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Piezoresistivity in continuous carbon fiber
polymer-matrix and cement-matrix composites
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Piezoresistivity was observed in continuous unidirectional carbon fiber cement-matrix and
polymer-matrix composites. The fiber volume fraction was 2.6-7.4% and 58% for
cement-matrix and polymer-matrix composites respectively. The DC electrical resistance in
the fiber direction increased upon tension in the fiber direction for the cement-matrix
composite, due to fiber-matrix interface degradation, but decreased upon tension for the
polymer-matrix composite due to increase in the degree of fiber alignment. © 2000 Kluwer
Academic Publishers

1. Introduction cost, greater durability, larger sensing volume (with the
Piezoresistivity is a phenomenon in which the electri-whole structure being able to sense) and absence of
cal resistivity of a material changes with strain, whichmechanical property degradation (which occurs in the
relates to stress. This phenomenon allows a materialase of embedded sensors).
to serve as a strain/stress sensor. Applications of the Piezoresistivity has been previously reported in con-
stress/strain sensors include pressure sensors for atiruous carbon fiber epoxy-matrix composites [1-13],
craft and automobile components, vibration sensors fowhich are important for lightweight structures. Ten-
civil structures such as bridges and weighing-in-motionsile strain in the fiber direction of a composite results
sensors for highways (weighing of vehicles). The firstin reversible increase in the resistivity in the through-
category tends to involve small sensors (e.g., in the fornthickness direction (perpendicular to the fiber layers in
of cement paste or mortar) and they will compete withthe composite) [3, 4], as measured by the four-probe
silicon pressure sensors. The second and third caterethod. This is due to the increase in the degree of
gories tend to involve large sensors (e.g., in the form ofiber alignment and the consequent decreased chance
precast concrete or mortar) and they will compete withof fibers of adjacent layers touching one another. Ten-
silicon, acoustic, inductive and pneumatic sensors.  sile strain in the fiber direction also results in reversible
Piezoresistivity studies have been mostly conductedecrease in the resistance in the fiber direction, as mea-
on polymer-matrix composites with fillers that are sured by using the four-probe method in which two cur-
electrically conducting. These composite piezoresisrent (outer) and two voltage (inner) contacts are around
tive sensors work because strain changes the proximitihe entire perimeter of the composite at four planes
between the conducting filler units, thus affecting thethat are perpendicular to the fiber direction [1, 2, 4].
electrical resistivity. Tension increases the distance bethis was attributed to the increase in the degree of
tween the filler units, thus increasing the resistivity; fiber alignment [1, 2, 4], just as the phenomenon ob-
compression decreases this distance, thus decreasiagrved in the through-thickness direction. However, by
the resistivity. using the two-probe method in which the common cur-
Previously investigated composite piezoresistive marent/voltage contacts are at the ends of the fibers in the
terials include polymer-matrix composites contain-composite, the resistance in the fiber direction was ob-
ing continuous carbon fibers [1-13], carbon blackserved to increase upon tension in the fiber direction
[14-16], metal particles [15], short carbon fibers[5-12]. Ref. 5 further reported that the resistance in-
[16, 17], cement-matrix composites containing shortcrease was reversible and attributed this phenomenon
carbon fibers [18-23], and ceramic-matrix compositeso the dimensional changes during tension.
containing silicon carbide whiskers [24]. The sensingof The opposite trends described above in the change
reversible strain had been observed in polymer-matrixn resistance in the fiber direction upon tensile strain
and cement-matrix composites [1-5, 14, 15,17-23]. in the fiber direction are due to the difference in elec-
Piezoresistivity in a structural material, such as a contrical contact configurations, so a study of the effect
tinuous fiber polymer-matrix composite, is particularly of electrical contact configuration is needed. The four-
attractive, since the structural material becomes an inprobe method [1, 2, 4] is in general better than the two-
trinsically smart material that senses its own strain with-probe method [5-12], due to the elimination of the con-
out the need for embedded or attached strain sensortact resistance from the measured resistance. Moreover,
Not needing embedded or attached sensors means lowgtractical implementation of strain sensing (particularly
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strain distribution sensing) is more convenientwhen thg ABLE | Carbon fiber and epoxy matrix properties (according to
contacts do not have to be at the ends of the fibers. How! Fiberite)
ever, having the current contacts at the ends of the fiberge_1orayca 1300 (6k) untwisted, Uc-309 sized

