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Abstract:

The influence of the fiber-matrix interphase on the high temperature behavior of Nicalon fiber
reinforced CAS-II glass-ceramic matrix composites has been investigated. Unidirectional and cross-ply
laminates were studied from 20° up to 1000°C. Tensile testing at 1000°C in air lowered the
longitudinal unidirectional strength to the stress level at which matrix cracking began to occur.
Interfaces exposed along matrix cracks increased in bond strength, resulting in brittle composite
fracture. The strength of crossplied composites was also severely reduced in 800°C air. Transverse
plies cracked prior to 0° ply matrix cracking. However, embrittlement did not occur until the matrix in
the 0° plies cracked.

Interphase oxidation did not appear to play a significant role in crack growth parallel to the fibers of
transverse plies except near exposed edges. Oxygen did not appear to have penetrated the transverse
cracks except directly on the specimen fracture surface. This was evidenced by a lack of bond strength
changes along the transverse ply cracks. The surprising lack of apparent oxidation effects on 90&deg,
ply cracking led to further investigation of crack growth parallel to the fibers using the double torsion
test to measure the transverse fracture toughness (Glc) of unidirectional materials, and to look for
evidence of environmental stress cracking. Glc did decrease moderately with increasing temperature
(as does the bulk matrix), but no evidence of an interphase oxidizing effect on crack growth could be
found. Cracks would not grow in the oxidizing environment at G1 values slightly below Glc, and
oxidation did not occur on the part of the fracture surface which was cracked but not widely opened
during the test.

The results of this study establish that oxidation does not take part in crack growth parallel to the fibers,
except adjacent to exposed edges. Neither does oxygen enter 90° ply cracks in crossplied composites in
sufficient quantity to produce oxidation embrittlement, at least up to the 0° matrix cracking strain.
Matrix cracks in the 0° plies at higher strains do allow oxidation embrittlement of the 0° plies in
unidirectional and crossplied composites. Contacts between fibers and matrix along the 90° ply cracks
may locally seal-off and prevent further spread of oxygen. No such contacts and possible sealing-off
occur along matrix cracks in the 0° plies, and oxygen is free to spread throughout the opened matrix
crack to reach the carbon interphase regions.
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ABSTRACT

The influence of the fiber-matrix interphase on the high
temperature behavior of Nicalon fiber reinforced CAS-IT
glass-ceramic matrix composites has been investigated.
Unidirectional and cross-ply laminates were studied from 20°
up to 1000°C. Tensile testing at 1000°C in air lowered the
longitudinal unidirectional strength to the stress level at
which matrix cracking began to occur. Interfaces exposed along
matrix cracks increased in bond strength, resulting in brittle
composite fracture. The strength of crossplied composites was
also severely reduced in 800°C air. Transverse plies cracked
prior to 0° ply matrix cracking. However, embrittlement did
not occur until the matrix in the 0° plies cracked.

Interphase oxidation did not appear to play a significant
role in crack growth parallel to the fibers of transverse
plies except near exposed edges. Oxygen did not appear to have
penetrated the transverse cracks except directly on the
specimen fracture surface. This was evidenced by a lack of
bond strength changes along the transverse ply cracks. The
surprising lack of apparent oxidation effects on 90° ply
cracking led to further investigation of crack growth parallel
to the fibers using the double torsion test to measure the
transverse fracture toughness (Gr) of unidirectional
materials, and to look for evidence of environmental stress
cracking. G, did decrease moderately with increasing
temperature (as does the bulk matrix), but no evidence of an
interphase oxidizing effect on crack growth could be found.
Cracks would not grow in the oxidizing environment at G; values
slightly below G,, and oxidation did not occur on the part of

the fracture surface which was cracked but not widely opened

during the test.

The results of this study establish that oxidation does
not take part in crack growth parallel to the fibers, except
adjacent to exposed edges. Neither does oxygen enter 90° ply
cracks in crossplied composites in sufficient quantity to
produce oxidation embrittlement, at least up to the 0° matrix
cracking strain. Matrix cracks in the 0° plies at higher
strains do allow oxidation embrittlement of the 0° plies in
unidirectional and crossplied composites. Contacts between
fibers and matrix along the 90° ply cracks may locally seal-
off and prevent further spread of oxygen. No such contacts and
possible sealing-off occur along matrix cracks in the 0°
plies, and oxygen is free to spread throughout the opened
matrix crack to reach the carbon interphase regions.




INTRODUCTION

Glass-ceramic materials are ceramics produced by the
controlled crystallization of appropriate glasses [1]. When
these materials are fabricated, they are processed as glasses
(while the materials ére in a viscous form), then crystallized
under controlled heat treatmerit conditions to achieve
materials with superior toughness and high temperature
strength [2]. They consist of a large proportion, typically 95
to 98 volume percent, of very small crystals, generally
smaller than 1 micron, with a small amount of residual glass
(amorphous) phase to make up a pore-free ceramic [11.

The recent development of ceramic or glass-ceramic}matrix
composites has been driven primarily by the need for high
temperature structural materials for applications such as heat
enginés and space élanes. While monolithic structural ceramics
and glass-ceramics are also being developed to meet fhese'
needs, they have problems in structural applications due to
their inherent brittleneés. Glass-ceramic matrix composites
offer bofential to achieve high performance at high
temperatures [3]..Considerable attention has been focused on
(continuous or relatively 1long) fiber-reinforced glass-
.ceramics. The fiber addition increases toughness through crack

. deflection and fiber bridging behind the crack tip [3,4].
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Ceramic matrix composites do not simply consist of a
combination of reinforcement and matrix phéses. More
typically, either through fiber precoating ' or through
reactions during processing, the resultant composites contain
an interphase region separating the reinforcement and matrix
phases that is very important in controlling the properties of
the composite. Chemical compositions and processing conditions .
have a strong influence on thé thickness of this interphase
[3,5]. The main objective of this research was to>develop a
better understanding of the influence of the fiber-matrix
interphase on high temperature behavior of multidirectional
glass—ceramic:matfix:c&mposites'under the oxidizing conditions

which exist in most potential applications.




BACKGROUND

Ceramic and glass-ceramic composites offer a great range
of utility both on a high temperature basis as well as on
other environmental considerations such as oxidation
resistance, erosion, and chemical attack from acids, etc.
[2(6]. The properties ofl these composites depend on the
combination of the properties of starting materials and the
fabrication procedure [3]. The fibers should not be greatly
degraded during procéssing either by handling or by chemical
reaction. Also, the resultant fiber-matrix interphase must
have the éharacteristics necessary for optimﬁm composite

properties, as will be discussed in the following sections.

Mechanical Behavior of Ceramic Matrix Composites

Longitudinal Tensile Strength

In ceramic matrix composites (CMC’s), the matrix failure
strains are generally less than the fiber breaking strains
[7,8,9]. The lower matrix failure strain indicates matrix
failure prior to fiber failure. The possible failure modes for
unidirectional CMC’s are depicted in Figure 1 [10]. For
strongly bonded‘sysfems, cracks formed in the matrix propagate

through the interphase and the fibers without causing fiber-
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5
matrix debonding as shown in Figure 1b [11]. Composite.failure
occurs at the matrix failure strain (e&_,) by propagation of a
single crack through the fibers. A linear stress-strain curve
(Figure 2a) results due to the brittle nature of the fracture.
Composite longitudinal strength (o;) and modulus (E,) are

expressed by the rule of mixtures [12]:

o-cL = Echmu (2)

Eg = EVe + BV, (1)

where E; : fiber modulus
Ve ¢ fiber volume fraction
E, : matrix modulus

m

V, : matrix volume fraction (1-Vy)

Some strength enhancement is possible with high modulus
fibers through the higher E_;, but this is 1limited. The
composite failure strain remains essentially unchanged from
that of the unreinforced typically brittle matrix. In
addition, longitudinal toughness (resistance to crack growth
perpendicular to fibers due to ahlbngitudinal stress) is not
greatly enhanced over that of the.matrixf |

Stronger CMC’s are possible in weakly bonded systems
above a critical fiber volume fraction, V,. The dependence of
composite strength on V; is illustrated in Figure 3 [13}. If

the fiber content is too low, the reinforcing fibers may be
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unab;e to support the total load carried by the composite when
the matrix fails. Below V,, even in weakly bonded systemé,
composite strength is governed by the strength of the matrix.
Failure occurs by single fracture, as described above.

Above V

s Wweakly bonded cbmposites (Figure 1c) do not .

fail by the propagation of a single matrix- crack [15,13,14}.
The weak bond (or interphase) preyents spontaneous propagation
of matrix cracks through adjacent fibers. After initial
cracking of the matrix, the load is transferred to the fibers.
The high fiber content allows support of the applied load, and
multiple matrix cracking occurs with further stressing. The
fiber volume fraction at the transition from -single to

multiple fracture is [12]:

g
crT o 1 m_u"'—'_ (3)
Omut Oy~ O¢

where o, : matrix strength

og, : fiber strength

Q
-

stress in the fiber at matrix fractufe

.Matrix cracking, a'ccompanied by .load transfer to the
fibers, can continue until a saturation crack density level is
achieved. After métrix crack saturation, the fibers bear
almost all of the load. Failure of the composite.occurs when

the fracture strength of the fibers is exceeded.




o

The stress-strain curve for weakly bonded composites is
non-linear, consiéting of three distinct regions as shown in
Figure 2b [13]. In the initial linear portion of the curve,
the composite stress and modulus are described by the rule of
mixtures. A deviation from linearity occufs at the matrix
microcracking strain. Further load increase beyond the.onset
of microcracking causes additional matrix cradking and a
permanent decrease_in‘composite stiffness due to a decreased
matrix contribution. The final linear regime of the stress-
strain curve is governed primarily by - fiber properties.
Failure of the ideal composite material occurs at an ultimate
tensile strength approximated by the product of fiber strength
and fiber volume fraction (o,V). The ultimate compqsite
failure strain, &,, is increased over that of the unreinforced

matrix and is (approximately) equivalent to that of  the

reinforcing fibers.

Longitudinal Toughness

The toughness (for'cracks perpendicular to fibers) of
CMC’s cannot be expressed in terms of conventional fracture
mechanics parameters (i.e. critical stress intensity factor)
since failure does not occur by the growth of a single crack.
While ‘the toughness cannot be readily quantified, the
resistance to notches and flaws is greatly increased if the

fiber-matrix bond is weak, and then the behavior parallels
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that of tough reinforced plastics [3,11]. If tﬁe interfacial
bond is strong, the longitudinal toughness can be as low as
that of the monolithic matrix, since a single planar crack

grows through the fibers and matrix [5,11,12].

