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ABSTRACT: Presently, continuous-fiber  ceramic  composites
(CFCCs) are considered leading candidate matenals for many high-
temperature applications, such as high-pressure heat exchangers, radi-
ant bumner wbes, and engine combustors. To adeguately evaluale these
materials in their cybmlncal configurations, a hoop tension test is
needed.

A hwdrostatic pressurized ftest was developed o obtain the hoop
rensile strength from ambiznt o oelevated emperatures (= 1500°C),
The method allows only hydrostatic pressure 1o develop inside the
cylinder to canse fallure from o hoop tensile siress.

This test method evolved from testing mononlithic coramics to contin
uons-fiher ceranic mawrey composite (CMO) wibes. The resules of early
hivdrostatic tests are brefly reviewsd, A highlight of one test identificd
fiber tow pull-out at 1000°C where the mbe indicated localized anew-
rvam-type deformation. Another CFCC matenial system, evaluated at
reom temperature, exhibited fiber pull-out on the order of 3 w 7 mm.
The circumferential elastic modulus was also obtained.

KEY WORDS: hoop tensile streagth, pressurized cylindrcal speci-
imen, ceramic, continuous-fiber ceramic composite {(CHCC), high wem-
peralure, mechamical propertics. fracture behavior, diametral strain

Presently, continuous fiber ceramic composites (CFCCs) have
heen identified as useful materials for several severe environmenial
and industrzl applications. These materials can be used as radiant
bumner whes, high-pressure heat exchangers, and combustion
chambers to increase thermal canversion efficiencies and con-
Kerve energy.

Flat coupon tensile tests have been used primarily for mechanical
properties characterization of CFCCs to assess representative per-
formance of cylindrical components. Ohiher ests melude Nexural
beams and tensile or compressive loading of C-ring or O-ring
shaped specimens (hat are sectioned rom wbular components.
Linfortumitely, the fracture behovior i a0 times biased by the speci-
men geometry and is not always representative of the acual compo-
nent application. An example of a bias fraciure behavior would
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be delamination from interlaminar shear stress caused by flexing
a laminated composite component. To address this issue, an alterna-
live lest, such as an intermally-pressurized cylinder, is used 10
assess the structural performance of tubular components.

Pressurized cylindrical wests have been demonstrated 1o (1) gen-
erale reliable test data for a potential design data base, (23 have
a large tensile-test-gage-volurne o specimen-volume ratio, (3) have
a large tensile page volurme for Weibull analysis, (4) require mini-
mal sample preparation, and (5) be a cost-effective specimen testing
method. The main atnbete of pressurized cylindrical tests is their
ability to hydrostatically pressurze a right cvlinder at elevated
temperatires using o working Nuid that exhibits viscoelastic behav-
wor [L,2]. By eliminaling gas pressurization and using o pressurizing
media with plastic or viscoelastic behavior. the twest technigue
virally eliminates catasirophic explosion, and the failed test spec-
imen is usually better suited for fuilure analysis,

From the theory of elastcity, the elastic-hased hoop tensile siress
profile air) is o function of the radius r and is given as [3]

afr) = npll + (7 eV — ) i1}

where r, and » are the outer and inner cylindrical whbe radii,
respectively. and p; is the internal pressure. The hoop tensile stress
15 maximuim al #o= p. A thin wall can be assumed if the ratio of
the inner diameter D is greater than 20 times the wall thickness
r. Equation | can then be simplified 1o the more {amiliar thin-
willed pressure vessel form
(2

o, = p 002t

Hydrostatic pressurized tests of cylindrical tubes have been
developed and vsed o obtain data from room Emperaiure o
2070°C [4-6]. Common pressurizing media have been air. nitrogen,
and argon, Chl and water have been primarily used for nezr ambient
temperature. Elastomer solids, such as sibcone rubber, have also
been used [4]. The main pressurizing media used for high-tempera-
ture testng is gas) however, considerable care must be aken o
limit damage to equipment and facilities from explosion when tube
failure occurs. To address this issue, a high-temperature internal
pressurization technigue that minimizes the risk of explosion was
developed at the University of Dayton Research Institute. This
concept was demonstrated by tasting a monolithic alumina wbe
by internally pressurizing the tube to failure at TOKFC ina vacuum
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chamber [7]. The technique uses an internal solid that deforms
viscoclastically at the test temperatures of interest. The risk of
explosion at failure is minimized by increasing the energy dissipa-
tion rate compared to that of a gas or liquid. The choice of
deformable solids include metals, glasses, glass-ceramics, and
ceramics. The attributes of pressurized testing of cylindrical mbes
are large lensile-gage-volume to study Weibull scaling effects,
efficient test-gage-volume to specimen-volume ratios that lower
material consumption, no elaborate specimen alignment, reduced
safety risks, and lower testing cost.

