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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 GIc, 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-II 
glass-ceramic matrix composites has been investigated. 
Unidirectional and cross-ply laminates were studied from 20° 
up to IOOO0C. Tensile testing at IOOO0C 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 SOO0C 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 (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 O0 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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INTRODUCTION

Glass-ceramic materials are ceramics produced by the 
controlled crystallization of appropriate glasses [I]. When 
these materials are fabricated, they are processed as glasses 
(while the materials are in a viscous form), then crystallized 
under controlled heat treatment 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 I micron, with a small amount of residual glass 
(amorphous) phase to make up a pore-free ceramic [I].

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 
engines and space planes. While monolithic structural ceramics 
and glass-ceramics are also being developed to meet these 
needs, they have problems in structural applications due to 
their inherent brittleness. Glass-ceramic matrix composites 
offer potential to achieve high performance at high 
temperatures [3]. Considerable attention has been focused on 
(continuous or relatively long) 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 phases. 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 the 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 
iriterphase on high temperature behavior of multidirectional 
glass-ceramic matrix composites under the oxidizing conditions 
which exist in most potential applications.



3

BACKGROUND

Ceramic and glass-ceramic composites offer a great range 
°f 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 of 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 processing either by handling or by chemical 
reaction. Also, the resultant fiber-matrix interphase must 
have the characteristics necessary for optimum composite 
properties, as will be discussed in the following sections.

Mechanical Behavior of Ceramic Matrix Composites

Longitudinal Tensile Strength

In ceramic matrix composites (CMCzS), 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 C M C s  are depicted in Figure I [10]. For 
strongly bonded systems, cracks formed in the matrix propagate 
through the interphase and the fibers without causing fiber-
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Figure I. Failure processes in ceramic composites [10]: (a)
before fracture; (b) simultaneous matrix and fiber 
fracture in a strongly bonded system; (c) multiple 
matrix cracking and fiber debonding prior to fiber 
failure in a weakly bonded system
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matrix debonding as shown in Figure lb [11]. Composite failure 
occurs at the matrix failure strain (Smu) 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 (Ctcl) and modulus (EcL) are 
expressed by the rule of mixtures [12]:

°cl — EcLsmu (2)
Ecl = EfVf + EmVm (I)

where Ef : fiber modulus
Vf : fiber volume fraction
Em : matrix modulus
Vm : matrix volume fraction (I-Vf)

Some strength enhancement is possible with high modulus 
fibers through the higher EcL, but this is limited. 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 a longitudinal stress) is not 
greatly enhanced over that of the matrix.

Stronger C M C s  are possible in weakly bonded systems
above a critical fiber volume fraction, Vcr. The dependence of
composite strength on Vf is illustrated in Figure 3 [13]. If
the fiber content is too low, the reinforcing fibers may be
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Stress Stress

Figure 2. Model longitudinal tensile stress-strain behavior
for fiber reinforced ceramic matrix composites
[10]: (a) strongly bonded system; (b) weakly bonded
system
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Multiple
Fracture

Single
Fracture

%

9

Figure 3. Dependence of composite strength on fiber content
[13] (where CTmu is matrix strength, CTftl is fiber
strength and CTr is stress in the fiber at matrix
fracture)
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unable to support the total load carried by the composite when 
the matrix fails. Below Ver, even in weakly bonded systems, 
composite strength is governed by the strength of the matrix. 
Failure occurs by single fracture, as described above.

Above Vcr, weakly bonded composites (Figure Ic) do not . 
fail by the propagation of a single matrix crack [12,13,14]. 
The weak bond (or interphase) prevents 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]:

V„
<Vj+aftr°f/

(3 j

where CTmu : matrix strength 
CTftl : fiber strength
CTf : stress in the fiber at matrix fracture

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



9
The stress-strain curve for weakly bonded composites is 

non-linear, consisting 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 occurs at the matrix 
microcracking strain. Further load increase beyond the onset 
of microcracking causes additional matrix cracking 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 (CTfilVf) . The ultimate composite 
failure strain, £cu, 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 
CMCzS 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 the 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 composites, 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, Gfc
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[16,17], which will be discussed in detail later.

Interface for Internhase) Effects on Composite Properties

The fiber-matrix interphase plays a critical role in 
transferring loads in a composite. 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 
expected 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 glasses and 
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 [3,11,12].

The pattern in glass and ceramic matrix systems without 
strong bonding of forming matrix cracks normal to the locally 
debonded fibers is indicated in Figure 4c. The stress at which 
significant matrix cracks form in unidirectional specimens



Figure 4. Interface dominated properties [11]: (a) off-axis
and shear strength; (b) flaw tolerance (debonding 
or matrix crack deflection to prevent matrix crack 
penetration through the fibers); (c) resistance to 
the growth of matrix cracks in longitudinal 
tension: propagation of matrix crack with bridging 
fibers
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loaded in tension parallel to the fibers limits 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.

Interohase in Nicalon Reinforced Glass-Ceramics

As described earlier, by choosing high-strength, 
relatively high—modulus, continuous (or relatively long) 
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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Nicalon-fiber-reinforced lithium-aluminosilicate (LAS) glass- 
ceramic (Nicalon/LAS) system has met these requirements 
through the development of a carbon-rich fiber-matrix 
interphase during processing, and with no deterioration 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, with an average tensile strength and 
elastic modulus of 1920 MPa [21] and 193 GPa [2,20,21] 
respectively, has a unique nonstoichiometric chemistry that 
makes it particularly suited to the development of high- 
strength glass-ceramic matrix composites. Initially, 
composites 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 limits 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 developed 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 VOO0C or 
above has lowered composite tensile strength to the stress 
level at which matrix cracking begins to occur [25]. Similar 
embrittlement has been reported for Nicalon/BMAS (barium- 
magnesium-aluminosilicate) [26] and Nicalon/CAS (calcium- 
aluminosilicate) [27] composites upon testing in air at 
temperatures exceeding 800°C. In contrast to room temperature
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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 strength 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 the transition 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 not initiated until the matrix 
cracks upon stressing, allowing penetration of high 
temperature air [25,30]. The air then infiltrates the 
composite and attacks the Jow strength carbon rich fiber- 
matrix interphase 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 matrix 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, IOOO0C and 1200°C 
that at high temperatures the interfacial carbon close to the 
exposed surface oxidizes away and is 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, they 
observed complete interphase oxidation (removal of the 
interphase carbon layer and formation of a stronger silica 
bond between the fiber and the matrix [32]) from exposed 
surfaces, to a depth of 100-200 jum parallel to the fibers, but 
to a depth of only about 10 /Ltm perpendicular to the fibers. In 
addition, partially oxidized fibers were found to depths about 
4-6 times larger than those 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

\7
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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 
Specification D-3039 [33]. The specimen 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 order to grip the 
specimen, to distribute the grip loads to the test material 
and to minimize stress concentrations due to gripping.

Longitudinal tensile testing 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 
analysis is no longer valid, thus invalidating calculation of

I

the tensile 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 C M C s  [34,35,37] , but tension tests 
involve a number of problems. The gripping arrangement 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 
gradient effects. This method, which has been used at 
temperatures up to IOOO0C [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 for 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

t
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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 IOOO0C, 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 furnace, which can isolate heating to 
the specimen gage section, in conjunction with water cooled 
wedge-action friction grips, allows 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 adhesively bonded tabs for room 
temperature testing. Dannemann [10] and Schutz [27] reported 
the successful use of a straight-sided tabbed specimen with 
cooled grips at temperatures up to IOOO0C and 1200°C, 
respectively.

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 cross-section specimen. Grande [26,38] used a reduced 
thickness specimen with self-wedging hot grips for testing at 
temperatures up to IOOO0C. Larsen [40] recommended use of a 
reduced width pinned grip specimen, which had worked for 
cross-ply laminates. This was not successful for 
unidirectional 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 CMCzs. 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 section tensile specimens, 
but testing of 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 tab. 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 [27] and used 
successfully in the testing of unidirectional CMCzS 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 to 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 later.

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 less 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 
[42]:

K1=QYyfa (4)

where K1 is the stress intensity factor, a 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, K1, 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 Klc, referring to the value of K1 when the crack propagates 
in Mode I under planer-strain conditions. Due to limited 
plasticity of brittle materials 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 entire 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



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 strain energy release rate (in Mode I and 
under plane-strain conditions) , Glc, is another criterion which 
is often used in describing the fracture process in brittle 
materials [16,17,27,44,45] . Gle 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, 
G1, reaches the critical value, Glc, for the material. 
Experimental determination of Glc 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]:

(plape-stress) (5)

Gj=-^(I-X)2) (plane-strain) (6)
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G = J ^ d - U 2) (plane-strain) (7)
Ic 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] :

1/2 V2 (8)

where A11, A12, etc are the orthotropic elastic compliances
associated with the materials principle directions (I, 2 and 
3), •where the crack is growing along the I direction. The 
compliance terms will be defined later.

So, the critical stress intensity criterion 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 (arid 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 
critical 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 y "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 crack 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 IOOO0C. 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 that continuous crack length 
measurements are not required for data reduction, since 
elevated temperature tests will take place within a furnace.

The only configuration which satisfies both the 
constant-K and the compressive load requirements, and does not 
require the use of attached hardware, is the 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 mechanics determinations for homogeneous isotropic 
ceramic materials. Composite materials, however, are neither 
homogeneous nor isotropic. While there have been only limited 
studies reported 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 energy release rate) in 
brittle polymer matrix composites. For example, Sanford and 
Stonesifer [52] 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 three point bend specimens for fracture 
toughness measurement on fiberglass laminates. Slepetz and 
Carlson [46] employed compact tension specimens to test S- 
glass/epoxy and graphite/epoxy composites.

Lee [16,17] recognized the versatility of the DT test 
method, and applied it to fiberglass/epoxy composites. The 
data obtained from the DT and the width tapered double 
cantilever beam (WTDCB) specimens were found to be comparable 
[17] . The WTDCB test has been used for measuring fracture 
toughness associated with delamination 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 requirements, Lee [17] recommended the DT 
method as a viable alternative to the WTDCB method.

The utility 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 Cutwater and 
Gerry and developed 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 
'double 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 usually 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 tests 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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P/2

Figure 6. Double torsion test configuration
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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, 5, curve) is linearly 
related to the specimen crack length, a. Second, the critical 
load, Pe, at which crack propagation is initiated, is 
independent of crack length, a, (constant-K specimen). 
Therefore, the fracture toughness, Glc, can be computed from 
the compliance calibration method by using [16,17,44,56,61]:

G, =Il dC (9)
Ic 21 da

where t is the specimen thickness. Both Pc and dC/da can be 
accurately determined from the test results, as will be 
discussed in the Experimental section.

