ring bending tests. The test results were closer to the predictions by the
present models than those by a simple constant-strain model.

5.1 GEOMETRY

All test cylinders had a radius of 25 mm (1 in.). Those used for the axial tensile tests
were 100 mm (4 in.) long and those used for the O-ring tests were 25 mm (1 in.) long.
The geometry and loading of the composite test cylinder for the O-ring bending tests and
O-ring burst tests using an internal plug are shown in Figs. 11a and 11b, respectively.’
The composite consisted of three families of woven Nextel™ fibers bonded to an SiC
matrix by a CVD process. The first two families of fibers, which were at +30° to the
cylinder axis, consisted of three tows, each of which had 705-780 fibers of 10-12 mm
diameter. The third family was a single axial tow consisting of 420 fibers of 8-10 mm
diameter. For analytical purposes, each of the tows was modeled as fibers distributed
uniformly in a matrix, (see Fig. 12). The weaving geometry (Fig. 13) also includes a typical
representative volume element (RVE) that was used to determine analytically the stiffness
properties of the composite. The composite was finally bonded on the outside to a filter
element that was =1 mm thick, adding significantly to the elastic stiffness and strength of
the composite,

5.2 MECHANICAL PROPERTIES

The mechanical properties of the various constituents used in the analyses are shown
in Table 1. Properties of the Nextel™ fibers and SiC matrix were supplied by the manu-
facturer of the filter. Those of the filter element were not experimentally measured but
were derived analytically from results of the O-ring burst tests with an internal plug, as will
be discussed later.

5.2.1 Axial Tensile Testing of Composite without Filter Element

The in-plane stress resultants were related to the membrane strains by the stiffness
coefficients K¢, Kg,: and Kgy as follows:

N, = KZe, +Kgey, ‘ (6a)
Ny = Kge, + KSey, (6b)

where N and ¢ are the stress resultants and strains, respectively, and subscripts x and y
denote axial and circumferential directions, respectively. For a plane stress axial tensile
load of Qx, the axial strain was related to the axial load by
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Fig. 11a. Typical setup for O-ring bending test. Because of
symmetry, only one-quarter of the specimen was
required for analysis.
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Fig. 11b. Typical burst test setup for 3M filter with use of internal rubber plug.

g = : R (6c)

where R is the radius of the cylinder. Appendix A provides the derivation of the stiffness
coefficients in terms of the geometrical and mechanical properties of the components of
the composite and the stresses in the components as functions of the applied loading.
Note that the values of the stiffness coefficients changed during the tensile test because
various components of the composite cracked sequentially and transferred their loads to
the uncracked constituents.

According to the analysis (Fig. 14), matrix cracking of all tows (including axial tows,)
occurred simultaneously at about one-half the peak load, resulting in a discontinuity in the
predicted load-displacement curve. The tensile test conducted by 3M showed a nonlinear
load-displacement curve due to progressive matrix cracking followed by typical brittle
fracture behavior with a precipitous drop in load at final fracture. The experimental load-
displacement curve did not show a large discontinuity before the final fracture load because
the matrix strength is not a deterministic constant but has a distribution, and because the
load shed by the cracked matrix was transferred to the surrounding fibers in a stable
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Table 1. Mechanical properties of constituents of 3M filter used in model calculations

Parameter Nextel™ Fiber SiC Matrix Filter Element
Young's Modulus (GPa) 138 410 17.82
Poisson's ratio 0.3 0.19 0.3
Fracture Strength (MPa) 1700 140-170 17-24a
Thermal Expansion Coeff. 3 4 -
(10-6/°C)

aEstimated from O-ring burst tests.

8000 77— 71T
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6000 _“cm=172MPa\ //
g 4000 / //
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o - Matrix  140-172 MPal]
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i o =140 MPa Fiber 1724 MPa
0 I Young's Modulus
- Matrix 410 GPa
[ Fiber 1_38GF’a
2000 V4 v b b e 0 1 0 0 1
-0.5 0 0.5 1 1.5 2 2.5

Displacement (mm)

Fig. 14. Predicted vs. observed load-displacement diagram for
axial tensile test on composite cylinder (without filter).
Predicted curves are based on fiber fracture strength of
1724 MPa.

manner. The predicted peak load corresponded to fiber fracture of all tows simultaneously
and agreed fairly well with the experimentally observed value. In reality, the weakest fibers
in one of the tows would initiate fracture, and the load carried by it would be transferred to

neighboring fibers of the same family and cause further fracture and load redistribution and
s0 on, in an escalating fashion.

5.2.2 Burst Testing with an Internal Plug

As before, the in-plane stress resultants in the composite were related to the
membrane strains by the stiffness coefficients Ky, Ky . and Kyy as follows:

Nx = Kx Sx + ny ey_ (7a)




-15-

A detailed analysis (given in Appendix B} showed that the axial loads transmitted by
friction from the plug to the composite were negligible compared to the hoop loads.
Therefore, we assumed that the friction effects at the interface between the rubber plug |
and the composite O-ring were negligible, so that after contact the composite experienced |
hoop stress only, i.e., Ny = 0. In such a case, the above stress-strain relationship reduced
to the following :

K2
= - Xy
Ny = EySy = Ky - -k—}iy. (70)
X
The initial radial clearance ug between the plug and the O-ring was closed at an axial
pressure of pao, where
ERSO

Pao = ERr€po = ) (8)
VR

where €, = Uo/R, R is the radius of the plug, and Eg and vgr are the Young's modulus and
Poisson's ratio of the plug, respectively. Beyond initial contact at an axial pressure pa, an
interfacial pressure p and the following strains were developed:

. Plug
1-
g =gy = "ng _ Ev:)p. (9a)
- Da 2VrP, (9b)

e
A7 Ep  Eg

s O-Ring
R
gy = %y— - (9¢)

Compatibility at the interface required
gy (Plug) - &y (O-ring) = g (10)

Egs. 8, 9(a-c), and 10 were solved to give

=Py = Pa) 1 E
1-v A Ao
=& & 8 - {]-=R - , (11)
p = = o | E J(pA Pao)
where
ErR
_ ——+1-vg
E:1 - Pa DPao =E o EY . . (12)
€4 — €40 gy +{1+vg)d -2vg)
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Thus, the predicted axial stress-strain curve of the rubber plug was bilinear, with Er and
E1 denoting the slopes before and after contact with the O-ring, respectively. However,
until now the lengths of the plug and the composite were assumed to be equal. In the
tests, the plug was longer than the filter, and therefore the measured displacement of the
plug included an additional component of displacement from a portion of the plug that lay
outside the filter. Because this portion of the plug was usually much shorter than the
diameter of the plug, a simple uniaxial formula grossly overestimated the displacements.
The component of displacement from the portion of the plug lying outside the composite
was determined experimentally by replacing the filter with a tube of exactly the same
length and internal radius but of a much greater stiffness (a 51-mm [2 in.]-diameter steel
tube with wall thickness of 12 mm [0.5 in.] was used). With such a tube, the total axial
displacement of the plug per unit axial load was given by '

ultotal) = R;E [(1 - 2v) L+ v) L + 2Ly, (13)

T R

where L is the length of the composite, 2L, is the total length of the plug lying outside the
filter, and x (<1) is an effective length factor. The final slope at 3 mm axial displacement
was found to be 2.5 x 104 mm/N. Substituting this value in the above formula, we deter-
mined the following values of x as a function of the Poisson’s ratio of rubber:

Poisson’s ratio X
0.495 0.081
0.5 0.111

An average value of y = 0.1 was used in the calculations. The measured load displace-
ment curve (Fig. 15) for the composite with the filter element was first replaced by a
bilinear curve with the slope of the steeper segment equal to 5.9 x 104 mm/N. The slope
of the steeper segment was matched by the calculated slope by choosing the following
value for the filter element stiffness Kg: Kg = 25,500 MPa-mm.

For a thickness of 1 mm, this corresponded to a Young's modulus of 25.5 GPa (3.7 x
106 psi) for the filter element. The model then predicted that at an axial load of 2000 N,
the maximum stresses in the matrix and fibers of the inclined tows were 140 and 43 MPa,
respectively. Maximum stress in the filter element was 17 MPa. Figure 15 shows the
experimental versus calculated load displacement plot for the composite, including the
filter element. The origin of the steeper section of the calculated bilinear curve was taken
at 0.002 m and 296 N,

If the matrix fracture stress was 140 MPa and the filter fracture stress >17 MPa, the
matrix would crack and its load would be transferred to the fibers and the filter element,
which would have their stresses increased to 64 and 24 MPa, respectively. If the fracture
stress of the filter was €24 MPa, it would crack and transfer its load to the fibers, which
would have their stress increased to 3100 MPa, causing failure of the filter by fiber fracture
because the reported fiber fracture stress of 1700 MPa was greatly exceeded.

If, on the other hand, the matrix strength was >140 MPa and the fracture strength of
the filter element was 17 MPa, then at an axial load of 2000 N, the filter element would
crack first and the matrix and fiber stresses would be increased to 400 MPa and 125 MPa,
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Fig. 15. Calculated vs. experimentally measured load-displacement
curves of plug for composite (with filter element).

respectively. As a result of the high stress, the matrix would crack, which in turn would be
followed by fiber fracture and failure of the whole filter, as before. Thus, as long as the
fracture strength of the filter element was 17 to 24 MPa, the filter is predicted to fail at an
axial load of 2000 N.

Figure 16 shows a similar plot for the composite without the filter element. The origin
of the steeper section of the calculated bilinear curve was taken at 0.001 m and 148 N.
In this case, the calculated curve had a discontinuity at a load of 700 N, where the matrix
was predicted to fracture. After the matrix fracture, the composite load displacement
curve was predicted to follow a shallower slope until the maximum fiber stress reached
the fracture stress, 1700 MPa, at an axial load of 1100 N.

The comparison between the calculated and experimental load displacement curves
was reasonable for the composite without the filter element. The experimental curve did
not show a discontinuity except at peak load. The calculated curve showed an additional
discontinuity at a lower load because the matrix fracture strength was assumed to be a
deterministic constant. In reality, because the matrix did not crack simultaneously
everywhere, but cracked gradually because of a distribution in strength, the discontinuity
was smoothed out.

To summarize, for the composite with the filter element, the slope and the peak load
could be predicted quite well if we assumed that the filter material had the following
properties:

Er = 255 GPa and fracture strength of = 17-24 MPa.

In this case, a gradual or sudden cracking of the matrix did not lead to a discontinuity in
the calculated load displacement plot, because the presence of the relatively stiff filter
element ensured that there was very little difference between the stiffness of a composite
with an uncracked matrix and that of a composite with a fully cracked matrix.
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Fig. 16. Calculated vs. experimentally measured load-displacement
curves of plug for composite (without filter element).

The observed difference in the final fracture surface appearance of the two composites
could be qualitatively justified on the basis of the final fiber stresses. Note that the final
fiber fracture of the composite with the filter element occurred suddenly after the fracture
of the filter element, when all of the hoop load from the filter element was transferred to
the fibers. The high calculated fiber stress (3100 MPa) indicated that the driving force for
fiber fracture was high. Consequently, the final fracture occurred by cracking of both
families of fibers and the final fracture appeared to propagate in the axial direction.