The objectives of this paper are to review the early work of the
UDRI hydrostatic pressurizing technique [/,2] and update other
developments and results achieved using this testing technigue.
The review of the earlier work begins in the next section, Experi-
mental Procedures.

The background of the second objective deals with the issue of
obtaining an equivalent level of detection to determine the onset
of matrix cracking for an internally-pressurized tube when com-
pared to a flat coupon tensile test. By having the ability (o measure
the strain, the onset of matrix cracking can be detected and mea-
sured. The strain of a cylindncal-shaped component can be mea-
sured in the circumferential or diametrical direction. It can be
shown that these two strain components €., and €., are equivalent
for homogeneous and isotropic material, as shown below, The
circumlerential strain €. 18 expressed as

€ = Aclc = wAdind (3
or
Erir = Eifin ':'4}

where © is the circumference and o is the dinmeter. For a quasi-
isotropic composite material [0, 90, =45°],, these strain compo-
nents, €,, and €4, can be presently assumed (o be the same for
a wound or woven tube. In this assumption, the in-plane strain
(circumierential direction) is detected in the diametral direction
as diametral strain.

Circumferential strain is fairly casy o measure using strain
gages on a smooth, clean surface. However, the surface preparation
of continuous fiber-reinforced ceramic composites can be tedious
and complex. Typically, as-densified components do not have the
smooth surface that strain gages require. Surface preparation for
strain gages require diamond grinding and lapping to obtain the
relative smooth surface to bond gages, Surface grinding may cause
an undue amount of subsurface damage 1o the matrix and fiber,
as well as the fiber/matnx interface; that is, the damage from
surface preparation cannol be readily ascertained. Radial strain is
not technically feasible to measure because tiny gages would be
required Lo meet the geometric constraint of the thin walled cylin-
ders and the strain field distortion is larpe across the laminate
layers of a composite.

Diametral expansion can be measured during internal pressuriza-
tion. This method of measurement can be accomplished casily
using extcnsometers, such os a linear variable displacement trans-
ducer (LVDT), a capacitive gage attached to a contact probe, or
a srrain paged clip extensomeler. Most of the methods to measure
strain can be used, with appropriate modifications, for high-temper-
anere measurements of a pressurized tube. [n addition, the sensitiv-
ity of measuring strain is directly propontional to the diameter size;
therefore, it is not favorable to have small wbe diameters.
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Experimental Procedures
Hoop Tensile Strength ar Elevated Temperature

Two prototype tubes, used as display models from two manufac-
turers were tested. The first material was a Micalon™ (Dow Corn-
ing, Midland, MI) braided tube with a matrix of 5i-C-N formed
from a polymer impregnation and pyrolysis (PIP) process, The
braided tube used carbon-coated Micalon™ fiber tow that was
wound at a +45° angle.

Two short tubular CMC test specimens were cut from the PIP
tube (51-mm lengths), using an ordinary diamond cut-off saw with
a water-based couolant. The wall thickness was 2,54 mm and the
inside diameter was 28.6 mm. All dimensions were nominal, No
further tube surface or end preparations were made.

The wwbe was filled with a solid that exhibited viscoelastic
behavior at clevated temperatures and was sealed at both ends
with ring scals and pistons. Details of the pressurizing process
were reported earlier [£,2]. The sealed tube specimen was heated
in a vacuum hot press unit using induction heating with graphite
susceptors. The test temperature of 1000°C was selected because
it is the typical upper use temperature of Nicalon™ fibers. The
specimen was soaked at the test temperature for 15 min hefore
testing. A hydranlic actuator was used to compressively load the
pistons of the wbe ends to gencrate the internal hydrostatic pres-
sure. The load was applicd monotonically until whe rupture. Only
the failure load was recorded from the vacuum hot press unit
and the specimen was allowed 1o cool before removal. Opiical
inspection and photomacrography were used for failure analysis.

