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Carbon fiber provides strain sensing through change in electrical resistance upon
strain. Due to piezoresistivity of various origins, a single carbon fiber in epoxy,

an epoxy-matrix composite with short carbon fibers (5.5 vol%), a cement-matrix
composite with short carbon fibers (0.2-0.5 vol%), and an €poXxy-matrix composite
with continuous carbon fibers (58 vol%) are strain sensors with fractional change in
resistance per unit strain up to 625. A single bare carbon fiber is not piezoresistive,

but just resistive.

I. INTRODUCTION

An important aspect of a smart structure is structural
control, which typically involves the sensing of strain,
displacement, or derivative quantities and the use of
the signal from the sensor to activate certain actuators,
which bring about the desired intelligent response of
the structure. Thus, strain sensing is a key function in
structural control. Numerous types of strain sensors are
available, including optical fibers, piezoelectric sensors,
electrostrictive sensors, magnetostrictive sensors, and
piezoresistive sensors. The sensors are usually attached
to or embedded in the structure.

Composite materials involving fiber reinforcements
have become common structural materials. Among the
various types of fibers, carbon fibers have become quite
dominant due to their high strength, high modulus, low
density, and temperature resistance. Carbon fibers are
used to reinforce polymers, carbon, cement, and metals.
If the carbon fibers in the composite provide strain
sensing, then the conventional attached or embedded
sensors are not necessary. This would mean reduced cost,
greater durability, larger sensing volume, and absence
of mechanical property degradation (due to embedded
sensors). Therefore, this paper addresses strain sensing
using carbon fibers.

Carbon fibers are electrically conductive. This be-
havior causes a change in electrical resistance in re-
sponse to strain, thus enabling strain sensing. The nature
of the electromechanical behavior depends on whether
the fibers are continuous or discontinuous and depends
on the matrix around the fibers. This paper provides a
systematic study of the electromechanical behavior by
considering (i) a single bare carbon fiber, (ii) a single
carbon fiber in a matrix, (iii) a polymer-matrix composite
containing randomly oriented short carbon fibers, (iv) a
cement-matrix composite containing randomly oriented
short carbon fibers, and (v) a polymer-matrix composite
containing continuous unidirectional carbon fibers.

ll. A SINGLE BARE CARBON FIBER

Previous electromechanical study of carbon fibers
reported that, for low-modulus carbon fibers, the electrj.
cal resistance increases reversibly with tensile strain and
decreases reversibly with compressive strain, mainly due
to dimensional change rather than resistivity change -5
The objective of this section is to investigate the electro-
mechanical behavior of a single bare carbon fiber of
the same type that is used in most of the following
sections. In other words, this section provides baseline
information that is needed for the following sections,

The carbon fiber used was 10E-Torayca T-300
(unsized, PAN-based) of diameter 7 mm, density
1.76 g/cm’®, tensile modulus 221 *+ 4 GPa, tensile
strength 3.1 * 0.2 GPa, and ultimate elongation 1.4%.
The electrical resistivity was (2.2 + 0.5) X 102 Q cm,
as measured by using the four-probe method and silver
paint electrical contacts on single fibers. Single fiber
electromechanical testing was conducted by measuring
the electrical resistance during static and cyclic tension.
The dc resistance was measured by using the four-probe
method, using silver paint for the electrical contacts.
The outer two contacts (50 mm apart) were for passing
a current; the inner two contacts (40 mm apart) were
for voltage measurement (Fig. 1). A Keithley 2001
multimeter was used. Away from the four contacts, the
single fiber was attached vertically with adhesive (60 mm
apart) to a piece of paper with a rectangular hole cut in
it (Fig. 1). Prior to vertical tension application, the paper
was cut horizontally along the dashed lines shown in
Fig. 1. The tension was under load control, as provided
by a screw-type mechanical testing system (Sintech
2/D). The crosshead speed was 0.1 mm/min. The strain
was obtained from the crosshead displacement.

Figure 2 shows typical plots of the fractional in-
crease in resistance (AR/Ry), stress, and strain simulta-
neously obtained during static tensile testing up to fail-
ure. AR/R, increased monotonically with strain/stress,
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G. 1. Configuration for bare single fiber electromechanical testing.
wsingleﬁberisadheredtoaslwetofpaperusingadh&sivemhdm
:poimsof:dhesionmwmmapm.mfomsilverpaimelecuicnl
atacts are such that the outer contacts are 34 mm apart and the inner
»nnctsmMmmapmtThcslwetofpapcrhasarecmngularhole
1 in its middle. The inner contacts are within the hoie.

ith a slight negative deviation from linearity. The gage
ctor (or strain sensitivity), given by the measured
R/Ry divided by the strain, was 1.8-1.9 throughout
ie whole range of strain. The AR/R, calculated from
ie change in dimensions was less than but quite close
y the measured AR/Ry at every strain value.

