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Abstract

Recent studies have successfully shown the use of electrical resistance measurements to monitor
room temperature damage accumulation in SiC/SiC CMCs. In order to determine the feasibility of
resistance monitoring at elevated temperatures, the present work investigates the temperature dependent
electrical response of various MI-CVI SiC/SiC composites containing Hi-Nicalon Type S, Tyranno ZMI
and SA reinforcing fibers. Test were conducted using a commercially available isothermal testing
apparatus as well as a novel, laser-based heating approach developed to more accurately simulate
thermomechanical testing of CMCs. Secondly, a post-test inspection technique is demonstrated to show
the effect of high-temperature exposure on electrical properties. Analysis was performed to determine the
respective contribution of the fiber and matrix to the overall composite conductivity at elevated
temperatures. It was concluded that because the silicon-rich matrix material dominates the electrical
response at high temperature, ER monitoring would continue to be a feasible method for monitoring
stress dependent matrix cracking of melt-infiltrated SiC/SiC composites under high temperature
mechanical testing conditions. Finally, the effect of thermal gradients generated during localized heating
of tensile coupons on overall electrical response of the composite is determined.

Introduction

Due to their high temperature durability and strength, ceramic matrix composites (CMCs) are
currently under development for implementation in aero and nuclear turbine hot-sections. Among the
various CMC systems being investigated, silicon carbide (SiC) fiber-reinforced melt-infiltrated (MI) SiC
matrix composites have been shown to possess increased high temperature capabilities up to 1315 °C
(Refs. 1 to 3). These properties are attributed to the increased densification of MI composites over
competing SiC¢/SiC CMC processing methods, such as polymer infiltration and pyrolysis (PIP) and
chemical vapor infiltration (CVI). The decrease in matrix porosity helps to decrease paths for environmental
attack on the reinforcing fibers as well as increasing the load carrying capability of the matrix.

If CMCs are to be used in structural applications, it becomes crucial to investigate and understand the
critical damage mechanisms associated with their proposed operating environments. Due to the
semiconducting nature of their constituents, electrical resistance (ER) measurements have been shown to
be effective in sensing damage in several SiCy¢/SiC CMC systems. Recent work has been performed using
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electrical resistance monitoring to successfully detect damage accumulation, in the form of transverse
matrix cracking, in both CVI (Ref. 4) and MI-CVI SiC¢/SiC CMCs (Ref. 5) under room temperature
tensile loading. Morscher et al. were able to show that the increase in stress-dependent matrix crack
accumulation to rupture increases the ER of the test coupon by hundreds of percent. The work also
showed that when performing successive unload/reload cycles, a residual increase in ER at complete
unload was related to the increased strain at zero stress caused by matrix cracking and associated
matrix/fiber debonding (Ref. 5). This finding leads to the possibility of using ER not only as an in-situ
monitoring technique, but also as a post-test inspection technique as well.

However, because these CMC materials are intended to be used at elevated temperatures,
understanding the high temperature damage mechanisms and stress-rupture properties becomes the
critical focus. Recent investigations have been performed using ER to characterize the high temperature
creep properties of MI composites under both furnace-heated (quasi-isothermal) and laser-heated high
heat-flux (thermal gradient) conditions (Ref. 6). While this work points out an obvious correlation
between strain and ER increase, it also reveals the fact that the electrical response under these conditions
can be quite convoluted and is not entirely understood. That is, when performing thermomechanical
testing on SiC¢/SiC CMCs in oxidizing environments there are several potential factors that can influence
ER response. Therefore, if ER is to be used for health monitoring, a systematic approach must be taken to
understand the contributions of thermal and mechanical loading as well as environmental effects.

The present work attempts to describe the electrical response of MI-CVI SiC¢/SiC composites, and the
contribution from their various constituents, under thermal loading conditions only. Some limited
literature data does exist on the temperature dependence of electrical resistivity for various polycrystalline
SiC fiber types which extends into the temperature range of interest (Ref. 7), as well as some CVI-
SiC¢/SiC composite systems (Refs. 8 and 17). However, the ER response of MI composites to thermal
loading is presumed to be significantly different due to the nature of the siliconized silicon carbide
(Si-SiC) matrix material created during the molten silicon infiltration process. The relative high volume
fraction of free silicon (Si) left in the matrix after processing (5 to 15 percent), will tend to make the
matrix material considerably more conductive than that of a purely CVI matrix. Some interesting work
has been performed characterizing the temperature dependent ER response of Si-SiC with various dopant
types and concentrations (Ref. 9). The experimental data illustrates the significant contribution of the
excess silicon to the overall electrical response of the system. Therefore, because the electrical resistivity
is dependent on both temperature and microstructure, in order to expand ER monitoring to high
temperature thermomechanical testing of MI SiC¢/SiC CMC:s it first becomes necessary to characterize
the temperature dependent response of these composites and their constituents.