The compliance relationship with respect to the crack 
length, dC/da, can also be expressed analytically by [44]:

d c - 3x2  (10)
da GWt3$ (t)

where G is elastic shear modulus of the material, x, W and t 
are specimen dimensions shown in Figure 6 and 0(t) is
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thickness correction factor which may be expressed by [44]: 

V'(t) = I - 0.6302 (2t/W) + 1.2 0(2t/W)e",r/(2t/w) (11)

The theoretical analysis of the double torsion technique 
assumes that the crack front is straight and orthogonal to the 
plane of the specimen. However, in most materials the crack 
front profile is significantly 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 experimentally 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 furthest 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 Garrett [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 arid/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 
found 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 that 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 
least the central one-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 homogeneous 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. 
Once crack propagation has become well established, fiber 
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 propagation 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 fracture toughness, Glc, to consider, should be 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 influence the bulk composite properties 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 
accurately measured. Three techniques have emerged to meet 
this need. Determining interface stress transfer from matrix 
crack spacing (Figure Ic)- 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 parallel 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 displacements 
in the two components, as follows:

Y~ °cLfI__ EmV-E__ (12)
EmVm^EfVf

where crcLf is the composite longitudinal tensile stress at 
which the matrix cracks begin to form; r is the radius of the 
fiber; and r is the shear stress at the interface. The 
solutions for the cases of partially and fully bonded 
interface are more complicated, but given (with some 
assumptions) 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 generally 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 fabrication 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 
initiates, 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 
tests .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

I.
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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 strength 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 microdebonding test yields a 
quantitative measurement of the shear strength at the fiber- 
matrix interface. A schematic of loading 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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Figure 7. A schematic of loading for the mierodebonding test [11]
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Optical microscopes are one of the most important 

analytical tools available for the analysis of material 
morphology in cases where their resolution is sufficient to 
measure accurate and repeatable critical dimensions. The 
maximum resolution and magnification limits for optical 
microscopes are about I /m (10,000 A) and 1000X [8.4] .

SEM has become an important tool for materials analysis 
because it has the 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 IOX—100,000X [84]. In SEM, the specimen is scanned by a 
finely focused electron beam. This releases secondary 
electrons, backscattered electrons, characteristic x-rays, and 
several other types of radiation from the specimen. Generally, 
secondary electrons are collected to form the image. 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 that 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-ray tube screen point by point [85,86].

TEM is the preferred technique for applications which 
require a higher resolution than obtained by SEM. TEM offers 
2 A resolution and a maximum magnification of about 500,000X 
[84]. The image in TEM is produced 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 techniques for 
preparing cross-sections for TEM examination are often quite 
time consuming and require considerable experience before 
successful results are routinely achieved [84,87,88]. When 
information about the material is required in both the lateral 
and vertical dimensions, as for example when the material 
contains an interphase, then many cross-sections and planar 
sections must be prepared, 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 used in this study were either 
unidirectional ([0]16) or cross-ply ([0/90]gs) Nicalon 
fiber/CAS-II matrix composites. The numbers O and 90 are the 
angles of fiber orientation with respect to the loading 
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 composite 
midplane.

Nicalon is a polymer derived microcrystalline fiber of 
jS-SiC, also containing SiO2, and free carbon. The chemistry of 
this fiber has been given as 49, 40 and 11 mole percent of 
SiC, C, and SiO2, respectively [90] . The fiber is produced by
the thermal conversion of a polycarbosilane precursor [91] and

i has a diameter of about 10 to 20 /zm, as observed in this
(
<
I
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research. Nicalon retains its mechanical properties up to 
about 800°C [21]. It loses about 30% of its room-temperature 
stiffness if exposed to air at 1200°C [21].

The CAS-II material is a calcium-aluminosilicate 
crystalline glass-ceramic, which is primarily composed of 
stoichiometric anorthite, CaAl2Si2O8. It maintains its 
properties at temperatures up to about 1200°C [10]. However, 
its fracture toughness, Gle, drops by more than 60% at IOOO0C 
relative to that at room temperature [92].

The composites were supplied by Corning, Inc. They were 
fabricated by hot pressing of unidirectional tapes followed by 
a subsequent 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 lb load cell, and Instron 2742 water-cooled hydraulic 
wedge grips. The grips were precisely aligned, so that no
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universal-joints were required in the load train [27]. The 
testing machine was equipped with a slot type, 2 Zone Model 
"D", furnace, mounted on rails, supplied by Instron 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 
exterior to the furnace. The vertical 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 incorporates all digital control and 
communications, including a General Purpose Interface Bus 
(GPIB) . The GPIB was developed by Hewlett-Packard, and is used

44



Figure 8. Photograph of the high temperature mechanical testing system



Figure 9. Loading section of the high temperature tensile testing system 
while the furnace is in use



Figure 10. Photograph of the high temperature extensometer and its 
attachment to the tensile specimen
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to provide high speed (up to I megabyte per second) 
communications between programmable instruments and a 
computer.

The programs for control and data acquisition were 
provided by Instron with the testing machine, and modified by 
Schutz [27] to incorporate the LabWindows (National 
Instruments Corp.) subroutine libraries for data manipulation, 
graphics, and hardcopy output. Hardcopy was provided by a 
Hewlett-Packard HP-7475 Color Pro pen plotter.

Specimen Design

Specimens for tensile testing were made from straight
sided coupons which were cut from Corning supplied 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 mm (1/16 inch) thick aluminum 
stock material, and"a 15° taper was milled onto one end. The 
tab face, which was to be attached to the ends of flat test 
coupons, was abraded using silicon carbide abrasive 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 epoxy 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

49
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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 Usinp the offset 
zero control of the extensometer conditioning amplifier. Total 
time at elevated temperature, including furnace heat up, 
stabilization, and testing, was usually about I h, unless 
slower tests were conducted.

After specimen failure, 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 Technique

Equipment

Double Torsion (DT) testing was performed with a 500 lb 
.LeBow load cell mounted below the standard 20,000 lb Instron 
load cell in the same mechanical testing system just 
described. This lower capacity load cell was used because of

I
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its better resolution in the load range of interest. An 
Inconel rod was attached to the load cell for load 
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 length of the two pivot rollers. 
Once 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 
temperatures up to IOOO0C.

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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Figure 12. Loading section of the double torsion test system



Figure 13. Photograph of the double torsion test fixture
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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. Initial notches were cut into one side of the 
specimens using the I 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 length 
ranged from 1.8 0 cm to 5.08 cm which resulted in net crack 
length, a in Figure 6, values of 1.65 cm to 4.93 cm.

The compliance calibration tests were conducted at a 
loading rate of 89 N/min (20 Ib/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 sharpness of

y

the crack tip was therefore not critical in determining dC/da.
A representative load, P, vs. displacement, S, curve of 

a compliance calibration test is shown in Figure 14. 
Compliance, C, was determined by calculating the slope of the 
linear portion of the P-5 curve during loading. Schutz [27] 
attributed the hysteresis like behavior and non-linearities in 
the low load portion of the P-5 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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SLOPE = I/C

Displacement (S)

Figure 14. Specimen compliance (C) calibration load vs. 
displacement plot
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while the non-linearities in the low load portion of the P-S 
curves may be caused by the accumulation of forces in the PT 
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 PT tests to failure were performed, the notch 
tips were machined such that the thickness of the uhcracked 
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 longest 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 intensity is inversely 
proportional to t1/2 [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 PT specimens may be high by as much as 
40 percent, causing about a 100 percent increase in Glc [27] .

A representative P-5 curve for the PT tests to failure is 
shown in Figure 16. Failure did not occur by a sudden total
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Figure 15. Double torsion specimen for fracture testing, 
including notch root detail
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Figure 16. Specimen load vs. displacement plot from the 
double torsion tests to failure, including 5% 
offset compliance to determine the critical load,
Pc



60
catastrophic fracture of the specimen, but rather by a gradual 
propagation of the crack with a gradually increasing 
non-linearity (decreasing slope). This gradual failure made it 
difficult to precisely determine the critical load, Pc, at 
which crack propagation initiated.

In order to better define Pc, the offset procedure 
[16,27,17,45,42] was employed. Pc was determined from the P-5 
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, 
Glc, is calculated from:

, dC
di

(9)

where t is the specimen thickness, and Pc and dC/da are as 
described above. '

All of the data storage, regression analysis, 
calculations, and plots were performed using the QuattroPro 
(Borland International Inc.) spreadsheet program.
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Microdebondinq 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 overall test system 
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 vibration. 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 IOX 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 Aim accuracy for location of 
specimen in relation to the probe position, a rotary stage 
(Newport, Model M-481) with magnetic stops for reproducible 
movement of specimen between the probe location and optical

V
axis of the microscope with an accuracy better than I AtltL and

i ,



Figure 17. Photograph of the microdebonding testing system
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Figure 18. The microscope and microindentation station of 
the microdebonding testing system
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a vertical translation stage (Newport, Model M-416) for 
raising the specimen positioned under the probe for load 
application.

A close-up of the probe assembly is shown in Figure 19. 
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 yum. 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 
I 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) utilized a measuring system 
(Boeckeler Instruments, 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 microdebonding test consisted of 
composite laminates which have been sectioned perpendicular to 
the reinforcing fibers. They were either unidirectional 
laminates or multidirectional laminates which have been 
sectioned perpendicular to the fibers in a particular lamina. 
Sectioning of the specimens was performed with a water cooled
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Figure 19. The probe for the microdebonding testing system
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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 metallographic 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 /m to 
1/4 jum were used, again examining the specimen regularly to 
monitor progress. 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 2 0a. 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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Figure 20. Polished (a) and debonded (b) NicaIon/CAS-II 
surfaces



68
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 fiber 
of interest was moved to the marked point on the monitor 
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 seconds, the specimen was unloaded by lowering. The 
rotary stage was then rotated back to the optical axis of the

r



69
microscope. The specimen was inspected for initiation of 
debonding or evidence of off-centered loading 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 microscope between each loading step until deboriding was 
detected. The debonding was characterized by a dark ring or a 
reflection around the fiber (Figure 20b). The load at 
initiation of debonding was then recorded and the fiber 
diameter and 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 least 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 21a. The material properties



70

P

i

Average
Composite

Average
Composite

MatrixMatrix

Interface

max

(b)

Figure 21. (a) Finite element model; (b) typical shear stress
distribution along the fiber-matrix interface due 
to microdebonding load, P [26]
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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 processing when the composite 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 cause interface.failure. 
Based on this assumption, the maximum value of the interfacial 
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 0.4df below the surface, where df is the fiber diameter. 
It is believed that debonding initiates at the point of 
maximum shear stress. An example of finite element analysis 
results is given in Appendix C. The calculated 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



72
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 system used for SEM analysis was the 
JEOL JEM-1OOCX Transmission Electron Microscope, with ah 
ASID-4D Scanning attachment, located in the. Veterinary 
Molecular Biology Laboratory at Montana State University. The 
instrument was operated at a voltage of 20 kV.