Figure 3 shows plots of AR/Ro versus time and
rain versus time, simultaneously obtained during the
rst two cycles of tensile loading at stress amplitudes
qual to 18.8, 58.1, and 83.0% of the fracture stress, re-
pectively. The strain and AR/Ro were totally reversible
t low values of the stress amplitude (up to 58.1% of
1e fracture stress), but their irreversible components
acreased with stress amplitude at high values of the
tress amplitude. At the highest stress amplitude of
3.0% of the fracture stress, the extent of irreversibil-
ly of strain and AR/R, increased slightly with cycle
wmber {Fig. 3(c)]. At the intermediate stress amplitude
f 58.1% of the fracture stress, the strain was totally
eversible but AR/R, was not [Fig. 3(b)]. A nonzero
rreversible portion of AR/Ro was associated with a
ionzero fractional decrease in the elastic modulus from
he first cycle to the second cycle. The greater the irre-
rersible portion of AR/Ro, the gacater was the fractional
lecrease in modulus. The gage factor, given by the
eversible portion of &R/R, divided by the reversible
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FIG. 2. AR/Rg, stress, and strain simultaneously obtained during
static tension up to failure of bare single fiber.
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FIG. 3. Plots of AR/Rg versus time and of strain versus time during
two cycles of cyclic tension of bare single fiber at a maximum stress
of (a) 18.8% of the fracture stress, (b) 58.1% of the fracture stress,
and (c) 83.0% of the fracture stress.
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strain, was 1.9-2.3 at all stress amplitudes for both
cycles 1 and 2. The AR/ R calculated from the change in
dimensions was less than the measured reversibleAR/R,
at every stress amplitude.

Comparison of the calculated and measured re-
versible AR/R, shows that dimensional change is the
main cause of the observed reversible resistance change.
The observed irreversible resistance change is attributed
to damage, as supported by the accompanying decrease
in the elastic modulus.

Even at a stress amplitude of 83.0% of the fracture
stress, the irreversible portion of AR/R, is much smaller
than the reversible portion. Therefore, the use of the
carbon fiber as a strain/stress sensor is possible. The
irreversible portion, on the other hand, can be useful
as an indicator of the amount of damage, so that the
carbon fiber becomes a sensor of its own damage. This
damage should be distinguished from fiber breakage,
which would cause the irreversible AR/R, to be =,

. A SINGLE CARBON FIBER IN A MATRIX

In a composite, a carbon fiber is not bare but is -

embedded in a matrix. The objective of this section is
to investigate the electromechanical behavior of a single
carbon fiber embedded in a matrix. Two matrices are
included, namely a polymer (i.e., epoxy) and a cement
(i.e., portland cement, Type I).

A. In a polymer matrix

Resistive and piezoresistive behaviors are to be dis-
tinguished. Resistive behavior pertains to the reversible
increase of the electrical resistance (not resistivity) of
a fiber upon tensile strain, as described in Sec. I for
a single bare carbon fiber. The piezoresistive behavior
pertains to the reversible change in the electrical resis-
tivity upon strain, as reported in this section for a single
carbon fiber in epoxy.

It has been reported that a carbon fiber in epoxy
increases its electrical resistivity during the curing of
the epoxy due to the residual compressive stress resulting
from the shrinkage during curing and thermal contraction
during cooling of the epoxy.’ Since the residual com-
pressive stress in the fiber is expected to decrease upon
subsequent tension of the fiber, this observation suggests
that the electromechanical behavior of a carbon fiber in
epoxy may be different from that of a bare carbon fiber.
However, Ref. 5 reported the same electromechanical
behavior for bare carbon fiber and carbon fiber in epoxy.
As the residual compressive stress in a fiber increases
with increasing curing temperature,’ a higher curing
temperature than Ref. 5 was used in this work. Conse-
quently, the fiber resistivity (also resistance) increased by
10% after curing of epoxy in this work, whereas the fiber
resistance increased by only 0.5% after room temperature

]

curing in Ref. 5. Thus, upon sﬁbsequent tension of the
fiber in cured epoxy, we observed decrease of the fibey
resistance due to reduction of the residual compressive
stress, whereas Ref. 5 observed increase of the fiber
resistance (as in the case of the bare fiber). Our effect is
a piezoresistive effect in which the resistivity of a carbon
fiber in cured epoxy decreases reversibly upon tension
of the fiber.