On the other hand, in the composite without the filter element, the fiber stresses
increased gradually before failure. As a result, the weaker fibers in one fiber family failed
first, promoting more failure of nearby fibers of the same family, which had to make up the
difference. This triggered the failure of more fibers of the same family, resulting in a
fracture surface that appeared to be a shear fracture, i.e., at 45° to the axial direction.

5.2.3 O-Ring Bending Tests

Figure 11a shows a typical set up for an O-ring bending test, also referred to as O-ring
compression test. Displacement under the load point was determined by an application of
Castigliano's theorem as described below. Ignoring the contributions of the extensional
and shear strain energies, the strain energy of the system per unit axial length is given by

M2
U=%J§l2-l.Rd9, (14)
Dy

where My (= M - PR sin 6), and Dy' are the circumferential bending moment and l?ending
stiffnesses per unit axial length, respectively. Note that before initial cracking, Dy was a
constant and could be taken outside the integral sign. However, as cracking spread from
under the load point (6 = 0°) and eventually from § = 90°, Dy’ became a function of 6 as well
as of the thickness of the cracked matrix. The moment M and displacement d under the
load point were then obtained by solving the following two equations: ‘
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oU oU
W—Oandﬁ—sﬁ.. (15)

Noting that the axial length of the cylinder was W so that the total measured load was
@ = 2PW and that the load point displacement in the O-ring test was D = 2d, we obtained

2 Si
J-;/ Sm. 40
SORZ Dy (16a)
2W M~ qe
0O D
and
8 /9 Qin2 :
A= QR Jn/ Sm'e do —2MR2JR/2 SmQ d0. (16b)
w 0 Dy Y
Before cracking onset, Egs. 16a-b reduce to
QR
M=—
W (17a)
and
3 ' ,
A=QL,(Z‘__E), (17b)
WDy, \4 =

5.2.3.1 O-Ring Bending Test of Composite without Filter Element

Analytical prediction of the complete load-displacement curve for the O-ring test was
complicated by several factors. First, the onset of matrix cracking by bending did not lead
to a total loss of bending-moment carrying capability of the matrix. Second, in contrast to
the tensile test, the stresses and bending moment varied around the circumference of the
cylinder. Thus cracking was initiated at the ID surface under the load point (8 = 0°). With
increasing load, cracking progressed not only through the thickness of the matrix but also
around the circumference. Finally, with increasing load, a second crack front was initiated
at the OD surface at 8 = 90°, which also propagated in both thickness and circumferential
directions. By the time final fracture occurred, the cylinder was flattened significantly,
causing geometrical nonlinearities that the current linear analysis could not account for.
All these complexities led to an experimentally observed, staircase-type load-displacement
curve that was very difficult to derive from a rigorous micromechanical model.

To enable an analysis, several simplifying assumptions were made, as discussed in
Appendix A. Using the current model, we calculated variations of the fraction of matrix
that cracked, composite bending stiffness, and maximum fiber stress with the applied
bending moment at any section of the composite, as shown in Fig. 17. Because the
torsional and bending stiffnesses of the tows depended strongly on the longitudinal shear
bond between the three tows in each family and the interlaminar bond between the three
families of interweaving tows, two extreme conditions were used for the calculations.
First, the longitudinal shear and the interlaminar bonds between the tows in both families
(£ 30°) were assumed to be undamaged (Fig. 17a), and second, they were assumed to be
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threshold bending moment, cracks were predicted to
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completely broken (Fig. 17b). In both cases, below certain threshold bending moments,
the section was uncracked and the bending stiffness was a constant. At the threshold
bending moment, matrix cracking was initiated; equilibrium and the fracture criterion for
the matrix required the matrix to crack through a large fraction of the section in a
discontinuous but stable manner, leading to a significant reduction of the composite
bending stiffness. Simultaneously with matrix cracking, stresses in the fibers increased
discontinuously, because the load carried previously by the matrix was transferred to the
fibers after cracking.

For the the present calculations, composite stiffness was idealized to vary in a steplike
fashion, having a relatively low constant value after cracking, but ignoring the small
changes that occurred during increased cracking. This idealization allowed us to bypass
the need to compute the detailed progress of cracking through the thickness of the matrix
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at every section. The propagation of the cracked zone around the circumference of the
cylinder was computed iteratively with Egs. 16a-b and the threshold moment used as a
fracture criterion for the matrix.

A comparison of O-ring test data and computed load-displacement curves, using two
extreme conditions of the longitudinal shear bond between the tows, is shown in Fig. 18.
The initial rising part of the test curve was close to the predicted curve, based on the
assumption of an undamaged bond. Matrix cracking under the load point 8 = 0° was
predicted to initiate well before the peak load was reached. However, the test curve
reached a peak at a point close to the predicted onset of a second crack front at 6 = 90°,
The reason for the drop in experimental load could not be established unequivocally.
According to the model, fiber fracture should not have occurred at the peak load.

A possible scenario consisted of the loss of bond between the tows of same family, as well
as of that between different families (next lower curve), followed by loss of all shear
capability due to shear cracking (next lower curve), and finally complete cracking of the
matrix (lowest curve). If this scenario were correct, then by choosing the interfacial bond
strengths appropriately, the computed load-displacement curve could be made to cascade
down from the highest curve to the lowest curve of Fig. 18 in much the same way as during
the test. Figure 18 also shows a curve based on the constant strain assumption, which led
to an upper bound to the test data, as expected.