This paper describes two separate experimental techniques for measuring the temperature dependent
electrical resistivity of silicon melt-infiltrated SiC¢/SiC composite systems of various reinforcing fiber
type: Hi-Nicalon Type S, Tyranno SA and ZMI. The second of which is a novel laser-based heating
technique that utilizes standard tensile bar specimens used in mechanical testing. The physical
mechanisms that dominate the electrical response in different temperature regions are generalized, and
when available experimental data from literature is used in order to understand the contribution of the
different composite constituents to electrical conduction. To demonstrate this, a simple parallel resistance
model is presented that can be used in order to generalize the contribution of each constituent to the
overall electrical behavior of the composite system. The results of this model confirm that even at
elevated temperatures the electrical current flow through the composite is dominated by the matrix
material. Since this is the main operating principle of ER monitoring of room temperature damage, this
work confirms the applicability of extending ER measurements for elevated temperature damage
characterization. Finally, as the experimental setup utilized in the high temperature laser-heating approach
results in the generation of a thermal gradient across the measured length of the sample, the effect of the
thermal gradient on the overall electrical response of the material is discussed. A model composed of a
series resistance model of temperature dependent elements is presented and compared to experimentally
measured ER data.
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Experimental Materials and Procedure

All of the composites tested in this study consisted of 8 plies of balanced 0°/90°, 5 harness-satin
woven fiber preforms of either: Hi-Nicalon Type S, Tyranno SA or ZMI reinforcing fibers. Using a
chemical vapor deposition process the fiber preforms were then coated in a boron nitride (BN) interphase,
followed by a layer of CVI SiC, and final densification by a slurry cast molten silicon melt-infiltration
process (creating a Si-SiC matrix). The samples consisting of Hi-Nicalon Type S (HNS) fibers were
manufactured by Hyper-Therm HTC, Inc. (Huntington Beach, CA, now part of Rolls-Royce), while the
composites containing the Tyranno SA and ZMI fibers were manufactured by the Goodrich Corporation
(Brecksville, Ohio, now part of United Technologies). The study of various fiber types and material
manufacturers provides valuable insight into potential variations in electrical response due to differences
in both constituent content and matrix microstructure.

Two separate experimental techniques were utilized to characterize the temperature dependent electrical
response of the CMCs mentioned above. The first method involved the use of a commercially available
ULVAC-ZEM3 unit (Ref. 10). The ZEM3 is a popular instrument in the field of thermoelectrics which uses
a four-point probe method to measure the electrical resistance of a small test sample. In a four point probe
method a constant electrical current is applied to the ends of a specimen via two outer electrodes, while two
inner leads are used to measure the voltage drop caused by the resistivity of the material. The entire test-
sample is heated in a low-pressure helium environment by an infrared gold image heating furnace. Figure 1
shows an image of the ZEM3 unit with a close-up of a typical specimen and the ER measurement
configuration (all of which is housed within the furnace). The ZEM3 accommodates only small prismatic
samples (6 to 22 mm in height), and is limited in its heating capabilities to approximately 900 °C (below the
desired usage temperature for many MI-SiC¢/SiC CMC structural applications).

Details on the physical and geometrical properties of the CMC test samples measured using the ZEM3
can be found in Table 1. For all of the test specimens in this study the fiber volume fraction in the longitudi-
nal direction, vy, , has been determined by dividing the cross-sectional area of the test coupon by the fiber

area in the longitudinal direction. The fiber area can be estimated by multiplying the area of a single fiber by
the number of fibers in a tow, number of tows per ply and number of plies in the lay-up (Ref. 11).

In order to overcome the sample geometry and temperature limitations of the ZEM3 unit, a second
experimental technique was developed by the authors and used to determine the high temperature
electrical properties of these CMC systems. This technique utilizes a 3.5 kW CO; laser to heat the front
side of a 44 mm (1.75 in.) gage-section of a standard 152 mm (6 in.) tensile bar specimen (considerably
larger than the samples that can be accommodated in the ZEM3 unit). Figure 2 shows a schematic of the
laser-based heating setup with integrated ER measurement. This laser setup was specifically developed to
demonstrate the capabilities of using ER measurements to monitor CMC tensile coupons up to their
maximum operating temperatures. Therefore, this unique setup provides a useful temperature-dependent
database as well as insight into the capability of utilizing ER monitoring for future characterization of
CMCs under thermomechanical loading conditions. Table 1 outlines some of the relevant properties of
the test specimens used in this laser-heating technique.

Figure 1.—ULVAC ZEM3 unit used for low/intermediate-temperature, isothermal characterization of SiC#/SiC
specimens. On the left is a close-up showing specimen and four-point probe configuration (note: entire specimen
housed within furnace).
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TABLE 1.—PHYSICAL AND GEOMETRICAL PROPERTIES OF TESTED SPECIMENS; SEPARATED
BY FIBER TYPE AND TEST METHOD (i.e., ZEM3 OR LASER-BASED TESTING APPROACH)

Cross-section® Average fiber radius Fiber volume fraction
(mm x mm) (um) ()

ZEM3 samples

ZMI 4.00x4.19 5.5 0.1395
SA 2.80x2.15 5 0.1657
HNS 4.10x2.20 6 0.1478
Laser samples

ZMI 10.05x4.12 55 0.1395
SA 10.06x2.11 5 0.1657
HNS 12.64x2.17 6 0.1476

*Dimensions refer to average gage width and thickness
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Figure 2.—Schematic of laser-based heating apparatus used for characterization of
high-temperature electrical properties of SiC«/SiC CMC tensile coupons.