Transverse Properties

In most theoretical and experimental treatments of
ceramic matrix coﬁposites, only the improvements in
longitudinal properties over the monolithic matrix materials
are highlighted. Little coVerage is given to transverse
properties of these composites. The transverse properties of
uniaxially reinforced ceramics depend on the toughness of the
matrix and interface directly, with little benefit of effects
like fiber bridging, as will be discussed in the following
section.

The poor transverse properties of some unidirectionally
reinforced ceramics limit their use, since there are few
engineering applications where transverse stresses are not
encountered [10,14]. The resistance to crack growth parallel
to the fibers is especially a determining factor for the
useful design stress range since cracking parallel to the
fibers is usually the initial form of damage in
multidirectional composites [15]. This cracking process has

been associated with the (transverse) fracture toughness,

defined by the critical strain energy release rate, Gy
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[16,17], which will be discussed in detail later.

Interface (or Interphase) Effects on Compbsite Properties

The fiber-matrix interphase plays a critical role in
transferring loads in a composife. Figure 4 [11] illustrates
three critical aspects of glass and ceramic matrix composite
behavior which depend strongly on the interphase. The off-axis
and shear properties (Figure 4a) such as shear strength,
transverse tensile strength and transverse toughness are
| expécted to correlate directly with fiber-matrix bond strength
if other parameters remain unchanged [11,14].

Figures 4b and 4c illustrate the effect of the interphase
on composite longitudinal toughness. As noted earlier, if the
interphase is too strong, then, when matrix cracks form normal
to the fibers, they can propagate through the fibers, giving
brittle behavior similar to that in monolithic glasées énd
ceramics [5,11,12,18,19]. A sufficiently low fiber-matrix bond
strength will increase flaw tolerance by allowing‘ fiber
debonding during crack propagation perpendicular to the fibers
(fiber bridging) and/or by deflecting matrix cracks parallel
to the fibers [3,11,i2].

The pattern'in glass and ceramic matrix systems without
strong bonding of forming matrix cracks normal to the locally
debonded fibefs is indicated in Figure 4C} The stress at which

significant matrix cracks form in unidirectional specimens
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loaded in tension parailel to the fibers 1limits their
practical use conditions. As described earlier, the opening of
large matrix cracks is resisted in part by work done against
. friction as the matrix slides relative to the unbroken,
bridging fibers. Thus, both the tendency to initiate debonding
and the subsequent resistance to sliding of the matrix
relative to the fibers appear to be two important factors in
determining the working stress range of some ceramic matrix
materials.

As anticipated, the maintenance of a low interfacial bond
strength is critical to achieving composite toughness in the
direction of fibers. However, while providing the desired
(longitudinal) toughness, this also causes low off-axis
composite strength and the need for -multiaxial fiber

reinforcement for most engineering applications.

Interphase in Nicalon Reinforced Glass-Ceramics

As described earlier, by choosing high-strength,
relatively high-modulus, continuous (or relatively lohg)
fibers and incorporating them into matrices, high—strength and
tough composites can be created if the fiber-matrix interphase
is weak enough to divert and/or bridge cracks. The ultimate

strength of such a composite is then controlled by the in-situ

fiber strength, and a composite tensile strength well beyond

that associated with matrix cracking can be achieved [3]. The
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Niéalon—fiber—reinforced lithium-aluminosilicate (LAS) glass-
ceramic (Nicaion/LAS) system has met these requirements
through thé development of a carbon-rich fiber-matrix
interphase during processing, and with no deterioratiori in
fiber strength [2,3].

The invention of the continuous polymer-derived SiC based
fiber Nicalon (Nippon Carbon Company, Tokyo, Japan) has
permitted the development of high-temperature, high-
performance ceramic or glass-ceramic matrix composites
[2,3,5,20}. Nicalon, mhrith an .average tensile strength and
elastic ,mo.dulus of 1920 MPa ([21] and 193 GPa [2,20,21]
fespectively, has a unique nonstoichiometric chemistry that
makes it particularly suited ‘to Ithe development of high-
strength glass-ceramic matrix composites. Initially,
combosites with excellent strength were achieved using glass
matrices. To achieve the highest levels of temperature
resistance, however, the use of crystallized LAS matrices
proved most advantageous [2,20]. By densifying (to remove
porosity) the composites while the matrix is amorphous and of
‘low viscosity and then crystallizing (ceraming) afterwards, it
is possible to produce a very refractory composite with high
strength and toughness [2].

Chemical reactions can occur between the fiber and matrix
during processing of Nicalon reinforced glass-ceramics,
producing the carbon-rich interphase region [3,5,18,20]. The

strength of the fiber-matrix interphase and the resulting
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composite mechanical properties are significantly influenced
by the formation of such interphase regions [18]. The carbon-
rich layer of moderate strength effectively 1limits load
transfer between the matrix and the strong fiber either by
cohesively failing or adhesively separating from the fiber or
the matrix; The carbon-rich layer forms a bond strong enough
for load transfer, yet weak enough to debond readily and allow
fiber bridging during crack propagation [5,22]. The layer is
either nonexistent or carbon-poor in composites that exhibit

little toughness [22].

Environmental Effects

Nicalon reinforced glass-ceramic matrix composites with
a well developedi carbon interphase exhibit excellent
longitudinal toughness and crack deflecting ability at room
temperature [3,5,20,23]. However, reductions of strength and
strain to failure (in the fiber direction) have been observed
when testing at temperatures as low as 400°C [24].

'The testing of the Nicalon/LAS system in air at 700°C or
above has lowered composite tensile strength to the stress
level at which matrix cracking begins to occur [25j. Similar
embrittlement has been reporfed for Nicalon/BMAS (barium-—
magnesium-aluminosilicate) [26] and Nicalon/CAS (calcium-
aluminosilicate) [27] coﬁposites upon testing in air at

temperatures exceeding 800°C. In contrast to room tempefature
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fractures, a nearly planar fracture surface with little fiber
pullout was observed at high temperatures.

The results of elevated temperature tests conducted in
inert (argon) environment [25,28] and in vacuum [28] were
similar to the fracture behavior in air at room temperature,
indicating that oxygen is the active species in embrittlement.
It has been proposed that the transition from tough (notch
insensitive) behavior at room temperature to brittle (notch
sensitive) behavior at elevated temperatures is likely due to
fiber strenéth degradation and/or increased fiber-matrix bond
strength caused by oxidation effects at interfaces exposed to
the environment'[5,29]. In terms of the fracture mode map
presented in Figure 5 [29], this observation is consistent
with fhe transitioﬁ from long fiber pullout fracture mechanics
to planar crack growth caused either by decreased fiber
strength or increased interfacial shear strength (fiber-matrix
bond strength), or both.

The oxidation reaction is notﬂinitiated until the matrix
cracks upon stressing, allowing penetration of high
temperature air [25,30]}. The air then infiltratés the
composite. and attacks the low strength carbon rich fiber-
matrix inferphase in such a way as to cause an embrittlement
of the fracture process [2,5]. Ingress of oxygen is also
possible at cut (or ground) surfaces prior to métrix crack
initiation [10,26]. Oxidation can initiate at cut fiber ends

which intersect the composite surface and then spread along
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the'interface, called tunnelling [10].

It has been demonstrated by bond strength tests on
surfaces (cut perpendicular to the fibers) which had been pre-
exposed to air at temperatures of 800°C, 1000°C and 1200°C
that at high temperatures the interfacial carbon close té the
exposed surface oxidizes away and 1is replaced by a new,
strongly bonded interphase [10]. Oxidation spreads
predominantly along the interface from exposed fiber ends
rather than through transverse penetration around and between
fibers.
| Xu, et al. [31] reported that (in the absence of
cracking) Nicalon fibers are well protected by CAS matrix
against oxidation up to temperatures as high as 1300°C, if

fiber-ends are not exposed to the atmosphere and the fibers

are well-separated from each other. Upon exposure of.

Nicalon/CAS composite at 1300°C in air for 100 hours, ﬁhey
observed complete interphase oxidation (removal of the
interphase carbon layer aﬁd formation of a stronger silica
bond between the fiber and the matrix [32]) from exposed
surfaces, to a depth of 100-200 um parallel to the fibers, but
to a depth of only about 10 um perpendicular to the fibers. In
addition, partially oxidized fibers were found to depths about
4-6 times larger than fhose given above. This partial
oxidation was attributed to oxygen diffusion along interfaces,
not through the matrix. In the direction perpendicular to the

fibers, partial oxidation was caused mainly by contacts

A B
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between fibers at various locations along their length.

One proposed means of alleviating the oxidation problem

would be to coat the whole composite. However, a more

satisfactory approach would be to protect the fibers by
coating them prior to or as part of the composite formation
process. Such a coating must be chemically compatible with
both fiber and matrix, must itself be oxidation resistant, and
must provide an interface‘mechanically‘suited for composite

toughening [5].

Test Methods to Determine Tensile Properties of CMC'’s

The test specimen suggested for room temperature tensile
testing of unidirectional composites is described in ASTM
Specificatién D~-3039 [33]. The sﬁecimen is straight-sided in
order to avoid stress concentrations and splitting which could
occur with a reduced width gage section. It is necessary to
bond a tapered tab to the specimen face in‘ordef to grip the
specimen, to distribute the grip loads to the test material
and to minimize stress concentrations due to gripping.

Longitudinal tensile ltesting of CMC’s at elevated
temperature is much more .difficult than at ambient
temperatures. Several researchers have used flexure tests to
determine tensile properties [34,25,35,36]. However, this
method is not recommended for a number of reasons. The stress

state in the flexure specimen becomes complicated once initial
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failure (matrix cracking) has occurred and simple beam
analyéis is no l?nger valid, thus invalidating calculation of
theltensile stresses beyond this point [35]. Moreover, failure
may occur in shear or compression modes [34,35]. Grande [26]
observed that tensile strengths and strains to failure
obtained from flexure tests sometimes exceeded those from
direct tensile tests by about a factor of two.