Specimen Preparation

Approximately I cm wide strips were 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 found 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.
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RESULTS AND DISCUSSION

The overall objective of this thesis was to develop an 
improved understanding of the 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 temperatures. 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 the 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. Finally, 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 temperatures.

The origins and progression of oxygen embrittlement at
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each stage are investigated through measurement of the bond 
strengths of individual fibers in the cracking zones, coupled 
with electron microscopy. 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 identified 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 composite plates 
obtained from Corning, Inc. during the course of this 
investigation.
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Tests on Unidirectional Nicalon/CAS-II

A representative room temperature 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 linear elastic behavior with a modulus 
closely 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 
Vf=O.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 stress-strain curve 
[3] .

At higher strain levels, above approximately 0.25% 
strain, the material once again approaches linear behavior 
dominated by fiber properties until failure. Ideally, the 
elastic modulus in this last linear 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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Figure 22. Representative room temperature longitudinal
tensile stress-strain curve for unidirectional
([0]) Nicalon/CAS-II composite
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strain curve to be less than 43 GPa in this regime, and the 
ultimate composite strength of 373 MPa were significantly 
lower than that of 69 Gpa (EfVf) and 672 MPa (crfVf) , 
respectively, calculated using the simple rule of mixtures 
approach. The failure 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 
matrix 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 glass-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 with 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 on 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 jum was observed, i.e. the spacing 
between matrix cracks ranged from about 150 jitm (X) to about 
300 jLtm (2X) . Dannemann [10] reported a matrix crack spacing of 
about 250 /Ltm 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 I mm were commonly observed.

Interfacial bond strengths of three unidirectional
Nicalon/CAS-II plates (as supplied) were measured to be
423±27, 381+36 and 396+32 MPa for plate I, plate 2 and
plate 3, respectively. 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

i
debonding during matrix cracking, which will prevent the crack

{

I

L
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Figure 23. Polished edge of a unidirectional Nicalon/CAS-II 
tensile specimen fractured at room temperature



81

Figure 24. Fiber-matrix debonding prior to crack propagation 
preventing matrix crack penetration through the 
fibers (a close-up of Figure 23)
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Figure 25. Fracture surface of a unidirectional Nicalon/CAS-II 
tensile specimen tested at room temperature
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from propagating through the fibers. Higher bond strengths 
were reported to lead to brittle fracture and lower 
longitudinal strength [10,11], as discussed later. The 
moderate level of bonding between the matrix and the fiber is 
associated with the interfacial carbon layer which forms upon 
processing of Nicalon-reinforced ceramics. Appendix F gives 
Auger electron 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].

Although the Nicalon/CAS-II composite is strong and tough 
(when loaded in the fiber direction) at room temperature, a 
reduction of strength and ultimate strain is observed at high 
temperatures. Figure 26 shows the stress-strain curves 
obtained under different test-temperatures, preconditioning 
times, and strain rates. 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 curves in Figure 26 are fully consistent with the results 
of other studies of the same material [10,27].

At IOOO0C, 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/h) 
remained (almost) linear to failure indicating that the matrix 
cracking strain was not exceeded. The fracture surface was
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Figure 26. Longitudinal tensile stress-strain curves of [ 0]
Nicalon/CAS-II composites tested at (a) 20°C ; (b)
IOOO0C; (c) 2 0 ° C ; (d) 20°C, but preheated to
IOOO0C for 5 h; (e) IOOO0C (a and b at 0.7% g/min;
c, d and e at 0.7% e/h)
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planar with no fiber pullout (Figure 27), characteristic of 
brittle fracture. This planar fracture surface is indicative 
of a degraded carbon interphase layer, with a subsequent 
formation of a strong interfacial bond [10,31,32].

To confirm the origin of the observed embrittlement, 
microdebonding tests were performed on fibers directly on the 
fracture 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 fracture surface was 
exposed to high temperature air not only during the test but 
also after the test while cooling slowly in the furnace. The 
codling 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 through the fibers.

Post-test microscopic examination 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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Figure 27. Fracture surface of a unidirectional Nicalon/
CAS-II tensile specimen tested in air at IOOO0C 
with a rate of 0.7% strain/h
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the gage section of the specimen.

The stress-strain curve of a specimen tested at IOOO0C 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. Some 
limited matrix cracking 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 
(IOOO0C, 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 from room temperature tests. 
Figure 29 is representative of this type of fracture surface, 
with embrittlement zones 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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Figure 28. Matrix crack extending through the fibers (picture 
taken on an edge of a unidirectional Nicalon/CAS-II 
tensile specimen fractured in air at IOOO0O
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Figure 29. Fracture surface of a unidirectional Nicalon/CAS-II 
tensile specimen tested in air at IOOO0C with a 
rate of 0.7% strain/min, showing embrittlement 
zones at the periphery and a fibrous center
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decreasing strain rate. Since other studies on Nicalon 
reinforced 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 slowly grows through the specimen. At a 
lower strain rate, there is sufficient time for the cracks to 
spread all across the cross-section before the strain 
increases sufficiently to break the unexposed interior.

Another specimen was exposed to IOOO0C without 
significant mechanical 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 IOOO0C for about 5 h showed that the transverse penetration 
of oxidation (the width of the zone with increased fiber- 
matrix bond strength) was 100-125 jiim from the exposed surfaces 
(Figure 30, Table I). 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, along 
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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Figure 30. Diagram showing sample exposed to air at IOOO0C 
(no mechanical load) for several exposure times, 
including the location at which the data in 
Table I were obtained: (a) test geometry; (b)
transverse oxidation penetration
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transverse penetration from the specimen edges is determined. 
This will be described in more detail later.

Table I. Transverse penetration of oxidation for Nicalon/ 
CAS-II composite upon exposure to air at IOOO0C for 
several exposure times*

Exposure 
Time, h

Depth Beneath 
Exposed Surface, d, 

mm
Transverse 
Penetration, t,

Atm
I 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 the fiber ends were exposed during 
conditioning (Figure 30) . This is sufficient to eliminate 
the effects of oxidation tunnelling down the fiber ends, as 
discussed later.

Although limited in extent, transverse penetration of 
oxidation during 5 h, IOOO0C 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 /zm. If we assume an 
average transverse penetration of 125 /zm, 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 2 6 for the single case 
tested.

The range of transverse penetration depth of oxidation 
from 2-3 fiber diameters (about 50 /xm) to 200 /xm might be a 
result of fiber arrangement in the composite. The transverse 
oxidation penetration is caused mainly by contacts along or 
around fibers at various locations and is insignificant if the 
fibers are well-separated from each other, as reported by Xu, 
et al. [31]. Table I also includes the transverse oxidation 
penetration depths for exposure times of I h, 10 h and 50 h at 
IOOO0C. The interphase oxidation, does not spread more than 
100-125 /xm in transverse direction (perpendicular to the 
fibers) from the surfaces exposed to air at IOOO0C for as long 
as 50 h. This observation confirms that CAS-II matrix protects 
Nicalon fibers against oxidation at high temperatures. It is 
most probably matrix cracking, 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 temperature strength) of Nicalon/CAS-II composite at 
IOOO0C 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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Figure 31. Ultimate tensile strain at temperature for Nicalon
fiber [21] and unidirectional ([O]) Nicalon/CAS-II
composite (the data points in parenthesis are from
Reference 27, only the data for similar material
and test conditions were taken)
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Figure 32. Normalized tensile strength at temperature for 
Nicalon fiber [21] and unidirectional ([0]) 
Nicalon/CAS-II composite (the data points in 
parenthesis are from Reference 27, only the data 
for similar material/test conditions were taken)
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the reported fiber strength and Young's modulus data, knowing 
that Nicalon exhibits linear elastic behavior up to 12000C 
[21] .

The strain rate used in testing Nicalon fibers was 
reported to be 0.66% min'1 [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 
matrix 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 the fiber tests. Multiple 
matrix cracking is not apparent for the tensile 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 12000C, 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. 
Composite 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 2 0% of the room 
temperature composite ultimate strain but at a stress level as 
high as 50% of the composite strength.

The significant reduction in unidirectional composite 
performance at high temperatures in air compared to that of 
bare fibers tested under similar conditions indicates that, 
although fiber degradation from direct exposure (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 the 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 SOO0C in 
air, as will be discussed next. The significant embrittlement 
of the composite in a short time interval, especially for the 
fracture 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 
interphase oxidation are very rapid.

In summary, the low strains at which matrix cracking 
occurs, producing the three-stage stress-strain 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 occur. The air then 
infiltrates the composite and attacks the formerly low 
strength carbon-rich fiber-matrix interphase in such a way as 
to cause an increase 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 Crossolied 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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Figure 33. Representative room temperature tensile stress- 
strain curve for cross-ply ([0/90]) Nicalon/CAS-ll 
composite



100

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 decrease in the 
elastic modulus of the 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 0° plies as discussed 
earlier.

The low transverse ply cracking strains of Nicalon/CAS-II 
cross-ply laminates correlate with the inherently low 
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 limit 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 temperature to room temperature) 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 strain 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 a micrograph taken on a polished edge of the 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 polished 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 O0 plies, although the failure strains are 
typically slightly lower for the 0/90 materials, as seen in
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90° ply fiber

fiber
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Figure 35. A crack in a cross-ply Nicalon/CAS-II tensile 
specimen tested at room temperature
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Figure 22 vs. 33. The 90° plies do complicate the failure 
process in that cracking of the 90° plies occurs at a lower 
strain than does the first damage (matrix cracking) in 
unidirectional material. As Figure 35 indicates, the cracks in 
the 90° plies can penetrate past the first fibers of the 0° 
plies, possibly exposing them to environmental attack.

Figure 36 gives stress-strain curves for 0/90 laminate's 
at various conditions. The stress-strain curves for the 
tensile tests performed at room temperature and 800°C clearly 
show that strength is again reduced by the presence of high 
temperature air, as in the unidirectional case. Specimens 
failed at SOO0C just as the end of the second linear portion 
of the stress-strain curve was reached (the point where matrix 
cracking in the 0° plies begins [10]). The fracture morphology 
was similar to that of the unidirectional Nicalon/CAS-II 
specimens tested at IOOO0C.

