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Abstract

Single tow Hi-Nicalon™, C interphase, CVI SiC matrix minicomposites were tested in tension at room temperature, 700, 950,
and 1200°C in air. Monotonic loading with modal acoustic emission monitoring was performed at room temperature in order to
determine the dependence of matrix cracking on applied load. Modal acoustic emission was shown to correlate directly with the
number of matrix cracks formed. Elevated temperature constant load stress-rupture and low-cycle fatigue experiments were per-
formed on precracked specimens. The elevated temperature rupture behavior was dependent on the precrack stress, the lower pre-
crack stress resulting in longer rupture life for a given stress. It was found that the rupture lives of C-interphase Hi-Nicalon™
minicomposites were superior to C-interphase Ceramic Grade Nicalon™ minicomposites and inferior to those of BN-interphase

Hi-Nicalon™ minicomposites. © 2000 Elsevier Science Ltd. All rights reserved.
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1. Introduction

The poor intermediate temperature tensile-rupture
behavior in air of ceramic grade Nicalon™ [Nippon
Carbon (NIC), Tokyo, Japan] reinforced CVI SiC
matrix composites with carbon interphases has been
demonstrated over temperatures ranging from 425 to
1000°C.'~7 The time to failure for all these studies cor-
responds to a stress exponent, n, of approximately 1/4,*
where time to failure, ¢, is directly proportional to com-
posite stress, o, to the power n:

tao™” €))

This corresponds to a rupture strength degradation of
over 70% for rupture times less than 10 h. Two
mechanisms have been put forward for the reduction in
strength of the NIC/SiC system with C interphases: the
increase in effective gage length from carbon volatiliza-
tion® and the flaw size increase due to oxide scale
growth* on the surface of the fibers. The latter mechan-
ism would predict a stress exponent of 1/4 assuming
parabolic oxide growth at intermediate temperatures.

* Corresponding author.
E-mail address: gmorscher(@grc.nasa.gov (G.N. Morscher).

However, this strength degradation at temperature, in
air, and at stress is far more severe than could be
accounted for from these two mechanisms. For exam-
ple, if only one crack existed in the gage section of a
NIC/SiC composite, the fully loaded gage length of the
fibers could be approximated by:

1 =oR/2ft (2

where R is the fiber radius, f is the volume fraction of
load-bearing fibers, and t is the interfacial shear
strength.® For the case where o equals 240 MPa, f
equals 0.16, T equals 10 MPa, and assuming a Weibull
modulus m for individual fiber failure equal to 5, the
maximum decrease in strength due to an increase in
gage length (12 mm for the hot zone in the Ref. 2 study)
would be ~45%. If more than one crack were in the hot
zone of the furnace the degradation in rupture strength
due to this mechanism would be less. In addition, if the
oxide scale was related to the flaw size, one would
expect an increase in flaw size (oxide scale thickness) of
approximately one order of magnitude if the rupture
strength was reduced from 2000 to 500 MPa (a 75%
decrease) over 100 h at 700°C, assuming a Kjc of 2.° For
the Ref. 2 study, SiO, scales were not detectable on the
fiber surfaces at these low temperatures, even though
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the fiber fracture mirrors were observed to increase
commensurate with the degree of minicomposite rup-
ture strength loss. Therefore, it is evident that the
mechanisms causing NIC/SiC rupture with carbon
interphases include a flaw growth or flaw creation
mechanism in addition to the two already mentioned.