The samples containing the Tyranno fibers had been machined into dog-bone specimens
(approximate tab and gage widths of 12.7 and 10 mm, respectively), while the test specimen containing
the HNS fibers was a straight sided bar (i.e., no variable cross section). A steel aperture plate containing a
44 mm (1.75 in.) diameter circular opening is used to assure a consistent laser-heated area, and the surface
temperature of the hot-zone was monitored using an IRCON Modline 5 Series infrared pyrometer and
FLIR thermal imaging system. This setup is capable of delivering a very stable beam profile, leading to a
near constant temperature in the heated region (Ref. 12). The electrical resistance of the test specimen is
monitored using an Agilent 34420A digital multimeter utilizing a four-point probe method. To avoid
damage to the ER system caused by the high temperatures in the heated area, the outer ER electrodes are
attached at the specimen ends and the inner electrodes attached at 15 mm from the specimen ends
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(resulting in an inner probe separation distance of approximately 122 mm). Because the specimens are
relatively thin, the surface heating generates a negligible through thickness thermal gradient. However,
because only the gage section of the sample is heated, a longitudinal thermal gradient is generated from
the edge of the heated region to the specimen end. Implications of the resulting thermal gradient on the
sample response are discussed in the proceeding sections.

Results and Discussion

Room Temperature Resistivity

The as-produced room temperature electrical resistivity values for the specimens used in this study
are listed in Table 2. The volumetric electrical resistivity, p, was calculated from the equation:

p= e))

where R is the electrical resistance determined from the four-point probe method described above, I is the
inner probe distance and A is the average cross-sectional area (listed in Table 1) of the sample. The results
of these measurements yield some interesting trends. First, the resistivity of the much larger (laser-heated)
samples are considerably higher than the ZEM3 test specimens. While this is potentially coincidental,
there is the possibility of size effects produced by an insulating effect at the grain boundaries of the
constituents (especially the small grain size fibers (Ref. 13). That is, assuming a constant grain size
between samples of different lengths, a smaller sample would contain less grain boundaries and hence a
lower resistivity. A similar size effect could be caused by porosity such that, the electrical resistance of a
smaller sample is going to be much more sensitive to porosity than that of a larger sample. Furthermore, it
has been shown that the electrical resistivity measured via the ZEM3 unit contains an uncertainty of

17 percent across any temperature measurement (Ref. 27). However, by far the most dominate
mechanism controlling differences in sample resistivity is likely the consequence of processing variations.
Though they may contain the same fiber types, the samples used for each type of test were from different
processing batches (i.e., from separately produced CMC panels). The difference in free silicon content in
the reaction bonded Si-SiC matrix resulting from the MI process could be significant, which due to the
high electrical conductivity of silicon at room temperature (many orders of magnitude higher than SiC),
would result in a considerable batch-variation effect on composite resistivity. This can lead to the
considerable differences between different panels of the same composite architecture. However, a much
less significant variation is seen when comparing the ER of each sample used in this study to other
specimens machined from the same CMC panel. The room temperature resistivity of the samples tested
are listed in Table 2.

To determine an average panel resistivity, the resistivity of a number of tensile specimens taken from
the same panel as the test specimen were averaged in order to define a nominal panel resistivity. This
average is then compared to the resistivity in each sample (Table 2). Note that the table lists: the average
panel resistivity calculated, the number of specimens used to determine this average, and the
corresponding scatter in measured values. In general, the resistivity of each sample is in good agreement
with its respective nominal panel value.

TABLE 2.—ROOM TEMPERATURE ELECTRICAL RESISTIVITY (OHM-MM) OF SPECIMENS,
AND CORRESPONDING AVERAGE PANEL RESISTIVITY

ZEM3 Avg. [# of specimens] (scatter) Laser Avg. [# of specimens] (scatter)
Tyranno ZMI 0.667 0.545 [3] (+0.056/~0.083) 1.361 1.449 [3] (+0.208/-0.088)
?;'pl\éigalon 0.397 0.300 [3] (+0.097/-0.070) 0.931 0.909 [3] (+0.123/-0.117)
Tyranno SA 0.357 0.313 [6] (+0.078/-0.076) 0.649 1.043 [7] (+0.468/-0.393)
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To further investigate the scattering in ER within a panel, discrete measurements along the length of
the larger samples can be taken to illustrate the order of anisotropy. For example, Figure 3 shows room
temperature ER values of the pre-tested, as-produced (pristine) sample, calculated for small increments
along the length (+ distance from the center of the sample) of the HNS-reinforced tensile specimen used
in the laser-based heating test. The figure shows that there is a similar variation in ER within a sample as
variation between samples in the same panel. This supports the previous conclusion that, while there is
likely to be considerable batch-variation between CMC panels, the resistivity within a panel is
considerably more uniform. Another interesting trend seen in the room temperature ER values listed in
Table 2 is the consistency between sample types (ZEM3/laser) in terms of reinforcing fiber. That is, for
both sets of samples the CMC resistivity is highest in the ZMI reinforced system and lowest in the SA.
This trend seems to be consistent with that of recorded fiber resistivity that list these fibers in order of
most-to-least resistive as: ZMI, HNS and finally SA (Refs. 9 and 14). This suggests to some extent the
possible contribution of the fiber resistivity to the overall room temperature composite electrical response.
However, it is difficult to determine the significance of fiber contribution since (as previously mentioned)
the room temperature composite resistivity is largely dominated by the volume of Si in the MI matrix
material. Finally, the values of room temperature ER measured post laser-heating indicate an interesting
phenomenon resulting from the high temperature heat treatment of the CMC samples. In all cases, the
effect of heat treatment on the specimens was to permanently increase the room temperature electrical
conductivity (decrease resistivity) of the material. The ER values of the laser-heated samples decreased
from the values listed in Table 2 (1.361, 0.931, 0.649 ohm-mm) to 1.263, 0.846, and 0.608 ohm-mm for
the ZMI, HNS and SA samples respectively. Similar behavior was not evident however in the ZEM3
tested samples, presumably due to the lower maximum test temperatures to which they were exposed. To
further investigate the effect of high temperature exposure on the electrical properties of the laser-heated
samples, post-heating room temperature ER measurements were taken at the same locations as the pre-
test measurements. Figure 3 shows the variation along the length of the HNS-reinforced tensile bar after
being tested via the laser-heating technique.