The fracture surface of the specimen tested with a slower 
rate (about 0.7% strain/h) was planar without any noticeable 
fiber pullout as shown in Figure 37, indicating a higher level 
of fiber-matrix interfacial strength in agreement with the 
observations discussed earlier. Figure 37 shows that a crack 
in the 90° ply propagated in a planar fashion through the 
adjacent 0° ply. The fracture surface of the 90° ply itself is 
also flatter, compared with the loose fibers on the surface of 
the room temperature test in Figure 38. This will be discussed
more later.
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Figure 36. Tensile stress-strain curves of cross-ply Nicalon/ 
CAS-II composites tested at: (a) room temperature 
(0.7% strain/min); (b) 800°C (0.7% strain/min);
(c) room temperature (0.7% strain/h); (d) SOO0C
(0.7% strain/h)
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Figure 37. Fracture surface of a cross-ply Nicalon/CAS-II 
tensile specimen tested in air at 800°C with a 
rate of 0.7% strain/h
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Figure 38. Fracture surface of a cross-ply Nicalon/CAS-II 
tensile specimen tested at room temperature
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Microdebonding tests were also performed on the fracture 

surface to confirm the increase in the interfacial bond 
strength. Most fibers in the material tested at 0.7% strain/h 
broke before debonding because of extremely high fiber-matrix 
bond strength. Two fibers which could be debonded revealed 
interfacial bond strength values of 806 and 1434 MPa, which 
are significantly higher than the fiber-matrix bond strength 
(430124 MPa) measured on the control material (plate 5). Thus, 
the 0° ply suffered the same increase in bond strength, and 
consequent embrittlement, as discussed for unidirectional 
material.

In the case of the specimen fractured at the faster rate 
of 0.7% strain/min, the periphery of the fracture surface was 
again very smooth to a depth of approximately 0.5 mm, with 
virtually no fiber pullout, while the central region was 
rougher with a fibrous appearance (Figures 39 and 40).

Examination of the stress-strain curves obtained from the 
tensile tests performed on cross-ply Nicalon/CAS-II laminates 
at 800°C indicates that composite strength is limited by the 
0° ply proportional limit point (matrix cracking) and not the 
90° ply failure point. Prewo [3] observed a similar tensile 
behavior for cross-ply Nicalon/LAS system at IOOO0C in air, 
including 100-h stress rupture tests. The embrittlement of the 
fracture process is apparently not initiated until the matrix 
in O0 plies cracks upon stressing, allowing penetration of 
high temperature air into the interior of the 0° plies.
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Figure 39. Fracture surface of a cross-ply Nicalon/CAS-II 
tensile specimen tested in air at 800°C with a 
rate of 0.7% strain/min, showing embrittlement 
zones at the periphery (SEM micrograph taken 
on a corner of the fracture surface)
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Figure 40. Fracture surface of a cross-ply Nicalon/CAS-II 
tensile specimen tested in air at 800°C with a 
rate of 0.7% strain/min, showing embrittlement 
zones at the periphery (SEM micrograph taken 
near the center of an edge of the fracture 
surface)
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Microscopic examination and microdebonding tests were 
performed on an edge of a cross-ply composite tensile specimen 
fractured at 800° with a rate of 0.7% strain/h. The polished 
edge (at about 0.5 mm depth in from the as-tested edge, 
sketched in Figure 41) of the fractured specimen revealed 
extensive cracking in the 90° plies (Figure 42, although 
difficult to see the cracks at this low magnification) but not 
in the 0° plies (as opposed to extensive matrix cracking of 
the 0° plies at room temperature, Figure 34) . Most of the 
cracks in the 90° plies stopped or deflected in the 0° 
direction upon reaching the fibers of 0° plies. A few of the 
cracks in the 90° plies propagated to the closest 0° fibers 
(Figure 43), interestingly with bridging fibers as in the case 
of room temperature fracture.

Microdebonding tests were performed on the fibers in 90° 
plies close (within a fiber diameter distance) to the fracture 
surface and also within a fiber diameter distance to.the 90° 
ply cracks in the interior of the specimen (0.5 mm or more 
away from the fracture surface). While the fibers next to the 
fracture surface were strongly bonded to the matrix (with bond 
strengths of greater than 812 MPa) and most of them broke 
before debonding, the fiber-matrix bond strength obtained by 
testing the fibers next to the 90° ply cracks in the interior 
was 462±61 MPa which is not significantly higher than that of 
the control material (430±24 MPa)'.

These microscopy and microdebonding test results indicate
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Fracture Surface

0.5 mm

Exposed Edge

Polished Edge

Figure 41. Diagram showing a cross-ply composite tensile
specimen indicating the location (polished edge)
where Figures 42 and 43 were taken and bond
strength was measured
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Figure 42. Polished edge (sketched in Figure 41) of a cross- 
ply NicaIon/CAS-II tensile specimen fractured at 
800°C (0.7% strain/h)



0° p l y  fiber m a t r i x  90° ply fiber

crack

Figure 43. A crack at a depth of about 0.5 mm below an edge 
(sketched in Figure 41) of a cross-ply Nicalon/ 
CAS-II tensile specimen fractured at 800°C (0.7% 
strain/h)
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that cracks in the 90° plies of the cross-ply Nicalon/CAS-II 
composites might not be sufficiently open prior to fracture 
for oxygen to reach the interphase in sufficient quantity to 
cause the oxidation induced bond strength increase. The 
absence of significant fiber-matrix bond strength change along 
90° ply cracks at a depth of about 0.5 mm from the exposed 
edge and away from the fracture surface (see Figure 41 for a 
sketch of the examined edge) indicates that the oxidation 
penetration depth along the 90° ply cracks (and also along the 
interface from the exposed fiber ends of the 90° ply) is less 
than 0.5 mm for about an hour of exposure (before, during and 
after the test) at 800°C. (The cracks were at their maximum 
opening for only a small, part of this time.)

However, the planar fracture surface of 90° plies 
(Figure 37) compared to more rough surface with loose fibers 
at room temperature (Figure 38) indicates a significant 
increase in the interfacial bond strength of the 90° plies on 
the fracture surface of the specimen tested at SOO0C with a 
rate of 0.7% strain/h. This observation, combined with the 
above microdebonding examination near the fracture surface and 
also in the interior of the specimen, suggests that oxidation 
of the interphase in 90° plies occurs only when the cracks 
open enough for the high temperature air to penetrate in, or 
on the fracture surface after fracture. On the other hand, a 
planar fracture surface at the periphery and a fibrous center 
(Figures 39 and 40) in the case of fracture at SOO0C with a
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faster rate of 0.7% strain/min indicates that the penetration 
of oxidation to the interior of the composite is fracture time 
(test rate) dependent, as also observed on unidirectional 
specimens discussed previously.

Transverse Fracture Toughness Test Results

Before performing any fracture test on Nicalon/CAS-II 
composite specimens, - the reliability of the double torsion 
test results was demonstrated by the preliminary tests on 
steel and glass, as discussed in Appendix B .

Compliance Calibration

Double torsion compliance calibration tests were 
performed on composite specimens (from plate I) with different 
pre-machined crack lengths. The compliance contributed by the 
load cell was also measured by a double ramp on a steel ball 
bearing (Appendix B) . It was determined to be about 
1.3IxlO'7 m/N. This approximate system compliance was 
subtracted from the compliance values obtained from double 
torsion compliance calibration tests. The resulting net sample 
compliance vs. crack length plot of those tests is shown in 
Figure 44.

A least-squares linear regression of specimen compliance 
vs. crack length data was done to determine the compliance
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0.02
Crack Length (a ), m

Figure 44. Compliance vs. crack length plot for Nicalon/ 
CAS-II double torsion specimens
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calibration, dC/da, and the zero crack length intercept.

The experimental dC/da, the slope of C-a plot in 
Figure 44, is 5.35x1.0* N'1. The analytical dC/da was calculated 
to be 5.45x10* N'1 for plate I arid plate 3, and 3.61x10'* N"1 for 
plate 2 using Equation 10 (see Appendix G) . The difference 
between the experimental and the analytical values of dC/da 
(for plate I) is less than 2%. Because of this good agreement 
between the analytical and experimental compliance 
calibration, the ■analytical values of dC/da were used in 
fracture toughness calculations for other plates without 
experimental determination each time.

Note that the compliance-axis-intercept is not zero for 
the experimental compliance calibration. This non-zero 
intercept is attributed to the compliance of the uncracked 
part of the specimen [44] . The arms (two sides across the 
crack) of the double torsion specimen are not attached to a 
rigid plate, but to a plate (uncracked portion of the 
specimen) with some compliance which is independent of crack 
length.

Room Temperature Test Results

Composite double torsion specimens were cut and notched 
as shown in Figure 15. As stated earlier, the tapered notch 
facilitates the ’ initiation of a sharp pre-crack in the 
specimen at a load lower than Pc, which is necessary for
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fracture toughness tests to be valid. This was demonstrated by- 
loading a specimen up to a point at which a noticeable 
increase in compliance was observed (Figure 45). An increase 
in compliance (decrease in stiffness) is an indication of an 
increase in crack length. The notch tip in the specimen was 
examined under the optical microscope before and after the 
test. While there was no change on the upper face of the 
specimen, a sharp crack initiated at the notch tip on the 
lower face. Close-up pictures of the notch tip on the bottom 
side of the specimen before the loading (without a sharp 
crack) and after the loading (with the introduced sharp crack) 
are shown in Figure 46 and Figure 47, respectively.

The sharp pre-crack extended about 7 mm on the bottom 
face making the crack length on this face 4 mm longer than the 
crack (notch) length on the top face. This observation was in 
good agreement with the curved front profile discussed 
earlier. The fracture toughness test data obtained in this 
study therefore results from naturally developed sharp cracks 
prior to failure.

The room temperature fracture tests were performed at a 
displacement rate of 0.05 mm/min, unless noted otherwise. As 
noted earlier, the two arms of the double torsion specimens 
remained intact after the failure due to misaligned fibers 
bridging the crack surface. The force did not go to zero 
following failure (Figure 16), because the bridging fibers 
were still able to carry some load.
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Displacement (5 ), mm

Figure 45. Double ramp on a Nicalon/CAS-II double torsion 
specimen for initiation of a sharp crack at the 
notch tip
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Figure 47. Notch tip on the lower face of a Nicalon/CAS-II double torsion 
specimen after loading to about 85% of the critical load, 
showing crack (arrows)
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The bridging fibers are pulled out of the matrix as the 

crack opens and result in a rough, loose fiber fracture 
surface, as shown in Figures 48 and 49.

The relationship between the transverse fracture 
toughness, Glc, and the initial crack length, a, for 
Nicalon/CAS-II DT specimens from two plates is illustrated in 
Figure 50. The crack length used in the plot is the 
approximate length of the crack on the bottom side of the 
specimen after the initiation of the sharp crack at the notch 
tip. It was demonstrated above that after the initiation of a 
sharp crack at the notch tip at a load lower than Pc the crack 
length on the bottom face becomes about 4 mm longer than the 
notch length on the top face.