It is likely that the surface of the NIC fiber may have
been modified during CVI SiC infiltration. Naslain!®
describes four NIC/C/CVI SiC composite scenarios
where the surface of the Si—-C-O containing NIC fibers
are altered after CVI SiC composite fabrication. All
four scenarios have a complex carbon-rich layer on the
fiber surface in between the CVI deposited carbon layer
and the Si—C-O fiber. In some cases, SiO, is present and
in others it is not depending on the CVI approach taken
and/or a fiber pretreatment. Nevertheless, local carbon
rich areas at the fiber surface are present that would
oxidize during rupture testing. In other words, a
mechanism due to surface recession or “pit formation”
as a result of the oxidation of carbon layers or local
carbon rich regions on the fiber surface could lead to
rapid strength loss. This type of mechanism better
explains the observed rapid rupture strength loss with
time for NIC/C/SiC composites. It is not known if the
more thermally stable Hi-Nicalon™ (HN) fibers with C
interphases would undergo similar degradation after
CVI SiC processing.

In the earlier study,? the minicomposite tensile stress
rupture properties of NIC reinforced SiC with a BN
interphase had superior elevated temperature stress-
rupture life in air compared to C interphase mini-
composites. This has also been shown for woven NIC/
SiC composites tested in flexure.!! It was suggested in
Ref. 2 that the BN interphase NIC/SiC rupture beha-
vior was superior to C interphase NIC/SiC because of
the formation of a measurable oxide layer (~0.5 p at
700°C after 12 h) on the fibers that had a BN inter-
phase. This was due to the enhanced oxidation of SiC
when in contact with BN.!2 This oxide layer, which was
predominantly SiO,, protected the fibers from the
strength degrading mechanism of the NIC fibers when
directly exposed to the environment as was the case for
C interphase NIC/SiC. The presence of thick oxide
scales on fibers in BN interphase NIC/SiC causing only
minimal strength degradation (n~50) also is further
evidence against the oxide scale mechanism discussed
above for NIC/SiC with C interphases. It was also
shown in Ref. 2 that the rupture behavior of HN/BN/
SiC minicomposites were superior to NIC/BN/SiC
minicomposites in air.

Unfortunately, in the earlier study, HN/SiC mini-
composites with C interphases were not studied. Since
HN is a more thermally stable fiber than NIC, it may be
expected that HN/SiC with C interphases is not as sus-
ceptible to severe rupture-strength degradation as NIC/
SiC with C interphases. Thus, the question remains,

how much worse, if at all, is C interphase HN/SiC in
rupture than BN interphase HN/SiC? Therefore, the
impetus for this work was to determine the rupture
behavior of HN/SiC minicomposites with C interphases
to provide a comparison for HN/SiC minicomposites
with BN interphases as well as NIC/SiC minicomposites
with C interphases.

2. Experimental procedure

Tows of 500 HN fibers were used to fabricate the
minicomposites studied in this work. The tows were
mounted on graphite racks, coated with carbon and
then composited with SiC by chemical vapor infiltration
(Hyper-Therm Inc., Huntington Beach, CA). The fiber
volume fraction (0.16£0.01) and minicomposite cross-
sectional area was determined based on the measured or
estimated weights and densities of the minicomposite
constituents.!> The observation of the minicomposite
polished cross-sections indicated that the carbon inter-
phase was uniform with an average thickness of 0.4 um.
The fracture surfaces of the minicomposites had a
fibrous appearance, the SiC matrix being thicker on the
outside, but more uniformly distributed in the interior
than in the NIC fiber, C-interphase minicomposites
previously studied.?

Room temperature tensile testing was performed
using an universal testing machine (Model 4502,
Instron, Canton, MA); the test set-up is described in
detail elsewhere.”? The minicomposites were mounted
onto cardboard tabs with epoxy. Monotonic loading
tensile tests were performed to determine the ultimate
failure load and the optimum precrack load. Modal
acoustic emission (AE) was monitored with sensors
attached to the epoxy just above and below the mini-
composite gage-section. The AE analyzer (Digital Wave
Corporation, Englewood, CO) recorded and digitized
the true sound wave form for each event on both chan-
nels (sensors). The number of events and location of
each event could then be determined once the speed of
sound was estimated. The details of the AE analysis are
included in the Appendix A.