[ZPristine  m Post laser heating

1.2 -
AN
1 \
= _
£
e 0.8 e 25t0 50 mm
E o \
3 - Y
z \ 10to 25 mm
> b Y
F 0.6 1
ﬁ \ +10mm
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£ 0.4 - \ -10t0-25mm
2 v
w
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Figure 3.—Room temperature Electrical Resistivity measured from the centerline of the Hi-Nicalon Type S
laser-heated sample, performed before heating (Pristine) and Post laser-heating. Note: the heated region of
the composite specimen is approximately £22 mm.
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It is clear that the heated area of the sample saw the most significant residual increase is room
temperature electrical conductivity, while the area outside the heated zone (£25 to 50 mm) saw only a
negligible change. It is therefore concluded that exposure to high temperatures (>1000 °C) effectively
changes the microstructure of the composite, resulting in a residual increase is room temperature
conductivity. The electrical resistivity of semiconductors like SiC are controlled by various
microstructural attributes including: the concentration and type of chemical impurities (dopants) within
the material and at the grain boundaries, as well at the grain boundaries themselves (Ref. 19). Heat
treatment of bulk SiC can precipitate these impurities, greatly changing the electrical properties of the
material. Also, heat treatment of fine grained polycrystalline SiC fibers has been shown to lead to grain
coarsening (grain growth) leading to a decreased number of grain boundaries (Refs. 13 and 21). Fewer
grain boundaries leads to a lower barrier to electron movement and in turn an increase in electrical
conductivity. An additional mechanism aiding in increasing conductivity is the possibility that high-
temperature exposure decreases the residual thermal stresses within the matrix that were developed by
cooling the material from processing temperature. This decrease in residual thermal stress could have a
pressure effect on the free silicon within the Si-SiC matrix that results in an increase is conductivity.
While it is evident that heating MI-CVI SiC¢/SiC composites to elevated temperatures increases their
room temperature electrical conductivity, the mechanism that is most significant to the residual change
observed in these materials is not known at this time. Looking ahead to applications in CMC damage
characterization, the technique demonstrated in Figure 3 could be adopted to quantify post-test
mechanical damage of CMCs by looking at the residual increase in ER at room temperature. This would
be particularly helpful in identifying areas of increased localized damage associated with stress
concentrations and local strain fields. Note that if this technique is being used for inspection following
high-temperature mechanical testing, care must be taken to recognize the competing mechanism of
conductivity increase due to high temperature exposure and increased resistivity due to accumulated
composite damage.

Temperature Dependence of Electrical Resistivity

When considering the temperature dependent response of complex semiconductor materials like
MI-CVI SiC¢/SiC CMCs, it is first important to consider the mechanisms controlling electron transport in
semiconductor materials in general. Therefore, in terms of transport mechanics, electrical resistivity p can
be expressed as the following:

1
p=5~"neu @

where the electrical response of the semiconductor is governed by the temperature dependencies of both
the carrier concentration n and mobility u, and where the electron charge e is considered a physical
constant that does not depend on temperature. In terms of energy band theory, for an intrinsic
semiconductor (i.e., a material that does not contain any charge donor or acceptor impurities/dopants)
electrical conductivity is dictated purely by the number of electrons shifted from the valence to the
conduction band. As temperature T increases the number of electrons excited to the conduction band
increases, leaving a proportional number of holes/vacancies in the valence band. The intrinsic carrier
concentration has been shown to be proportional to 7%exp(-E./2kT), where Eg is the semiconductor band
gap energy (the activation energy required to move an electron to the conductive band). Since intrinsic
materials are free from any dopant atoms there is no effect of impurity scattering of electrons only
thermally induced lattice scattering, resulting in electron and hole mobilities proportional to 7. The
temperature dependencies of carrier concentration and mobility therefore result in an electrical resistivity
controlled by an exponential relationship to the energy band gap exp(E/2kT) (Ref. 20). The natural log of
resistivity versus the reciprocal of absolute temperature plots are therefore often used to represent
electrical data since such plots are indicative of the energy distribution of charge carriers in relation to
thermally induced excitations.
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The inclusion of small amounts of impurity atoms to a semiconductor can greatly affect the electrical
properties. The temperature dependence of electron transport of extrinsic semiconductors (i.e.,
semiconductors containing impurity atoms) demonstrate a slightly more complicated behavior than pure
semiconductor materials. In the temperature range corresponding to the extrinsic or saturation region, the
carrier concentration is approximately equal to the impurity concentration (dopant density) thereby
making carrier concentration effectively independent of temperature. Also, for low and moderate impurity
concentrations, lattice scattering dominates and electron mobility decreases with temperature as 772,
Therefore, due to the inverse proportionally of resistivity to mobility (Eq. (2)), materials at moderate
dopant levels and temperatures will show an increasing resistivity with temperature. Resistivity will
continue to increase with temperature until a transition temperature is reached at which carrier
concentration begins increasing due to the significant number of bonds being ruptured at high
temperature. The semiconductor then behaves essentially as an intrinsic material and resistivity decreases
(conductivity increases) and follows the intrinsic curve. Increasing of the dopant concentration (number
of conductive impurities) will effectively decrease the resistivity of the material, thereby shifting the In(p)
versus inverse absolute temperature curve down the resistivity axis and move the onset of the intrinsic
behavior to a higher temperature. That is, an increased number of bonds are required to be broken in order
to increase the number of charge carriers to overcome the large number of dopant atoms. If dopant
concentration is very high the effect of impurity scattering increases and at some dopant level will cancel
out the effect of lattice scattering, making carrier mobility completely temperature independent. If the
material is in the extrinsic temperature region where carrier concentration is also temperature
independent, resistivity becomes effectively insensitive to temperature. Hence, heavily doped
semiconductors show very little temperature dependence of electrical resistivity.

The electrical resistivity of MI-CVI SiC¢/SiC CMCs containing various fiber types was investigated
up to approximately 900 and 1300 °C using a commercially available ZEM3 unit and novel laser-heating
technique respectively. The results of the testing are shown in Figure 4. As with typical semiconductor
materials, the initial increase in resistivity with temperature is the result of a reduction in carrier mobility
caused by the lattice scattering of valence electrons. For these materials, this behavior appears to change

T(°C)
1727 1060 727 394 227 127 60
8 - | . ' | ; \ |
—e—ZMl Laser
7.5 - —=—HNS Laser
--o--ZMI ZEM3
——SA Laser
— --u--HNS ZEM3
& 77 —-2--SA ZEM3
[
*
£
* S
Ees{ .. .
o
£ 6 - -
5-5 T T T T T T 1
0 0.5 1 1.5 2 25 3 35

103/T (K1)

Figure 4 —Temperature dependent electrical response of MI-CVI SiC#/SiC samples
tested using the ZEM3 and laser-based heating technique, respectively.
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at temperatures ranging from 900 to 1100 °C (depending on the composite microstructure and testing
type) when presumably the increase in carrier concentration becomes more dominant and the samples
start to become increasingly more conductive with temperature.

While all of the samples show trends of this nature, there are apparent differences in activation
energies and transition temperatures caused by microstructural differences between specimens. It could
therefore be possible to quantify differences in material microstructure based on their individual material
response.

Isothermal Behavior and Parallel Constituent Model

If electrical resistance monitoring is to be extended for use in elevated temperature mechanical
testing, it is critical that the contribution of each composite constituent at high temperature is well
understood in order to correlate observed changes in ER with specific damage mechanisms. Therefore, if
the composite is considered as two separate and continuous phases of: (1) fibers in the longitudinal
direction vy, , and (2) an “effective” matrix material m.; consisting of the fiber/matrix BN interphase, CVI
SiC matrix, Si-SiC matrix, and transverse fiber tows (i.e., everything that is not fibers in the longitudinal
direction), it is possible to model the composite as a parallel circuit in order to determine the contribution
of each constituent phases to the overall electrical conductivity. This parallel circuit model should be a
reasonable assumption since both of the assigned phases forms a continuous material throughout the
composite. When parallel processes of electrical conduction exist, the total conductivity is the sum of the
individual contributions. Therefore, the route with the highest conductivity dominates the conductivity of
the system. With respect to resistivity, we can express this parallel circuit in terms of the reciprocal
resistivity of each phase and their respective volume fractions. Using the known fiber resistivity and
measured composite resistivity it is therefore possible to calculate the contribution of the effective matrix
material.

vfo + vm eff =1 (3)
Oc = V5, 0f + Vi effOmeff “4)

O, —‘Uf O'f
ooy = P ®
1Yo Tmesr (6)