To consider the potential for fiber fracture, variation of the maximum fiber stress with
bending moment are plotted in Fig. 19 for various assumptions in the model. For typical
bending moments (5-10 N-mm/mm), fiber fracture occurred only if the matrix could not
bear any load and the fibers could carry axial bending moment but no twisting moment.
This situation could arise toward the end of the test, when the ring was flattened to such
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Fig. 18. Predicted vs. observed load-displacement curve for O-ring
test on composite cylinder. Constant strain model provided
an upper bound. Other predicted curves were based on
matrix fracture strength of 170 MPa.
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an extent that the top and bottom halves of the ring behaved more and more as flat plates
under transverse loading rather than as a circular cylinder. Under such conditions, the
cylinder collapsed by the formation of "hinges" under the load (6 = 0°) and at 6 = £90° by
progressive and possibly unstable cracking of fibers through the thickness.

5.2.3.2 O-Ring Bending Test of Composite with a Filter Element

The maximum load-carrying capability of a composite with the filter element was
greater by a factor of nearly 4 than that without the filter element (Fig. 20a). The elastic
stiffness was also correspondingly higher. Following the peak load, the load dropped to
very low values over a much greater displacement range than in the composite without the
filter element. The failure mode for the composite appeared to be dominated by the initi-
ation of a debonded zone under the load point and its subsequent growth along the inter-
face. Analytical modeling of the composite with the filter was somewhat simpler than that
for the composite without the filter element because the fiber-reinforced part of the com-
posite could be reasonably assumed to be under membrane loading as long as the bond
between the composite and the filter element was unbroken. Details are given in
Appendix A.

The calculated variations of the stresses and displacement in the filter as functions of
the load are shown in Fig. 21. At a load of 100 N, maximum stresses in the fiber and
matrix were significantly below their respective fracture strengths. The stress in the filter
element varied from O to -85 MPa (compressive). Calculated displacement of 1.2 mm was
reasonably close to the measured displacement (see Fig. 20a). From the model and visual
observations, we concluded that failure was initiated by debonding under the load point at a
shear stress of =3 MPa, i.e., debonding initiation strength =3 MPa.
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5.3 THERMAL-SHOCK EFFECTS

Following thermal shock, filter specimens were tested by O-ring bending tests. These
tests generally showed that the initial slope of the load-displacement curve and the peak
fracture load was largely unaffected by thermal shock (Fig. 20b). Although there was a
small drop in the peak fracture load for a quenching temperature of 1100°C, the truly
noticeable effect of the thermal shock was on the post-peak-load load-displacement curve,
which indicated a more brittle behavior than that for a virgin specimen.

Because the thermal properties of the filter element were not available, a simplified
model was used for stress analysis. We assumed conservatively that early in the quenching
period, the woven fiber-reinforced composite - because of its open and porous structure -
rapidly cooled to room temperature. On the other hand, because of resistance to heat flow
and insufficient time, the filter element remained at the initial thermal shock maximum
temperature. The large difference in temperature caused a tensile membrane stress in
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the composite and compressive membrane stress in the filter element. Because the
incompatibility between the thermal expansion coefficients of the fiber and the matrix was
small {see Table 1}, we assumed that the effective thermal expansion coefficient of each
tow in the composite could be estimated by

Efafo + Emamvm
Efo + Eme

Clefr = ’ (18)

where E, o, and v are Young's modulus, thermal expansion coefficient, and volume fraction,
respectively, with subscripts f and m denoting fiber and matrix, respectively. The problem
could then be solved without any information on the thermal properties of the filter
element. First, the composite was decoupled from the filter element and the composite
was allowed to change its size without significant stress due to cool-down. This caused
mismatches in radial and axial dimensions between the composite and the filter element,
which were removed by applying appropriate interfacial and axial loads to satisfy equilib-
rium and compatibility. For a temperature drop of AT, the resulting membrane strains in
the composite are given by

gy = Kp(l + vp)aeffATE%X"_—Ké‘y—z (19a)
Xty Xy

and

g, = Kp(l + Vp)oiegAT E—;_—K;y_g (19b)
xBy T Bxy

from which the stresses in the constituents can be calculated. The membrane stresses in
the filter element are given by

E
Cx = 1 \}j 3 [8x + VFEY - (1 + VF)aeffAT] (203)
— Vg
and
- F
Oy = Tovi2 [ey +Vvpe, — (1 + vF)aeffAT]. (20Db)

Thermal shock did not cause interfacial shear stress except locally at the free edges.
Figure 22 shows variations in fiber and matrix stress with quenching temperature. For a
fracture strength of 140 MPa, the matrix should have cracked at a quenching temperature
of 250°C. Although this might have been a conservative estimate because of the simplifying
assumptions of the model, it was balanced because the model ignored the additional
stresses in the matrix caused by thermal expansion mismatch with the fibers. The maxi-
mum stresses in the fiber were small compared to its fracture strength, even up to a
quenching temperature of 1000°C. Cracking of the matrix was predicted by the model to
have very little influence on the initial slope of the load-displacement curve. The maxi-
mum interfacial shear stress was also predicted to change little due to matrix cracking.
Because the interfacial shear stress was zero (except locally at the free edges) during




-925-

300 - T I—l LI |'ll T I T I‘lfl T 1 T l T T I ] T I:
_. 250 | E
n“j L 3
S 200 F E
§ 150 ;_ Matr?x _E
& - /! 3
c 100 F 3
2 » 3
£ s0f a
«© L 3
= ofp 7 :

-50 : 1 1 I 1 lgl_l 1 1 1 1 1 1 1 Ll 1 1 l#l 1 | 1 ] 1

200 O 200 400 600 800 1,000 1,200
Thermal Shock Quenching Temperature (°C)
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thermal shock, the fact that the peak load in an O-ring bend test of a thermally shocked
specimen did not change significantly from that of a virgin specimen implied that inter-
facial shear strength was not affected significantly by the temperature excursion. On the
other hand, the drastic changes in the load-displacement curve after the peak load and the
brittle fracture surface appearance implied that the fiber/matrix interface was significantly
affected by the thermal shock. Matrix microcracking by prior thermal shock may have had
an influence on the nature of fiber pull-out during final fracture.

