
A

T
w
6
1
g
t
c
©

K

1

r
p
t
o
s
c
o
a
o
r
2
t
s

b

(
A

0
d

Available online at www.sciencedirect.com

Journal of the European Ceramic Society 30 (2010) 2203–2207

Giant piezoresistivity of polymer-derived ceramics at high temperatures�

K. Terauds a, P.E. Sanchez-Jimenez a, R. Raj a,∗, C. Vakifahmetoglu b, P. Colombo b,c

a Department of Mechanical Engineering, Engineering Center - ECME 114, University of Colorado at Boulder, Boulder, CO 80309-0427, United States
b Dipartimento di Ingegneria Meccanica - Settore Materiali, Università di Padova, via Marzolo, 9, 35131 Padova, Italy

c Department of Materials Science and Engineering, The Pennsylvania State University, University Park, PA 16802, United States

Available online 25 March 2010

bstract

he piezoresistivity of a silicon oxycarbonitride polymer-derived ceramic (PDC) material is investigated at high temperatures. The resistance
as measured as a function of uniaxial loading under constant current conditions. The piezoresistive gage factor was found to be in the range of
00–1700 at an applied stress of 1 MPa. The gage factor depends on both the stress and temperature. The piezoresistivity was measured up to

◦
000 C, demonstrating the viability of PDCs as piezoresistive materials at high temperatures. The Arrhenius dependence of the gage factor, ψ,
ives the following expression for its temperature dependence at 1 MPa:ψ = 44 exp(28,000/8.31T), where T is in Kelvin. The extrapolated values of
he gage factor yield a value of 322 at 1400 ◦C, and 287 at 1500 ◦C (at an applied stress of 1 MPa). A combination of stability at high temperatures,
hemical durability, and large gage factor are entirely unique to PDCs making them ideal candidates for sensor materials in extreme environments.

2010 Elsevier Ltd. All rights reserved.
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. Introduction

Polymer-derived-ceramics (PDCs) are a new class of mate-
ials produced from the decomposition of organic polymer
recursors. The PDCs offer a unique combination of proper-
ies akin to both polymers and ceramics. The unusual attributes
f PDCs stem from their amorphous nanodomain structure. The
tructure consists of an organic graphene network with typi-
al domain sizes in the range of 1–5 nm.1,2 Special properties
f PDCs include high oxidation and thermal shock resistance,
nd zero creep behavior, which make them a distinctive class
f high temperature ceramics.3–5 It has been shown that PDCs
emain stable up to 1400–1500 ◦C and, in special cases, even at
000 ◦C.6 The PDCs have been shown to hold promise for high

emperature membranes, oxidation resistant coatings, and flux
ensors for gas turbine engines.7–9

In addition to their structural properties and chemical sta-
ility, the PDCs also possess functional properties of different

� This paper was presented at the Air Force Office of Scientific Research
AFOSR) Workshop on Aerospace Materials for Extreme Environments, held
ugust 3–5, 2009 in St. Louis, MI.
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inds. They are semiconductors at least up to 1300 ◦C.10 Though
morphous, they are intensely photoluminescent11 with a wide
pectrum emission. Recently they were shown to have giant gage
actors for piezoresistivity at room temperature.12,13 Such func-
ional properties of the PDCs are sensitive to their composition
nd processing and, therefore, it would be possible to tailor them
or specific applications.

The PDCs are also attractive for multifunctional applications
ecause they are processed from the polymer route at low tem-
eratures (in this respect they are unusual since conventional
eramics must be processed at a temperature that is higher than
heir service temperature). The polymer route to processing
nables photolithographic methods for fabrication of MEMS-
cale sensor devices, employing commonly used techniques for
hotoresists in the electronics industry.14–17

Today’s most common piezoresistive sensor materials are
oped silicon and germanium. The elevated temperature perfor-
ance of these materials is typically limited to below 200 ◦C.
ewer materials, such as diamond films and SiC, possess better
perating ranges but are still limited to relatively low tempera-
ures.

The purpose of this paper is to characterize the piezoresis-

ivity of a polymer-derived SiCNO at elevated temperatures up
o 1000 ◦C. The results yield very large values for the piezore-
istive gage factor, raising the specter of a new class of high
emperature stress and strain sensors.

dx.doi.org/10.1016/j.jeurceramsoc.2010.02.024
mailto:rishi.raj@colorado.edu
dx.doi.org/10.1016/j.jeurceramsoc.2010.02.024
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. Methods/experimental procedure

.1. Sample preparation

The samples were prepared in two steps. In step one, a silicon
xycarbide specimen was prepared using the process described
ust below. These specimens were non-conducting. In step two,
itrogen was exchanged with oxygen to render them electrically
onducting, using the high pressure nitrogen annealing process
t high temperatures.10 Even minor exchange of oxygen with
itrogen, here by a mere 6% atom fraction makes the specimens
lectronically conducting.