A direct tensile test method is preferred for

- characterization of CMC’s [34,35,37], but tension tests

involve a number of problems. The gripping arrangemenf for the
tensile specimen is a major obstacle which must be addressed
[37]. One approach is to use a hot grip configuration, in
which the grips are maintained at the same temperature as the
gage section of the composite in order to minimize thermal
graaient effects. This method, which has been used at
temperatures up to 1000°C [26,38], utilizes a thickness-
tapered specimen held by wedge grips made of Inconel, a
nickel-based alloy. Use of this gripping method at higher
temperatures becomes impractical due to the limitations of the
metallic grip materials currently available. Testing at higher
.temperatures would likely require ceramic materials fof the
grips, similar to those of the test material. This scenario
imposes high risk design, possible grip failure by oxidation,
and high potential for chemical interaction between the

specimen and the grip [37].

The warm grip approach is a more practical method which
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utilizes nickel-based superalloy materials for the grips,

located adjacent to but not within the hot zone of a furnace

used to heat the central portion of the test specimen. These

grips may be heated to the grip material temperature limit, .

about 1000°C, by conduction from the specimen. This‘method has
the advantage of reducing the thermal gradients while still
using metallic materials for the grips [37].

The use of a short furnacé, which can isolate heating to
the specimen gage section, in conjunction‘with water cooled
wedge-action friction grips, allowé for cold grip testing
[10,27]. In this configuration, conventional grip materials
may be used. However, this gripping method introduces higher
thermal gradients within the specimen.

As noted above, the use of a constant cross-section

specimen with adhesively bonded tabs is recommended for

longitudinal tensile testing of composites [33]. Lewis, et al.
[39] and Prewo [25] report the successful use of a straight-
sided specimen with adhesivel& bonded tabs for room
temperature testing. Dannémann‘[lo] and Schutz [27j reported
the successful use of a straight-sided tabbed specimen with
cooled grips at temperatures up to 1000°C and 1200°C,
respectively. A |

Most gripping fixtures induce stress concentrations at
the grip location, which can cause the specimen to fail near
the grips, -outside of the gage section. To promote failure

within the gage section, some researchers have recommended a
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reduced erss—section specimen. Grande [26,38] used a reduced
thickness specimen with self-wedging hot grips for testing at
temperatures up to 1000°C. Larsen [40] recommended use of a
reduced width pinned grip specimeh, which had worked for
cross-ply laminates. This was not successful for
unidifectional composite testing.‘Grande [26] and Dannemann
[10] successfully used a similar reduced width specimen for
tensile testing of multidirectional laminates at high
temperature.

Larsen [40] suggested that the reduced thickness specimen
should not be used due to the damage induced by the machining
operation employed to reduce the thickness. Gyekenyesi and
Hemann ([41] reviewed the available techniques for high
temperature tensile testing of CMC’s. Their suggested test
configuration consisted of a reduced width specimen with wedge
action friction grips exterior to the furnace. Schutz [27]
tried several reduced width gage secfion tensile specimens,
but testing éf these specimens resulted in splitting of the
composite from the ends of the straight gage section into the
wider shoulder region and on into the tag. Failure occurred by
a shear mechanism rather than the desired tensile mode.

A cold-grip test configuration using adhesively bonded
aluminum tabs has been developed by Schutz [27j and used
successfully in the testing of unidirectional CMC’s both at-
ambient and high temperatures. This configuration serves as

the basis for tensile testing in this study. The specimen
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configuration is based on ASTM-D-3039 [33], except that
aluminum tabs are used rather than fiberglass. This specimen
configuration has been shown té be adequate to meet thermal
requirements for high temperature testing [27]. The method
employs a short zone furnace, water cooled hydraulic grips,
and a capacitance extensometer. These will be discussed in
more detail 1later. |

Tensile tests of multi-ply CMC’s face most of the same
difficulties as those encountered in unidirectional composite
testing, except that the stress levels are reduced somewhat,
and reduced width shapes have lesé trouble with shoulder
splitting. Similar test methods to those described for

~unidirectional composites may be used for multi-ply

composites.

Review of Fracture Mechanics Concepts

. The local stress intensity near the tip of a crack in a

body under load in opening mode (Mode I) can be described by

[427]:

K;=0Yy/a (4)

where K, is the stress intensity factor,. ¢ is the applied
stress, a is the crack half—length,'and Y is a dimensionless

factor which counts for the particular geometry of the
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specimen, the crack, and the loading conditions.

For ideally brittle materials it is reasonable to
consider that fracture (unstable crack propagation) occurs
when the normal stress at some location in the vicinity of the
crack tip reaches the critical value for bond rupture [43].
There is a critical value of the stress intensity factor
corresponding to this condition, and it is a material
property. Measurements of the stress intensity factor, K,, for
fractures verify that the critical stress intensity factor is
indeed a material parameter when fracture occurs exclusively
by opening, Mode I, and when plane-strain conditions prevail
at the crack tip [43,42]. Opening mode is caused by stresses
normal to the crack plane and the displacements of the crack
surfaces are perpendicular to the plane of the crack. (Plane-
strain indicates that only the in-plane strains are non-zero
while there is no strain along the crack front in the
thickness direction.)

The critical stress intensity factor is generally denoted
by K., referring to the value of K; when the crack propagates
in Mode I under plane-strain conditions. Due to limited
plasticity of brittle matepials like ceramics and glasses,
plane-strain conditions are almost always met. The lateral
constraint along the crack front ensures that plane-strain
conditions occur over the entiré crack front{ except for the
small region adjacent to the specimen surface where plane-

stress conditions (i.e. only the in-plane stresses are non-




LU

25
zero) occur [43]. In less brittle materials, plastic flow at
the crack tip tends to relax the lateral constraint so that
larger plane-stress regions occur at the specimen surface. For
these materials plane-strain conditions preVail only for very
thick specimens.

The critical straih energy release rate (in Mode I and
under plane-strain conditions), G, is another criterion which
is often used in describiné the fracture process in brittle
materials [16,17,27,44,45]. GI; has the units of energy per
unit plate thickness per unit crack extension. Unstable (fast)

crack growth should occur when the strain energy release rate,

G,, reaches the critical value, G,, for the material.

Experimental determination of G, will be discussed in detail

later.

The strain energy release rate is related to the stress

intensity factor for a homogeneous isotropic material as [42]:

G =1Q” | (plane-stress)' (5)
I E | |
K1 2 lane-strai (6)
GI=_E'— (1_U ) (p e L n)
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G, = K% (1-02) (plane-strain) , (7)

¢ E

where v is the Poisson’s ratio of the material.
The relationship between the strain energy release rate
and the stress intensity factor for a homogeneous orthotropic

material in Mode I is [46,47]:

G =K§( A A, y1/2 Azz " 2A,,%Ag¢ y1/2 (8)
g 2 A, 245, o
where A,, A, etc are the orthotropic elastic compliances

associated with the materials principle directions (1, 2 and
3),'where'the crack is growing along the 1 direction. The
compliance terms will be defined later.

So, the critical stress intensity criteridn and the
critical strain energy release rate criterion for fracture are
directly related. Crack growth resistance data may be
expressed using either stress intensity factor or energy‘
release criteria. The choice of which criterion to use usually
depends on the convenience of measurements for particular

experiments, as described later.

Fracture Test Methods for Ceramic Matrix Composites

The fracture mechanics measurement techniques which have

been most rigorously standardized (and are the most suitable
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for ambient temperature measurements in metal systems) are the
three point ‘bend, the edge-cracked tension, the compact
tension, and the double cantilever beam test methods [43]. All
but . the last method produce unstable crack growth at the
éritical load, and require a naturally sharp pre-crack prior
to testing. Each of these techniques can be also used for
measurements with ceramic systems, because pre-cracked
specimens in each technique give comparable values of fracture
toughness [43]. However, it is difficult to produce a
naturally sharp pre-crack in brittle materials, so test
specimens with stable crack growth are often employed, so that
the crack grows in a stable fashion with its natural
sharpness.- |

Test specimen configurations which result in crack length
independent values for stress intensity factor, K, "constant-K
specimens", have extensive application in ceramic systems.
Three test specimens of this type are available, the tapered
double cantilever beam, the double torsion (DT), and the
constant moment [43]. The tremendous advantage of constant-K
specimen configurations is that the fracture toughness may: be
calculated directly, without the need of continuous monitoring
of crack length. This allows tests to be run conveniently on
opaque samples and in hostile environments, with less concern
for the initial erack tip condition.

It is desirable to have a test method which is easily

adapted for use at elevated temperature. Due to material
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limitations, metallic fixtures are not viable and ceramic
fixtures are required at temperatures above about 1000°C. The
use of ceramic fixtures in a tensile loading mode is
discouraged [43], so it is helpful if the test configuration
employs compressive loading. It'is also important that a
constant-K.specimen be used so'thaticontinuous crack length
measurements are not required for data reduction, since
elevated temperature tests will take place within a furnace.

The only configuratioﬁ which satisfies both the
constant-K and the compressive load requirements, and does not
" require the use of attached hardware, is tﬁe DT method [43].
Due to its versatility, applicability at elevated temperature,
and ease of specimen and test fixture fabrication, use of the
DT specimen is recommended by Evans [43,48] for fracture
mechanics determinations in ceramics.

" All of the above discussion pertains primarily to
fracture mechahics determinations for homogeneous isotropic
ceramic materials. Composite materials, however;.are neither
homogeneous nor isotropiq. While there have been only limited
studies réported in the field of fracture mechanics testing of
ceramic matrix composites [49,50,51], several test methods
have been successfully used for measuring the transverse
fracture toughness (critical strain enefgy release rate) in
brittle polymer matrix composites. For example, Sanford and
Stonesifer [52j used double edge notched (DEN) and single edge

notched specimens for evaluating the fracture toughness of
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fiberglass laminates. Parvizi, Garrett and Bailey [53] used
DEN and notched thrée point bend specimens for fracture
toughness measurement on fiberglass laminates. Slepetz and
Carlson [46] employed compact tension spécimens to test s-
glass/epoxy and graphite/epoxy composites. °

Lee [16,17j recognized the versatility of the DT test
method, and applied it to fiberglass/epoxy composites. The
daté obtained from the DT and the width tapefed double
cantilever beam (WIDCB) specimens were found to be comparable
[17]. The WTDCB test has been used for measuring fracture
toughness associated with deiamination.which is in the form of
interlaminar separation as a result of the out-of-plane
stresses induced in the laminates in multi-ply composites
[17,54,55]. Because of the similarity of the data obtained by
the two methods, the ease of fabrication and testing, and the
minimum material requireménts, Lee [17] recommended the'DT
method as a viable alternative to the WIDCB method.