6 SUMMARY

We have evaluated the microstructural/mechanical, and thermal shock/fatigue behavior
and conducted stress analysis of hot-gas candle filters obtained from different manufac-
turers. These filters were fabricated from monolithic ceramics and composites. Mechan-
ical property measurement of composite filters included diametral compression testing
with O-ring specimens and burst testing of short filter segments with rubber plugs. In
general, strengths of composite filters obtained by burst testing were lower than those
obtained by O-ring compression testing. Ultimate strength of one of the composite filters
exposed in the Tidd demonstration plant for =1100 hrs decreased by =60%. This decrease
correlates very well with the strength loss of the reinforcing fibers (measured by micro-
scopic technique) and may be related to in-situ fiber damage during filter exposure.

During a single-cycle thermal shock tests, composite filters show little or no strength
degradation when quenched from temperatures up to =900-1000°C. At higher quenching
temperatures, slow strength degradation was observed. Regular monolithic SiC filters
were observed to show no strength degradation when quenched from temperatures up to
=700-900°C, while the strength decreased at a relatively sharper rate at higher tempera-
tures. On the other hand, recrystallized monolithic SiC filter specimens showed higher
initial strength and retained this strength to higher quenching temperatures as compared
with regular SiC filter specimens. This may be related to the difference in the strength of
grain boundary phases in the two cases. For thermal cycles between room temperature
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and 800-1000°C, composite filters show a small (18-24%) strength degradation up to
three cycles, beyond which strength remained unchanged. Similar behavior with an initial
strength drop of 15-28% was observed for the monolithic filter specimens thermally
cycled between room temperature and 800°C.

Micromechanical models were developed for the 3M filter, both with and without the
filter element. Membrane and bending stiffnesses were calculated using the models and
mechanical properties of the Nextel™ fibers and SiC matrix. Available data on axial tensile
tests and O-ring bend tests were predicted reasonably well by the model for the case
without the filter element. Since the elastic properties of the filter element were not
available, they were estimated by correlation of data with model calculations on O-ring
burst tests using an internal plug. Detailed analysis showed that transfer of axial load by
friction from the plug to the filter should be negligible. With all the elastic parameters
thus determined, the model predicted the initial elastic slopes of the load-displacement
curves for the O-ring bend tests quite well and implied that the matrix, fibers, or the filter
element should not crack at the experimentally observed peak loads. The sudden drop in
the load at peak load could be justified if we assumed, in accordance with experimental
observations, that failure was initiated by debonding of the filter element from the rest of
the filter. This assumption enabled us to determine experimentally the shear strength of
the bond between the filter element and the rest of the woven fiber-reinforced composite.

A conservative model of the thermal shock tests, in which the outside surface of the
filter was insulated during the quench, predicted that the matrix of the composite should
be microcracked for thermal shock peak temperatures in excess of 250°C. However such
microcracking should not significantly change either the initial slope or the peak load
during subsequent O-ring bend tests, as long as the interfacial bond strength between the
filter element and the woven fiber-reinforced composite was not adversely affected by the
temperature excursion during the thermal shock.
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APPENDIX A:

DETERMINATION OF MEMBRANE AND BENDING
STIFFNESSES OF COMPOSITE

The following geometrical quantities were used to determine various stiffnesses of the
composites:

Cross-sectional areas of fibers and matrix in each tow of the first two families were

-312
Ap = 1‘(1_22%9_)_ X 28 x 28 = 0.0887 mm?2

and

2
Ay = (-;-] ~ Apy = 0.1613 mm?.

Thus, the volume ffactions of fiber (vp1) and matrix (vpi) were 0.35 and 0.65,
respectively. The 'cross-_sectional areas for each axial tow were

-312
Apy = “_uﬂ’fi_o__]_ X 20 x 20 = 0.0314 mm2

and

Ay = (0.25)2 - Ap, = 0.0311 mm?.

Thus, the volume fractions of fiber and matrix were 0.5 each in the axial tow. The
dimensions of the representative volume element (RVE) in the axial (dx) and
circumferential directions (dy) were (Fig. 13)

dx =5 mm and dy = 10/Y3 mm.
The total volurhes of fiber and matrix in the RVE were given by

VF = VF1 + VF2

and
VM = VM1 + Vme,
where
10 3
Vi = 3mplx7§~x2x2 = 6.1453 mm"~,

Vi = App, Xx5x2 = 0.314 mm®,

Vy, = 3xAM1lex2x2 =11.175 mm?®,

V3

and




Vi = Ay, X5x2 =0.311 mm®

The moment of inertia properties of each tow, for an uncracked matrix thickness-
fraction of B (i.e., cracked fraction is 1-B), was given by

4 2
Iy = \ié x(%) B + B(é) Zg]x Vm1 = 3.361x107°p% + 0.16p z2 mm*,

where z, was the change in the position of the neutral axis due to cracking,

2
12 x 1073 (0.5]2 14
28

5 3 (2i-1)2 =1.845x10™> mm*

Ipy = 2x28xpx(
i=1

2
-3 210
Ipg = 2x20xnx(10 x 10 J (0'25]

Y (2i-1? =1.632x10"* mm*
2 20 ) &

Imo = Tlix(o.25)4 - Ipp = 1.62x107* mm*

The torsional moments of inertia of the three tows depended on the condition of the
longitudinal bond between the tows. If the bond was undamaged,

4
Iy = O.263x(—;~) x3xp3x vy = 0.0318 B3 mm*

: 2
Jpr =3x2xI5 +2x Ap x(%) = 0.0558 mm*.