In step one, the samples were prepared using a commercially
vailable preceramic polymer, poly(methyl)silsesquioxane
MK, Wacker Chemie AG, Burghausen, Germany; denoted as
MS). 7 g of PMS precursor was thermally cross-linked at
50 ◦C for 5 h in air, and 3 g of PMS precursor was partially
ross-linked at 100 ◦C for 15 min in air to act as a binder (for
oth of the curing process heating and cooling rate was set to
◦C/min). Then both powders were mixed together and ball
illed at 350 rpm. The powder was then cold pressed in a steel

ie at 15 MPa.
The powder pressed greenbody was pyrolyzed at 1200 ◦C in

furnace with tungsten elements under a nitrogen atmosphere.
he cycle was ramped to 1200 ◦C at 2 ◦C/min, held for 2 h,
nd then cooled to room temperature at 2 ◦C/min. The sample
emains an electrical insulator after the pyrolysis. In step two,
he sample was rendered to be conductive by heat treating for
5 h in a hot-isostatic-press (HIP) under nitrogen atmosphere
ith a peak temperature of 1400 ◦C and a maximum pres-

ure of 26.2 MPa. The pyrolysis and HIP cycles are shown in
ig. 1. After heat treatment, the sample was 3.0 mm thick with
3.4 mm × 4.2 mm cross-section and had a room temperature

onductivity of 2.0 × 10−4�−1 cm−1.
The chemical composition of the sample was measured
sing a LECO C-200 Carbon Analyzer and a LECO TC-600
xygen-Nitrogen Determinator. The carbon, nitrogen, and oxy-
en compositions by weight were measured to be 10.6 ± 0.3%,
.55 ± 0.06% and 40.21 ± 1.8%, respectively; the balance,

Fig. 1. Pyrolysis and heat treatment schedule.
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ig. 2. Absence of diffraction X-ray peaks indicating amorphous structure.

6.64%, was assumed to be the weight fraction of silicon. These
easurements gave the following molar composition for the

ample: Si0.32C0.17N0.03O0.48. The room temperature conduc-
ivity of the sample was an order of magnitude lower than

easured in Ref. 10. Although the nitrogen to oxygen ratio in
oth studies was similar, the silicon to carbon ratio in the present
xperiments was higher than in Ref. 10, which may have been
esponsible for the lower conductivity.

The X-ray diffraction of the samples, after pyrolysis, and then
gain after the heat treatment in the hot-isostatic-press are shown
n Fig. 2. They confirm the amorphous nature of the samples.

.2. Electrical measurements under applied stress at high
emperature

The experimental set-up for the stress-dependent electrical
easurements is described in Fig. 3. The sample was heated

rom 700 ◦C to 1000 ◦C in an Applied Test Systems cylindrical
urnace. Temperature was measured with a K-type thermocouple
ositioned next to the sample. The sample was loaded in uni-
xial compression by an Enterpac 10-ton hydraulic press using
lumina rods as extensions. The force was measured by a Strain-
ert universal load cell. Pliable graphite paper with nickel lead
ires was used between the alumina rods and SiCNO sample as

lectrodes. The sample was immersed in a flowing Argon atmo-
phere to prevent oxidation of the graphite electrodes. A constant
urrent of 3.15 mA was applied across the sample using a
orensen 300-2 power supply. The voltage change between elec-

rodes was measured using a Keithley 2000 Multimeter. Sample
esistance was then calculated from the known current and mea-
ured voltage using Ohm’s law. The validity of the Ohm’s law
as ascertained. Fig. 4 shows the linear voltage–current rela-

ionship across the sample at a fixed temperature and stress. (A
inear least-squares fit to the V–I data set gave an R-squared

alue of 0.9998.)

The piezoresistive measurements were made by raising the
urnace to the test temperature and holding at that temperature
or 15 min. Compressive loads ranging from zero to 10 MPa
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Fig. 3. Schematic of experimental setup.

ere then applied in several cycles of loading and unloading.
he effect of the applied stress on the resistance of the specimen
as reproducible. The loading and unloading cycles gave the

ame result for the stress dependence of resistance, confirming
eversible elastic (and piezoresistive) behavior.