The gtility.of the DT technique has been demonstrated in

both ceramics [48,56,57] and in composites [16,17]}. This

technique emerges as the ideal test method for fracture

mechanics measurements in ceramic matrix composites. Schutz
[27] used this test method on glass and glass-ceramic matrix
composites at room temperature without Complications, but no

data were available from other experimental methods for

comparison.
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The Double Torsion Test .

The original DT technique was suggested by Outwater and
Gerry andAdeveloped by Kies and Clark [58]. As illustrated in
Figure 6, the test specimen is a rectangular plate with a
narrow notch or crack started in one end. The specimen is
loaded in four-point bending across the notch, i.e., in
rdouble torsion’. Thus the crack propagates axially along the

specimen.

Objections have been raised as to whether the mode of
failure in the DT specimen is Mode I. Although the crack
profile is wusually difficult to accurately define, the
fracture process of the DT specimens has been demonstrated to
be predominantly in Mode I [17,44]. The crack is more open at
the bottom face and less open at the top face of the specimen,
defining Mode I fracture. The necessary shear deformation for
the crack to develop Modes II and III failure vanishes because
of the symmetric ’double torsion’ of the specimen with respect
to the crack plane [17,44]. |

Evans and co-workers [48,56] also concluded that the good
correlation between the fracture toughness values measured by
- other techniques with values determined by DT technique
supports the contention of a Mode I failure in the DT
specimen.

Therefore, the mode of failure in DT testg is reasonably
assumed to be Mode I. As noted earlier, glasses and ceramics

satisfy the plane-strain conditions as long as the thickness
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is sufficiently large to be microstructurally representative
of the material. Hence, the two conditions for valid fracture
toughness measurements are satisfied in DT tests of glass-

ceramic matrix composites.

The DT test has two major features [16,17,48,56-60].
"First, the specimen compliance, C, (inverse of the initial
slope of load, P, against displacement, §, curve).is linearly
related to the specimen qrack length, a. Second, the critical
load, P,, at which crack propagation is initiated, 1is
independent of crack length, a, (constant-K specimen) .
Therefore, the fracture toughness, G,, can be computed from

the compliance calibration method by using [16,17,44,56,61]:

P dc
C1c=3t da

(2)

awm

where t is the specimen thickness. Both P, and dC/da can be
accurately determined from the test results, as will Dbe

discussed in the Experimental section.

The compliance relationship with respect to the crack

length, dc/da, can also be expressed analytically by [44]:

da awty(t)

‘where G is elastic shear modulus of the material, %, W and t

are specimen dimensions shown in Figure 6 and y(t) 1is
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thickness correction factor which may be expressed by [44]:
Y(t) = 1 - 0.6302(2t/W) + 1.20(2t/W)e™@W (11)

. The theoretical analysis of the double torsion technique
assumes that the crack front is straight and orthogonal to the
plané of the specimen. However, in most materials the crack
front profile is sighificantiy curved, with the furthest
advance along the bottom face of the specimen [48]. Because of
this, Evans [43] suggests that the compliance calibration be
obtained éxperimentally‘rather than analytically.

The consensus among most researchers [44,62] has been
that the crack velocity and crack length of interest is that
of the leading edge of the crack, i.e. the fﬁrthest advanced
bottom surface location. Although the crack front shape is
markedly curved, it merely translates axially along the
specimen with the same shape (except for cracks approaching
the end of the specimen) as suggested by Fuller [44] and
Williams and Evans [56].

Tait, Fry and éarrett [63] have suggested that the
optimum. specimen dimensions are approximately: width = W,
length, L = 3W, and thickness = W/6 to W/15. Greater
thicknesses complicate the analysis due to the significant
contact stresses generated by the interaction of the torsion
arms (the two sides of the specimen separated by the crack) .

Side grooves have been used on the top and/or bottom
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faces of the specimen by various experimentalists
[48,57,59,64] in order to guide the crack along the center
line. Annis and Cargill [61] and Tait, et al. [63] discourage
the use of grooves due to their unknown effects. They have
foupd that accurately prepared and aligned test fixtures and
specimens are sufficient to produce the desired axial crack

propagation. When the test method is applied to unidirectional

composites, crack propagation is generally straight, following .

the fiber direction [16,27,17], and grooves are not needed.

Another area of contention for the DT test configuration
is the length of crack over which the stress intensity may be
considered to be independent of crack length (constant-K
region). Trantina [60] showed thaf this assumption is valid
for crack lengths greater than 0.55W, and ligaments (uncracked
portion) greater than 0.65W. Tait, et al. [63] found a
consensus over several researchers which indicated that at
1eaét the central Qne-third to one-half of the specimen length
(for L/W = 3) should offer constant-K conditions. Shetty and
Virkar [65] stated that the Valid‘region decreases as the
specimen length-to-width ratio decreases.

Lee [16,17,45]), in his series of DT tests, noted several
important points for the successful application of this method
to testing of composites. He notes that the use of spherical
supports, and a sharp pre-crack are required for best results.
It has been also found that load-displacement behavior of

unidirectional composites are significantly different from
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those of the homogeneoué materials [17]. Fiber bridging occurs
during the test due to the inevitable misalignment of fibers
in the material, and there will be fibers which cross the
plane of the crack. As the crack opens, these fibers will be
extracted from the matrix, requiring additional applied load.
Oonce crack propagation has become well established, fibef
bridging will dominate the fracture energy. This results in an
increasing load to grow the crack as it extends, in contrast
to a fairly constant. load for stable crack propégation in
homogeneous materials.

Although the fiber bridging effect can be significant in
the DT test, in a general laminate with plies oriented‘in
different directions, this effect is expected to be small for
cracks parallel to the fibers in a ply. As the laminae in such
a laminate are normally constrained heavily, the crack
surfaces will not separate appreciably. Therefore, the most
meaningful fr;cture toughness, G, to consider, should bg the
one associated with the initiation of crack growth, when

minimal crack surface separation occurs [16].

Methods for Determining Interfacial

Properties in Ceramic Matrix Composites

As described earlier, the interfacial properties that are
known to influenée the bulk composite propertieé are the

fiber-matrix bond strength and sliding friction stress. To be
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able to correlate composite behavior with the properties of
fiber-matrix interfaces, these interfacial properties must be
accﬁrately measured. Three techniques have emergéd to meef
this need. Determining‘interféce,stress transfer from matrix
crack spacing (Figure 1c). is one approach which is based on
the work of Aveston, Cooper, and Kelly (ACK) [13] and Aveston
and Kelly (AK) [66]. Measurement of the spacing of matrix
cracks, which form normal to the fibers under the influence of
an applied tension parailel to the fibers, can be used to
calculate the frictional stress at the fiber-matrix interface.
The ACK model [13] gives the matrix crack spacing, X,
considering the matrix and fibers being unbonded in the sense

that there is no connection between the elastic displacemehts

in the two components, as follows:

— o ch'r Eme

(12)
2TV, E,V,*E/V,

where o, is the composite longitudinal tensile stress at
which the matrix crécks begin to form; r is the radius of the
fiber; and 71 is the shear stress at the interface. The
solutions for the cases of partially apd fully bonded
interface are more complicated, bu£ given (with some
assumptibns) by the AK model [66]. The principal difference
between the two models is that the shear stress along the

interface is uniform in the ACK model [13], but decays
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exponentially away from the crack faces in the AK model [66].
Matrix crack spacing has been used by several investigators
[35,67,68] to estimate'the interfacial shear friction stress
of brittle fiber-brittle matrix composites. However, the ACK
[13] and AK [66] analyses are limited with respect to ceramic
matrices. These analyses assume the cracking strength of the
matrix (as a monolithic) to be deterministic, whereas
strengths of glasses and ceramics are génerally statistically
based, reflecting the population of preexisting flaws [22].

The fiber pullout test is another technique which gives
a more direct measure of the interfacial shear strength. The
test starts with the fabriqafion of a model composite that
consists of a single fiber embedded in matrix in a controlled
manner. The fiber is pulled out of the matrix in a tensile
testing machine, and the load is measured as a function of
displacement. The pullout test can be used to determine the
bond strength from the stress' conditions when debonding
initiatés, as well as the frictional sliding resistance as the
debonded fiber is pulled through the matrix [22,69]. The
single-fiber pullout test has been widely used to assess
interfacial properties in metal and polymer matrix composites
[70-72]. Although there are studies which have used pullout
£ests.to measure interfacial properties in brittle matrix
composites [69,73-76], this technique has not been‘generally
adopted in ceramic matrix composites. This is largely because

of the difficulties in fabricating single fiber pullout

L
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specimens of these materials [11,77]. Also, the fiber-matrix
interfaces in specially prepared pullout specimens may not be
representative of actual multi-fiber composites [77].

A third approach to bond characterization has been
indentation tests, where individual fibers are compressively
loaded on a polished surface to produce debonding and/or fiber
slippage [11,78-81]. Indentation techniques are attractive
because they are carried out on actual composites and specimen
fabrication is relatively simple. The technique used to
measure fiber-matrix bond stfength in this study is based on
a microdebonding test method and apparatus developed by
Mandell, et al. [80,81]. Originally developed for polymer
matrix composites, this indentation technique has also been
applied to metal, glass, and glass-ceramic matrix composites
[10,11,26,82,83]. The micrédebonding test yields a
quantitative measurement of the shear strength at the fiber-
matrix  interface. A schematic of 1loading for the
microdebonding test is’shown in Figure 7. The details of the

test will be discussed in the Experimental section.

Microscopy Techniques

The morphology of a material is generally determined by
three microscopic techniques: a) optical microscopy; b)
scanning electron microscopy (SEM); and c) transmission

electron microscopy (TEM).
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Optical microscopes are one of the ﬁost important
analytical tools available for the anaiysis of material
morphology in cases where their resolution is sufficient to
measure accurate and repeatable critical dimensions. The
maximum resolution and magnification 1limits for optical
microscppes are about 1 ym (10,000 A) and 1000X [84].

SEM has become an important tool for materials analysis
because it has tﬁe capability of providing much higher
magnification and resolution than optical microscopy. The
resolution of SEM can be down to 10 A and the magnification
from 10X-100,000X [84]. In SEM, the specimen is scanned by a
finely focused electron beam. This- releases secondary
electrons, backscattered.electréns, characteristic x-rays, and
several other types of radiation from the specimen. Generally,
secondary electrons are collected tolfofm the imagé. The
intensity of these signals depends on the shape, chemical
composition, and crystal orientation of the irradiated volume.
A detector that is sensitive to a chosen output signal from
the specimen is'connected through a video amplifier to the
grid of a cathode-ray tube thaf is scanned in synchronism with
the beam on the specimen. The brightness at any point on the
screen is modulated to correspond to the ‘strength of the
signal from corresponding point on the specimen. In order to
get surface topography and shape information over an area, the
beam is moved from place to place by means of a scanning

system. In this way, an image of the specimen surface is built
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up on the cathode—fay tubé'screen point»by point [85,86].