There seems to be no discernible trend between the 
measured transverse fracture toughness and the initial crack 
length in the range of crack lengths used. This confirms the 
constant-K characteristics of this specimen type, as already 
demonstrated on glass specimens for about 0.1 < a/L < 0.7 [94] 
(see Appendix B) . The data point for a/L = 0.73 may not be 
valid because of the long initial crack length, which might be 
out of the constant-K range.

Considering only the specimens with 0.1 < a/L < 0.7, the 
average transverse fracture toughness value is 49 J/m2 and 
50 J/m2 for plates I and 3, respectively. These measured 
fracture toughness values' for two Nicalon/CAS-II composite 
plates are close to that of the CAS matrix, reported as
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Figure 48. Fracture surface of a Nicalon/CAS-II double torsion specimen 
tested at room temperature
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Figure 49. SEM micrograph of a fracture surface of a 
Nicalon/CAS-II double torsion specimen 
tested at room temperature
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Figure 50. Room temperature fracture toughness vs. crack 
length-to-specimen length ratio for Nicalon/CAS-II 
double torsion specimens



51.5 J/in2 at room temperature [10] . Schutz [27] determined a 
lower Gle for Nicalon/CAS-II, about 34 J/m2 with experimental 
compliance calibration (about 41 J/m2 if analytical compliance 
calibration was used). (The difference between the analytical
and experimental dC/da was about 20%, compared to 2% in this

s
study.)

High Temperature Transverse Fracture Results

The same analytical dC/da which was determined at room 
temperature was used for high temperature transverse fracture 
toughness calculations, assuming that the composite retains 
its room-temperature compliance at temperatures up to 1000°C. 
This was demonstrated by determining the compliance of a 
Nicalon/CAS-II DT specimen both at room temperature and at 
IOOO0C. The change in compliance between room temperature and 
IOOO0C was small, less than 5%. This is consistent with the 
lack of any significant decrease in modulus observed over this 
range [27].

The ramp rate had a considerable effect on the compliance 
for the DT tests performed at high temperatures. To 
demonstrate this and determine the reason, the DT test fixture 
on the base plate was replaced by an inconel rod (4.5 cm long 
and 2.5 cm in diameter) and the rod was double ramped with 
different ramp rates at SOO0C. Figure 51 shows P-5 plots of 
those tests. The smoothness of the P-5 curve depends on how
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0 .0 1  mm

Displacement (S)

Figure 51. Load vs. displacement plots of double ramps on an 
inconel rod (4.5 cm long and 2.5 cm in diameter) 
at 800°C with ramp rates of: (a) 445 N/min; (b)
222 N/min; (c) 89 N/min; (d) 4.4 N/min
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fast the test is performed.

Although the temperature of the lower side of the 
furnace, where the heating elements are, was 50-100°C higher 
than the temperature of the specimen in the upper side of the 
furnace for high temperature tests, the temperature was stable 
throughout the furnace with a fluctuation not more than 1°C 
most of the time. Still, that little fluctuation in 
temperature was enough to affect the displacement measurement 
which included the expansion or shrinkage of the metals used 
in the test system.

The ,temperature fluctuation would not have been a problem 
for DT tests if the net displacement of the DT specimen in the 
furnace had been measured instead of the actuator displacement 
which is also affected by the shrinkage or expansion of the 
base plate, the test fixture and the loading rod, all of which 
depend on temperature.

The maximum load measured was taken as the critical load 
for the fracture tests at high temperatures if the resulting 
P-£ curve was either linear to fracture or not smooth enough 
to utilize the 5% offset method in determining the critical 
load. The difference between Pc determined by the 5% offset 
method and Pmax was less than 1% for most double torsion tests 
performed on Nicalon/CAS-II composite specimens at room 
temperature. The specimens tested at different temperatures 
had the same (top face) crack length of about 3.28 cm.

Glc v s . temperature plots of Nicalon/CAS-II specimens for
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different ramp rates are shown in Figures 52, 53 and 54. The 
data in Figures 52 and 53 show a significant effect of test 
temperature on transverse fracture toughness. The decrease in 
Glc from room temperature to IOOO0C is about 28% for 2-3 min 
long tests (Figure 52) and about 39% for 9-10 h long tests 
(Figure 53) . However, the data for 1-2 h long tests 
(Figure 54) did not reveal that much of a change in Glc with 
temperature. While the data for plate 2 show about 15% 
decrease in Glc from room temperature to 800°C, no considerable 
change in Glc was observed for plate I between room temperature 
and IOOO0C. The low Glc values at room temperature (in 
Figure 54), especially the one for plate I, might be a result 
of scattering in data and therefore might not be 
representative for the Nicalon/CAS-II system.

This claim is additionally supported if all the data 
obtained for plates I, 2 and 3 at room temperature, 800°C and 
IOOO0C are plotted on the same graph as Glc vs. time to failure 
(testing time) in Figure 55. There seems to be no significant 
effect of test rate on transverse fracture toughness at room 
temperature. The Glc data scatter in the range of 3 8-61 J/m2 
with an average value of 48 J/m2. On the other hand, the 
transverse fracture toughness of Nicalon/CAS-II composite was 
determined to be lower than 3 8 J/m2 for the fracture tests 
performed at SOO0C and 1000°C. Also, the test rate had some 
effect on the composite toughness at IOOO0C . The average Glc 
measured on the samples fractured in 9-10 h was about 20%
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Figure 52. Transverse fracture toughness vs. temperature plot
for Nicalon/CAS-II specimens (from plate I) tested
with a displacement rate of 0.05 mm/min
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Figure 53. Transverse fracture toughness vs. temperature plot
for Nicalon/CAS-II specimens (from plate 2) tested
with a rate of about 25 N/h except the data point
in parenthesis which had a displacement rate of
0.02 mm/h
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Figure 54. Transverse fracture toughness vs. temperature plot
for Nicalon/CAS-II specimens tested with a
displacement rate of 0.1 mm/h
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Figure 55. Transverse fracture toughness vs. time to failure 
plot of Nicalon/CAS-II composite
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lower than that of the ones fractured in less than 2 h. 
Overall, there is a reduction in Glc from about 48 J/m2 down to 
under 3 8 J/m2 as the temperature increases from room 
temperature to 800 or IOOO0C.

The fracture surfaces of the DT specimens with a time to 
failure of about 10 h at IOOO0C were examined and found to 
have three distinct regions as shown in Figure 56. The first 
half of the fracture surface (except very close to the top 
side of the specimen) was planar, with no noticeable fiber 
pullout (Figure 57). Crack propagation was mainly through the 
fiber-matrix interface, breaking the fibers bridging the crack 
surface but without pulling the broken fibers out of the 
matrix (Figures 57 and 58).

The end of the fracture surface (Figure 59) was again 
planar without any fiber pullout to a distance of about 1.5 mm 
from the cut end of the specimen. However, the fracture 
process was more brittle and the cracking was through the 
matrix, interphase and also through the fibers as shown in 
Figure 60.

The rest of the fracture surface was rough, with debonded 
loose fibers (Figure 61), similar to fracture surfaces at room 
temperature.

Microdebonding measurements were performed at the end of 
the specimen at specific positions along the fiber direction 
below the cut surface (sketched in Figure 62) . The surface had 
been exposed to high temperature air before, during and after
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Figure 56. Fracture surface of a Nicalon/CAS-II double torsion specimen 
tested to failure at IOOO0C in air with a rate of 22 N/h
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Figure 57. SEM micrograph taken on the planar part in the
first half of the fracture surface of a Nicalon/ 
CAS-II double torsion specimen tested at IOOO0C 
in air with a rate of 22 N/h
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Figure 58. SEM micrograph taken on the planar part in the
first half of the fracture surface of a Nicalon/ 
CAS-II double torsion specimen tested at IOOO0C 
in air with a rate of 22 N/h (a close-up of 
Figure 57)
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Figure 59. SEM micrograph taken near the end of the fracture 
surface of a Nicalon/CAS-II double torsion 
specimen tested at IOOO0C in air with a rate of 
2 2 N/h
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Figure 60. SEM micrograph taken near the end of the fracture 
surface of a Nicalon/CAS-II double torsion 
specimen tested at IOOO0C in air with a rate of 
22 N/h (a close-up of Figure 59)
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Figure 61. SEM micrograph taken on the rough part (with 
debonded fibers) in the second half of the 
fracture surface of a Nicalon/CAS-II double 
torsion specimen tested at IOOO0C in air with 
a rate of 22 N/h
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specimen end 
(exposed surface)

Fracture
surface

depth beneath exposed surface

cross-section at a specific 
position where bond strength 

was measured

notch tip

Figure 62. Diagram showing composite specimen fractured in 
air, test duration: for 10 h (at 22 N/h) at
IOOO0C, showing where the data in Figure 63 were 
taken
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the fracture (for over 10 h). The purpose was to investigate 
the effect of oxidation penetration from the exposed fiber 
ends. Fiber-matrix bond strength versus position (along the 
fiber axis) is plotted in Figure 63. The data were taken in 
the central region of the sample (i.e. away from the fracture 
surface and the other exposed edges).

A significant increase in the interfacial bond strength 
was observed at depths as large as 1.4 mm. The bond strengths 
were extremely high and either the tested fibers cracked 
before being debonded or the bond strength exceeded the 
measurement capacity of the microdebonding apparatus 
(>1000 MPa). At a depth of 1.8 mm beneath the surface, the 
bond strength reverted to that of the unexposed material and 
the oxidation process was apparently sealed off. So, the 
brittle fracture at the end of the specimen (fractured in air 
for 10 h at IOOO0C) to a depth of about 1.5 mm corresponds to 
the oxidation penetration depth along the fiber-matrix 
interface from the cut fiber ends which intersect the 
composite surface.

The effect of exposure time on the oxidation penetration 
depth (along the fiber axis) from the exposed fiber ends in 
Nicalon/CAS-II at IOOO0C was investigated by determining 
fiber-matrix bond strength variations at specific depths below 
an oxidized surface for exposure times of I h, 5 h, 10 h and 
50 h. The bond strength results are compiled in Table 2. The 
data were taken at least 250 jitm away from the exposed edges.
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Depth Beneath Exposed Surface, mm

Figure 63. Interfacial bond strength (avg. of 10) vs. depth 
(along fiber axis) below the exposed surface of a 
composite sample oxidized at IOOO0C for 10 h 
(arrows indicate that bond strengths exceeded the 
measurement capacity of the apparatus)
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Table 2. Fiber-matrix bond strength measurements on 
Nicalon/CAS-II samples, exposed to air at IOOO0C for 
several exposure times, at various depths below the 
exposed surface

Exposure Depth Beneath Exposed Fiber-Matrix BondTime, h Surface, mm Strength, MPa
I 0.3 >1245*

1.0 43 3±3 0
5 1.0 >1300*

1.4 412+26
10 0.3 >1275*

1.0 >1250*
1.4 >1220*
1.8 4 08±41

50 1.8 400132

* bond strengths exceeded t h e ,measurement capacity of the 
microdebonding apparatus

The longitudinal oxidation penetration depth increased 
considerably for a 10 h exposure to air at IOOO0C (I.4-1.8 mm 
deep) relative to an exposure of I h (0.3-1.0 mm deep) . 
Increase of total oxygen penetration with exposure time occurs 
for exposure times up to about 10 h. However, longer exposure 
times do not appear to enhance embrittlement. The oxidation 
penetration depth following 50 h exposure was not 
significantly greater than that of 10 h exposure. Creation of 
another interfacial region (formation of a silica bond between 
the fiber and the matrix [32]) , filling in the gap between the 
fiber and matrix caused by oxidative removal of the carbon 
layer, is believed to thwart further oxidation down the walls
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of the fibers [10].