. Results

◦ ◦
The stress–resistance curves, measured at 700 C, 800 C,
00 ◦C and 1000 ◦C are shown in Fig. 5. In each case a sharp
hange in resistance is seen when the specimen is loaded; this
rop is ascribed to a change in the contact resistance between

Fig. 4. Linear voltage–current behavior.
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Fig. 5. Resistance load cycles up to 1000 ◦C.

he graphite electrodes and the sample since the graphite was
n the form of a flexible foil which would need to be pressed
losely against the sample face to achieve good electrical con-
act. These early points (below 0.5 MPa) have been omitted in
he subsequent analysis.

The gage factor, K, was calculated by

= 1

R
.
dR

dε
(1)

here R is the sample resistance and ε is the applied elastic strain.
he strain was calculated from the applied stress using a Young’s
odulus of 97 GPa, the value measured by Cross and Raj18 on
sample with a similar composition (SiC0.50N0.03O0.47). The

lope, dR/dε, was calculated from a nonlinear least-squares fit
o the stress–resistance curves in the form of

= c1 + c2 · e−σ/c3 (2)

here c1, c2, and c3 are numerical constants, and � is the applied
tress. A chi-squared goodness of fit hypothesis test was per-
ormed on each curve verifying that all non-random variance in
he data was explained by Eq. (2).

The results for the piezoresistivity gage factor are given in
ig. 6. The gage factor varies within the range 600–1700 near an
pplied stress of 1 MPa. However, it varies strongly with stress
nd temperature. A decreasing gage factor with higher stress

s in agreement with the room temperature piezoresistivity of
DCs reported by An and coworkers.12 The high temperature
iezoresistive gage factors of various materials, including the
resent, are compared in Table 1.19–25

able 1
comparison of the gage factor of PDC (SiCNO) with other piezoresistive

aterials at ambient and higher temperature.

aterial Gage factor Temperature limit (◦C)

ermanium 10 135
ilicon 180 200
iCNO ∼1000 >1000
iamond 100 300
ilicon carbide 40 500
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Fig. 6. Stress dependent gage factor up to 1000 ◦C.

. Discussion

The underlying molecular mechanism for the large piezore-
istivity gage factors in PDCs remains an open question.
owever, some insights can be gained by calculating the acti-
ation energies for the temperature dependence of both the
esistivity and the gage factors in the present study.

The PDCs are amorphous structures which are expected to
ontain nanodomain networks of graphene, and mixed bonds of
ilicon, carbon, oxygen and nitrogen. The electronic properties
f these SiCNO based ceramics depend greatly on their com-
osition. For example, the conductivity can change by up to six
rders of magnitude by changing the N to O ratio.10 The semi-
onducting properties of these PDCs have been explained princi-
ally by the variable range hopping (VRH) mechanism.10 In this
echanism the mobility of the charge carriers is related to a hop-

ing distance, which is often much larger than the nearest neigh-
or distance in the molecular network, and by a hopping energy.
he hopping energy is usually in the few tenths of eV range.
Arrhenius plots of the resistance and the gage factors from
he present experiments are given in Fig. 7. The resistance has
n activation energy of 0.17 eV, which is typical of the hop-

ig. 7. An Arrhenius plot of the gage factor (solid lines) at different values of
he applied stress, and the resistance (dashed line).
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ing energy that was measured for the VRH mechanism.10

nterestingly the activation energy for the gage factor, which
s reasonably consistent at three levels of the applied stress, is
arger by a factor of two. The data are not extensive enough to
raw an inference as to whether the effect of the applied elastic
train is to alter the hopping distance or the hopping energy. At
rst glance it would appear that the applied elastic strain has a
ignificant influence on the hopping distance since the activation
nergy for the gage factor is greater than the activation energy
or the baseline resistance.

A fit of the gage factor to the Arrhenius plot given in Fig. 7,
ives the following expression for the gage factor, ψ, at a stress
f 1 MPa:

= 44 exp

(
28, 000

8.31T

)
(3)

ere T the temperature is expressed in K. Extrapolating Eq. (3)
o 1400 ◦C gives a value of 322 for the gage factor. At 1500 ◦C, a
alue of 287 is predicted. These values are large in themselves.
hat they may hold at ultrahigh temperatures is all the more

emarkable.

. Summary

The piezoresistive properties of a polymer-derived ceramic
aving the composition, Si0.32C0.17N0.03O0.48, was measured in
he temperature range of 700–1000 ◦C at stresses ranging from
MPa to 10 MPa. The gage factor is strongly stress and tem-
erature dependent. In this full range of stress and temperature
he gage factor varies between 100 and 1700, with the lowest
alue relating to the highest stress and temperature, and the high-
st value to the lowest stress and temperature. The piezoresistive
ehavior of the PDCs far exceeds the performance of any known
aterials in this temperature range.
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