Constant-load stress-rupture tests were run in a dead-
weight load stress-rupture rig. A furnace was located at
the center of the minicomposite. The total length of the
furnace was 35 mm with a hot zone of 12 mm. These
tests were run at 700, 950, and 1200°C. The mini-
composites were fully loaded before increasing the tem-
perature at 100°C/min up to the test temperature. The
minicomposites were precracked at room temperature
with loads of 119 or 126 N, which corresponds to a
composite stress of 280 or 295 MPa, respectively.

The fatigue tests were also run at 700, 950, and
1200°C with the universal testing machine and same
furnace set-up. The load was cycled from a minimum
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stress of 25-50 MPa to the peak stress. The loading
frequency was 0.01 Hz (100 s per cycle) for all the
experiments. For the fatigue tests, the load-cycle was
begun after reaching the set temperature. The peak load
was applied prior to and during heating just as for the
rupture tests. The minicomposites were also precracked
prior to the cyclic test at 280 MPa.

Some minicomposites were polished longitudinally
after testing, and the crack spacing was measured by
optical microscopy. The fracture surfaces were observed
using a scanning electron microscope (SEM) Jeol 840A
(Jeol, Tokyo, Japan).

3. Results
3.1. Room temperature mechanical testing

The load versus time curve for a typical monotonic
loading experiment is shown in Fig. 1. The curves are
linear up to approximately 84.4 N (200 MPa composite
stress), when matrix cracking starts to occur. The
occurrence of AE events (also shown in Fig. 1.) indi-
cates that the change in slope is associated with matrix
cracking. The cumulative number of AE events and the
cumulative total energy increase at the same rate. The
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Fig. 1. Typical load vs. time curve for a monotonic loading experi-

ment. The number and cumulative energy (in arbritary units) of the
AE events are also shown.

1.6
14 | © h3hc7o
o h3hc76
12 41 & h3hc77
o h3hc40
11 x h3hc39

| — 119 N Precrack
-- 126 N Precrack

Number of Events / Gage Length, mm’’
o
(o]

0.6
0.4 -
0.2 A
0  wx opo e 85 r
50 70 90 110 130 150
Load, N

Fig. 2. Number of events per mm vs load for several specimens tested
at room temperature.

ultimate failure composite stress ranged from 280 to 350
MPa; however, most of the minicomposites (approxi-
mately 75%) failed between 310 and 325 MPa, with an
average strength of 317426 MPa. The average ultimate
strength of the fibers determined by the cross-sectional
area of load-bearing fibers (fully loaded) was 2000200
MPa. The strength of individual HN fibers (25.4 mm
gage length) is ~2800 MPa whereas the average strength
of as-produced tows of HN (25.4 mm gage length) is
~1700 MPa.'* Based on Eq. (2), the actual fully-loaded
gage length is on the order of 30 to 50 mm, therefore, in
comparison to single tow strength, no strength loss due
to minicomposite fabrication occurred.

Fig. 2. shows the cumulative number of events recor-
ded normalized by the gage length of the minicomposite
specimen. The nature of AE activity was very consistent
for the specimens tested. For several samples, the num-
ber of cracks was measured from polished longitudinal
sections. The crack spacing was determined from the
number of cracks counted over a given length of
minicomposite. In the Appendix, Table Al shows
the nearly one-to-one correspondence between the
number of highest energy events recorded and the
estimated number of cracks in the gage section of
the minicomposite.

3.2. Elevated temperature mechanical testing

The data from the constant load stress-rupture
experiments are plotted in Fig. 3a and b as the stress
applied (if fibers were fully loaded) versus the time to
rupture (the arrows indicate the minicomposite did not
fail). These data are plotted together with previous data
from C-NIC minicomposites (Fig. 3a) and BN-HN
minicomposites (Fig. 3b).? The C-HN minicomposites
have longer survival times than the C-NIC mini-
composites at 700°C although for higher loads the two
curves tend to blend together. The C-HN mini-
composites have shorter survival times than the BN-
HN minicomposites especially at 700 and 950°C. All the
samples broke in the hot region of the furnace. For
these tests the minicomposites were precracked at 280
MPa (composite stress).