Pc Pf Pmeff

1 Yfo -

Pmers = (1-vp,) (; - p—f> ™

The parallel circuit assumption represented in Equation (6) shows that the reciprocal of the composite
resistivity is the weighted average of the reciprocal of the constituents, where the weights following a rule
of mixtures assumption representing the respective volume fractions of the fibers vy and effective matrix
Vmeg. To illustrate the use of this model to determine the temperature dependence of each composite phase
(i.e., fibers and effective matrix), Figure 5 compares the calculated effective matrix conductivity 6, ¢y for
the (a) HNS and (b) SA reinforced composites using the isothermal ZEM3 data and the fiber conductivity
curves reported in Scholz et al. (Ref. 7).
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Figure 5.—The calculated electrical conductivity of the effective matrix materials
(solid lines) of the (a) HNS and (b) SA reinforced ZEM3 tested samples,
respectively. The ZEM3 measured conductivity data (dotted lines) and fiber data
(Ref. 7) (dashed lines) used in the parallel circuit.
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The results of the parallel circuit model clearly show that the matrix material not only dominates the
room temperature electrical conductivity, but continues to dominate with increasing temperature. While
the fiber contribution to composite conductivity continues to increase with temperatures, so does the
conductivity of the matrix as it transitions into the apparent intrinsic semiconductor region. Therefore,
because the matrix is so much more conductive than the fibers across the entire range of temperatures
(and continues to increase with temperature), it is believed that the matrix will persist in dominating the
electrical response of the composite as it reaches its maximum operating temperature of approximately
1315 °C.

As previously mentioned, the fact that the matrix controls the conductivity of the CMC is the basic
principle used in room temperature ER monitoring to correlate change in the resistance to composite
damage accumulation via matrix cracking and fiber sliding (Refs. 4 and 5). The results of this simple
parallel circuit model confirms that this is also the case at elevated temperature. Therefore, similar
damage mechanisms as those described in room temperature tensile tests should also correlate to change
in ER during high-temperature thermomechanical testing.

Effect of Thermal Gradient on Overall Electrical Response of
Laser-Heated Specimens

Due to the high test temperatures reached in the laser-based heating approach, the inner ER electrodes
utilized for recording the temperature-dependent electrical response are placed outside of the laser-heated
region (+44.45 mm) near the ends of the tensile bar (£61.2 mm) as shown in Figure 2. While this setup
prevents damage to the ER electrodes from high temperature exposure, it means that (unlike the
isothermal testing performed in the ZEM3) the resistance recorded during laser testing is a measurement
of the heated and non-heated length of the specimen and hence depends on the thermal gradient
throughout the specimen. Therefore, it becomes important to understand the role that this thermal gradient
has on the overall electrical behavior of the composite during high temperature testing.

The methodology used for determining the temperature distribution along the length of a sample is
outlined in Appendix A. For a given hot-zone temperature, the longitudinal thermal gradient in a laser-
heated sample is determined by numerical solution of the steady-state heat equation, Equation (12). An
investigation of the effect of the thermal gradient on electrical response was performed by examining a
ZMI tensile specimen machined from the same panel as the ZMI ZEM3 tested sample was heated using
the laser-based approach. This sample (denoted as ZMI-A) is a 6 in. tensile dog-bone specimen with
nominal gage cross-sectional dimensions (w x t) of 10.27 mmx4.09 mm (extending to ~12.7 mm width in
tab region). Because the ZMI-A tensile specimen was machined from the same panel as the isothermal
test specimen, it contains a similar microstructure and likewise similar physical properties. The calculated
temperature profiles along the horizontal centerline of the length of ZMI-A from the edge of the heated-
region to the end of the sample is shown in Figure 6 for various steady-state values of hot-zone
temperature.

The determination of the temperature dependent parameters used in the calculation of the temperature
profiles are shown in Figure 8. Heat losses due to thermal radiation were calculated assuming the
temperature dependency of emissivity for bulk SiC (Ref. 26), while the temperature dependent values of
thermal conductivity were deduced following a linear fit of literature data established for an MI-CVI
SiC¢/SiC laminate material (Ref. 2). Finally, the values used for the convection heat transfer coefficient
were determined via empirical relationships established for the natural convection from the surface of a
horizontal flat plate (Ref. 25). It is worth noting that each profile shown in Figure 6 assumes constant heat
transfer properties along the length, based on the given temperature of the heated region. This will of
course lead to some inaccuracies in the modeled temperature distributions.
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Figure 6.—The calculated longitudinal thermal gradient for the ZMI-A laser-heated sample.
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Determination of the temperature profile along the length of the specimen can be used in order to
model the total resistance of the sample. A simple approximation of the overall resistance of the specimen
is done by considering the tensile sample to be a series of distinct elements each assigned a single
resistance value, hence the entire sample is modeled as of a series of discrete resistors. By rewriting
Equation (1), each resistor in the series can be expressed as a function of the length, cross-sectional area,
and temperature-dependent resistivity of the element. Note that by taking a variable cross-sectional area
the model is able to account for the change in width from gage to end section of the tensile dog-bone
specimen. The total composite resistance can therefore be expressed as the some of these resistance
elements as:

Repor = LR = Z20H ®)

ctot —

The temperature-dependent resistivity is taken from the experimentally determined isothermal
response from the ZEM3 unit. Due to the temperature limitations of the ZEM3 unit, the high temperature
response (>900 °C) can be estimated by extrapolating the data following a typical intrinsic semiconductor
(In(p) o 1/T) relationship. It is worth noting that, due to the large variation in resistivity values between
composite samples from different panels, it is necessary to use experimental isothermal data taken from a
similar resistivity sample to accurately populate the series model. Therefore, in order to verify the validity
of the proposed model, the isothermal ZMI data shown in Figure 1 is extrapolate to 1300 °C and used to
model the experimental response of ZMI-A. The modeling results, along with the associated error is
shown in Figure 7.