The carbon fiber used was 10E-Torayca T-300 (un-
sized, PAN-based). The epoxy used was EPON(R) resin
9405 together with curing agent 9470, both from Shell
Chemical Co., in weight ratio 70 : 30. The recommended
curing temperature is 150-180 °C for this epoxy.

The electrical resistance of a carbon fiber embedded
in epoxy before and after the curing of the epoxy (at
180 °C, without pressure, for 2 h), as well as during
subsequent tensile loading, was measured using the
sample configuration of Fig. 4. A single fiber was
embedded in epoxy for a length of 60 mm and an epoxy
coating thickness of 5 mm, such that both ends of the '
fiber protruded and were bare in order to allow electrical -
contacts to be made on the fiber using silver paint. Four
contacts (labeled A, B, C, and D in Fig. 4) were made,
The outer two contacts (A and D) were for passing a
current, whereas the inner two contacts (B and C, 80 mm
apart) were for measuring the voltage. A Keithley 2001
multimeter was used for dc electrical measurements. The
same electrical contact design was used in Sec. II for a
single bare carbon fiber.

The electrical resistivity of carbon fiber increased
by ~10% after curing and subsequent cooling. The
fractional resistance increase was also ~10%.

It is known that the disparate thermal expansion
properties of carbon fiber and epoxy leads to a residual
thermal stress during the matrix (epoxy) solidification
and subsequent cooling. Here we consider only the
residual stress along the fiber direction (one dimension).

Plat\e with mold release film on top

\
80
on ] _._1(1).
Cured epoxy
Carbon fiber Silver paint

FIG. 4. Sketch of the resistance measurement setup for single carbon
fiber embedded in epoxy. A, B, C, and D are four probes. A and
D are for passing current; B and C are for voltage measurement.
Dimensions are in mm.
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clectuical resistivity of the fiber did not change during
curing (at relative humidity 40%) of the cement pasic.
Thus, the electromechanical effect shown in m..nu. 5 and
6 for the case of a polymer matrix does not exist for the
case of a cement matrix. This negstive result for a cement
matrix is consistent with the fact that the bond between
fiber and matrix is much weaker for cement than epoxy
and the fact that the cement curing .ocx.v_-nn at room
temperature (in contrast to the 180 °C curing for epoxy).

ite with an electrically conductive &S.e__.
......b:n.w._.“ww-i a less conductive (or 3‘:33.52.3
and quite ductile matrix (e.g., a ve_w_.:o@ is vﬁuo-«.u”
tive because strain changes the proximity _828._ t
conducting filler units, thus -n,.oe::u the electrical ﬁﬂ“
tivity. Tension increases the n.!.-..mon between Sn
units, thus increasing the resistivity; compression o..u.ﬂ.
creases this distance, thus decreasing the resistivity.

This section describes the lnsiﬂ.am.s.w in a
polymer-matrix composite with BR.S.:_« oriented -.5:
carbon fibers. The electromechanical results of this

section serve as a baseline for comparing with those of -

cement-matrix composite with the same type .&. n_o:
mun- (Sec. V). The carbon fibers io_.m‘_ng.n pitch
based, unsized, S mm long, and 3 X 107* £} cm in elec-
trical resistivity, as obtained from Ashland vﬁa_n.._":
Co.. Ashland, KY. The _.e_ﬁ.:ﬁ.. !EV.Q_H-MW._ "_.W.Man“

2 bisphenol F/epichlorohydrin epox; "

%:ﬂ v--uﬂ—z ASMM._.R of _.o_uemqu_rq_aao-:__.s a-v-“
nonyl phenol, from Shell Chemical Co.)}. ._._8
volume fraction was 5.5 vol%. .—.__a composites were
fabricated by mixing the fibers with the epoxy resin,
putting the mixture in a rough vacuum to gono
gv!ﬂ.ligﬂnaugg.g:ﬂ..ﬂns..
Euﬁaq-.—nt-.:ag.-ﬂ!?ig-a.-?
tance increase (AR/R,) obtained simultaneously as::a.."
cyclic tension to a maximum stress equal 1o 72% of
breaking stress. The strain is totally .«<§=Za Because
ina-giaigbx\.}..-gi_«oaﬂ
8.-5%.:5385%5?.—?:_5
AR/R, increases upon first tensile _oo&__n. and then
g:—.o:g_a-&:-.o-g!oso_z.ig
value. Reloading casuses AR/Ry to increase again, and
subsequent unloading behaves in 3 manner similar to Su
first unloading. That AR/R, does not retum to the origi-
nal value after the first cycle indicates the occurrence
of imeversible damage during ._8 first loading, even
though the strain is totally reversible. Figure 7 53;
§§5§§8>a\a@|§§_u
irreversible while the other 19..9. is reversible. The
imreversible portion increases with strain amplitude up to