Hoop Tensile Stress versus Clreumferential Strain at Ambienr
Temperature

The second prototype tube matenial (Textron Specialty Materials,
Lowell, MA) was provided for room temperature evaluation to
obtain the hoop tensile strength and to study the failure process, The
tube's nominal dimensions were %0 mm (3.6 in.) inside diameter by
T6 mm (3.0 in.) length by 2.9 mm (012 in.) wall thickness. The
matrix was a reaction-bonded silicon nitride (RBSN) and the fiber
reinforcement was SCS-6™ silicon carbide. The fiber architecture
was a [0%=457], wound tube. The number of laminate layers
was unknowi,

The tube was hot wax mounted and sawn by a diamond wheel
with a water-based coolant (o create two tubular ring specimens
with a final nominal length of 36 mm. The specimen wax was
removed using a reagent. The specimens were baked lor 2 h a1
200°C and then air cooled to release the trapped moisture from
the diamond machining operation.

A room-temperature test mandrel was designed and constructed
o maintain A constant lest gage length. The test mandrel was
designed (o pressurize the 20.3-mm central portion of the 36-mm
tube length. Approximately 8 mm on each end of the tbe length
was not loaded under hydrostatic pressure to avoid edge effects.
A solid media known 1o behave plastically at room temperature
was used imtemally to hydrostatically pressurize (he tube. The
media in the reservoir was pressurized by loading a piston from
a universal hydraulic testing machine (Riehle, SN: R-46343), The
inside surface of the twhe was lined with plastic food wrap 1o
prevent the direct contact of pressurizing media to the inner wbe
surface. A strain gaged based cxtensometer was used (o monitor
the diametral expansion during loading, The loading rate was
continually adjusted to compensate for leaks and o monatonically
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pressurize the tube 1o obtain foilure within | min, Afer failure,
the tube was removed from the mandre] for failure analysis.

Another prototype ceramic matrix composite (CMC) wbe was
provided by Textron. This tube had nominal dimensions of 88,0
mm 3.5 in.} inside diameter by 76.2 mm (3 in.} long by 1% mm
(0.07 in) wall thickneass. The twbe was cul into tWo specimens (o
obtain a nominal length of 38.1 mm (1.5 in.). Only one specimen
wils lested.

The pressurizing test mundre] used in a prior west was modified
o maintain pressure better and prevent a potzntial pressure gradient
from the pressure-supply reservoir to the specimen tube inner wall,
The specimen was mounted on the test mandrel with a plastic film
{Saran Wrap™) inside liner o minimize specimen contact with
Y pressurizing clay.

‘e Wheatstone bridge output of the extensometer and the foree
rransducer were monitored by an X-V plotter. The diametral exten-
sion of the twhular specimen was monitored to falure using a fully
active resistive strain gaged clip extensomerer. A video camera
wirs also used o record the testing evenl,

Results and Discussion

High Temperaiure Hoop Tensile Strengeh of PIF-Processed S1-
C-NiNizalon Tube

Two lubulur specimens were internally pressurized o failure al
IOMKFC in a vacuum chamber. The measured hoop tensile strengths
were 182 and 237 MPa (26,4 and 34.5 ksi), respectively, The heop
tensile strenpths assumed Onite ube radii and thickness, Using
the simplified equation for 2 thin-wall tube, the caleulated vialues
were 165 and 217 MPa (240 and 314 ksi), respectively, The
simplified equation for thin-wall ebes typically yields conservative
measurements when the ratio of the inner diameter W wbe-wall
thickemess is much less than 10, The measured hoop tensile strengths
in vacuum are comparzhle 1o those obtained from tensile lests of
flat coupons of other CMCs, Comparable values found in the
literature are presented in Table 1 [7].