Stress—rupture tests were also performed using a lar-
ger precrack load. In Fig. 4, the C-HN data from Fig. 3
(where a precrack load of 280 MPa was used) are plot-
ted compared with the data from samples precracked at
295 MPa. At 700 and 950°C, the time of survival
decreases with increasing precrack load. At 1200°C, this
effect was not as pronounced as at the lower tempera-
ture tests. The use of a larger precrack load introduced a
greater amount of scatter in the data. The precrack
stresses of 280 MPa (load of 119 N) and 295 MPa (load
of 126 N) correspond with 88 and 93% of the average
strength, respectively. The precrack load used in a pre-
vious work for C-NIC and BN-HN was 60% (110 N)
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Fig. 3. Minicomposite stress-rupture data: (a) compared with previous data on Nicalon minicomposites;' (b) compared with previous data on BN—

HiNic minicomposites.>.

and 78% (111 N) of the average strength, respectively.
Since the fraction of the average strength using the
lower precrack load is closer to the previous ones, the
results with the samples precracked at 280 MPa were
the ones used for comparison.

The results from the fatigue experiments are plotted in
Fig. 5 together with the stress-rupture results from
samples precracked at 280 MPa (same precrack load).
The time taken for the fatigue experiments is the total
time under cyclic loading conditions. At 700°C, the
behavior is essentially the same as the constant load
conditions. The minicomposite resistance to fatigue
rapidly decreased at 950°C. At this temperature, the
samples tested at the highest peak stress failed in the
first or second fatigue cycle (for peak stresses over 75
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Fig. 4. Minicomposite stress—rupture data for two different precrack
loads.

MPa, the stress on the fibers where fully loaded would
be 500 MPa). For the tests run at 700 and 950°C, failure
always occurred in the hot zone of the furnace. For all
the tests run at 1200°C, the failure occurred outside the
hot zone region, about 2 cm from the center of the fur-
nace. In these regions, the temperature is approximately
900°C, based on the temperature profile of the furnace.
The data from these tests were very similar to the data
from the tests run at 950°C.

Some of the minicomposites did not fail after very
long rupture times (e.g. 1000, 500, and 400 MPa for 700,
950, and 1200°C, respectively). These tests as well as
some tests at shorter times were stopped before rupture
and the retained strengths of the minicomposites were
determined at room temperature. The general trend was
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Fig. 5. Peak stress for fatigue experiments vs the survival time and
comparison with stress—rupture data.
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Table 1

Retained strength at room temperature data for C-HN and BN-HN minicomposites

Minicomposite Temperature Applied stress Time at stress Retained % of as-produced
“0) (MPa) (h) strength (MPa) strength?®
C-HN 700 328 50 1389 69
700 1099 358 1114 56
950 590 94 683 34
950 655 337 732 37
950 655 337 766 38
1200 439 3 512 26
1200 439 17 544 27
1200 439 162 491 25
BN-HN 700 996 400 2260 ~100
816 951 324 1411 67
950 1019 252 1630 77
1200 328 882 525 25
1200 385 965 792 38

2 The average ultimate strength (of the fibers if fully loaded) for as-produced C—-HN = 2000 MPa and for as-produced BN—-HN =2100 MPa.

higher rupture temperatures resulted in lower retained
strength (Table 1).