The dashed line representing the results of the model are in general agreement with the experimental
data. However, there does appear to be the highest discrepancy across the intermediate hot-zone
temperatures (500 to 900 °C). This is likely due to a combination of the relative noise of the signal across
these temperatures, as well as the simplifying approximations used in the solution of the temperature
profile of the sample. Notably, the use of a constant thermal conductivity and convection coefficient.
Furthermore, while the ZEM3 sample used in the model is from the same composite panel as the laser-
heated sample, the inhomogeneous nature of MI matrices of these CMCs certainly attributes to some
variation of material response.

Conclusions

The present study explores the temperature dependent electrical response of MI-CVI SiC¢/SiC CMCs
using both isothermal and laser-based heating approaches. The study examined composite systems
containing various reinforcing fiber types, including: Tyranno ZMI and SA, as well as Hi-Nicalon
Type S. The novel laser-based setup developed for this study was capable of overcoming the sample size
and temperature limitations of typical characterization techniques. Specifically, the laser system was used
to heat the gage section of standard tensile coupons used in mechanical testing to temperatures that
represent the desired usage temperatures of MI-CVI SiC¢/SiC composites. Therefore, the data collected
using this methodology not only provides a unique materials database, but also insight into the possible
complexities of extending the use of ER measurements into high temperature thermomechanical tensile
testing and damage characterization.

Comparison of the room temperature resistivity of the various test samples represented the wide
variation in electrical properties of these materials due to microstructural differences. While sample
machined from the same CMC panel appear to have similar resistivity values, samples taken from
different panels can vary greatly. For composites containing the same type and relative volume of
reinforcing fiber this is presumably caused by variations in matrix microstructure. Specifically, the
volume fraction and dispersion of the free silicon remaining in the matrix post melt-infiltration. Clearly,
composites containing different fiber types have a combined effect of differences in fiber resistivity and
content (however small) as well as these differences in matrix composition. Furthermore, it was found
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that exposure to very high test temperatures resulted in a residual increase in the room temperature
resistivity of the sample. This finding is significant if ER measurements are to be used to characterize
materials that have been exposed to extreme temperatures. That is, knowing the effect of high temperature
heat treatment a prior is necessary for the deconvolution of a complex ER response.

In terms of temperature dependent behavior, all of the composites tested experienced an initial
increase in resistivity with temperature with an observable transition at high temperature. Similar to
typical moderately-doped semiconductor behavior, the resistivity increased with temperature up to some
transition temperature at which point the resistivity began to decrease. The ability of the laser-based
heating setup to achieve temperatures above this transition point allows for a more accurate representation
of material behavior in extreme environments. Moving forward, quantification of variations in activation
energy and transition temperature could possibly be used to characterize differences in microstructure or
impurity concentration.

By considering the composite material as a parallel circuit of continuous phases of SiC fibers and
effective matrix material, the contribution of each phase to the overall conductivity of the material was
investigated. It was found that the silicon rich siliconized-SiC matrix resulting from the melt-infiltration
process dominated the ER of the composite at all temperatures. This finding is extremely important if the
use of electrical resistance monitoring is to be extended to damage monitoring of MI-CVI SiCy¢/SiC
composites under high temperature tensile loading. It has been shown in room temperature uniaxial
tension testing of similar materials that because the matrix dominates electrical conduction, that
increasing matrix cracking correlates to increasing electrical resistance. Therefore, by demonstrating that
the matrix continues to dominate electrical conduction al all temperatures of interest, the same working
principle should apply and this type of ER monitoring remains a feasible and cost effective method of
damage quantification.

Finally, the significance to overall specimen response of the longitudinal thermal gradient developed
using the laser-based heating approach was investigated. One major advantage of this test method is that
it can be used to demonstrate the use of ER monitoring in high temperature mechanical testing. However,
due to extreme temperatures it becomes necessary to remotely sense the ER response of the gage section.
By calculating the temperature profile and using the temperature dependent resistivity data collected
using the ZEM3 unit, the contribution of the thermal gradient along the length of the sample to the overall
ER response was shown. The approximation of a series circuit resulting in general agreement with
experimentally obtain results.
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Appendix—Determination of Temperature Profile Using
Simplified Heat Transfer Model

In order to calculate the longitudinal thermal gradient generated by the gage-section heating the
tensile specimens used in the laser heating approach, various assumptions and boundary conditions need
to be defined. First, it should be noted that the sample is relatively thin in comparison to the longitudinal
dimension. Therefore, a major simplifying assumption is that the temperature can be assumed relatively
constant in the thickness direction. Secondly, because the incident laser energy supplied to the surface of
the specimen results in an extremely uniform heating area the temperature of the heated-section is
considered constant as well. Since the hot-zone is assumed to be a constant value, a Dirichlet condition
(boundary condition of the first kind) is defined along the edges of the heated region. Negligible heat is
assumed to be lost through the other edges of the sample (along the sides and top/bottom) and are
therefore assigned an insulating Neumann (second kind) boundary condition. Consequently, the resulting
convection and radiation losses from the edge of the heated region to the end of the specimen are assumed
to be between the faces of the specimen and the surrounding ambient environment. These assumptions
simplify the subsequent heat transfer analysis to a 2D approximation of heat losses from the faces of the
sample outside the gage section.