% 150 150 20 250 30 30 40 40 80
Time (s)
FIG. 7. Plots versus time of AR/Ry tensile strain, and tensile streas

. . : 4 itude of 75% for
ined duri lic tensile testing at a streas ampli
”..!“exu..._h.@-nwn% with short carbon fibers.

strain amplitude used, whereas the aﬁa_c._a
“”5-._“-:_3? S_-._. strain -Sv_m..“ao up to a a....ﬂ_—”

amplitude of 62% of the fracture strain, The irreversil
portion exceeds the reversible portion at the _osﬁﬂ

stress amplitude (27%), but is less than the reversi
portion for all other stress amplitudes (44, S..-.x_ .\.N.E.
Consistent with the cyclic tension results of Fig, 7 is the
static tension result (up to fracture) of Fig. 8. The AR/Ro
increases monotonically with strain up o n.‘.uam.__.d..l
low strains, AR/R, is mainly due to piezoresistivity; at

high strains, AR/R, is mainly due 1o fiber breakage.
Eﬁaogzﬂﬁaﬁ.-ﬂla.iﬂuﬂmne.”

ined simultaneously during cyclic com|

Baﬁws:!ggs”qﬂansg_gé.d!
strain is totally reversible. Because of the small :EJ
involved, AR/R, is essentially equal to the fractional
increase in resistivity. The value of bw.\we decreases
upon firt compressive loading -:.a then increases .HWH
unloading to a level above the initial zero value. wn__ ,
ing causes AR/R; to decrease to the same low _oam.ﬁ
as that during first loading and subsequent unloading
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FIG. 8. Plots versus strain of tensile streas ang AR/Rqy during static

up to fracture for an €poxy-mairix composite with short

WA

Wwhile the other portion is reversible, The magnitudes of
both portions increase with strain amplitude up to the
highest strain amplitude .used. The imeversible portion
is less than the magnitude of the reversible portion
for all stress amplitudes. Consistent with the cyclic
compression results of Fig. 9 is the static compression
result (up to fracture) of Fig. 10, The AR/Ry decreases
with strain up to 2.3% due 1o piezoresistivity and then
increases with strain (probably due to fiber breakage)
when the strain exceeds 2.3%.

The irreversible portions in Figs. 7 and 9 are w-
tributed to damage, probably related 10 a fiber-matrix
contact resistivity increase (interface weakening) rather
than fiber breakage, since the stress-strain relationship
does not change during cycling in Figs. 7 and 9. The
reversible portions are atributed o piezoresistivity,

The gage factor is defined as the reversible portion
of AR/Ry per unit sirain. It is also known as the strain
sensitivity. It is lower under tension than compression,
Under compression, it (29-31)is essentially independent
of the stress amplitude (ratio of the maximum stress to
the fracture stress). Under tension, it (6-19) increases
with stress amplitude up to 61%.

V. A CEMENT-MATRIX COMPQSITE CONTAINING
RANDOMLY ORIENTED SHORT CARBON FIBERS

A cement matrix is more brittle than a polymer ma-
trix, 80 the piezoresistivity originating from the change in
proximity between the adjacent short Gibers upon strain
occurs for a polymer-matrix composite (Sec. 1V), but
not for a cement-matrix composite. Another origin of

>>3>
NN

FIG. 9. Plots versus time of
compressive stress obtained
2 siress amplitude of 27% for an