TEM is the preferred technique for applications which
require a higher resoiution than obtained by SEM. TEM offers
2 A resolution and a maximum magnificatidn of about 500,000X
[84]. The image in TEM is produéed by the differential loss of
electrons from.an incident beam as it passes through very thin
film samples. The major factor that has prevented TEM from
being more widely used, in spite of its excellent resolution
and analytical capabilities, is the difficulty involved with
preparing the required Very thin samples. The tecﬁniques fbr
preparing cross-sections for TEM examination are often quite
time consuming and require considerable experience before
successful results are routiﬁely achieved I84,87,88]. When
information about the material is required in both the lateral
and vertical dimensions, as fér example when the material
contains an interphase, then many cross-sections and planar
sections must be prépared, which is a lengthy process [89].
TEM is not very helpful in imaging rough fracture surfaces as

often occur with composites.
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EXPERIMENTAL
Materials

The materials wused in +this study were either
unidirectional ([O014) or cross-ply ([0/901¢) Nicalon
fiber/CAS-II matrix composites. The numbers 0 and 90 are the
angles of fiber orientation with reépect' to the 1loading
direction, in degrees. Unidirectional composites consisted of
16 plies (laminae) with the same fiber orientation angle and
ply thickness (about 0.2 mm). Cross-ply laminates consisted of
alternating 0° and 90° plies. The ply orientation was
symmetrical about the centerline of the laminate; i.e., for
~ each ply at one side of the midplane, there was an identical
ply .(including ply thickness‘ (about 0.2 mm) and fiber
orientation angle) at an equal distance at the other side of
the midplane. There were 8 plies at each side of the composife
midplane.

Nicalon is a polymer derived microcrystalline fiber of
B-s8ic, also contéining Si0, and free carbon. Tﬁe chemistry of
this fiber has been given as 49, 40 and 11 mole percent of
sic, ¢, and Si0,, respectively [90]. The fiber is produced by
the thermal conversion of a polycarbosilane precursor [91] and

has a diameter of about 10 to. 20 um, as observed in this
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research. Nicalon retains its mechanical properties up to
about 800°é [21]. It loses about 30% of its room-temperature
stiffness if exposed to air at 12005C [21].
The CAS-II 'material is a calcium-aluminosilicate

crystalline glass-ceramic, which is primarily composed of

stoichiometric anorthite, CaAl,Si,03. It maintains its

properties at temperatures up to about 1200°C [10]. However,
its frécture toughness, G, drops by more than 60% at 1000°C
relative to that at room temperature [92].

The composites were supplied by Corning, Inc. They were
fabricatédvby hot pressing of unidirectional tapes followed by
'a subsequeht crystallization (ceraming) treatment to increase
matrix refractoriness. The composite materials were supplied
in the form of square plates, approximately 15 cm by 15 cm and
about 3 mm thick.

The fiber, matrix, and overall composite properties are

summarized in Appendix A.
Tensile Testing

Equipment

Tensile tests were conducted on an Instron Model 8562
servoelectric universal testing machine, equipped with a
20,000 1b load cell, and Instron 2742 water-cooled hydradlic

wedge grips. The grips were precisely aligned, so that no
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universal-joints were requirea in the load train [27]. The
testing machine was equipped with a slot type, 2 Zone Model
D" furnace, mounted on rails,. supplied by Ins£ron Corp. When
the specimen is placed in the grips, the furnace shell may be
moved around the specimen. A front face plug is put in place
to close off the slot in the furnace through which the sample
passes. A photograph of the test system is shown in Figure 8.

Strain measurement was provided by - an Instron 3118
capacitance extensometer. This extensometer features high
purity alumina rods, enabling its use at temperatureS‘up‘to
1500°C. These rods enter the furnace chamber.through the
access ports‘ drilled in the front plug of the furnace
(Figure 9), and are mounted on pivot bearings which are
extérior to the furnace. The verticél displacement of the
forward knife edges, which are in contact with the specimen,
as shown in Figure 10, is monitored by a capacitance
displacement transducer attached to the rear of the rods. The
knife edges are held against the specimen with a light spring
force which is sufficient to hold the extensometer in place.
An amplifier unit is supplied with the extensometer to
linearize and amplify the capacitance signal. This
extensometer is calibrated manually using a micrometer
calibration stand.

The system incorﬁorates all digital control and
communications, including a General Purpose Interface Bus

(GPIB) . The GPIB was developed by Hewlett-Packard, and is used
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to provide high speed (up to 1 megabyte per second)
communiéations between programmable insfruments and a
computér.

The‘ programs for control ~and data acquisition were
provided by Instron with the testing machine, and modified by
Schutz [27] to incorporate fhe"LabWindows (National
'Instruments Corp.) subroutine libraries for‘data.manipulation,
graphics, and hardcopy output. Hardcopy wés proviaed by a

Hewlett—Packard.HP—7475 Color Pro pen plotter.

Specimen Desidn

Specimens for tensile testing were madehfrom straight-
sided coupons which were cut from Corning sﬁppliea composite
plates using a diamond-edged blade. They were ground to final
width using a diamond coated grinding wheel.

- Tabs were cut from 1.6 ﬁm (1/16 inch) thick aluminum
stock material, and a 15° taper was milled onto one end. The
tab‘face, which wés to be attached to the ends of flat test
coupons, was abraded using silicon carbide abraéive paper,
solvent (methanol) wiped and solvent rinsed. The composite
specimens were also abraded and solvent cleaned in the tab .
attachment regions.

Dexter EPK-9340 epoxy was used to bond the tapered
aluminum tabs to the composite. The resin and hardener parts
of the EPK-9340 epéxy adhesive were thoroughly mixed according

to manufacturer’s instructions and applied to the cleaned tab
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in a thin layer. Tabs on opposing sides of each end of the
'specimen were applied together and held in place using large
binder clips and C-clamps. -The resulting specimen
configuration, illustrated in Figure 11, has been shown to be
generally satisfactory for room temperature as well as high
temperature testing [27].

The adhesive cure takes place in one to two hours at room
temperature, but specimens were allowed to cure for at least
a day before testing.

For high temperature tests, a Type-K chromel/alumel
thermocouple was attached on the central part of the specimen

using Carlton Brown & Partners Autostic ceramic cement.

Test Procedure

Tensile tests were'conducted at constant displacement
rates ranging from 1.3 mm/h to 1.3 mm/min, while plotting load
(or stress) vs. strain.

For high temperature tests, the extensometer was pushed
forward until the rods were close to the gripped specimen, and
this location was fixed by a hard stop. The extensometer was
then aligned with the specimen, and set to a distance of about
5 mm from the specimen surface. The extensometer was withdrawn
fully (away from the specimen) before drawing the furnace
forward around the specimen. The furnace front plug was then
put into place. Finally, the extensometer was pushed forward

to the coarse position stop, such that the knife edges were at




%-&!# 225 # $%)# "#3$" $(#0% # 0+ *%-&! "%+



Ll S LY L

51
the preset 5 mm from the specimen surface.

After turning on the cooling water for the grips and load
cell heat shield, the furnace was started and the controllers
set for an automatic ramp to the desired temperature. Upon
reaching the desired specimen temperature, several minutes
were allowed for the system to reach thermal equilibrium. The
extensometer was advanced into contact with the specimen, and
the gage length stops released. Any extraneous strain reading
showing up at this time was compensated for using the offset
zero control of the extensometer conditiéning amplifier. Total
time at elevated temperature, including furnace heat up,
stabilization, and testing, was usually about 1 h, unless
slower tests were conducted.

After specimen faiIUre,'the extensometer was withdrawn
from the specimen surface, and the furnace temperature ramped
down. The furnace was opened, and the specimen removed and

examined after temperatures cooled to about 200°C.

Determination of the Transverse Fracture
Toughness by Double Torsion Technigque

Equipment

Double Torsion (DT) testing was performed with a 500 1b
LeBow load cell mounted below the standard 20,000 1lb Instron
load cell in +the same mechanical testing system Jjust

described. This lower capacity load cell was used because of
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its better resolution in the load range of interest. An
Inconel rod was attached to the 1load <cell for 1load
application. A flat compression table was mounted to the
bottom grip to hold the DT fixture base. A photograph of the
loading section of the DT test system is shown in Figure 12.

The test fixture used for the DT test was similar to the
one designed by Professor Leon Chuck from the University of
Dayton [27]. A close-up of the fixture, with a composite
specimen mounted, appears in Figure 13. The fore and aft, and

side to side alignment of the base and the upper fixture is

adjusted by modifying the iength of the two pivot rollers.

Oonce the specimen and fixture are aligned during set-up, the

support fixture for the top portion plays no role during

loading. The fixture, the base‘plate and the loading rod were
all made from Inconel, a nickel-based superalloy, for use at
tenperatures ﬁp to 1000°C.

The furnace used for tensile tests was enlarged axially
by attaching alumina insulation plates to create a box-shaped
furnace positioned over the slot furnace. Internal dimensions
of the box were 15 cm x 15 cm. For those tests performed at
high temperatures using the enlarged furnace, the temperature

was read by inserting a thermocouple wire into the furnace

next to the DT specimen.
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Specimen Preparation and Test Procedure

DT test specimen blanks of 2.18 cm X 6.70 cm were cut
from the composite plates using a diamond saw and a diamond
coated grinding wheel as in the preparation of tensile
specimens. Iniﬁial notches were cut into one side of the
specimens using the 1 mm thick diamond saw. To determine the
compliance vs. crack length calibration, dC/da, six to eight
specimens were prepared and. a different notch length was
machined into each specimen. The introduced notch iength
ranged from 1.80 cm to 5.08 cm which resulted in net crack
length, a in Figure 6, values of 1.65 cm fo 4.93 cm.

The compliance calibrafion tests were conducted at a
loading rate of 89 N/min (20 1lb/min), while plotting load vs.
piston displacement. Specimens were loaded to low loads to
avoid fracture during compliance calibration. Only the
compliance of the specimen before any appreciable crack growth
occurred was of interest in the calibration. The shagpness of
the crack tip was therefore not critical in determining dC/da.