3.3. Microstructural characterization

Figs. 6 and 7 show the range of observed micro-
structural features observed on fracture surfaces after
for C-HN minicomposite specimens tested between 700
and 1200°C. Fig. 6 shows a micrograph of a typical
fracture surface for a stress-rupture test run at 700°C.
Due to the fibrous nature of these minicomposites frac-
ture often occurs at different planar levels, although at
each “level”” the matrix fracture surfaces were flat. For
short-term rupture (1 <0.1 h) there was some fiber pull-
out. For longer rupture time at 700°C, some regions of
the minicomposite fracture surface showed relatively
long pullout lengths (Fig. 6). However, this increase in
length was not uniform throughout the sample, even

Fig. 6. Typical fracture surface of C—-HN minicomposite for stress
ruptures at 700°C (1183 MPa, 5.9 h).

though the carbon interphase was removed by oxida-
tion, resulting in a gap between the fiber and matrix.

At 1200°C the formation of SiO, is more evident on
the surface of the CVI SiC matrix and in the gap that
was formerly the C interphase (Fig. 7). Two different
regions are noted in this sample. The higher magnifica-
tion insets in Fig. 7 show that the crack had propagated
through part of the sample prior to failure, where the
matrix region is clearly oxidized. Part of the failure
matrix crack surface was not oxidized. Apparently, the
non-through thickness matrix crack propagated
through an uncracked section of matrix at ultimate
minicomposite failure. However, the C interphase was
removed and fibers were strongly bonded to the matrix
in this region, presumably from oxidation through
another matrix crack and along the vacated interphase
channel. A SiO, scale did not cover the fiber fracture
surfaces because the fibers did not fail until mini-
composite ultimate failure.

The fracture surfaces of the stress-rupture test per-
formed at 950°C (not shown) contain little if any fiber
pull out even for very short-term rupture because the
oxide reaction product nearly fills the gap left by the
vacated interphase. Bonding between the fiber and
matrix was obviously strong.

4. Discussion
4.1. Stress—rupture: comparison with previous data

In Fig. 3a, the stress—rupture data at 700°C is com-
pared with previous data from NIC minicomposites
with a carbon interphase. In both cases the mini-
composite rupture is due to fiber degradation, as the
matrix—fiber bonding associated with SiO, formation is
negligible. For this reason the better properties of C—
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Fig. 7. Fracture surface of a C-HN minicomposite for stress rupture at 1200°C (439 MPa, 217 h).

HN versus C-NIC are clearly related with the better
thermal stability of the HN fibers. The stress-rupture
resistance of the C-HN minicomposites, however, is
inferior to BN-HN (Fig. 3b).

In order to compare minicomposite data at different
temperatures and fiber fast fracture data, the Larson—
Miller (LM) approach!>!® was used. In this empirical
approach the effect of temperature and time are com-
bined in one parameter:

g = T(logtr + C) (3)

where T is the temperature (K), g the time (h), and C
the LM constant, which was found to be 22 for both
NIC and HN fibers.!” In Fig. 8, data obtained in this
and previous studies? are plotted as the applied rupture
stress versus the LM parameter (¢). The room tempera-
ture (RT) failure stress was 2020, 2300, and 2100 MPa
for C-HN, C-NIC, and BN-HN, respectively. Also
plotted in Fig. 8 is the data for stress-rupture of as-
produced HN fibers.!” The room temperature strength
of the HN fibers studied in Ref. 17 was 2800 MPa. It
was shown in Ref. 18 that HN-BN minicomposites with
different RT strengths had the same rupture behavior at
low and high temperatures as the fibers [i.e. same slope
on In(o) vs. g]. However, the absolute rupture strengths
were lower for the lower RT strength minicomposites in
proportion to the absolute strength of the as-produced
fibers. Therefore, normalizing the RT as-produced fiber

strength to 2100 MPa was used for comparison of the
as-produced fiber rupture properties with the mini-
composite stress-rupture data. If the fiber degradation is
merely due to the fiber degradation observed for as-
produced fibers, the minicomposite rupture data should
decrease the same as the fiber data if the starting
strength of the fibers were 2100 MPa.