_ P
o8 %0 m

AR/Rq, compressive strain, and oe had

ng cyclic compressive testing at 04 —

€poxy-matrix composite with short M c,m -—f %
causes AR/Ry to inc y
after first unloading
in behavior. That AR/R
zero value after the first ¢
imeversible damage
the sirain is totally

rease to the same high level as that
bsequent cycles are all similar
does not return to the original
ycle indicates the occurrence of
during the first loading, even though
reversible. Figure 9 shows that there
e two portions of AR/Ry—one portion is irreversible
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piezoresistivity pplies to the cement-matrix composite
with randomly oriented short carbon fibers that are of the
same type as in Sec. IV for a polymer matrix. This other
origin relutes to the reversible and slight (<1 um) fiber
pullout (crack opening while fiber bridges the crack)
and the consequent reversible increase in the electrical
vesistivity. This origin results in a 8age factor as high as

L Y T T R e
Strain (%)

FIG. 10. Plots versus strain of compressive stress and AR/R, dus-
ing static compressive testing up 1o fracture for an EPOKY-matrix
camposite with short carhon fibers,
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afteg,which the maximum and minimum AR/R, did not
change with cycling.

The gradual decrease as cycling progressed of both
maximum and minimum AR/R, in a cycle occurred in
both tension and compression. This effect is undesirable,
as it degrades the repeatability of the sensing ability.
However, it can be removed by using ozone treated
carbon fibers.?!

Vi. A POLYMER-MATRIX COMPOSITE
CONTAINING CONTINUOUS UNIDIRECTIONAL
CARBON FIBERS

Section I describes the piezoresistivity of a single
carbon fiber embedded in a polymer matrix. This sec-
tion extends the work to a polymer-matrix composite??
containing & large number of continuous unidirectional
carbon fibers that are of the same type as in Sec. [ii for
a single fiber in a polymer.

Composite samples were constructed from in-
dividual layers cut from a 12 in. (30.5 cm) wide
unidirectional carbon fiber prepreg tape manufactured
by ICI Fiberite (Tempe, AZ). The product used was
Hy-E 1076E, which consisted of a 976 epoxy matrix and
10E carbon fibers. The composite laminates were laid
up inad X 7in. (10.2 X 17.8 cm) platten compression
mold with laminate configuration (0] and [0)y4 for
tensile and compressive specimens, respectively. The
individual 4 X 7 in. fiber layers (8 per laminate for
tensile specimens and 24 per laminate for compressive
specimens) were cut from the prepreg tape. The layers
were stacked in the mold with a mold release film on the
top and bottom of the layup. No liquid mold release was
used. The laminates were cured using a cycle based on
the ICI Fiberite C-$ cure cycle. Heating occurred under
pressure (89 pai or 0.56 MPa) at a rate of 1-5 “F/min.
The curing occurred at 355 = 10 °F (179 = 6 °C)
and 89 psi (0.61 MPa) for 120 = 10 min. Subsequent
cooling was at a maximum rate of 5 *F/min. Afterward,
the Iaminates were cut to picces of size 160 X 14 mm
(thickness = 1.1 mm) for tensile testing and 60 X
6 mm (thickness = 3.3 mm) for compressive testing. For
the [0]; laminate, the fiber volume fraction was 58%, the
density was 1.52 + 0.01 g/cm’, the tensile strength in the
fiber direction was 1268 = 89 MPa, the tensile ductility
was (1.08 = 0.08)%, the Poisson ratio was 0.30, and the
resistivity was 4.1 X 1073 €} cm in the fiber direction
and 2.04 £} cm in the through-thickness direction. With
6000 fibers per bundle and 7 um diameter for a fiber,
there were 38 fiber bundles in a tensile specimen. For
tensile testing, glass fiber reinforced epoxy end tabs
were applied 10 both ends on both sides of each cured
piece, such that each tab was 30 mm long and the inner
edges of the end tabs on the same side were 100 mm
apart and the outer edges were 160 mm apart.

The volume electrical resistance R was measured
using the four-probe method while cyclic tension or
compression was applied in the longitudinal direction
(parailel to fibers). Silver paint was used for all electrical
contacts. The four probes consisted of two outer current
probes and two inner voltage probes. The resistance
R refers to the sample resistance between the inner
probes. The longitudinal and through-thickness R were
measured in different samples. For the longitudinal R
measurement, the four electrical contacts were around
the whole perimeter of the sample in four parallel planes
that were perpendicular to the stress axis, such that the
inner probes were 60 mm apart and the outer probes were
78 mm apart for the tensile specimens. For the through-
thickness R measurement, the current contacts were
centered on the largest opposite faces and in the form
of open rectangles of length 80 mm in the longitudinal
direction, while each of the two voltage contacts was in
the form of a solid rectangle (of length 20 mm in the
longitudinal direction) surrounded by a current contact
(open rectangle). Thus, each face had a current contact
surrounding a voltage contact. A resistive strain gage
(Micromeasurements Group, #991117) was attached to
the center of one of the largest opposite faces, for both
longitudinal and transverse R measurement samples. In
the case of the through-thickness R measurement sample,
the strain gage was at the center of the inrier rectangle
(voltage contact). A Keithley 2001 multimeter was used.
A hydraulic mechanical testing system (MTS 810) was
used in both tensile and compressive testing with a
displacement rate of 1.0 mm/min.