A representati&e load, P, vs. displacement, s, curve of
a compliance calibration test 1is shown 1in Figure 14.
Compliance, C, was.determined by calculating the slope of the
linear portion of the P-§ curve during loading. Schutz [27]
attributed the hysteresis like behavior and non-linearities in
the low load portion of the P-§ curves to_Hertzian contact
stresses at the loading points and the gradual accumulation of

forces in the fixture. It is discussed in Appendix B that
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while'tﬁe non-linearities in the low load portion of the P-§
curves may be caused by the accumulation of forces in the DT
fixture, the contact stresses at loading points are not
responsible for the hysteresis. The change in compliance with
crack length, dc/da, was calculated by performing a linear
regression of ‘compliance, C, vs. crack length, a.

Before the DT tests to failure were performed, the notch
tips were machined such that the thickness of the uncracked
part of the specimen at the notch tip tapered from very thin
to the full thickness as shown in Figure 15. The top face of
the specimen was the face with the 1longest notch,

corresponding to the full thickness. This facilitated the

initiation of a sharp pre-crack in the specimen, as suggested:

by Tait, et al. [63]. Since the stress intensitf is inversely
proportional to t!2 [43,56,61,63], a reduction of the thickness
by taper from full thickness to zero at the crack tip results
in very high stress intensities at first loading which
facilitates the formation of a sharp crack at low loads. The

crack can thus initiate at loads well below those required to

cause fast fracture of the full thickness. As noted by Evans:

[43], a sharp pre-crack is necessary’ for valid fracture

toughness tests in ceramics. The critical load values obtained

from blunt cracks from DT specimens may be high by as much as

40 percent, causing about a 100 percent increase in G, [27].
A representative P-§ curve for the DT tests to failure is

shown in Figure 16. Failure did not occur by a sudden total
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catastrophic fracture of the specimen, but rather by a gradual
propagation of the crack with a gradually increasing
non—lihearity'(deqreasing slope). This gradual failure made it
diffiéult to precisely determiﬁe the critical 1load, P, at
which crack propagation initiated. |

In order to better define P,, the offset prdcedure
[16,27,17,45,42] was employed. P, was determined.from the P-§
curve with the secant of 5% lower slope than the original
elastic slope (slope of the linear portion of the curve) as
shown in Figure 16.

As discussed earlier, the transverse fracture toughness,

G,, is calculated from:

an

P. dc
C1c" 3t da

(9)

where t is the specimen thickness, and P, aﬁd dc/da are as
described abo&e.'

All of the data storage, regression analysis,
calculations, and plbts were performed using the Quafterro

(Borland International Inc.) spreadsheet program.
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Microdebonding Test Method

Test Apparatus

A microdebonding testing system was assembled'in the
course of this study as a modified version of the one
originally developed by Mandell, et al. [80,81] at
Massachusetts Institute of Technology. The o§erall test systenm
‘consisted of two major assembly stations as shown in
Figure 17. They are the microscope and microindentation
station and‘the auxiliary monitor and printer station.

The microscope and microindentation station are mounted
on a vibration isolation platform (Kinetic Systems,
Model 2212) to reduce the effects of floor 'vibrétion. It
consists of an optical microscope with translation stage and
indenter subassemblies. A close-up is shown in Figure 18. The
research quality optical microscope (Leitz Wetzlar,

Model 563 486) has a camera attached on the top, and uses 100,

50, and 10X objectives and a 2X eyepiece that bring a maximum

of about 2000X magnification.

The translation stage subassembly is below the microscope ‘

objectives. It consists of an XY axis micrometer drive stage
(Newport, Model M-462-XY) with 0.1 um accuracy for location of
specimen in relation to the probe position, a rotary stage
(Newport, Model M-481) with magﬁetic stops for reproducible
movement of specimen between the probe location and optical

axis of the microscope with an accuracy better than 1 um, and
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a vertical translation stége (Newport, Model M-416) for
raising the specimen positioned under the probe for load
application.

A close-up of tpe probe assembly is shown in Figure i9.
A ground diamond tipped probe is used to apply the load to the
end of a fiber. The probe has a tip radius of about 12 um. It
is mounted on the end of a precision ground shaft which runs

in instrument quality ball bushings providing linear probe

travel. A force transducer (Schaevitz, Model FTD-G-100) with

1 mN resolution is attached to top of the steel shaft for load
measurement.

Also shown in Figure 17 are the high resolution color
video monitor and the printer. The video monitor (Sony
Trinitron, Model PVM-1342Q) utilizea a measuring system
(Boeckeler Instrumeﬁts, VIA-100) for measuring the fiber
diameter and the spacing to the nearest fiber.
Photomicrographs of the samples were taken on a Kodak SV6500

Color Video Printer and a Kodak SV65 Color Video Finisher.

Specimen Preparation

Specimens for the micrbdebonding test ‘consisted of
composite laminates which have been sectioned perpendicular to
the reinforcing fibers. ' They were 'either unidirectional
laminates or multidirectional laminates thch have been
sectioned perpendicular to the fibers in a particular lamina.

Sectioniﬁg of the specimens was performed with a water cooled
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'diamond tipped saw. Specimens were then potted in an epoxy
compound in plastic casting cups. Plastic specimen support
clips were used to insure that the specimens were positioned
perpendicular to the bottom face of the casting cup.

Grinding and polishing .of the mounted specimen were
performed on a metalloéraphic polishing bench. Grinding (rough
polishing) used a series of Struers silicon carbide grinding
papers, from 120 grit to 800 grit. The specimen cross-section
was microscopically examined between each step. Polishing used
a diamond slurry suspension and lapping oil on a silk cloth
mounted on the polishing wheel. Diamond grits from 15 um to
1/4 um were used, again examining the specimen regularly to
monitor progréss. Polishing was continued until virtually no
scratches were visible on the surface of the specimen when
observed with the microscope at the magnification used for
testing (about 1000X), and the interfaces appeared continuous
from fiber to matrix. An example of the polished surface is
shown in Figure 20a. A smooth, flat surface, free of interface
discontinuities, is essential for the microdebonding test, so
that debond initiation is clearly visible.

Specimens were stored in a desiccator jar until they were

tested.

Test Procedure and Analysis

Specimens to be tested were mounted on the stage using

plasticene. A press was used to distribute the plasticene on
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the specimen base prior to mounting on the test stage to
insure a level surface.

This was followed by the calibration and alignment of the
apparatus prior to each test. First, the calibration of the
load transducer was checked using analytical weights. Next,
the alignment of the microdebonding apparatus was performed by
determining the loading point.of the probe (the center of the
indentation left by the probe on the specimen) on the video
monitor and marking it by intersecting the X and Y axis lines
of the video measuring system on the monitor. This alignment
procedure, which was done through a sequence of adjusting the
probe position and viewing the location of probe contact on
the polished surface of the potting compound'surrounding the
specimen, was an important step in the test.

| The test started by locating the region of interest on

the specimen using the XY translation stage. Alignment of the

.apparatus was checked again on a nearby area following the

alignment procedure described above. The center of the fibér
of interest was moved to the marked point on the monifor
representing the loading point of the probe. The turntable was
rotated until the magnetic stop engaged in the probe position.
The specimen was then raised slowly using the vertical
translation stage until the probe contacted the specimen and
the desired load was indicated. After holding the load for
about 5 éeconds, the specimen was unioaded by lowering. The

rotary stage was then rotated back to the optical axis of the
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microscope. The specimen was inspected for initiation of
debonding or evidence of off-centered 1loading or probe
sliding. In the event of an off-centered loading, the test
point was discarded, and in the case of the probe sliding, the
specimen was releveled.

The fiber end was incrementally loaded and observed under
the micrdscope between each loading step until debonding was
detécted. The debonding was characterized by a dark ring or a

reflection around the fiber (Figure 20b). The 1load at

initiation of debonding was then recorded and the fiber '

diameter énd spacing was measured utilizing the video
measuring system which was calibrated by using the micrometers
of the high resolution translation stage.

The applied force on the fiber end at debond initiation,
the diameter of the tested fiber and the distance to the
nearest neighbor fiber were then incorporated in the finite
element analysis code, developed by Shyh—Hua Jao [83], for
calculation of the. bond strength of the fiber-matrix
interface. At 1least 10 fibers per sample were evaluated
wherever possible, and the results averaged to obtain a
measure of bond strength. A very simplified axisymmetric
(cylinder) geometry was employed to model the stress field
generated by the probe loading. The cylindrical model
consisted of the fiber, surrounding matrix material of
constant thickness, and averaged composite properties beyond

the matrix, as shown in Figure 2la. The material properties
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used in the analysis are given in Appendix A. Linear elastic
behavior was assumed and thermal residual stresses, which
develop during processiﬁg when the compoéite is cooled down
from the solidification temperature, were also included in the
analysis [83].

A maximum shear stress failure criterion was used since
it is the dominant stress component at the interface. The
other stress components were either relatively small or
compressive which were not likely to cauée interface failure.
Based on this assumption, the maximum value of the interfaqial
shear stress at the initiation of debonding was taken as the
fiber-matrix bond strength. A typical shear stress
distribution is shown along with the model geometry in
Figure 21. The maximum shear stress occurs at a distance of
about 0.4d; below the surface, where d; is the fiber diameter.
It is believed that debonding initiates at the point of
maximum shear stress. An exdmple of finite element analysis
results ié given in Appendix C. The éalculated thermal
residual shear stress (obtained from a similar analysis) was
then added to the mechanical stress to  determine the bond
strength.

One of the major concerns with the microdebonding test is
the sensitivity of the interface stress to the details of the
local probe-fiber contact problem. Previous studies have shown
that the maximum shear stress along the interface is

insensitive to the area contacted by the probe or the details
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of the contact as long as the contact area does not approach

. the fiber circumference [93].

Scanning Electron Microscopy

Fracture surfaces from the tensile and the double torsion
specimens were examined and photographed using scanning
electron microscopy (SEM). The degree of fiber pullout

following fracture was also determined by SEM.

Test System

The experimental s&stem used for SEM analysis was the
ﬁEOL JEM-100CX Transmission Electron Microscope, with an
ASID-4D Scanning attachment, located 'in the. Veterinary
Molecular Biology Laboratory at Montana State University. The

instrument was operated at a Voltaée of 20 kV.