However, if the longitudinal bonds between the three tows of each family were broken,
then

4
JIM1 =3x0.1406x(%) x ¥ x vyp =0.017 B3 mm*

Jr1 =3x2x1If; =0.011 mm4.
MEMBRANE STIFFNESS
Assumptions

(1) The bulk of the strain energy due to membrane deformations of each tow was
contributed by axial tensile or compressive and in-plane shear deformations. The contri-
butions of transverse tensile, compressive, and shear deformations were negligible.

(2) For computing the membrane stiffnesses, the waviness of the tows was ignored,
i.e., tows were assumed to be flat and noninteracting. The stiffness contributions from the
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three families of tows were added linearly. This assumption was reasonable because
membrane stiffnesses were linearly related to thicknesses.

(3) Because of the assumed homogeneous stress field in the components of the
composite, all of the matrix in a given family of tows was assumed to crack simultaneously
in shear or in tension with total loss of shear or tensile-load carrying capability of the
matrix while transferring the corresponding load to the fibers. Cracking was simulated by
setting the Young's modulus of the matrix material equal to zero.

Composite without Filter Element

Denoting the axdial, circumferential, and transverse coordinates by x, y, and z,
respectively, for applied extensional strains ex and ¢y, the stress resultants were

N, = KZe, +KGe,

— KC c.
Ny = Kge, +Kye,.
The external work on the RVE was given by

U= [ngxz +2KG e e, + K?eyz]dx dy (A1)

N~

Internally, the axial normal and engineering shear strains in each tow of families 1 and
2 and that of the axial tow were given, respectively, by

1 V3

€migsx'*‘—“:y : YA1=_(Ex‘3y)
4 4 2
and

€A2 = €x Ya2 = O.

The corresponding axial and in-plane shear loads in each of the tows were

NA1=%(33x+e-y), Va; =< GA1 > Ya1s
Nag =< EA, >¢,, and Vaz =0,
where |
<EA1> = EyM Am) + ERAF] | < GA; >= o(GyAp + GrAR ), and

<EAg> = Ey Amg + EFAps,

and where Gy and Gr are the shear moduli of the matrix and fiber and o is assumed equal
to 0.1. The strain energy stored in the RVE was given by
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U= QX[SX%(NAISAI + VAlyAI)x2dy]+—;—(NA2€A2)x2dx (A2)

Substituting for Na1. Na2 . €a1, and a3 in terms of ex and €y ,and equating the
coefficients of like powers of ex and gy between the two expressions Al and A2,

KS:d—gx-(%<EA1>+<GA1 >)+%<EA2> (A3a)
KS = ——§—(< EA) > +12 < GA; >) ) (A3Db)
Y adx
and
c 9
xy = ‘HX‘(< EAI >4 < GAI >). (ASC)

Composite Plus Filter Element

Assuming that the filter element is a homogeneous and isotropic solid plate with a
membrane stiffness Kr, the membrane stiffnesses of the full composite were obtained by
adding Kr to the stiffnesses of the composite without the filter, as follows:

Ky = K$ +Kp
_ wC
Ky = K§ +Kp

K = KI((:y +VFKF’

Xy

where

Eghp

KF= 7

l—VF

hr = thickness of filter element (=1 mm),
and

Er and vr = Young's modulus and Poisson's ratio of filter element.
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BENDING STIFFNESS
Composite without Filter Element
Assumptions

(1) The bulk of the strain energy of the composite due to bending deformations of
each tow was contributed by axial bending and twisting deformations. The contributions of
transverse bending or twisting deformations were negligible. The twisting rigidity of the
three tows in each family depended on the state of the longitudinal shear bond between
them.

(2) As long as the interlaminar bond between the three families of tows was
undamaged, the waviness of the tows increased the bending stiffness, because it varied
approximately as the thickness cubed. For present purposes, this effect was simulated by
increasing the tow thicknesses by 20% and adding the stiffness contributions of the three
families of tows linearly as long as the interlaminar bond was unbroken.

(3) As long as the longitudinal bond between the three tows of each of the main
families was unbroken, the twisting stiffness corresponded to that of a rectangular section
with aspect ratio 3. If the longitudinal shear bond was broken, then the stiffness was
reduced, because it was three times that of a square section.

(4) Progress of cracking in the matrix of a given family of tows for the O-ring bend
tests on the composite without the filter element was modeled by assuming a total loss of
load-carrying capability of the cracked section of the matrix but retaining full load-carrying
capability in the remaining uncracked matrix in the section. In other words, with
cracking, the effective thickness of the matrix in a given family of tows was reduced, but
the fibers were assumed to remain uncracked and to prevent the matrix cracks from
becoming critical.

For applied curvatures of kx and ky, the bending moments were

- NC c
My = Dxxy + Dgky

- NC c
My = Dyyxyx + Dyxy,

and as before the work done on the RVE was

= 1 C1.2 [of
U = (D5 + 2Dk K, + Dfk}) dx dy. (A4)

Internally, the axial curvature and twist in each tow of families 1 and 2 were

3, .1 V3
kAl = ka +Zky and (DAl = (kx _ky)—4"'
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The axial curvature and twist in the axial tow was
kao = kx and wag = 0.