Figure 13 shows the longitudinal stress, strain, and
fractional longitudinal resistance increase (AR/Rq) ob-
tained simultaneously during cyclic tension of the [0];
laminate to a stress amplitude equal to 14% of the
breaking stress. The strain returned to zero at the end
of each cycle. Because of the small strains involved,
AR/Ry is essentially equal to the fractional increase
in resistivity. The longitudinal AR/Ro decreased upon
loading and increased upon unloading in every cycle,
such that R irreversibly decreased slightly after the first
cycle (i.e., AR/R, did not retum to O at the end of the
first cycle). At higher stress amplitudes, the effect was
similar, except that both the reversible and irreversible
parts of AR/Ry were larger.

Figure 14(a) shows the longitudinal stress, strain,
and AR/Ry obtained simultaneously during static lon-
gitudinal tensile loading up to fracture. The longitudi-
nal AR/R, first decreased until a strain of 0.6% and
then increased in steps as the strain increased, due
to fiber breakage. The decrease in AR/R, in the low
strain regime is consistent with the trend in Fig. 13.
Figure 14(b) is a plot of the fraction of fibers broken
versus strain, as obtained from Fig. l4(a) by noting
that a broken fiber is incapable of electrical conduction.
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FIG. 13. Longitudinal stress and strain and fractional resi i

. | ; resistance in-
crease (AR/Ry) obtsined simultaneously during cyclic tension at s
stress amplitude equal to 14% of the b king stress for i
fiber epoxy-matrix composite.

The effect of fiber damage on the electrical resistivity
Mw”a. :w ui-a taken into account in obtaining Fig. 14(b).
o mn-.“_oﬂ_.* of the fibers were broken, the compos-

Figure 15 shows the longitudinal stress and straj
and the .._ﬂocn—..smnwanuu AR/Ry obtained uma.._h“.o_u
o:.a_< during cyclic longitudinal tension at a stress am-
plitude equal to 14% of the breaking stress, As expected,
the strain _..oEB& to zero at the end of each cycle. ._._..n.
through-thickness AR/R, increased upon loading and
mroanu.& upon unloading in every cycle, such that R
=3<na_c._< decreased slightly after the first cycle (ie.,
Ea\aa_ did not return to 0 at the end of the first cycle).
Ex.._.. increasing the stress amplitude, the effect was
ﬂ“._!.. except that the reversible part of AR/R, was

er.

Figure 16 shows the longitudinal stress and strai
.5._. through-thickness AR/R; obtained &Es.ﬁ:«ﬂ.ﬁ__ﬂ
during static longitudinal tensile loading up to fracture.
”=_n a__ma.__nr-a_mow:oua AR/Ry increased abruptly with
Increasing strain for strains up to 0.8% and then in-
creased gradually as the strain further increased up to
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FIG. 14. Longitudinal stress, strain, and fractional resis i

.>.h\aev obtained simultaneously during static tension _.“.W _..ﬂngng
which occurs at-the highest strain in the curves, for confinuous fibe.
cpoxy-matrix composite. Solid curve: AR/Ry versus strain, Dashed
curve: tensile stress versus strain. (b) Fraction of fibers broken versus

Mrain during longitudinal tension up to i
— g up to fracture, obtained from AR/R,

failure, such that the through-thic! L
a maximum of 0.44, ¢ Kness AR/Ry reached
.:..n strain sensitivity (gage factor) is defined as the
aﬁ.a__u_n part of AR/R, divided by the longitudinal
strain -:..v:-..an. It is negative (from —18 to ~12) for
the longitudinal AR/R, and positive (17-24) for the
through-thickness AR/R,. The magnitudes are compa-
Bzo. .mw.. the longitudinal and through-thickness strain
sensitivities. As a result, whether the longitudinal R or
m:o through-thickness R is preferred for strain sensing
!-vﬂ_.n”mn._&n on ._”_o_n convenience of electrical contact
ication for eome! i
applicatic g try of the particular smart
Cyclic compressive loading along the fiber direction
was un_...o_._:& on the [0}, laminate. Figure 17 shows
the compressive stress, strain, and longitudinal AR/R,
obtained simultaneously during cyclic compression at
stress amplitudes equal to 14% of the breaking stress.
ﬂs._o..nm:.&:u_ AR/Ry increased upon compressive
loading and decreased upon unloading in every cycle,
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obtsined simukancously during cyclic teasion s a stress amplitude

equal 10 14% of the bresking stress for conti fiber epoxy-matrix

composite.

such that resistance R irreversibly increased very slightly
after the first cycle. The magnitude of the gage factor
was lower in compression (—1.2) than in tension (from
—18 10 —12).

