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SECTION I

INTRODUCTION

Ceramic Matrix Composites (CMC) composed of brittle fibers in a brittle

matrix offer improvement in fracture toughness over monolithic ceramics. This

in only true, however, if the fibers remain loosely bonded to the matrix,

allowing crack bridging by unbroken fibers as well as crack blunting and

branching. This is normally accomplished by the action of an easily debonded

interface layer such as one rich in carbon, which either arises chemically

during fabrication [1-4] or is directly applied [5,6]. The loss of this

interface can result in a strong bonding between fiber and matrix, which

returns the composite behavior to that of the monolith: straight crack paths

with little energy absorption.

As seen in previous work [1,3,7-9], the infiltration of oxygen into a CMC

may cause loss of the carbon-rich interface with subsequent embrittlement and

loss of strength. Work with a Nicalon* fiber/alkaline earth alumino-silicate

glass (Corning code 1723) composite has indicated that exposure to intermediate

temperatures (6500C) can be more damaging for embrittlement than exposure to

high temperatures (8000C) [8]. These effects were observed under both simple

thermal exposure as well as under thermal fatigue, and have importance

particularly for high temperature structural parts which will have intermediate

temperature attachment points to the rest of the structure. The presumed

mechanism for greater retained strength after 8000C exposure is that flow of

matrix material smooths the surface and inhibits oxygen infiltration.

In this report, we focus on whether the high temperature smoothing may be

used as a treatment to slow subsequent embrittlement under a variety of load

and exposure conditions. In addition, some earlier production plates have

*TM Nippon Carbon Co. Ltd. Japan
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shown a quick embrittlement, while in other later production plates the

embrittlement is more gradual. Screening processing studies are performed to

attempt to determine how the embrittlement differences arise. This difference

is subtle, since no distinguishable differences appear in the strength or in

the polished cross sections of the as-fabricated plates. The processing

studies will also determine the values of leading process variables which will

provide an improved composite strength.
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SECTION II

PROCESSING AND INITIAL RESULTS

The fabrication process may be briefly described as follows. Fibers are

drawn from spools through a sizing burn-off furnace, proceed through a bath of

glass frit, polypropylene binder, and distilled water, and are wound onto an

octagonal drum. After lamp drying, the layers are cut from the drum, stacked

into a unidirectional laminate and loaded into a graphite die. Multiple plates

in the same hot press run are separated by additional layers of graphite. Once

loaded, the assembly is placed in a 3750C oven to burn off the binder and

remove any remaining water. The graphite die is then placed in a vacuum hot

press. The temperature is ramped to the maximum temperature, held for 10

minutes, and ramped down. Consolidation pressure of 1500 psi is applied at

7000C on upramp, and released at 4000C on downramp. Typical fiber volume

fractions are 40-45 vol%, with well dispersed fibers.

The finished plates are cut into flexure specimens using an oil cooled

diamond saw, and the cut edges are polished on a 45pm diamond wheel. Specimens

are typically 5 mm wide by 2.5 mm thick, by 100 mm long. The 4-point flexure

fixture has an 80mm outer span with 40mm inner span, and specimens were loaded

in an Instron test machine at 5 mm/min. Sample failure was defined based on

the maximum load consistent with tensile failure; the load-deflection curves of

embrittled specimens were basically linear-to-failure, while non-embrittled

specimens demonstrated an initial linear response followed by non-linearity.

The most critical processing variables were expected to be the maximum hot

press processing temperature, the sizing on the fibers, and the sizing burn-off

temperature. Nicalon* fibers have either "P" (modified epoxy) or "M"

(polyvinylacetate) proprietary sizing intended for use in polymeric or ceramic

matrices, respectively. The critical variables were varied systematically, and

3



the result appear in Table 1. The quantities of interest are the flexural

strength of as-fabricated plates, and the percentage of strength retained after

exposure to 6500C for 16 hours in air.

The use of P vs. M sizing was initially felt to be significant based on

89C18 and 88C14 results after standard embrittlement exposure. However,

subsequent comparisons of 88C14 to 89C47 and 89C45 to 89C46 indicate no

preference between the sizings. A further discussion of plate 88C18 is given

in Section IV. The results of tests using various maximum pressing

temperatures (88C18 to 89C46 to 89C47) give a good indication that the

preferred temperature should be 1080-11000C. No conclusions could be drawn for

the importance of the burn-off temperature. All conclusions must be considered

as preliminary, since the fiber strength may itself vary considerably.