The heat transfer from each face of the specimen per unit area do to free convection Qeony can be
written as:

Qconv = (T — Tgmp) ©

where A is a given uniform heat transfer coefficient, 7'is the temperature at a given location on the sample
surface and 7.m»1s the ambient temperature of the surroundings. The heat loss due to radiation per unit
area of the front and back specimen faces is defined as:

Qraa = SO-(T4 - T;mb) (10)

where £1is the composite surface emissivity and o is the Stefan-Boltzmann constant. Therefore, the
general for of the heat equation can be written as:

ar a*r  a’r
Depte 5t = kte (55 +55) + 2Qcons + 2Qraa = 0 (11)

where the first term represents the time rate of change of thermal energy of the medium in terms of
material density D, specific heat ¢,and thickness ¢. (note that as written this assumes the material is
isotropic). However, when there is no change in the amount of energy storage (i.e., steady-state condition)
this term goes to zero. The second term represents net conduction along the length of the composite
assuming a constant thermal conductivity 4, and the final two terms represent the heat losses due to
convection and radiation respectively (the factor of two on these terms accounts for the losses of both the
front and back faces of the sample). In terms of the steady-state temperature profile, the equation can be
rewritten as follows:

—kt V2T + 2hT + 2e0T* = 2hTypp, + 260To (12)

Note that because the radiation losses are proportional to temperature to the fourth power, the governing
partial differential equation (PDE) shown above is nonlinear. The resulting PDE could be quite difficult to
solve analytically because of this nonlinearity and coupling with other modes of energy transfer.
Therefore, a numerical approach is often chosen in order to solve for the temperature distribution.
Specifically a nonlinear PDE solver based on a damped Newton iteration method was used in order to
numerically solve for the temperature field under given material and environmental parameters (Ref. 23).
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Establishment of Temperature Dependent Heat Transfer Parameters

Because there is no forced air cooling on the sample, convection heat transfer is driven by the free
(natural) convection of warm air ascending from the hot surface of the horizontal samples being replaced
by descending cooler fluid from the ambient. The coefficient to be used in calculation of natural
convection losses is approximated by considering the buoyancy-driven flow at the surface of the constant
heated-region. An average heat transfer coefficient h can be expressed in terms of Nusselt number Nu;, as:

h ==Nu, (13)

where kis the thermal conductivity of the fluid medium (air) and Z is the characteristic length of the
heated surface. Empirical correlations for external free convection have been determined in which Nu,, is
expressed in terms of the dimensionless Rayleigh number, Ra; . A correlation for convection flows from
the surface of horizontal flat plates was determined for Ra; > 200 as (Ref. 24):

Nu; = 0.59Ra;’* (14)
where the Rayleigh number is the product of the Grashof and Prandtl numbers and is defined as:

_ 3
— 9B (Tsur—Too)L (15)

Ra
L va

where Ts,-and T are the surface and ambient temperatures respectively, gis the acceleration due to
gravity, and S, vand a are thermal expansion coefficient, kinematic viscosity and thermal diffusivity of
air evaluated at the film temperature, Tf = (Tsy, + Too)/2. It has been shown that improved accuracy of
these correlations can be obtained by considering the form of the characteristic length as the ratio (Ref. 24):
As
7

L= (16)
where Asand Pare the plate surface area and perimeter, respectively. Therefore, by using the
thermophysical properties of air at ambient pressure (Ref. 25) and the characteristic length of a nominal
tensile specimen with surface dimensions of 152.4x12.7 mm, it is possible to estimate the free convection
coefficient of a horizontal sample as a function of surface temperature by the solution of Equation (13) in
terms of Equations (14) to (16). Results of this analysis are plotted in Figure 8 for 200 °C < T, < 1300 °C.
Note that the use of this correlation will lead to a slight overestimation of the convection losses. This is
due to the fact that Equation (14) was established from empirical data found for a constant temperature
(isothermal) plate, whereas our sample experiences a temperature drop outside the constant temperature
heated section.

The solution of Equation (12) also requires knowledge of the temperature dependent emissivity of the
sample. It is known that semiconductive materials have relatively high emissivity values, and literature
data on the temperature dependence of SiC is readily available (Ref. 26). The emissivity values used in
analysis are shown in Figure 8. While emissivity depends on the nature of the surface and sample
microstructure, this should be a reasonable approximation for the purposes of this study.

Finally, it is necessary to establish the temperature dependence of the thermal conductivity to be used
in the solution of the heat equation. In-plane thermal conductivity data for SiC¢/SiC composites has been
reported for both room and high temperature (1200 °C) (Ref. 2). A linear fit to these engineering
estimates has been produced and is shown in Figure 8. This trend should be a responsible estimate as the
data refers to similar slurry melt-infiltrated SiC¢/SiC composites. Furthermore, this data was established
for in-plane data as opposed to the more commonly reported transverse conductivity.
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(h), and emissivity (€) used in the numerical solution of longitudinal thermal gradient.
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