The corresponding axial bending and twisting moments in the combined three tows of
families 1 and 2 were

MAI = 3—<£—1Eh——>—[31(x + Ky) and TAl =

V3 <GJ; >

2 (kx —Ky),

where
<El1> = Efrlr1 + EmIMm1 and <GJd 1> = Grdri + GudMmi.
Axial bending and twisting moments in the axial tow were

Mao = <Elo>kx and Tao = 0.
Strain energy stored in the RVE was given by

U= 2X|:—;‘(MA1KA1 +TA165A1)X2dy]+ %(MAZKAQ)deX

Substituting for Naj, Nag . €a1, and ea2 in terms of ex and &y and equating the
coefficients of like powers of ex and ey between the two expressions A4 and A5,

3 2
D =—"—(9<El >+<GJ +— < Ely > A6a
P 4dx( 1 < GJ; >) dy< 2 ( )

3
Dy = Tax (SEh >+ <Gy >) (A6D)

Dg(:y = 4_3&(3 < EII >-< GJl >). (ASC)

In a typical O-ring bending test, My = 0, and the bending stiffness for My was given by

Composite plus Filter Element
Assumptions

(1) The usual Kirchoff's hypotheses for bending during an O-ring bend test gave
linearly varying stresses through the thickness of the filter element.
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(2) The variation of stresses through the thickness of the composite was ignored, i.e.,
the composite was assumed to respond with membrane stiffnesses KS, Kg and Kgy acting
at a distance y¢ from the neutral surface.

The satisfaction of zero membrane stress resultants gave the following equation to
solve for y:

2 Ep.ygh Epyrhgp)?
yc2(K§K‘y3~K§y )+yc—~———-1Fy\1: o3 (K§+K§-2VFK§Y)+————( = g) =0,
~YF ~VF

where yp was the distance of the mid-surface of the filter element from the neutral surface
of the composite, i.e.,

1
Vg = 5[2}'}‘8 +hg],

where ypg was the distance from the neutral surface to the nearest edge of the filter.
Initially, ypg was assumed = 0, i.e., the neutral surface was assumed to be at the interface
between the filter element and the fiber-reinforced composite.

Integrating the assumed stress distribution through the thickness, the bending
moments were expressed as functions of the curvatures as follows:
My = Dyxy + Dyyxy

My = Dyyky + Dyxy,

where
E
Dy = = 2 '[(YFB + hF)3 - YFBS] +KSyc? (A7a)
3(1 - Vg )
E 3
D, = __~F +h _ 3 + KC 2 (A7b)
y 3(1 _ VFZ)[(YFB r) - YrB ] yYc
viE
D =L 2) [(YFB +hg)® - YFBS] +Kgyc?. (A7c)

o 3(1—VF

In a typical O-ring bending test, My = 0, and the bending stiffness for My was given by

2
y'=Dy‘ny :
DX

A critical stress for the composite with the filter element was composite/filter-
element interfacial shear stress, which was maximum under the load point. Its value as a
function of angular position was given by




dM VgD h
try(e):. 1 y Ep [1_ F XYJJYFB"' Fydy.

E de Dy'(l - VF2) Dy YFB

Because My =M - PR sin 6 (see Fig. 11a), and P=Q/(2W), the above could be integrated,
and the maximum shear stress under the load point (6 =0) could be expressed as

D
B

X
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APPENDIX B:
EFFECTS OF FRICTION ON BURST TESTS WITH INTERNAL PLUG

Consider the plug test experimental set-up as idealized in Fig. 11b. Let R be the radius
of the plug and the composite. The problem is symmetrical about z = 0.

ASSUMPTIONS

(1) A shear lag analysis was used to model the transfer of axial load from the plug to
the composite by friction at the interface.

(2) The contribution of the axial tows, which experience high compressive stresses,
to stiffness was ignored.

(3) Cracking of any component was simulated by setting its Young's modulus equal to
Zero.

EQUILIBRIUM EQUATIONS

¢ Global

2NL(x) _ Py _ B1)

o, (x) + - =~Da,
x(x) R nR? Pa

where Pa and pa are the applied axial load and pressure on the plug, respectively.

* Plug
do,(x) _ _ 27,(x)
d« =R (B2a)
or (r.x) = oy (r, x) =-p(x) (B2b)
(. x) = ro(x)—;—, (B2c}

where 15(x) and p{x) are the interfacial shear stress and pressure, respectively.
* Composite

dN, (x) -

ax To(x). (B3a)

Ny(x)=p(x)R. (B3b)

STRESS-STRAIN RELATIONS

e Plug
u.(r,x) _ 1
——— = gy(x) = - —[(1 - vg)Ip(x) + vgo(x)] (B4a)
r Eg
M = extx) = —I‘[GX[X] + zva[x]] (B4b)

ax Egr




Ju,
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du, _ du, _ T (T, X)

VrelrX) = or

where ER, vgr, and Gg are the usual elastic moduli of the plug,.

¢ Composite

ug(x)
S SRUCE
du, (x)

dx ex(x)

where Ky, Ky, and K«y are the membrane stiffnesses of the composite.

BOUNDARY AND CONTINUITY CONDITIONS

ey(R7,x) = ey(R+,x)

lslip(x) = Uy(x, R7) —u,lx, R+) = {

ox

or Ggr

Ny (x)Ky = Ny (x)K

K Ky - K2

_ Ny (x)Ky - Ny (x)K,,

KKy - Ky

T,(x) = up(x) in slipped region

ox(x) = -pa at x= L/2

10(%X) = 0 at x=0
Ox(Lg7) = o4(Lh)

To(Ls7) = 15{Ls*),

where m is the friction coefficient and the slipped region extends from x=Lg to x = L/2.