The use of a flexural test to evaluate strength has been carefully

considered. The fracture mode of interest is tensile, and flexure tests are

only of use if they highlight this behavior. In the test results given in

Table 1 and the following tables, the fracture initiates on the tensile side,

within the central gauge section, with no compression failure features such as

crushing or delamination under the loading pins or buckling of the compressive

face. Cases of doubtful tensile failure (primarily failure outside the gauge

section) comprised less than 15% of the total, and are not given in the tables.

All tests were carried out at room temperature.

4



TABLE 1.
PROCESSING SCREENING STUDIES

Plate Sizing Max Processing Sizing As-fabricated % Retained
Temp (°C) Burn-off flex strength strength

Temperature (°C) (MPa)

89C18 M 1100 est. 725 1050 75%
88C14 P 1080 est. 700 120 14%

r 89C45 P 1125 725 830 73%

L 89C46 M 1125 725 835 77%
89C47 M 1081 700 1220 58%
89C50 M 1086 660 1050 72%

r
( denotes common hot-pressing run
L

Typical failure modes are described as follows. High strength failures

involve multiple cracks on both the tensile face and edges of the flex

specimen. No cracks were observed on the compression face, even after failure.

It is interesting to note that the cracks on the tensile face appear to first

initiate near an edge and then propagate longitudinally along the gauge length,

reversing direction several times in a tortuous, zigzag path. Several long

interlaminar cracks also develop on the edges of the specimen. All of these

interlaminar cracks on the edges propagate longitudinally along the gage

length, with little through-the-thickness link-up. The overall fracture mode

can be described as very fibrous, indicating a great deal of matrix damage and

fiber debonding and pull-out; see Figures la and lb. The strength values are

based on the load at point "L" of the load-displacement curve typified by

Figure 2, with visual inspection so that we are assured of obtaining a true

tensile strength. Any subsequent interlaminar propagation is ruled out as of

no interest. Specimens with lower strength generally had fewer and much

straighter cracks.
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Figure la High Strength Flexure Failure -Tensile Face View
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Figure lb High Strength Flexure Failure -Edge View
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Figure 3a Low Strength Flexure Failure - Tensile Face View
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Figure 3b Low Strength Flexure Failure - Edge View
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All of the lowest strength failures typically developed only one dominant

crack. In these cases, the crack would develop essentially straight across on

the tensile face and then propagate diagonally through the thickness of the

flex specimen (a "toothpick" or wood-like failure); see Figures 3a and 3b.

The strength values are based on the point "L" of Figure 4; there is little

doubt that the value captured is the tensile strength before interlaminar

propagation. Such failures resulted in flat fracture surfaces with greatly

decreased fiber pull-out.
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Figure 5 As-Fabricated-Surface
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Figure 6 8000C Heat-Treated, "Smoothed" Surface
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SECTION III

HEAT TREATMENT

Earlier tests had revealed that high temperature (8000C) exposure was less

damaging (produced less embrittlement) than intermediate temperature exposure

(6500C) in static air, since the higher temperatures produced a smoothing or

healing of cracks in the surface by material flow [8]. See Figures 5,6. This

smoothing causes a decrease in the oxygen infiltration from the surface and

lessens the embrittlement. This first appeared as an "ordering effect," where

an initial exposure to higher temperature lessened the embrittlement on

subsequent exposure at intermediate temperature; see Table 2. This led to the

proposal for a "heat treatment" at 8000C to improve properties during

subsequent exposure at 6500C.

If the heat treatment is to be useful, we must understand its action under

a variety of load and exposure conditions. In the following tables, the

decision was made to explore the maximum number of conditions so as to screen

for significant effects, with replicates only performed as needed to clarify

the results. Every plate was tested in the as-fabricated and standard

embrittlement exposure (6500C, 16 hr) conditions, since a baseline must be

established for each plate. The baseline results differ sufficiently that the

overall results from all plates cannot be combined (see Table 1). The trends,

however, are consistent and clear; the number of replicates for each condition

and the spread of data are given to aid the understanding of any overlap of

results. All thermal exposures and heat treatments are done in air, with no

forced ventilation. All plates are unidirectional 10 ply, 2.5 mm thick except

plate 88C14, which was 6 ply, 1.5 -n thick.