Fuoilure Analysis of PIP-Processed SI-C-NiNicalon™ Tubes

The specimen with a measured strength of TH2 MPa s shown
in Fig, . Figure 1A shows the pressurized viscoclastic media that
flowed radially out of fractured wbe. The single failure path is
parallel to the length of the be. Figure [B is the end view of
the left side of the whe in Fig. 1A, The magnified view (Fig. 1B)
shows the elliptical holes on cach side of the frocture caused by
the pullout af the 457 aligned Aber lows, The elliptical voids were

found on both tested tubes where the fracture path intersected with
the whe ends. These voids were found only at these sites.

The second high-temperarure tested PIP-processed 5i-C-N/Nica-
lon™ specimen, with a measured strength of 237 MPa, is shown
in Fig. 2. In Fig. 2. the tbe shows a slight diametral bulge. This
deformation is visual evidence of high-termpermure ductilicy, It can
be hypothesized that crack arrest would have resulted had the
tested tube besn longer in length because of a decreasing siress
intensity field. Though the strain belore failure was not measured,
high-temperature strin sensors could be incorporated,

Figure 2 is a typical fracture (scen on two tested specimens) in
which individual [ibers and fiber tows are cxpused, The 457 alipnad
fiber architeciure is clearly shown in Fig, 2B. The fiber tow pull-
out length is estimated to be one half of the unit cell vsed for
braiding, In Fig. 2, the fiber wow pull-out length is longer at the
whe end. This was observed on both test specimens. [t is believed
that (a) plane stress conditions or (h) a reduction of shear coupling
bevwesn the fiber and malrx near the tuhe end, or () both (a)
and (b) are possible causes for the diffcrence in fiber tow pull-
vut lengths. As indicated carlier. the second specimen tested at
high temperature also exhibited localized elliptical holes (Fig. 3)
where the fiber tows were pulled out of the 5i-C-N muinx at the
fracturc site,

Reom Temperatere Hoop Tensile Strength of BESNISCS-6 Tubes

Two twhular ring specimens were pressurized o failure at room
temperature and the results are summarized in Table 2, In the first
test (Specimen 1074-1), since the internal pressure 1o cause failure
was found o be guestionably high, the measured hoop tensile
strength value is also debatable. The uncemainty of this measured
pressure is caused by a high back pressure at the supply reservoir,
caused by a flow restriction from the undersized reservoir porls
when 2 high loading rate is required on the reservoir, Conceivably,
this back pressure is preater thun the acwal hydrostulic pressure
on the specimen when there are leaks at the specimen seals. The
leak at the specimen seals were expected because the tesl specimens
were slightly noncircular.

Muodifications were made to the test mandrel before conducting
the second Lest to alleviale the back pressure by eliminating the
flow restrictions, The viscosity of the pressurizing media was
also increased to improve the sealing integrity. In the second rest
(Specimen 10722, the determined hoop lensile strength was 96.9
MPa (141 ksl

TABLE |—Comoilarion of tensile stremuth for Nicalon™SiC matersal sustems fownd in the [erature compered fa the hoap tensile Sreigih
¥ ] LR ] 4 [
ek rerments uxing presyurized tuives [ 1]

Priscess [Ref] Test Method

Lay-Up Angle

UTS, MPa Temperature, U

PIP SicC [ ] pressurised Tube [£45°]ay 1000 vac
CVI® SiC 17 flat coupon [ =45% 55" RT
FOVI SiC 8] flal coupon [Ovd3sa 500" BT
FOVL SIC [8] tlal coupon (PUd5/45:00, | (6(H) air
ICVIT Sil [#] flatl coupon (D350 KT
IV &I 4] flial coupon ISR | (o3 auir

“Bach lay-up angle refers w one ply of
*Each lay-up angle refers 1o one ply of
‘Chemical vapoer infiliraton.

YForced chemical vapor infilimation.
“lsathermal chemical vapor mblration.

[ ®-hamess satin weave of Nicalon™ fabric.
-0 plain weave of Nicalon™ fabric,
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10mm

A

FIG, |—(A} Tube-side view of the frozen plunte of the viscoelailic pressurizing media thay has flowed owe of the splic open tube. (8] Magnified tube
end view indicating the residual elliptical Boles from the pulled-out fiher ows. The pressurized test temperaiure was JOMFC in vacusm,

10 mim

FIG. 2 View of the split tube that failed ar a hoop strength of 237 MPa. The pull-out lengeh of the fiber tows are aotably lenger ar the ttibe end
(Fig. 28 ix an enlarged view of 24), The split mbe alto shows a sight bulge or anewrysm.