The C-HN and BN-HN minicomposite properties
are closer to the individual fiber rupture behavior at low
and high temperatures. At intermediate temperatures
there is degradation of the minicomposite behavior
compared to the individual fiber because of the embrit-
tlement associated with fiber—matrix bonding due to
SiO, formation. Fig. 8 shows the improvement in rup-
ture properties of BN interphase over the C interphase.
It is also clear from Fig. 8 that C-NIC suffered more
serious fiber degradation due to oxidation than C-HN.

At 700°C, the loss of carbon by oxidation results in
long load-bearing gage lengths for the HN fibers. The
oxidation kinetics of a continuous carbon interphase in
a composite has been published in the literature.'®?° If
we assume that the oxidation is controlled by the diffu-
sion of oxygen, the recession length (&) is:

E=k? (4)

where k;, is the parabolic rate constant and ¢ the time.
For an opening of 0.4 um (carbon interface thickness),
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kp is 1078 m? s!,%° and approximately 6 mm of carbon
interphase length would be lost in about 1 h. This would
correspond to the entire hot zone gage length for a
minicomposite with one crack in the hot zone region.
The fiber length exposed to the maximum load when the
interphase was completely oxidized was about 25 times
larger than the fiber length if there was no oxidation of
the interface (assuming one crack, as in the Introduc-
tion). This difference in load-bearing length will result in
a decrease in strength of 47 to 28% for a Weibull mod-
ulus from 5 to 10. For more than one crack in the hot
zone, a smaller reduction in strength would occur. This
gage-length effect best explains the decrease of strength
of C-HN compared with BN-HN since the rupture
strength of the C—HN minicomposites are approxi-
mately 25% reduced compared to the shorter gage-
length loaded BN-HN minicomposites.

The presence of fibers with no pullout on the fracture
surface was observed for some of the fibers on the
minicomposite fracture surfaces tested at 700°C and
occurred for all of the fibers on the minicomposite frac-
ture surfaces tested at 950°C. This indicates that strong
bonding of the fibers to the matrix was a factor at these
temperatures. When one or more fibers failed at or
away from the matrix crack, the added load to the
neighboring fibers in the matrix crack would be
enhanced due to strong bonding resulting in local stress-
concentrations. This causes most of the fibers to pre-
ferentially fail in the plane of the matrix crack. The
longer recession distance with C interphases not only
increases the fiber gage length, it also allows fibers to
bond more quickly compared to BN interphases. The
BN interphase only recesses a few microns separating
the fiber from the matrix. For C interphase mini-
composites, after total C interphase removal, the fibers
are free to move towards and contact the matrix.

At 1200°C, SiO, formation is extensive. The stress-
rupture properties appear to be controlled by the creep
of the fibers and are similar for both minicomposite
systems. The differences between C and BN interphase

HN minicomposites at 1200°C still could be due to a
slower recession of the BN interface.

4.2. Dependence of the stress—rupture behavior on
precrack load

The load—time curve of Fig. 1 indicates that cracks are
being created in the minicomposite up to failure. It is
clear then that the increase of the precrack load from
280 to 295 MPa implies an increase in the number of
matrix cracks. Based on the direct relationship between
the number of cracks and AE events (Table A1) and the
number of events recorded for several samples as a
function of load (Fig. 2), there would be one or two
cracks in the hot zone after the 119 N precrack load.
For the 126 N precrack load, between two and four
cracks would be estimated in the hot zone. A larger
number of cracks cause faster oxidation of the entire
interphase in the hot zone. This results in a larger length
of the fiber holding the maximum load (at least for short
tests), more environmental degradation of the fibers,
and more locations for stress concentration associated
with SiO, formation and the strong bonding between
fiber and matrix. All these factors would cause a decrease
in the stress-rupture survival time. During the precrack
loading step, it was rather common (approximately 25%
of the cases) for composites to fail between 290 to 295
MPa. This indicates that, in addition to an increase in the
crack density, a greater occurrence of fiber failure would
be occurring in minicomposites precracked at 295 MPa
than at 280 MPa, and could also contribute to the poorer
stress-rupture behavior compared to samples precracked
at 280 MPa (Fig. 6). At 1200°C, failure is dominated by
the creep-rupture behavior of the fibers, explaining the
smaller dependence of the survival time with precrack
load for this temperature.