Figure 18 shows longitudinal stress, strain, and
AR/R, obtained simultancously during static longitudi-
nal compressive loading. The clectrical resistance was
observed to increase monotonically with the compressive
strain. After 0.7% compressive strain. the resistance
increased sbruptly. It is known that, when a unidirec-
tional fiber composite is compressively loaded in the
fiber direction, fibers will lose their stability first and
get more wavy. When the compressive stress increases,
the fibers will kink. With further increasing compressive
* losding, the fibers will fracture. At strains below 0.7%
(Fig. 18), the resistance increase is probably partly
due to the increased fiber stress upon compression and
the consequent microstructural change and reversible
increase in fiber resistivity. Beyond 0.7% strain, the
rapid increase in electrical resistance is attributed to fiber
fracture due to fiber kinking.

Figure 19 shows the through-thickness resistance
versus compressive strain during longitudinal compres-
sion. The through-thickness resistance was observed to
decrease at strains below 0.8%, and then increase with
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FIG. 16. Longitudinal stress and strain and the transverse AR/Ro
obtsined simultancously during static tension up to fracture, which
occurs st the highest strain in the curves, for continuous fiber
epoxy-matrix compositc. Solid curve: AR/Ro versus strsin. Dashed
curve: tensile stress versus strain.

further strain until the specimen failed. The decrease in
through-thickness resistance is attributed to more fiber-
fiber contacts due to the increased degree of waviness of
the fibers. Beyond 0.8% strain, the increase in resistance
is due to fiber fracture.

A dimensional change without any resistivity change
would have csused longitudinal R to increase during
tensile loading and decrease during compressive loading.
In contrast, the longitudinal R was observed to decrease
upon tensile loading and increase upon compressive
loading. In particular, the observed magnitude of AR/Rq
under tension was 7—-11 times that of AR/R, calculated
by assuming that AR/Ro was due only to dimensional
change and not due to any resistivity change. Hence, the
contribution of AR/R, from the dimensional change is
negligible compared to that from the resistivity change.

For the longitudinal AR/Rq under tension, the gage
factor is negative, in contrast to the positive valves for
a single carbon fiber (Sec. 1) and for a short carbon
fiber epoxy-matrix composite (Sec. IV). On the other
hand, the gage factor is negative for a single carbon fiber
in epoxy (Sec. II0). In a polymer-matrix composite, the
thickness of the polymer between adjacent fibers is much
less than that of the polymer embedding a single fiber, so
the residual stress in the fibers of the composite is much
less than that of a single fiber in the polymer. Therefore,
the origin of the clectromechanical effect observed for
the polymer-matrix composite with continuous carbon
fibers is not the same as those of the clectromechanical
effects of Secs. I-V.

The decrease in longitudinal AR/Ro and increase
in through-thickness AR/Rq upon longitudinal tension
and the increase in longitudinal AR/Ro and decrease

800 J. Mater. Res., Vol. 14, No. 3, Mar 1969
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FIG. 18. Longitudinal stress, sirain, and AR/R, obtained simultane-
ously during static compression (longitudinal) up to fracture, which
occurs at the highest strain in the curves, for continuous fiber
epoxy-matrix composite. Solid. curve: AR/R, versus strain. Dashed
Curve: compressive siress versus compressive strain.

in transverse AR/R, upon longitudinal compression is
observed in this section for a continuous carbon fiber
composite in cyclic loading (Figs. 13, 15, and 17) or
static loading at low strains (Figs. 14, 16, 18, and 19)
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FIG. 19. Longitudinal stress and strain and transverse AR/Ry ob-
tained simultancously during static compression (longitudinal) up
to fracture, which occurs &t the highest strain in the curves, for
continuous fiber epoxy-matrix composite. Solid curve: AR/Ry versus
strain. Dashed curve: compreasive siress versus compressive sirain.