Localized holes
from tow pull-out

FIG. 3—End view of the pulled-our 45° afigned fiber rows iulicanng
elfiprical holes in the 5§-C-N matrix. Heap steengih is 237 MPa ar FORAFC,

Failure Analysts

Specimen 1074-1 is shown in Fig. 4, and Specimen 10742 is
shown in Fig. 5, As shewn, the angle of the fracture plane for
both test specimens is 45", Both tubes exhibited one fracture,
As expected, the amount of sudible noise heard during loading

TABLE 2—Tahuiasion of mam temperatnre fronp tensile test for
RISNISCS -6 tubes,

Specirien Sumber

7a-1 1074-2
Tuhe fength. mm 60N = 0.5 Wb = 02
Muox 1D, mm Hl.4 911
Min 1D, mm WS g1l
Mean thickness, mm 393 2 96
Max Pressure, MPa =1LT 6.27
Hoop strength, MPa =23 6.9

increased as the pressere increased, For Specimen [074-1 (Fig,
4), the quantity and length of the pulled out libers is low hecause
the fracture surfaces came in contact with one ancther after the
specimen was renoved from the tes) mandrel, After ramoval. the
specimen was wedged open to prevent tube closure, For Specimen
LO74-2(Fig. 3), several pelled-oul fibers were broken while remav-
ing the specimen from the lest fixture. Some of the fibers in the
pressurized gage section of the specimen were missing because the
flowing pressurized media from the est mandrel broke the fbers.

The amount and length of pulled-out fibers is evident in Figs.
4 and 5 in which a silhouene was made by back lighting the
specimen, Hoth Figs. 4A and 5A indicate delaminalion of the
laminate ply, From an end view of these tube specimens, cracks
aré nligned with the Jaminate plies (Fiz. 6), One crack extended
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A B

FIG. d—Optical fractograph of Specimen 10741 with a 45° initiate fraciure plane. Fiber pufl-out is predominately the (F {eircumferential) aligned
fibers. The shadowgram (Fig. 4B) is shown 1o emphasize the fiber pull-our length.

A B

FIG, 5—0ptical fractograph of Specimen 1074-2 with a 457 fracture plane. Fiber pull-ous is dominared by the pull-out of the (F aligned fibers, The
shadowgram (Fig. 3B) i shown to emphasize the lenpth of fiber pull-ou,

A B

FIG. b—End views of Specimen [074-1 and 1074:2, respectively, in which a delamination ply crack is aligned with the laminate plies,



approximately 12 mm in length. From optical inspection, few
clliptical holes are evident on the end of the whe, These holes
were created by the pullout of the =45° aligned fibers. It appears
that delamination of the layers is principally found on the plane
of the fiber’s center line. The delamination crack may be caused
by the reduced net cross-sectional area of the RBSN matrix to
accommodate the large diameter of the SCS-6 [ilaments. Because
delamination was detected at the end of the specimen, it is not
certain whether edge effects were minimized or if they were an
amifact after failure.

Hoop Tensile Stress-(iamerral Strain of RESNISCS-6 Tibe

The cylindrical test Specimen 2A was successfully tested to
failure. The resulting X-¥ plot of the load amd diametral displace-
ment was digitized and analyzed W obtain the resulting hoop lensile
stress-diametral strain plot (Fig, b The physical dimensions and
summary of the mechanical properties of Specimen 2A are given
in Table 3. The yicld strength (using the deviation from lineanty
as the criteria) was determined to be 54.8 MPa (12.3 ksi) at a
vield strain of 0.031%, The ultimate hoop tensile strength was
determined to ke 162 MPa (23.6 ksi) at a comespanding strain of

E
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0.202%. The failure strength was determined to be 100 MPa (14.5
ksi} with a strain to failure of 0.280%.

The range of the elasue modulus was determined to be from
227 to 237 GPa (32.9 to 34,4 Mpsi). The range of the moduli was
dictated by the choice of dma from the linear portion of the hoop
stress-diametral strain curve (enlarged view of lincar ¢lastic portion
of Fig. 7). The lower modulus was determined from the third o
the fourteenth data point. The higher modulus was determined
from the second o the eighth data point. The straight lines from
the lincar regression for the elasuic modulus are shown 25 solid
and dashed lines.