4.3. Fatigue

The results from fatigue experiments (Fig. 5) clearly
indicate that it is at intermediate temperatures when the
relative movement of matrix and fiber, due to fatigue,
affect the survival time most dramatically. This is pre-
sumably due to the local concentration of stress during
fatigue on the sites where the fiber and matrix are bon-
ded because of the SiO, formation. At 1200°C, the
minicomposite failed about 2 cm from the center of the
furnace. In these regions the temperature is approxi-
mately 900°C. This shows that the resistance to fatigue
is worse at intermediate temperatures than at 1200°C,
even though a greater amount of oxide reaction product
is formed at 1200°C in the matrix cracks than at inter-
mediate temperatures. SiO, at 1200°C does flow to some
extent and may relieve some of the stress-concentrations
produced at the fiber—SiO,—matrix bond compared to
lower temperatures where no relaxation of the glass
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product would be expected. At 700°C, the fiber and
matrix are not fully bonded as evidenced by the occurrence
of fiber pullout (Fig. 7) and the differences between fatigue
and stress rupture are not as significant as at 950°C.

4.4. Retained strength

The retained strengths at room temperature of C-HN
minicomposites that did not fail during the rupture test
are listed for C-HN and BN-HN? minicomposites in
Table 1. For rupture conditions at 700 and 900°C, the
retained strength of BN-HN minicomposites are sig-
nificantly better than for C-HN minicomposites. This is
most likely due to the slower recession of BN which
enables the fibers to be separated from the SiC matrix.
Higher temperatures are required to form enough oxide
reaction product, for BN-HN minicomposites, in order to
fill the gap between the fibers and matrix. In comparison,
the fibers in C—-HN minicomposites are observed to be in
intimate contact with the matrix shortly after the C layer
was removed by oxidation at 700°C (e.g. Fig. 6). After
1200°C rupture conditions, the vacated interphases are
completely filled by the glass reaction products for both
systems and the retained strength data for C-HN and
BN-HN minicomposites are nearly identical.

5. Conclusions

The stress—rupture properties of HN fiber-reinforced
CVI-SiC minicomposites with carbon interphase were
studied at temperatures ranging from 700 to 1200°C.
The stress-rupture lives of C-HN are by far superior to
C-NIC, presumably due to the lack of fiber decom-
position/reaction during CVI SiC processing that occurs
for NIC fibers. This study demonstrates that C-HN
minicomposites have worse mechanical properties at
700 and 950°C than the BN-HN minicomposites pre-
viously studied, due to the removal of carbon inter-
phases and the ease with which fibers bond to the
matrix. Therefore, BN interphases are more envir-
onmentally stable in the intermediate temperature
regime. At 1200°C, the improvement of the BN inter-
phase over the carbon interphase was not quite as sig-
nificant as at the lower temperatures; the stress—rupture
and fatigue properties predominantly being controlled
by the fiber properties. This study also shows that AE
emission can be used on this system as a reliable quan-
titative method to monitor damage in this system.

Appendix. Acoustic emission detection and analysis of
minicomposite tensile tests

The AE set-up was similar to previous studies.?!-??
However, wide-band sensors were used to detect AE

activity in order to capture and digitize the waveform.
This approach provides greater accuracy in sorting out
gage events and correlating individual events with phy-
sical sources.?? Fig. Al shows a schematic of the tensile
test. For most tests, only two wide band (50 kHz to 2
MHz) sensors (Model B1080, Digital Wave Corpora-
tion) were attached with alligator clips to the epoxy. For
two experiments, four wide band sensors were attached
to the epoxy, two wide-band and two resonant fre-
quency (Model “Pico”, Physical Acoustics Corporation)
(the same as used in the earlier studies). The data was
collected on a Digital Wave (Englewood, CO) Fracture
Wave Detector. After the test, the same software used
to collect the data was used to analyze the data. For
experiments with only two sensors, 100 to 200 events
were recorded. For experiments with four sensors, up to
600 events were recorded because the resonant fre-
quency sensors were much more sensitive, especially to
lower frequency AE.