- Specimen Preparation

Approximately 1 cm wide strips wére cut from composite
materials either as supplied or heat treated and/or tested at
high temperatures. The maximum specimen height which could be
fit into the SEM sample holder was 2.5 mm. The specimens were
therefore cut such that the distance from the cut end to the
fracture surface to be analyzed was less than 2.5 mm. The

conductivity of the Nicalon/CAS-II composite was measured and
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it was féund out that it conducts electricity at a sufficient
level to prevent charging, which can lead to disturbances in
the secondary electron image during SEM analysis..Therefore,
there was no need to gold coat the composite samples. The
bottom sides of the specimens were coated by a colloidal
graphite suspension before mounting to the specimen holder to

provide better electrical contact.




L J Ll

74

RESULTS AND DISCUSSION

fhe overall objective of this thesis was to develop an
improved understanding of Ithe mechanical behavior of
multidirectional Nicalon fiber/CAS-II matrix composites at
high temperatures. Previous to this study, very little work

had been reported on the reasons for observed embrittlement of

multidirectional materials at high températures. The approach

‘taken here was to focus on the most simple multidirectional
laminate, containing 0° and 90° interspersed plies, where 0°
is the direction of applied stress. The tensile behavior of
unidirectional 0° material was first studied to characterize
its response in the absence of 90° plies. The crossplied 0/90
laminate was then characterized to observe fhe effects of
cracking of the 90° plies, the first damage to develop as the
stress increases, on the embrittlement of the 0° plies which
carry most of the force,‘Einally, to better understand effects
of the high temperature air environment on the 90° plies,

direct fracture toughness studies were carried out on

unidirectional material with cracks growing parallel to the

fibers to simulate cracks in the 90° plies of the crossplied
laminate. The latter is the first known study of the
transverse fracture toughness at high temperatufes.

The origins and progression of oxygen embrittlement at
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each stage are investigated through measurement of the bond
;trengths of individual fibers in the cracking zones, coupled
with electron micrdscopy. Thus, detailed micro-scale
measurements of bond properties near or at crack surfaces (and
on uncracked controls) have been carried out at each stage.
This includes careful mapping of bond strength distributions
for fibers adjacent to the crack surface' in transverse
fracture tests as a function of position across the specimen
thickness. These bond measurements are correlated with SEM
micrographs of the fracture surfaces to build a more complete
picture of the embrittlement process in this class of glass-

ceramic matrix composites.

Tensile Behavior

The results of the tensile .tests performed under
different conditions are summarized in Appendix D. Ultimate
stress and strain, and initial composite modulus are given for
each test specimen. Specimens are ideﬁtified by a code: the
number corresponds to the composite plate from which the
specimen was taken and the letter distinguishes the particular
specimen‘tested. Appendix E enumerates the’coﬁposite plates

obtained from Corning, Inc. during the course of this

investigation.
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Tests on Unidirectional Nicalon/CAS-II

A representative room temﬁerature longitudinal stress-

strain curve for unidirectional Nicalon/CAS-II is shown in

Figure 22. The general features of the curve are as expected

from the earlier theoretical discussion. Initially, the
material exhibits 1linear elastic behavior with a modulus
cloéely predicted by the rule of mixtures, up to a strain of
approximately 0.15%. The modulus for this linear portion was
about 131 GPa. This value is not far from the modulus of
127 GPa calculated using the simple rule of mixtures for
V£=0.35 (Appendix A).

The initial linear elastic part is followed by a region
over which the response becomes nonlinear, usually attributed
to the formation of matrix cracks normal to the direction of
applied load, resulting in a plateau'on the stress-strain
curve. The point at which matrix cracking begins'to occur is
referred.to as the "proportional limit" because it represents
a first deviation from linearity in the stressjstrain curve
[3].

At higher strain levels, abové approximately 0.25%
strain, the material once again approaches linear behavior
dominated by fiber properties until failure. Ideally, the
elastic modulus in this last 1inear'region and the ultimate
strength and strain would have been close to that for the
fibers alone, assuming no matrix contribution. The Young’s

modulus, which was determined from the slope of the stress-
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strain curve to be less than 43 GPa in this regime, and the

ultimate composite strength of 373 MPa were éignificantly

lower than that of 69 Gpa (EVe) and 672 MPa (o:Vs) ,
respectively, calculated using the simple rule of mixtures
appfoach. The féilure strain of about 0.7% was also somewhat
inferior to that of the Nicalon fiber, which fails at about
1%. These results are in good agreement with other tensile
data previously reported [27].

Matrix contributions which are ideally assumed to\be
negligible may be significantly affecting the material in the
last linear portion of the curve. Ongoing unloading‘of the
ﬁatrix by increased cracking (caused by the transfer of the
load from fibers to matrix by shear between the cracks) may
account for the apparently low modulus compared to that of the
fibers alone. If an unloading curve from the failure strain of
0.7% is assumed to be linear to the origin, then the unloading
modulus would be 53 GPa, in the expected range. The low
failure stress and strain may be attributed to a slightly
higher than optimal fiber—matrix bond strength [10,11,13]. In
addition, the high temperatures (above 1250°C) required for
processing the giass-ceramic matrix composites may cause some
fiber and, thus, property degradation. The performance of
unidirectional Nicalon fiber reinforced 1723-glass matrix
composites which require much lower processing temperatures
(620°C) has been shown to be near optimal wiﬁh an ultimate

failure strain close to that of the fibers (1%) [10,26,38].
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The properties found here are.similar to those reported for

Nicalon/CAS-II by Schutz [27]. |
Extensive matrix cracking and fiber ©pullout were
characteristic of the room temperature longitudinal fracture
of unidirectional Nicalon/CAS-II. The high matrix crack
density observed von the specimen edges examined
microscopically after fracture, as shown in Figure 23,
correlates well with the three-stage stress-strain curve of
Figure 22. This indicates that the fibers alone contributed to
the strength at high strains. A saturation matrix crack
spacing (X) of about 150 um was observed, i.e. the spacing
between matrix cracks ranged from about 150 um (X) to about
300 um (2X). Dannemann [10] reported a matrix crack spacing of
about 250 um for Nicalon/CAS. Matrix cracks did not propagate
through fibers (Figure 24) because fiber debonding occurred
prior to crack propagation through the fibers and/or matrix
cracks deflected parallel to the fibers. The fracture surface
displayed extensive fiber pullout as in Figure 25. 'Fiber

pullout lengths up to 1 mm were commonly observed.

Interfacial bond strengths of three unidirectional
Nicalon/CAS-II plates (as supplied) were measured to be
423127, 3éli36 and 396+32 MPa for plate 1, plate 2 and
plate 3, respectivgly. This value of about 400 MPa for the
interfacial shear strength is high enough for load transfer
‘between the fibers and the matrix, yet low enough to produce

debonding during matrix cracking, which will prevent the crack
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frdm propagating through the fibers. Higher bond strengths
were reporfed' to lead to brittle fracture and lower_
longitudinal strength [io,11], as discuésed later. The
moderate level of bonding betwéen the matrix and the fiber is
associated with the interfacial carbon layer which forms upon
processing of Nicalon-reinforced ceramics. Appendix F gives
Auger glectron spectroscopy data taken on a fiber surface
exposed by transverse fracture. A nearly pure carbon layer of
about 200 A thick is evident. This is similar to data reported
for Nicalon/LAS [20].

Althoﬁgh.the Nicalon/CAS-II composite is strong and tough
(when loaded in the fiber direction) at room temperature, a
reduction of strength and ﬁltimate‘Strain is observed at high
temperatures. Figure 26 shows the sfresé?strain curves
obtained under different test-temperatures, preconditioniné
times, .and strain fates. While there are not sufficient
results here to demonstrate the reproducibility of the data in
this part of the study (due to limited material availability),
the cufves in Figure 26 are fully consistent &ith the results
of éther studies of the same material [10,27].

At 1000°C, the composite failure strain decreased to the
matrix cracking strain and the behavior was brittle. The
stress-strain curve (Figure 26, curve e) for the specimen
tested with a displacement rate of 1.3 mm/h (0.7% strain/hf
remained (almost) linear to failure iﬁdicating that thé matrix

cracking strain was not exceeded. The fracture surface was
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planar with no fiber pullout (Figure 27), characteristic of
brittle fracture..This planar fracturé surface is indicétive
of a degraded carbon interphase layer, with a subsequent
formation of a strong interfacial bond t10;31,32].

To confirm the origin of the observed embrittlement,
microdebonding tests were performed on fibers directly on the
fractufe surface. None of the fibers tested could be debonded.

The bond strengths were extremely high and either the fibers

cracked radially or the measurement capacity of the .

microdebonding - apparatus (>1000 MPa) was reached before
debonding. It should be noted that the ffacture surface was
exposed to high temperature air not only during the test but
also after the test while cooling slowly in the furnace. The
cooling rate of the furnace is approximately 500°C/h. Data
from Dannemann [10] show that the tensile strength of Nicalon
fiber/glass matrix composite is significantly reduced when the
bond strength as measured in the microdebonding test exceeds
about 600 MPa. Thus, the control Nicalon/CAS-II used here
(about 400 MPa) is already relatively high and the effects of
oxidation and subsequent bond formation (probably a silica
bond [32]) can easily raise the bond strength to a level where
matrix cracks propagate tprough the fibers.

Post-test microécopic examinatioh of the specimen edges
revealed no observable matrix cracking, indicating that

specimen failure occurred by the advance of a single matrix

crack, probably the first significant matrix crack to form in
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the gage section of the specimen.

The stress—sfrain curve of a specimen tested at 1000°C at
a faster cross-head speed of 1.3 mm/min (0.7% strain/min) is
also included in Figure 26, curve b. Noticeable deviation from
linearity observed just before fracture indicates some matrix
cracking. This was confirmed by microscopic examination of the
specimen edges and the fracture surface after the test. Somé
limited matrix c}aqking was observed on the edges. Most such
matrix cracks extended through the’ fibers, as shown in
Figure 28. This was probably caused by increased interfacial
bond strength and/or degradation of the fibers on the edges
exposed to high temperature air both during and preceding the
test.

Examination of the fracture surface of this specimen
(1000°C, 0.7% strain/min) showed two distinct regions. Severe
embrittlement with planar zones (With no fiber pullout) was
observed around the specimen periphery penetrating to cover
about half of the fracture surface. The interior of .the
fracture surface was more fibrous in appearance, with fiber
pullout similar to surfaces frém room 'temperéture tests.
Figﬁre 29 is representative of this type of fracture surface,
with .embrittlement 2zones at the periphery and a fibrous
center.