As noted, high temperature oxidation of the fiber-matrix 
interphase causes a planar fracture during crack propagation 
parallel to the fibers, away from the cut ends. This might be 
occurring after the crack forms, so that cracking does not 
propagate through the fibers (Figures 57 and 58) , contrary to 
the fracture close to the cut specimen end (within about 
1.5 mm distance for a 10 h or longer fracture test in air at 
IOOO0C) at which cracking propagates through the fibers as 
well as through the matrix and the interphase (Figures 59 and 
60) . This was also the case for the cracking in 90° plies 
during tensile testing of cross-ply composites at 800°C.

The fracture surfaces of the double torsion specimens 
tested at IOOO0C with faster rates were also examined. The 
fracture process was mainly rough with loose (debonded) fibers 
for 0-2 h long tests. The depth of the brittle fracture at the 
end of the specimen was about 0.5 mm for a 2 h fracture test 
at IOOO0C (Figure 64).

The planar fracture surface at the notch tip (Figure 64, 
although not as clear as the original photograph) covered only 
a small part of the whole fracture surface. The decrease in 
the length of this initial planar region of ■ the fracture 
surface for a 2 h long fracture test relative to a 10 h long 
test suggests that the embrittlement process is test rate 
(fracture time) dependent. The profile of the planar fracture 
surface front was curved and extended further along the bottom
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Figure 64. Fracture surface of a Nicalon/CAS-II double torsion specimen 
tested at IOOO0C in air with a displacement rate of 0.1 mm/h
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face of the. double torsion specimen (again this is more clear 
from the original photograph). Also, the planar fracture 
extended only little more than half way through the thickness 
from the bottom side of the specimen..

Microdebonding tests were also performed along the crack 
on cross-sections of double torsion specimens fractured at 
temperatures from 20°C to IOOO0C with a displacement rate of 
0.1 mm/h (1-2 h long tests). One such cross-section is shown 
in Figure 65. The fibers bridging the crack surface caused the 
two arms of the double torsion specimens to remain intact even 
after the failure. The crack is more opened on the bottom side 
of the specimen and less opened on the top side. Only the 
fibers very close (within less than a fiber diameter distance) 
to the crack were tested.

Fiber-matrix bond strength distributions along the crack 
between the two (top and bottom) surfaces of the DT specimens 
tested at temperatures of 20°C, 600°C, 800°C and IOOO0C are 
given in Figure 66. No significant change in fiber-matrix bond 
strength was observed from 20°C to 600°C. The most significant 
increase in the interfacial strength was observed at IOOO0C. 
However, a critical observation is that oxidation was 
effective only half way across the fracture surface from the 
bottom side, while the bond strengths on the other half were 
similar to those of control composites (except for the 
oxidized fibers very close to the top surface exposed to the 
environment) . The results for the fracture at 8.00°C were
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Figure 65. Cross-section of a Nicalon/CAS-II double torsion specimen fractured 
at 800°C
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Figure 66. Interfacial bond strength distribution along the 
crack from top to bottom face for DT specimens 
fractured (0.1 mm/h) at different temperatures 
(bond strengths with arrows exceeded the 
measurement capacity of the apparatus)
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similar in nature but with lower increases in bond strength.

The explanation for this selective oxidation may be drawn 
from the micrograph of the crack in Figure 65. The crack is 
tightly closed near the top side. Crack opening near the top 
side is not more than a few /xm even after handling between the 
test and the mounting of the sample (which was cut from the 
cracked DT specimen). The crack opening, which was probably 
much smaller than that during and after the failure of the DT 
specimen, might not have allowed air to penetrate through to 
the top side.

This finding might also be the reason that the fracture 
surface close to the top side of the double torsion specimen 
seems more rough with debonded fibers, just as in room- 
temperature tests (Figure 64). .

The effect of high temperature interphase oxidation on 
cracking parallel to the fibers close to the exposed edges in 
Nicalon/CAS-II is evident by propagation of cracks through 
fibers. Cracking through fibers, not just through the 
interphase and/or matrix, is an indication of a significant 
increase in the interfacial bond strength. The penetration of 
oxygen through the edges results in the high bond strength 
along the fibers, inward from their exposed ends.

Away from the exposed edges, cracks do not propagate 
through fibers. This suggests that cracks grow in the absence 
of interphase oxidation in the interior of the composite. 
However, permeation of oxygen through the crack, after it
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initiates, seems to cause the oxidation of the interphase, 
again increasing the fiber-matrix bond strength. The crack 
then opens, breaking the fibers bridging the crack surface 
without pulling them out of the matrix. This process is test 
time dependent, i.e. the slower the fracture the more 
effective the oxidation process. The increased interfacial 
bond strength results in a planar fracture surface without 
noticeable fiber pullout, lowering the transverse fracture 
toughness of the composite. This is evident near the notch, 
along the more open side (Figure 56,57,58).

The decrease in the transverse composite fracture 
toughness at IOOO0C might also be caused by lower matrix 
fracture toughness at IOOO0C relative to that at room 
temperature [92].

The possible occurrence of high temperature stress 
corrosion crack growth was also explored by performing two 
double torsion tests holding the load (P) constant to give G1 
of about 20 and 25 J/m2 for about 3 h at 800°C (G1 is 
determined from Equation 9 replacing Glc and Pc by G1 and P, 
respectively). Examination of the tested specimens under the 
light microscope did not reveal any crack growth. Cracks grow 
only when G1 is close to the critical value, Glc,. indicating 
that no significant stress corrosion crack growth parallel to 
the fibers is observed in the Nicalon/CAS-II composite at 
lower G1, at least for the experiments carried out in this 
study.
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Some environmental stress cracking might be expected by 

oxidative removal of the interfacial carbon layer at high 
temperatures. However, this seems to be prevented by

V

subsequent replacement of the oxidized carbon layer with a new 
interfacial phase closing the gap between fiber and matrix, 
and sealing the oxidation process off, as described in 
Reference 10.

Cracking parallel to the fibers in unidirectional 
Nicalon/CAS-II simulates 90° ply cracking in 0/90 laminates 
(discussed earlier). In both cases, crack initiation occurs 
without any significant effect of high temperature interphase 
oxidation in the interior of the composite. Cracks propagate 
through the interphase and matrix, but not through the fibers.

Tensile and double torsion test results show that 
sufficient oxygen for interphase oxidation does not penetrate 
into cracks running parallel to the fibers. The reason for 
this may simply be that the cracks are not sufficiently open 
to allow O2 and CO2 passage. An estimate of the in-situ opening 
of. the cracks can be obtained from the 90° ply cracking strain 
of about 0.05% in crossplied laminates, and the 90° ply crack 
spacing of about 1300 /m [TO] gives an approximate opening of 
13 00 ^m x 0.0005 = 0.65 jum. This should be more than 
sufficient for oxygen ingress in a planar crack. However, as 
shown in Figure 35, the cracks grow predominantly in the 
fiber-matrix interface. Figure 67 illustrates that contacts 
between fibers and matrix must exist along the fiber axis as



154

matrix

1 5 jjm

fusion point

crack

Figure 67. Diagram showing the contacts between fibers and 
matrix along the fiber axis as the fibers are 
slightly extracted from the matrix
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the 15 jLtm diameter fibers are only slightly extracted from the 
matrix. These points would be expected to oxidize and fuse 
near the exposed edges, greatly limiting the ingress of 
oxygen, much as the oxidation tunnelling process along exposed 
fibers was shown to seal-off.

Interphase oxidation and rebonding become effective after 
the crack opens enough for the oxidative environment to 
permeate, preventing fibers from pulling out of the matrix 
during further opening of the crack. This results in a planar 
fracture without a significant amount of loose (debonded) 
fibers on the surface, even in the absence of crack 
propagation through fibers.

Cracking along the fibers in unidirectional 
Nicalon/CAS-II near the exposed edges (within the oxidation 
penetration depth from the exposed edge) is also expected to 
be similar to 90° ply cracking in cross-ply laminates at 
similar positions. Cracks are expected to propagate not just 
through the interphase and matrix, but also through the fibers 
in this oxidation region. This was shown, above, to be the 
case in cracking parallel to the fibers in unidirectional 
laminates. However, badly damaged fracture surfaces of 0/90 
composite tensile specimens made it impossible to explore the 
propagation of cracks near the edges of 90° plies in these 
laminates.
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CONCLUSIONS

The results of this study provide a more complete picture 
than previously existed of the oxidation embrittlement process 
in Nicalon/CAS-II composites. As generally accepted, the 
oxidation embrittlement process is ultimately the result of 
the oxidation of the carbon interphase between the fibers and 
the matrix, followed by the formation of a strong bond 
(probably a silica bond) in place of the carbon; The bond 
strength data developed in this work support this already well 
established view. When the bond strength exceeds a certain 
value in the range of 600 MPa, matrix cracks in 0° plies then 
can penetrate through the fibers, yielding a material nearly 
as brittle as the ceramic matrix without fibers.

The oxidation process was first studied for 
unidirectional longitudinal composites tested up to 1000°C. 
Stress-strain data show that the unidirectional material 
failure strain decreases at high temperatures to the range 
where the first matrix cracks form, the matrix cracking 
strain..Fracture surface micrographs and bond strength data 
show that planar cracks grow inward from the surface, covering 
the entire fracture surface given enough time. The bond 
strength is exceedingly high in the embrittled zone. Thus, the 
oxidation process in unidirectional longitudinal materials
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occurs when the first cracks occur in the matrix. Oxygen then 
permeates the cracks, oxidizes the interphase as the matrix 
crack encounters fibers, the interphase subsequently fuses (a 
stronger silica bond forms between the fiber and the matrix 
subsequent to the removal of the interphase carbon layer) and 
the crack grows through the fiber, as well as subsequent 
fibers in the same manner. In the absence of mechanical loads 
the oxidation process only penetrates a few fiber diameters in 
from exposed surfaces transverse to the fiber direction.