The speed of embrittlement was investigated considering the standard
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embrittlement exposure and a 9-times longer exposure; see Table 3. Since the

material may be preloaded in a structural application, a tension sufficient to

cause microcracking was applied. The embrittlement exposure was then carried

out (see Table 3). Since it was uncertain how long a heat treatment must be

applied to be effective, the results of a 16-hour 8000C treatment and a 15-

minute 8500C treatment are compared (see Tables 4,5). The manner in which the

treatment is applied is also considered. Normally, this is done in air in a

box oven. Considering the positive effects of tempering in "sealing" a surface

through compressive stress, samples were tested where the heat treatment was

followed by quenching. See Table 5. Since air quench velocities for the

proper Biot number would have been too high to achieve using standard cooling

nozzles [11], an oil quench was used. The application of these materials will

involve combinations of thermal exposure and load conditions. The combination

of exposure with tensile load is given in Table 6, and exposure with

compressive load in Table 7. The effect of the heat treatment before exposure

under load is also found in Table 6.

TABLE 2.
PLATE 88C14 STRENGTH RESULTS

Conditions
(Number of Replicates) OULT, MPa [% of MAX]

(3) Control 1120 ± 35 [100]
(2) 6500C, 16 hr 160 ± 35 (14]
(4) 8000C, 16 hr 960 + 190 [86]

-260
(2) 8000C, 16 hr, then 630 ± 40 [56]

6500C, 16 hr
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TABLE 3.

PLATE 89C18 STRENGTH RESULTS

Conditions

(Number of Replicates) OULT , MPa [% of MAX]

(2) Control 1050 ± 130 [100]

(2) 6500C, 16 hr 790 ± 10 (75]

(4) 6500C, 144 hr 620 + 110 [59]

- 80
(2) Preload to 350 MPa 950 ± 20 [90]

(2) Preload to 350 MPa; 670 ± 10 [64]

then 6500C for 16 hr,

(no load)

TABLE 4.

PLATE 89C45 STRENGTH RESULTS

(2) Control 830 ± 30 [100]

(2) 6500C, 16 hr 610 ± 20 [73]

(2) 8000C, 16 hr; then 720 ± 20 [87]

6500C, 16 hr

(2) 8500C, 15 min; then 825 t 15 [99]

6500C, 16 hr
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TABLE 5.
PLATE 89C46 STRENGTH RESULTS

(3) Control 835 + 90 [100]

- 40
(2) 6500C, 16 hr 645 ± 15 [77]
(2) 8000C, 16 hr; then 830 ± 30 [99]

6500C, 16 hr
(1) heat to 8000C, 15 min, 780 [93]

quench; then 6500C,

16 hr
(1) heat to 8500C, 15 min, 770 [92]

quench; then 6500C,

16 hr

TABLE 6.

PLATE 89C47 STRENGTH RESULTS

Conditions oULT, MPA [% of MAX]

(Number of Replicates)

(2) Control 1220 ± 50 [100]
(2) 6500C, 16 hr 775 ± 60 (64]

(2) 150 MPa, 16 hr, 6500C 550 ± 35 [45]
(2) 8500C, 15 min; then 150 MPa, 735 ± 60 [60]

16 hr, 6500C

TABLE 7.
PLATE 89C50 STRENGTH RESULTS

(2) Control 1050 ± 100 [100]
(2) 6500C, 16 hr 760 ± 60 [72]

(2) -60 MPa, 6500C, 16 hr 785 ± 50 [77]

16



SECTION IV

DISCUSSION AND CONCLUSIONS

As a prefatory comment, we note that there is generally no overlap (or

very little overlap) between the strength values produced by different

conditions for a given plate. Although the number of replicates per condition

is too small to draw conclusions based on statistics, there is little confusion

of results, and the trends are clear. The limited number of data presented here

all appear consistent with the accepted understanding of how strength varies as

a function of interface behavior. The only numerical results presented are the

strength values, since no standard exists for quantifying the fiber pullout or

failure mode of a broken specimen. It can be stated, however, that there is an

excellent correlation between strength, the extent of fiber debonding and

pullout, and the amount of nonlinearity in the stress-strain response amongst

all of the results presented. This is consistent with the description of

Section II: high strength occurred with much fiber pull-out, crack

tortuousness, and nonlinearity of stress-strain response. As we proceed to the

lower strengths typical of embrittled composites, the cracks become straighter

with less pull-out, and the degree of stress-strain linearity to failure

increases.