Eq. B6a, together with Eqs. B4a and B5a, were used to solve for p(x) as follows:

p(x)=-Bsx(x)-apa.,
where

R Ky

o==
2 RK, + (1 - vg)

D

Er

nonzero in slipped region

zero in nonslipped region

(B4c)

(B5a)

(B5b)

(B6a)

(B6b)

(B6C)
(B6d)
(B6e)

(B61)

(B6g)

(B7a)

(B7b)
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Nonslipped region (O<x<Lg)

From Eq. B6b,
du,(x)}
Ugp(x) = 21: =0

Using Eqs. B2c¢ and B4c

ouy(R”,x) _ aux(O,x)+ R dr,(x)
ox ox 2Gg dx

which, on using Egs. B2a, B4b, and B7a, reduced to

du,(R™,x) _ 1-2fvg o, () - 2avg A - R2 d202x .
ox ER ER 4GR dx

Similarly, using Egs. B1, B3b and B5b,

duy(R*,x) _ Roy(x)
ox - 2D

Equating B10a and B10b,

M)_ - (h)zo-x[x) = _(%‘)2PA’

dx? R
where
4G 2RG
72 = ERR (1-2Bvg) + =R (Ky - 28K y)
and
2 _ S(XVRGR 2RGR
192 = B T D (Ky —2any).

Solving Eq. Bll1a,

9 .
Y1 Y1 Yo

o0,(x)=Bpsexpl =x{+C ——t X ] = .

x( Pa XP(R ) PAGXP( R ) (Yl) Pa

Using Eq. B2a,

T,(x) = - 1_32_2&1'1 exp(% x) + szA'YI exp(— % x).

Eqgs. B6e and B12b gave

B=C.
Slipped region (x>Lg)

Using Eqgs. B2a, B6c and B7a,

(Ky - ZBKXY) - %pDA(Ky - 2°‘ny)'

(B8)

(B9)

{(B10a)

(B10b)

{Blla)

(B11b)

(Bllc)

(B12a)

(B12b)

(B13a)




do,(x) 2u

dx R

[Box(x)+opal- (B14)

On solving Eq. B14 and using Eq. B6d,

,(x) = —p A[% + (1 - %) epo%i L/2- x)}}) (B15a)

and by Eq. B2a,

(x)=p ABu[l - %} exp{—[ggﬂ L/2- x)]} (B15b)

Continuity of axial normal and shear stresses at x = Ls (Egs. B6f and B6g) gave

ool eml- 202 -

_[% + (1 - %J exp(—{?—g—u (L/2- Ls)m (B16a)
and
—B[exp{%i} - exp{— Yl}i‘s H =

Bu(l - %] exp(—{z—gi L/2- LS)}) (B16b)

For a nontrivial solution for Egs. B16a and B16b, we must have

o) (2B, ]
o Mgles({Resaon)

R 2 )
() Lol FRe0r-n ]

Note that Lg = O (i.e., slippage of the whole plug) could not be a solution unless m = 0,
i.e., a frictionless system. At the other extreme, the whole interface was locked or
nonslipping if Lg = L/2, which implied {(from Eg. B17) the following critical friction

{(B17)

coefficient:
2
1+ (Y—z) L
Y
Her = ———E-:—;—tanhl;ﬁ-. (818)
Case 1

If i < per, a part of the interface from x = 0 to x = Ls was non-slipping and the rest
of the interface from x = Lg to x = L/2 was sliding. In this case, after solving for Ls from
Eq. A17, B was evaluated from Eq. B16b:
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_ % el I o
B=—Bp(l B)exp( { R L/2 Ls]}j.

T T (B19)
Yils _ _ Vil
[exp{ R } exp{ R H
The end displacement of the plug was obtained from Eqgs. B4b and B7a:
_ 1-2PBvg (L/2 ovVR
Uy max = E_R --[O o dx — '—"ER Lpa. (B20)
which was evaluated from Egs. B12a and B15a as follows:
2
Uxmae . 1= 2fvg | 2BR sinh(——-YILs )+ (-7—2—) L - 9(-(-[1 - Ls)
Pa Egr T R T pL2
R o 2Bu ] OVg
-——l1-={1- -—==(L/2~-L -—=L (B21)
21311[ B){ eXp[ R (/2L }) Eg
Case 2

If u 2 pep, the whole interface was nonslipping and the constant B was determined
from Eq. B12a by the boundary condition B6d,

2
B_——'

= (B22)
' 2cosh[7—1—)
2R
and the maximum end displacement was given by
2
Uxmax _ 1-2fvg | 2BR sinh(llk) + (1%) Li_ovry, (B23)
Pa Er "1 2R/ \n) 2| Egr

A typical test setup is shown in Fig. 11b. Lengths of the filter and the plug were
25.4 mm (1 in.) and 38.1 mm (1.5 in.), respectively. We assumed that all components were
uncracked at the beginning of the test. For the initial model calculations, we assumed that
the plug had the same length as the composite without the filter element. The cases
involving a filter element and a longer plug length are discussed in the main section.

The variations of the axial and hoop stress resultants in the composite (without the
filter element) per unit applied axial load on the plug are plotted in Fig. Bla. The results
clearly showed that the hoop stress resultants dominated the axial stress resultants in the
composite for all values of friction coefficient. Figure Blb shows that the slope of the load-
displacement curve was not changed significantly by friction. Therefore, it was reasonable
to ignore all friction effects in the analysis of the filter.
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Fig. B1. Effects of friction coefficient on (a) axial and hoop stress resultants
(MPa-mm) in composite per unit applied axial load (N), and (b)
initial elastic slope of plug load-displacement diagram for com-
posite without filter element.
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