Post-test analysis consisted first of determining the
speed of sound through the sample in order to locate the
sources of the AE events and to sort out events which
occurred outside of the gage section. Pencil-lead breaks
had been performed prior to a tensile test on the epoxy
of an undamaged specimen outside of the sensors, so
that the sound waves produced by the fracture of the
pencil-lead traveled from one sensor to the next, and the
AE data was saved on a separate file. The maximum
difference in time of arrival, At,, from one sensor to the
next was determined from the first peak of the sound
wave (extensional wave) received on both sensors from

cardboard
tab

minicomposite _y

Fig. Al. Schematic of room temperature tensile test.
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AE and matrix crack data for several room temperature tested minicomposites
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Specimen Gage Speed of Number Failure Crack No. of events Estimated number
length sound?(m/s) of events load (N) spacing (mm) with highest of cracks in gage
(mm) two decades of length

AE energy

h3hc39 140 13861 212 151 - 135 -

h3hc40 158 15192 579 152 0.56 238 250

h3hc70 160 11851 149 143 1.05 149 133

h3hc76 168 13228 132 143 0.96 132 146

h3hc77 170 12500 87 138 1.67 87 84

4 Extensional wave.

the lead-break event.”> As a composite forms matrix
cracks during testing the elastic modulus decreases and
the speed of sound decreases resulting in an increase in
At,. For the tensile experiment AE data, the maximum
difference in time of arrival was determined as a func-
tion of load and the speed of sound determined from the
distance between the two sensors divided by At,. Fig.
A2 shows the decrease in speed of sound of the exten-
sional wave with load. This corresponds to the reduc-
tion in square root of the elastic modulus of the
specimen as matrix cracking occurs.
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Fig. A2. Speed of sound vs load for specimen h3hc70.
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Fig. A3. Location of the AE events along the length of the mini-
composite (h3hc70) during a tensile monotonic loading test as a func-
tion of time.

The reduction in speed of sound is about 12%. Since
the speed of sound of the extensional wave is directly pro-
portional to the square root of the elastic modulus, the
elastic modulus is reduced by approximately 23%. This
is not as great a reduction in elastic modulus as in woven
macrocomposites, ~ 60%, that reach a state of matrix
crack saturation at relatively low composite stresses.?>

The events that were determined to occur outside of
the gage section, i.e. events with difference in time of
arrival, At, equal to Az, were removed from the data
set. The location of each event along the gage length of
the specimen could then be determined based on Az,
At,, and the sensor which received the signal first.??
Fig. A3 shows an example of event location as a func-
tion of load. The acoustic energy was determined for
each event. It was observed that for the specimens
where only two sensors were used, all of the AE event
energies were within two decades of energy from one
another. However, for the specimens where four sensors
were used, the spread in AE energies was over three
orders of magnitude. Also, many AE events were trig-
gered by the more sensitive resonant frequency trans-
ducers. These events would never have triggered the
wide-band sensors alone at the preamplification settings
used. The events were therefore filtered according to AE
energy where only the two highest decades of energy
events were used to relate to the accumulated damage.
Table A1 shows the event statistics along with the mea-
sured crack spacings for five specimens. Note the excel-
lent agreement between the estimated number of cracks
over the entire gage length of the samples compared to
the highest two orders of magnitude AE energy events.
The cumulative number and energies of the sorted AE
events were used for Figs. 2 and 3.
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