When 90° plies are added to the O0 plies forming a 
crossplied laminate, the 90° plies crack at a much lower 
strain than does the matrix in the 0° plies. However, the 
results of this study show that cracking in the 90° plies does 
not induce embrittlement of the 0° plies. Embrittlement of the 
0° plies does occur, but only at the usual strain level where 
the matrix cracks in the 0° plies. The strain to crack the 90° 
plies does not decrease significantly at high temperatures 
despite the fact that the cracks are primarily in the fiber- 
matrix interphase as they grow across the 90° plies. Except 
near the exposed edges of the 90° plies, there was no evidence 
of oxidation in the 90° ply cracking process at 800°C, even 
though interfaces in the 0° plies were rapidly oxidation 
embrittled after matrix cracking. Bond strengths adjacent to 
90° ply cracks away from the immediate fracture surface showed 
no significant change from the control material, so that 
significant oxygen apparently did not reach the interior of
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these 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 and to look for 
evidence of environmental stress cracking under oxidizing 
conditions. The transverse fracture toughness 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. Even after fracturing and being 
exposed on the fracture surface during cool-down, interfaces 
near the less open side of the fracture surface showed no 
increase in bond strength. The more open side showed higher 
bond strength and a flatter fracture surface as expected. Near 
exposed ends of the specimen, where interfaces were oxidized 

. and fused prior to fracture, the crack grew through the fibers 
lengthwise, and the fracture surface was very flat. However, 
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 latter two parts of this study clearly 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
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th<? longitudinal 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. 
Opening of cracks in 90° plies is very small, on the order of
0.65 jLtm. This may not be sufficient to allow oxygen passage, 
or, more likely, there are still contacts between fibers and 
matrix along the cracks which 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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RECOMMENDATIONS

Although this study has increased the current level of 
knowledge of the elevated temperature embrittlement process in 
a Nicalon fiber reinforced glass-ceramic matrix composite 
(Nicalon/CAS-II), further work is required before the high 
temperature failure process in this composite system is 
completely understood.

Investigations of the kinetics of oxygen permeation 
through a crack parallel to the fibers and a matrix crack 
perpendicular to the fibers are of primary importance. Further 
work is needed in determining the effects of time, temperature 
and crack opening on the oxygen diffusion through a crack in 
the composite.

In this study, the utility of the double torsion (DT) 
test technique to determine the transverse fracture toughness 
in ceramic matrix composites at temperatures up to IOOO0C has 
been demonstrated. However, it is recommended that either the 
test system exposed to high temperature be made of a ceramic 
whose shrinkage or expansion with temperature fluctuation is 
negligible or somehow the net load-point displacement in the 
furnace be measured (instead of the actuator displacement 
which includes the shrinkage or expansion of the test system 
with temperature fluctuation), to avoid inaccuracies in the



161
compliance measurements at high temperatures.

Most importantly", this class of composite materials would 
benefit greatly from the development of an improved fiber- 
matrix interphase composition. The oxidation of the fiber- 
matrix interphase at high temperatures might be prevented by 
coating the fibers with an oxidation resistant material. This 
coating process must provide an interfacial bond strength in 
the range, of about 300 to 500 MPa to achieve the desired 
composite toughness. If this is not possible, then the evident 
sealing-off capability of the Nicalon/CAS system might be used 
to better advantage. If, for example, O0 material were 
completely surrounded by transverse material ' in a three- 
dimensional sense, penetration of oxygen to the 0° material 
might be delayed to higher strains. The limits of strain where 
oxygen does not penetrate cracked 90° plies requires further 
study, since, in this study, oxygen could penetrate inward 
from the machined edges of the 0° plies where the matrix 
cracked, causing failure.
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APPENDIX A

Mechanical Properties of Nicalon/CAS-II Composite

I



172
Table 3. Mechanical Properties of Nicalon/CAS-II Composite

Vf = 0.35 AT = -1236°C
Mechanical Fiber Matrix Composite*

En=E22, GPa 200 87.9 116
E33, GPa 200 87.9 127
U31 0.2987 0.2222 0.2490

U2J=U12 0.2987 0.2222 0.2490
Gis=G23, GPa 80.0 35.2 46.3

O n , 0C -1 4.23x10* 5.0X10* 4.76x10*
«5 , 0C'1 4.23x10* 5.0x10* 4.76x10*
Qizzz 0C "1 4.23x10* 5.0x10* 4.58x10*

where Vf : 
AT: 
E : 
u :

fiber volume fraction
temperature difference from solidification to 20°C 
elastic modulus 
Poisson's ratio

G : shear modulus
a : average coefficient of thermal expansion for 

12560C-20°C temperature range

* Composite mechanical properties were predicted from 
composite micromechanics [95] using the rest of the 
properties obtained from Reference [96]
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Reliability of the Double Torsion Test Results

One DT specimen from steel, 1.6 mm x 2.18 cm x 5.08 cm and 
with a crack length of 2.46 cm, was prepared and tested to 
determine the cause of hysteresis-Iike behavior and the non- 
linearities observed -in the DT tests of Nicalon/CAS-II 
composite materials as seen in Figure 14. Steel is a linear 
elastic material so neither hysteresis nor non-linearities are 
expected in the resulting load-displacement (P-5) curves of 
the DT tests.

P-5 curve obtained from the first DT test of the steel 
specimen is shown in Figure 68. The displacement did not come 
back to zero after unloading. However, if a test is performed 
right after double ramping the DT specimen to a displacement 
of about 0.02 mm or more, the displacement comes back to the 
same point after unloading as seen in Figure 69. The Hertzian 
contact stresses which are caused by the non-smoothness of the 
contact points are probably the reason for this behavior. 
However, the double ramp employed before the test did not 
eliminate the hysteresis-like behavior and non-linearities in 
the low load portion of the loading and unloading curves. This 
shows that the non-elastic and. some non-linear behavior 
observed in DT test results are not a material property but 
are caused by the test system. They are apparently not caused 
by contact stresses.

There are three cylindrical rods in the DT fixture, which
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Displacement (5 ), mm

Figure 68. Load vs. displacement plot of the first double 
torsion test performed on the steel specimen with 
a rate of 89 N/min
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^  60 -

Displacement (S )1 mm

Figure 69. Load vs. displacement plot of a double torsion 
test performed on the steel specimen with a rate 
of 89 N/min after previously testing the specimen 
to a displacement of 0.02 mm
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are used to align the DT specimens, one in the front and two 
at one side of the specimen as shown in Figure 13. To 
determine the effect of these sample alignment rods, the steel 
specimen was tested once without them, again after a pre-test 
similar to that of Figure 69 (DT tests, whose P-5 plots are 
shown in this thesis, were all performed after previously- 
testing to a displacement of. 0.02 mm) . The resulting P-5 
curve, shown in Figure 70, was not significantly different 
than the one obtained using the alignment rods (Figure 69). 
This shows that the sample alignment rods don't have a 
noticeable effect on the resulting P-5 curves of the DT tests.

To determine whether or not the hysteresis-like behavior is 
caused by the DT fixture, the fixture was taken out of the 
test system and a 3/4 inch steel ball bearing was placed on 
the base plate and double ramped at a rate of 89 N/min. The 
hysteresis behavior observed in the P-5 curve obtained 
(Figure 71) shows that the hysteresis is not from the DT 
fixture. On the other hand, the relative absence of non- 
linearities in the low load pdrtion of the P-5 curve compared 
to the ones obtained in DT tests (as in Figures 
14,16,68,69,70) suggests that the non-linearities in P-5 
curves of DT tests might be caused by the gradual accumulation 
of forces in the DT fixture, as suggested by Schutz [27].

The ball bearing and also the base plate was taken out of 
the test system and the loading rod was clamped in the lower 
grip to eliminate the contact stresses. A double ramp of
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Displacement (S )1 mm

Load vs. displacement plot of a double torsion 
test performed (with a rate of 89 N/min) on the 
steel specimen without using the adjustment rods 
in the fixture

Figure 70.
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Displacement (5),

Figure 71. Load vs. displacement plot of a double ramp (at a 
rate of 89 N/min) on a 3/4 inch steel ball bearing
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222.4 N/min was applied on the loading rod. The hysteresis in 
the P-£ curve obtained (Figure 72) shows that the contact 
stresses do not contribute to the hysteresis effects.

The same test was repeated with the difference that the 
force was measured by the 20,000 lb load cell rather than the 
normally used lower capacity (500 lb) load cell. The resulting 
P-5 curve (Figure 73), which is not significantly different, 
shows that the hysteresis does not result from the load 
measurement cell.

To check if the stiffness of the 500 lb load cell used has 
anything to do with the hysteresis, it was taken out of the 
test system. A long metal rod was clamped between the two 
grips and loaded to 890 N and unloaded, at a ramp of 890 N/min 
(load was measured by the 20,000 lb load cell). The hysteresis 
behavior observed in the resulting P-5 curve (Figure 74) shows 
that the load cell used in DT tests does not have an effect on 
results except for contributing to the compliance of the DT 
tests. As discussed before, the approximate compliance 
contribution of the test system was determined and subtracted 
from the compliance values obtained in DT tests performed on 
the composite specimens.

The hysteresis-like behavior does not depend on the load 
range applied, loading to a load as low as 6.7 N (Figure 75) 
also results in hysteresis. The displacement range where the 
non-linearity in P-5 curve occurs causing the hysteresis in 
the beginning of loading and unloading is always more or less
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z  150-

Displacement (S )1 mm

Figure 72. Load vs. displacement plot of a double ramp (at a 
rate of 222.4 N/min) on the loading rod clamped in 
the lower grip
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Figure 73. Load vs. displacement plot of a double ramp (at a 
rate of 222.4 N/min) on the loading rod clamped in 
the lower grip, as load measured by the 20,000 lb 
load cell
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Figure 74. Load vs. displacement plot of a double ramp (at a 
rate of 890 N/min) on a metal rod clamped in the 
grips
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Displacement (5 ), mm

Figure 75. Load vs. displacement plot of a compliance 
calibration double torsion test on a glass 
specimen with a crack length of 1.75 cm
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about 0.0025 mm (Figures 14,16,69,70,71,72,73,74,75).

A stand was designed to allow for measurement of the 
displacement by the extensometer used for tensile tests. The 
stand was attached to the base plate in the test system as 
shown in Figure 76. The extensometer rods were brought into 
contact with the stand and the loading rod during a test to 
obtain the load-point displacement measurement through the 
extensometer. A composite DT specimen was double ramped and 
two P-5 plots were obtained by measuring the displacement in 
two different ways, through the extensometer and the actuator 
movement. The results are shown in Figure 77. No hysteresis 
was observed in the P-5 plot when the load-point displacement- 
measured by the extensometer was used instead of the actuator 
displacement. The slope of the linear portion of the P-5 curve 
(Figure 77b) obtained measuring the load-point displacement 
through the extensometer was very similar to the slope of the 
linear portion of the P-5 curve (Figure 77a) obtained using 
the actuator displacement. This indicates that the hysteresis
like behavior is related to the actuator movement and does not 
affect the specimen compliance, which is the inverse of the 
slope of the linear portion of the P-5 curve.