[5—-12] ensures that current goes through all the fibers. piameter 7um
Therefore, this paper provides a systematic comparison Density o 176 g <:3m3
of the results obtained on the same composite with four Electrical resistivity 2x 10~ Q-cm
contact configurations, namely (i) four-probe method Tensie medulus 221 GPa

. . . Tensile strength 3.1GPa
with all four contacts around the entire perimeter at
four planes that are perpendicular to the fiber direction? o <P

ourp perp ' Process temperature 3%0(177C)
(i) four—_probe _method with two voltage contacts aroun_d Maximum service temperature 350(177C) dry
the entire perimeter at two planes that are perpendic- 250°F (121°C) wet
ular to the fiber direction and two current contacts at Flexural modulus 3.7 GPa
the fiber ends, (iii) two-probe method with both con- Flexural strength 138 MPa

Ty 232C

tacts around the entire perimeter at two planes that are Density 1.28¢g cm®

perpendicular to the fiber direction, and (iv) two-probe
method with both contacts at the fiber ends.

Due to the electrical conductivity of carbon fibers oo _ _ _ _
and the slight conductivity of the cement matrix, mea-The_ volume resistivity of the laminate in the fiber di-
surement of the DC electrical resistance of a carbof€Ction was 4l x 10-°Q.cm, as measured by the four-
fiber cement-matrix composite provides a way to detecProbe method and silver paint electrical contacts arognd
damage. Fiber breakage obviously causes the longitihe perimeter of the sample at four planes perpendicu-
dinal resistance to increase irreversibly. Fiber-matrixar to the fiber direction. The resistivity calculated by
bond degradation obviously increases the transversesing the Rule of Mixtures was&x 10-°Q-cm. That
resistance, but it also increases the longitudinal resish® measured resistivity was higher than the calculated
tance when the electrical current contacts are on th¥alue is attributed to the limited degree of fiber align-
surface (e.g., perimetrically around the composite inment. The laminates were cured using a cycle based
a plane perpendicular to the longitudinal direction).on the ICI Fiberite C-5 cure cycle. Curing occurred
When the transverse resistivity is increased, the electriat 355+ 10°F (179+ 6°C) and 89 psi (0.61 MPa) for
cal current has more difficulty in penetrating the en-120 min. Afterward, they were cut to pieces of size
tire cross-section of the specimen, thereby resultingﬂﬁx 8.9 x 1.1 mm. Glass fiber reinforced epoxy end
in an increase in the measured longitudinal resistancd@Ps for gripping the sample during subsequent tension
Note that the electrical resistivity of carbon fibers isWere applied to both ends on both sides of each piece,
10~4Q-cm, whereas that of cement paste i§ 8cm. s_uch that the inner edges of the end tabs on the same

Although piezoresistivity has been reported in shortSide were 100 mm apart. . _
fiber cement-matrix composites, it has not been previ- The electrical resistand@ was measured in the fiber
ously reported in continuous fiber cement-matrix com-(longitudinal) direction while cyclic tension was ap-
posites. This paper addresses piezoresistivity in continlied in the same direction. Silver paint was used for

uous carbon fiber cement-matrix and polymer-matrix€lectrical contacts. _
composites. In the four-probe method, the four probes consisted