and tentatively attributed to (i) the increase in the degree
of alignment (decrease in the degree of waviness) of the
fibers upon longitudinal tension and the decrease in the
degree of fiber alignment upon longitudinal compression,
and (ii) the decrease in the compressive residual stress in
the fibers upon longitudinal tension and increase in this
stress upon longitudinal compression. The increase in the
degree of alignment causes the longitudinal resistivity to
decrease. In addition, it causes the adjacent fiber layers
to have less chance of touching one another, so the
transverse resistivity increases. The effects are almost

" totally reversible, when the strain is reversible. That

the reversible part of AR/R, is due to the increase in
the degree of alignment of the fibers upon longitudinal
tension is supported by the fact that the longitudinal
tensile modulus decreases with increasing magnitude of
the reversible part of AR/Ro?* and that the longitudinal
tensile modulus is known to decrease with decreasing
degree of alignment of the fibers. In other words, the
lower the degree of alignment of the fibers under no
load, the greater the magnitude of the reversible part
of AR/Ry. Also consistent with the notion that the
reversible part of AR/Ry is due to the increase in
the degree of alignment of the fibers upon longitudinal
tension is the observation that the absolute value of the
reversible part of the longitudinal AR/R, increases with
increasing longitudinal resistivity at no load, and that
the reversible part of through-thickness AR/ R, decreases
with increasing through-thickness resistivity at no load,
since the longitudinal resistivity is expected to decrease
with j ing degree of fiber alig while the
through-thickness resistivity is expected to increase with
increasing degree of fiber alignment.?

The irreversible behavior, though small compared
to the reversible behavior, is such that R (longitudinal

J. Mater. Res., Voi. 14, No. 3, Mar 1998 801
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or through-thickness) under tension is irreversibly de-
creased after the first cycle. This behavior is attributed
to the irreversible disturbance to the fiber arrangement at
the end of the first cycle, such that the fiber arrangement
becomes less neat. A less neat fiber arrangement means
more chance for the adjacent fiber layers to touch one
another.

The stepwise increase of the longitudinal AR/R,
in the large strain regime (Fig. 14) is attributed to
fiber breakage, which probably occurs in spurts. Such
a stepwise increase had been previously observed and is
also attributed to fiber breakage.?

The through-thickness AR/R, increases abruptly
at intermediate strains but increases gradually at high
strains (Fig. 16). This is because only a small change in
the degree of fiber alignment causes a large change in
the chance of adjacent fiber layers to touch one another.
Moreover, fiber breakage, which occurs at high strains,
essentially does not affect transverse AR/R, (Fig. 16),
but affects longitudinal AR/R, (Fig. 14).

Vii. CONCLUSION

Because of its electrical conductivity, carbon fiber
provides strain sensing through the change in electrical
resistance/resistivity upon strain. However, the nature
and origin of the electromechanical effect depend on
the matrix around the fiber and the continuity of the
fiber. A single bare carbon fiber is a resistive strain
sensor with a gage factor of 1.9-2.3. The effect is
merely due to a change in dimensions of the fiber upon
tension; it is not due to a.change in resistivity. A single
carbon fiber embedded in epoxy is a piezoresistive strain
sensor with a- gage -factor of —17. The effect is due
to a reduction in the residual compressive stress in the
fiber upon tension; the residual stress is caused by the
shrinkage of the epoxy during curing and subsequent
cooling. A single carbon fiber embedded in cement does
not experience this residual stress. An epoxy-matrix
composite containing randomly oriented short carbon
fibers (5.5 vol%) is a piezoresistive strain sensor with
a gage factor of 6—23 under tension and 29-31 under
compression; the effect is due to the change in proximity
between adjacent fibers upon strain. A cement-matrix
composite containing randomly oriented short carbon
fibers (0.2-0.5 vol%) is a piezoresistive strain sensor
with a gage factor of at least 500 under compression
or tension; the effect is due to slight fiber pullout upon

tension and slight fiber puski-in upon compression. An
€poxy-matrix composite containing continuous unidirec-
tional carbon fibers (58 vol%) is a piezoresistive strain
sensor with a gage factor from —12 to —18 in the
longitudinal direction and from 17 to 24 in the through-
thickness direction under longitudinal tension, and from
1.1 to 1.3 in the longitudinal direction under longitudinal
compression; effects in both directions are tentatively
due to an increase in the degree of fiber alignment
and decrease in fiber residual stress upon longitudinal

tension.
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