The compliance (C) and the critical force (Pc) are the two 
primary measurements of the DT tests. Since the non- 
linearities in the P-5 curves caused by the hysteresis occur 
only at low loads (and also in the beginning of unloading 
within about 0.0025 mm displacement range in the case of
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Figure 76. Double torsion test system including the 
extensometer used for measuring the load- 
point displacement
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Displacement (S)

Figure 77. Load vs. displacement plot of a double ramp on a 
Nicalon/CAS-II double torsion specimen where the 
displacement was measured through: (a) the
actuator displacement; (b) the extensometer



188
double ramping), the hysteresis should not have any effect on 
the critical load values obtained in DT fracture tests.

So, the hysteresis like behavior, which was shown to be 
related to the movement of the actuator, does not seem to be 
a problem for the purposes of this study. Repeatability and 
reliability of the DT test results was also demonstrated by 
preliminary tests on steel and glass, as will.be discussed 
next.

Repeatability of the PT Test Results

A steel DT specimen (1.6 mm x 2.18 cm x. 5.08 cm and with a 
crack length of 2.46 cm) was tested six times to determine the 
repeatability of the DT tests performed on the same specimen 
under the same conditions. The compliance of the specimen for 
each test is given in Table 4. As shown in the table, the DT 
tests performed on the same specimen under the same conditions 
gave repeatable results.
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Table 4. Repeatability of the compliance calibration results 

of the double torsion tests performed on a steel 
specimen

Test No Test Resignation C , m/N
I PTSla2 3.61x10-7
2 PTSlaS 3.60x10-7
3 PTSla4 3.63x10-7
4 PTSlalS 3.60x10-7
5 PTSla20 3.62x10-7
6 PYSla21 3.62x10-7

PT Tests Performed on Soda-Lime-Silicate Glass Slides

Soda-lime-silicate glass slides with known fracture 
toughness were tested using the double torsion test as a 
calibration of the PT test apparatus and procedure, prior to 
testing composite specimens. Glass slides (25 cm x 75 cm x 
0.I cm) were pre-cracked by marking a scratch with a diamond 
knife at one end in the center and pressing down very 
carefully on the marked line. The glass specimens were then 
tested by a similar technique to that used for the PT tests 
performed on steel and composite specimens with one 
difference. The specimen alignment rods at one side of the PT 
fixture were not used and the microscope slides were carefully 
aligned without them. The reason for this is the greater width 
of standard glass specimens.

The compliance calibration tests on glass specimens, were
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conducted at a rate of 6.7 N/min. A sample load vs. 
displacement curve of a compliance calibration test is shown 
in Figure 75. Compliance was determined as explained earlier 
by calculating the slope of the linear portion of the P-5 
curve (and subtracting the approximate system compliance). The 
change in compliance with crack length, dC/da, was determined 
by performing a linear regression of compliance vs. crack 
length. The C-a plot and the slope (dC/da) obtained by linear 
regression is shown in Figure 78. The experimental dC/da, 
0.000140 N'1, is in good agreement with the calculated dC/da 
(using Equation 10) which is 0.000136 N"1 (see Appendix G) .

Note again that the compliance-axis-intercept is not zero 
for the experimental compliance calibration, as discussed 
earlier. The compliance of an uncracked specimen (a=0) is also 
included in Figure 78. It falls close to the trend-line 
intercept.

The tests to failure of the glass microscope slides were 
performed at a displacement rate of 0.025 mm/min. A sample P-5 
curve is shown in Figure 79.

■ The fracture toughness, Glc, values were calculated from 
Equation 9 and plotted against crack length as shown in 
Figure 80. It appears from the data that the crack experiences 
constant-K conditions for about 0.1 < a/L < 0.7. This is the 
expected valid range from the literature [63]. The Glc data in 
this constant-K region scatter in the range of 5.5-7.5 J/m2 
with an average value of about 6.4 J/m2.
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0.03
Crock Length (a ), m

Figure 78. Compliance vs. crack length for glass double 
torsion specimens
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Figure 79. Load vs. displacement plot of a double torsion 
test to failure on a glass specimen with a crack 
length of 1.75 cm
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a /L

Figure 80. Critical strain energy release rate (Glc) measured 
on soda-lime-silicate glass double torsion
specimens as a function of crack length-to- 
specimen length ratio (a/L)
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Kjc values in the literature are found to be in the range of 

0.7-0.8 MPain1/2 [97", 98] corresponding to a Glc range of about 
6.35-8.3 iT/m2, determined by Equation 7 (E=73.4 GPa [98]). 
Thus, the experimental data correlate quite well with those 
found in literature.



APPENDIX C

Data of a Microdebonding Test
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Table 5. Microdebonding test results for a unidirectional 

Nicalon/CAS-II sample from plate I, as received

Nicalon/CAS HHI plate I, sample D as received
Test
No P, mN df, jitm tm, m Tp/ MPa t t , MPa

Td=TpfT7
MPa

I 251 14.6 1.3 424 HinCMI 399
2 281 14.1 1.2 506 -2 5.0 481
3 •277 15.2 0.6 430 I to CD 405
4 261 15.1 2.0 404 -25.6 378
5 256 14.4 0.9 443 -24.9 418
6 261 14.2 0.9 464 -24.9 439
7 256 14.0 1.2 468 -25.0 443
8 290 15.3 1.1 . 445 -24.9 420
9 245 14.0 2.3 436 -26.0 410

10 284 14.9 0.8 459 -24.9 434
Average Magnitude 448 -25.1 423
Standard Deviation 27 0.3 27

where P force at debond initiation (debonding, force)
df : fiber diameter
tm : matrix thickness which is the distance from the 

fiber tested to the nearest fiber
Tp : maximum interfacial shear stress created by P
tt : residual interfacial shear stress due to AT (the 

difference between the solidification temperature 
(1256°C) and 20°C at the position of Tp

Td : debonding shear stress (fiber-matrix bond 
strength)



APPENDIX D

Tensile Test Data
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Table 6. Tensile test data on unidirectional (plate 2) and 

crossplied (plate 5) Nicalon/CAS-II composites

Sample
No*

T
(0C)

Strain(e) 
Rate 

(%e/min)

Ultimate
Tensile
Strength
(MPa)

Ultimate
Strain
(%)

Initial
Modulus
(MPa)

2M 20 0.70 373 0.71 131
21 2 0 0.01 320 0.68 127
2H 20

preheated 
to IOOO0C 
for 5 h

0.01 344 0.84 123

2L 1000 . 0.70 212 0.23 124'
2G 1000 0.01 157 0.16 112
5H . 20 0.70 189 0.63 122
5D 20 0.01 184 0.75 116
5L 800 0.70 130 0.26 113
SE 800 0.01 83 0.14 115

* The number corresponds to the composite plate from which 
the specimen was taken and the letter distinguishes the 
particular specimen tested
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Composite Plate Designations
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Table 7. Nicalon/CAS-II composite plate designations

Plate
No Layup

Fiber
Volume

Fraction
Size

(mmxcmxcm)
Corning, Inc. 
Designation

I , [0],6 35-40% 2.7x15x15 118 NTW 2001-001

2 [0]l6 35-40% 3.1x15x15 118 NTW 2112-001

3 [0]i6. 35-40% 2.7x15x15 8912205L

4 [0/90]% 35-40% 3.0x15x15

5 [0/90],s 35-40% 3.0x15x15 8912207L

6

OCTiO 35-40% 3.1x15x15 118 NTW 2112-002

7 [ 0/90] JS 35-40% 3.5x13x15 118 NTW 1698-029
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Auger Electron Spectroscopy Analysis
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Aucrer Electron Spectroscopy Analysis

The experimental system used for Auger electron 
spectroscopy (AES) analysis was the PHI 595 scanning Auger 
microprobe with Ar+ sputter profiling capability located in 
the Center for Research in Surface Science and Submicron 
Analysis (CRISS) at Montana State University. The 3.0 keV 
primary electron beam was operated at a current of 2 00 nA, 
which corresponds to an electron beam diameter of 
approximately 800 nm. The PHI automated sputter-depth-profile 
procedure was programmed to perform sequential 30 s sputters 
with rastered 3.0 keV Ar+. Since the rate of material removal 
has been calibrated using a SiO2 standard, depth profiling 
must be taken as approximation.

When Nicalon/CAS-II composite is fractured (at room 
temperature) in the plane of the fiber orientation, many of 
the fibers lying along the fracture surface break free of the 
matrix (Figure 49). A typical AES depth profile performed on 
a fiber from Nicalon/CAS-II fracture surface is shown in 
Figure 81. It can be seen that a carbon rich layer exists on 
the fiber. The carbon layer is on the order of 200 A of pure 
carbon plus another 400 A of high carbon that is grading into 
the usual fiber composition. The fiber composition appears to 
stabilize out to the bulk fiber composition at a depth of 
about 1700 A from the fiber surface.



203

)0 900 12i
distance from fiber surface, A

Figure 81. AES depth profile conducted on a fiber from 
Nicalon/CAS-II fracture surface
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APPENDIX G

Analytical Compliance Calibration
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Analytical dC/da for PT Tests on Soda-Glass Slides

As discussed.before, the expression for analytical dC/da 
is [44] :

dC_ 3 x2 
da GiVt3Tjf (t) (10)

where
^(t) = I - 0.6302 (2t/W) + 1.20(2t/W)e-T/(2t/w) (11)

For the DT tests on glass specimens

x = 5.57 mm 
G = E/2(1+u) [97]
E = 73.4 GPa [98]
v = 0.22 [98]
W = 2 5 mm 
t = I mm

So, the analytical 
0.000136 N"1.

dC/da can be calculated to be



206
Analytical dC/da for PT Tests on Nicalon/CAS-II Specimens

As discussed before, the analytical dC/da is expressed by 
[44] :

dC_ 3 x2
da GWt2ISp (t)

where
0(t), = I - 0.6302 (2t/W) + 1.20(2t/W)e;,r/(2t/w)

(10 )

(11)

For the DT tests on Nicalon/CAS-II composite specimens

x = 5.57 mm
G = 46.3 GPa (see Appendix A)
W = 21.8 mm
t = 2.71 mm (for plate I and plate 3) 
t = 3.14 mm (for plate 2)

So, the analytical dC/da can be calculated to be
■ '

5 .45x 10„6 N"1 for plate I and plate 3, and 3.61xl0"6 N"1 for 
plate 2.



MONTANA STATE UNIVERSITY LIBRARIES