The tube failed ar a 457 angle plane (parallel with the 45° angle
fiber lay-up). Optical inspection indicated short fibers extending
from the matrix. Most of the exposed fiber length is on the order
of 100 w 200 pm, with a [ew pulled-oul fibers on the order of
SO0 o TO0 e in length, Optical inspection also indicated a single
10+ mm long fiber, aligned at 437, where this fiber could have
been the main contributor to failure as the strength-limiting law,
Long {10+ mm) secondary cracks seen (0 emanate from the pri-
mary crack. This would suggest that the addition of another layer
of (7 aligned libers muay be beneficiul to decrease the likelihood
of 4 457 angle shear plane lailure.

-
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;
i s L
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= L]
§ /"P o
= e R ALE=r TEE LY\
/ = = = p= BT SP0{E29 Vs
i 00 I e
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Diarmatral Strain, percend crain
B

FI1G, T=4A) Hoop tensile siress as @ fanciion of dameteal strain for Specimen 2A o ablain an estimate for the circamierentiol elastic modulus, (B)

Erlarged view of the fincar portion.

TABLE 3—Tabularion of speciesen dimensions and roum temperature properties of the second protatype RBEN/AACS-6 specimen,

Inside diameter. mm (in}

50.2 (1.55)

Tube length, mm (in)

36,2 (1.43)

Pressurized tube length, mn (in)

1 7.8 10.700

1" Regression of elastic modulus, GPa (Mpsi}

227 (32.9)

27 Regression of elastic modulus, GPa (Mpsi)

237 (34.4)

Yicld Maximum Failure
Intemnal pressure, MPa (psi) 344 (499 6.59 (956) 4.06 (589)
Stress, MPa (ksi) 84.8 (12.3) 162 (23.6) 100 (14.5)
Strain, % sirain 0,031 0.202 0.280
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Summary

High Temperature Hoop Tensile Sirength Testing af PIP-
Processed Si-C-NiNicalan™ Tubes

The prototype braided Nicalon™ fiber CMC tubular components
using the PIP process to make the $i-C-N matrix were tested 1o
failure successfully at a high temperature using a pressurizing
media that exhibited viscoclastic behavior at elevared temperatures,
The measured hoop tensile strengths were 182 and 237 MPa (264
and 34.5 ksi), respectively. The strength measurements were com-
parable (o flat tensile coupon tests (found in the lirerature). how-
ever, the tube test gage volume in tension is considerably larger,

Failure analysis of the tested tubes indicated fiber tow pull-out.
The pulled-out fiber tow left localized holes in the matnx. The
pull-out length of the longer fiber tows, localized at the tube
ends, indicated edge effects where the fiber tow was not 2s well
constrained. Since ductility was indicated by the observed aneu-
rysmi-lype bulge of the tube, ductility can be engineered into siruc-
lural ceramics,

By internally pressurizing whes, the failure mode represents
real components—combustion chambers, heat exchangers, or cven
large flat pancls. The tubular test specimen configuration allows
4 greater test gage volume o be subjected to a tensile load w
support design data generation.

Room Temperature Hoop Tensile Srengeh Testing of RBSN/
SCS-6 Tubes

The first prototyped RBSN/SCS-6 whe indicated & minimem
hoop tensile strength of 96,9 MPa (14,0 ksi) at room temperalure.
Optical Fractographic analysis determined extensive fiber pull-out,
sometimes exceeding 5 mm. Fiber pull-out was mostly dominated
by the 07 aligned fibers as compared 1o the 457 aligned fibers.

The second RBSN/SCS-0 the wis tested to failure at room
temperature and manitored (o obtain a hoop tensile stress versus
diamerral strain plot. The yield and maximum wensile strength were
measured as 84 2 and 163 MPa {123 ksi and 22,6 ksi), respectively.
The elastic modulus from the hoop tensile stress versus diametral
strain gave a range of 227 w 237 GPa (32.9 to 34.4 Mpsi). Optical
analysis indicates mostly short fiber pull-out (100 to 200 pwm) on
the 43" shear [tacture plane.
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