A test grid was run to determine improved processing conditions for as-

fabricated strength, and to gain insight into how these conditions affect the

rapidity of embrittlement. Table 1 demonstrates the importance of controlling

the maximum temperature during pressing. It was already known that Code 1723

is a "short" glass, whose viscosity-temperature relationship is steeply curved

(strain, anneal, softening, and working temperatures of 6650, 7100, 9080,

11680C, respectively (12]). It is also known that a too-high processing

temperature can result in both fiber degradation [13] and a nonoptimal (too

17



thick) carbon interface [6]. A proper temperature value for this system should

be 1080-11000C for our consolidation pressure; higher temperatures produced

lower strengths. The sizing type seems to make no appreciable difference for

the test conditions applied. Other candidate process variables were also

considered for controlling properties. The plate thickness is not felt to be

important, since no exothermic reaction occurs during processing. The

particular fiber lot will be important, since it can determine chemistry-

influenced properties such as thermal stability [13]. Similarly, the lot of

glass frit or polypropylene may have an influence, although these are long-time

commercial products.

The heat treatment to lessen embrittlement is seen to be effective for a

variety of plates and test conditions; see Tables 2, 4, 5, 6. The treatment

need not be long; 15 minutes at 8000C or 8500C is sufficient to ensure an

increased protection against embrittlement (Tables 4,6). Based on limited

data, it can be said that quenching did not improve the strength. The treatment

is effective for plates under a simultaneous thermal exposure and a 150-MPa

applied tensile stress (Table 6). This stress is sufficient to open existing

cracks and cause some limited crack propagation, as determined by surface

replicates and acoustic emission [14]. The addition of a compressive stress at

6500C might be expected to lessen the embrittlement by mechanically closing

surface cracks. At a moderate compressive stress level (60 MPa), however,

there is no definitive effect (Table 7).

It has always been observed that any microcracking from tensile load

smoothly closes upon removal of that load, especially for loads below the

proportional limit. This has been reported for a unidirectional Nicalon*/LAS

glass-ceramic composite [15]. We have seen in the Nicalon*/1723 glass material

of this report that cracks after closure may not be visible even in SEN

photographs. The result for a specimen which is preloaded in tension and then

18



exposed is still somewhat unexpected (Table 3). The stress-strain curve in

tension (Figure 7) clearly shows that 350 MPa is sufficient for nonlinearity

and cracking. When the plate is preloaded to 350 MPa, it loses about 10% of

its strength, with the standard exposure causing an additional 26% loss. If

the specimen undergoes only the standard exposure, it loses 25% of its

strength. In this sense, then, little difference is seen in the strength loss

attributable to embrittlement whether the plate has been preloaded or not.

A remarkable consistency was demonstrated for the strength results for the

"89Cxx" plates exposed to the same conditions. The embrittlement experienced

after the standard 16-hour, 6500C exposure produces plates with 75%, 73%, 77%,

72% and 64% of their original strengths, suggesting that a simple time-

temperature degradation rule may be proposed. When plates are treated by a

short 8000C or 8500C thermal treatment and then exposed 16 hours at 6500,

retained strength values of 92% (one sample), 93% (one sample) and 99% are

obtained after thermal exposure.

The rate at which specimens embrittle appears to slow as embrittlement

proceeds (see Table 3). The rate of strength loss slows after the initial

strength drop. A previous study [1,7] in a SiC/LAS glass-ceramic system

attributed this loss to the replacement of interfacial C by amorphous Si02,

with a large (80%) net positive volume change. This fills the space left by

the disappearance of the interface, and "clamps down" or seals the interface

against further oxygen infiltration. The data of Table 3 suggest that a

similar mechanism may be operative in the SiC/glass system.

The curious difference in rapidity of embrittlement seen between "old"

plates (88C14, from 1988) and other "new " plates (89Cxx, from 1989) remains

unexplained. None of the variables systematically explored in Table 1 controls

this behavior. It is clearly simply not the thickness of 88C14 (1.5mm vs.
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other plates' 2.5mm) as may be seen from considering the diffusion of oxygen

into the matrix. If it were simply a diffusion question, the 2.5mm composites

would have reached an equivalent state of embrittlement with an exposure of

[(2.5/1.5)2 times 16 hour], or 44 hours. (This corresponds to equivalent

values of thickness/ time.) As seen in Table 3, the extreme embrittlement seen

in 88C14 is not seen in the thicker 89C18, even after 144 hours. One possible

explanation suggests that there was a chemical difference in the matrix,

perhaps excess carbon from the binder, which caused the different behavior

[16]. These islands of carbon in the binder could provide pipelines for

quickly conveying the oxygen to the interface. Analytical SEM and TEM are

being currently employed to describe this. However, the heat treatment is

effective at limiting embrittlement of both types of plates (both quick and

slow embrittling).
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