These observations indicate that the extent of the
oxidation process (the penetration of oxidation into the

interior of the composite) at high temperatures increases with
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decreasing strain rate. Since other studies on Nicalon
reinforcéd glass-ceramics show no embrittlement effect in this
temperature range if the specimen is loaded only below the
matrix cracking strain [25,30], the strain rate effect shown
here is attributable to exposure of the interfaces along the
matrix crack as it slo&ly grows through the specimen. At a
lower strain rate, there is sufficient time for the cracks to
spread all across the cross—secfion before the strain
increases sufficiently to break the unexposed interior.

Another specimen was exﬁosed to 1000°C without
significant meéhanical loads for about 5 h prior to room
temperature tensile testing. The tensile stress-strain curve
for that test is also shown in Figure 26, curve.d. The
mechanical behavior of the specimen was similar to that of the
ones tested at room temperature without any prior high
temperature treatment.

Microdebonding tests performed on a sample exposed to air
at 1000°C for about 5 h showed that the transverse penetration
of oxidation (the widthvof the zone with increased fiber-
matrix bond strength) was 100-125 um from the exposed surfaces
(Figure 30, Table 1). These tests were performed as shown in
Figure 30, by exposing a block of material, then grinding and
polishing to a depth below the exposed cross-section, élong
the fiber axis. Bond strength data were then taken at a depth
parallel ’to the fibers, below the point where oxidation

tunnelled down the fibers from the exposed ends, so that only
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transverse penetration from the specimen edges is determined.

This will be described in more detail later.

Table 1. Transverse penetration of oxidation for Nicalon/
CAS-II composite upon exposure to air at 1000°C for
several exposure times”

Depth Beneath Transverse
Exposure Exposed Surface, d, Penetration, t,
Time, h mm um
1 1.0 25-50
5 1.4 100-125
10 1.8 100-125
50 1.8 100-125

* Tested on a cross-section 1.0 to 2.0 mm below the cross-

section

where
conditioning (Figure 30).

the fiber ends
This is sufficient to eliminate

exposed during

the effects of oxidation tunnelling down the fiber ends, as

discussed later.

Although limited in extent, transverse penetration of

oxidation during 5 h, 1000°C conditioning might have caused

some embrittlement of the fracture process very close to the

heat treated surfaces. This could have lowered the subsequent

ultimate tensile strength of the specimen when tested at room

temperature. Microscopic examination of the fracture surface

after the test revealed embrittlement (planar) zones at the

specimen periphery to a depth of 50-200 um. If we assume an

average transverse penetration of 125 um, this would reduce

the cross-sectional area by about 5%. While this could have

reduced the strength of specimen d by a similar percent, the
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reduction is not evident in Figure 26 for the single case

tested.

The range of transverse penetration depth of oxidation
from 2-3 fiber diameters (about 50 pm) to 200 um might be a
result of fiber arrangement in the composite. The transverse
oxidatioﬁ penetratioﬁ is caused mainly by contacts along or
around fibers at Variqus locations and is insignificant if the
fibers are well-separated from each other, as reported by Xu,
et al. [31]. Table 1 also includes the transverse oxidation
penetration depths for exposure times of 1 h, 10 h and 50 h at
1000°C. The interphase oxidation. does not spread more than
100-125 um in transverse direction (perpendicular to the
fibers) from the surfaces exposed to air at 1000°C for as long
as 50 h. This observation confirms that CAS-II matrix prdtects
Nicalon fibers against oxidation at high temperatures. It is
most ' probably matrix crécking, upon stressing at high
temperatures, which exposes interfaces and leads to the severe
oxidation embrittlement shown in curves b and e in Figure 26,
by allowing penetration of air to the interior of the
composite.

Figures 31 and 32 compare the reduction in the ultimate
longitudinal strain and strength (normalized by the average
room temperafure strength) of Nicalon/CAS-II composite at
1000°C to the performance of similarly exposed bare Nicalon
fibers without matrix as reported in the literature [21].

Ultimate strain data for Nicalon fibers were calculated from
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the reported fiber strength and Young’s modulus data, knowing
that Nicalon exhibits linear elastic behavior up to 1200°C
[21].

The strain rate used in testing Nicalon fibers was
reported to be 0.66% min? [21]. The time of the tests on the
fibers was about 6 min at test temperature [21]. While the
temperature stabilization and then the testing of the
composites in this study take a longer time, the fibers in the
composites are not exposed to oxidative environment until the
ﬁatrix cracks. The time interval between apparent matrix
cracking and the failure of the composite during which fibers
are exposed to high temperature air is about 6 seconds for the
tensile test with 0.7%/min strain rate (Figure 26, curve'b),
much less than the exposure time in thé fiber tests. Multiple
matrix cracking is not apparent for the tensiie test with a
slower rate of 0.7% strain/h (Figure 26, curve e); however/
the time between.matrix cracking and composite failure seems
to be an insignificant fraction of the total test time, which
is about 14 min.

While the ultimate strain of the fiber stays nearly
constant from room temperature to'about 1200°C, the ultimate
strain of the Nicalon/CAS-II composite dramatically drops from
about 0.7% ‘to 0.15-0.20% at 1000°C. The effect of high
temperature oxidation on composite strength is less severe
than its effect on failure strain, although the reduction in

strength is still significantly higher for the Nicalon/CAS-II
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composite than for bare Nicalon fiber, as shown in Figure 32.
The reason for this can be deduced from the three-stage
mechanical behavior of the composite discussed above.
Composife performance is affected by the oxidative environment
only after the matrix cracks, and this begins to occur at a
strain level which is not more than 20% of the roonm
temperature composite ultimate strain but at a stress level as
high as 50% of the composite strength;

The significant reduction in uﬁidirectional composite
performance at high temperatures in air compared to that of
bare fibers tested under similar conditions indicates that,
although fiber degradation from direct exposuré (like bare
fibers) might be contributing to the embrittlement of the
composite, the additional factors'in the in-situ composite

must be responsible. While the fiber strength may be degraded

by unknown interactions with the interphase or matrix not

present with the bare fibers, the embrittlement effect.appears
to derive primarily from reaching an interface condition where
the fibers fail to debond at a matrix crack, so that cracking
of fhe matrix fails the entire composite. This is consistent
with existing literature views [5,11,12,18,19]. This was also
supported by tensile tests on cross-ply composites at 800°C in
air, as will be.discussed next. Tﬁe significant embrittlement
of the composite in a short time interval, especially for the
ffacture‘tests performed with a cross-head speed of 1.3 mm/min

which resulted in a total time to failure of about 20 seconds
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(Figure 26, curve b), also indicates that the kinetics of the
intérphase oxidation are very rapid.

In summary, the low strains at which matrix cracking
occurs, producing the three-stage stress—stréin behavior and
associated composite toughness and flaw tolerance, also has
implications for composite environmental stability. When
applied stresses exceed those necessary to cause matrix
cracking the surrounding test environment can attack the
fiber-matrix interphase and change composite (longitudinal)
fracture morphology and tensile behavior from fibrous and
tough to relatively flat and‘brittle. The testing in air at
high temperatures lowers composite strength to the stress
level at which matrix cracking begins to éccur. The air then
infiltrates the composite and attacks the formerly 1low
strength carbon-rich fiber-matrix interphase in such a way as
to cause an increaée in interfacial shear strength which
results in a brittle (notch sensitive) fracture process. The
degradation of the fibers may also contribute to the

embrittlement, but appears to be less important [21].

Behavior of Crossplied Laminates

'Cross-ply laminates are composed of layers of the same

unidirectional Nicalon/CAS-II just described, but now arranged

in a 0/90 pattern, where 0 is in the load direction. A typical.

tensile stress-strain curve for a 0/90 cross-ply composite is

shown in Figure 33. This curve 'is considerably more complex
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than that for the unidirectionally reinforced composite
discussed above because the effects of both 90°. ply failure
and 0° ply matrix cracking are evident. A decréase in the
elastic modulus ofvthe composite is observed at about 0.05%
strain resulting from the failure of transverse (90°) plies.
Initiation of transverse ply cracks in 0/90 Nicalon/CAS-II
composites at strains lower than 0.05% has been demonstrated
by Dannemann [10] using a replication technique.

The tensile stress-strain curve (in Figure 33) continues
to be approximately linear up to a strain of about 0.15% and
then deviates from linearity, as would be expected due to the
onset of matrix cracking in the longitudinal (0°) plies. This
is followed by the final (almost linear) regime which is
governed by fiber properties in the o0° ﬁliesras discussed
earlier. |

The low transverse ply cracking strains of Nicalon/CAS-II
cross-ply 1aminates' correlate with the inherently 1low
transverse tensile properties of analogous unidirectional
systems. Transverse failure strains in the 0.03 to 0.04% range
have been reported for unidirectional Nicalon/1723 glass
matrix composite which has a unidirectional longitudinal
matrix cracking proportional 1limit of ‘0.10-0;15% strain
[26,38]. The presence of fibers in the transverse direction,
as well as flaws, creates stress concentrations which are not
present in the unreinforced matrix or the matrix in the

unidirectional longitudinal test. Poor transverse properties
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result, and these are usually inferior to the unreinforced
matrix properties. In addition, thermal residual stresses due
to ply/ply mismatch may also be present in multidirectional
laminates. If the mismatch and/or the temperature change (from
the processing temperatufe to room temperatufe) is large,
substantial residual stresses can develop and strongly
influence the damage development process under stress. It has
been reported that the residual tensile stresses which occur
in the transverse plies of crossplied Nicalon/CAS laminates
lower the apparent mechanical initiation st%ain for transverse
cracks to these very low levels (0.03-0.05%) [10].

Matrix cracking both in 0° and 90° plies Was extensive.
However, the cracks were so tightly closed that it is
difficult to see them at low magnifications in Figure 34 which
is é micrograph taken on a polished edge of tﬁe specimen after
fracture. Figure 35, taken on the polished specimen edge at a
higher magnification, shows a crack which was not clearly
shown in Figure 34. Most cracks in 90° plies propagated into
the 0° plies with fiber bridging, tedious techniques of
replicating poliéhed edges during loading show crack patterns
more clearly [10].

A fibrous, tough composite fracture of the 0° plies was
achieved in room temperature control specimens. Thus, as also
observed by others [10], 90° plies do not severely'affect the
performance of the 0° plies, althoughlthe failure strains are

typically slightly lower for the 0/90 materials, as seen in
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