of two outer current probes and two inner voltage

probes. The measured resistance is the sample resis-
2. Polymer-matrix composites tance between the inner probes. In one four-probe con-
2.1. Experimental methods tact configuration [2], the four electrical contacts were
The composite materials used are the same as thoseound the whole perimeter of the sample in four paral-
used in Ref. 2. They were constructed from individ- lel planes that were perpendicular to the fiber direction,
ual layers cut from a 12 inch wide unidirectional car- such that the inner probes were 45 mm apart. In another
bon fiber prepreg tape manufactured by ICI Fiberitefour-probe configuration, the current probes were at the
(Tempe, AZ). The product used was Hy-E 1076E,end faces containing the fiber ends, such thatthese faces
which consisted of a 976 epoxy matrix and 10E car-were flush with the outer edges of the end tabs and the
bon fibers. The fiber and matrix properties are shown ircurrent contacts were not gripped during subsequent
Table I. The matrix was electrically insulating, whereastensile testing, while the voltage probes were the same
the fibers were electrically conducting, with a resistivity as those in the other four-probe configuration.
of 2.2 x 1073 Q-cm. In one two-probe configuration, the two contacts

The composite laminates were laid upa 4 inchx were at the end faces containing the fiber ends, such

7 inch platen compression mold with laminate config-that these faces were flush with the outer edges of the
uration [0k (i.e., eight unidirectional fiber layers in the end tabs and the current contacts were not gripped dur-
laminate). The individual 4 inck 7 inch fiber layers ing subsequent tensile testing. Although separate wires
were cut from the prepreg tape. The layers were stackedere used for the current and voltage probes, they were
in the mold with a mold release film on the top and electrically connected to the same point on the sample.
bottom of the layup. No liquid mold release was nec-Hence, the two-probe method was used in spite of the
essary. The density and thickness of the laminate werpresence of four wires. This two-probe method was also
1.52+0.01 g cnm3 and 1.1 mm respectively. The vol- used in Ref. 5, although Ref. 5 referred to it as the four-
ume fraction of carbon fibers in the composite was 58%probe method. In the other two-probe configuration
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of this work, the two contacts were around the whole 0.2064 01
perimeter of the sample in four parallel planes that wer¢
perpendicular to the fiber direction, such that the con:
tacts were 45 mm apart. In either two-probe configurag o.20 4
tion, each of these two contacts served as both curreig

and voltage contacts, though separate wires were usc§ 0.2058 1
for passing current and for voltage measurement at eac:
contact in order to eliminate the resistance of the wire«g
from the measured resistance.

A strain gage was attached to the center of one of th
largest opposite faces. A Keithley 2001 multimeter was
used for DC resistance measurement. The displaceme . . . . . 0
rate was 0.5 mm mirt. A hydraulic mechanical testing 0 50 100 150 200 250 300
system (MTS 810) was used for cyclic tensile loading Time (s)
in the fiber direction.

0.2062 +
1 0.08

T 0.06

Strain (%)

0.2056 1 Loos

Elect

0.2054 1

T 0.02
0.2052

Figure 2 Plots of resistance (four-probe method with two voltage con-
tacts perimetric and two current contacts at the fiber ends) vs. time and
of strain vs. time during cyclic tension. Resistance: thick line. Strain:
2.2. Results and discussion thin fine.
Fig. 1 shows the change in resistance during cyclic ten-
sion for the four-probe configuration in which all con- 077 01
tacts were around the whole perimeter of the sample i
four parallel planes that were perpendicular to the fibe
direction. The resistance decreased reversibly upon teig o.77s
sion, as in Ref. 2. The gage factor (fractional reversibleg
change in resistance per unit strain) wa82. Fig. 2
shows the corresponding result for the other four—prob<§
configuration, in which the current contacts were at theg
fiber ends and the voltage contacts were around tha o773 1
whole perimeter of the sample in two parallel planes
that were perpendicular to the fiber direction. The re-
sistance decreased vertically upon tension, asin Fig. . 771 ' . ; , 0
but the gage factor was only3.8, the resistance was 0 50 100 150 200 250 300
smaller (resistance before loadirg0.206%2 in Fig. 2, Time {s)
but was O_'2432 in Fig. 1) ?‘nd the re_SIStance_ changg Figure 3 Plots of resistance (two-probe method with contacts perimet-
upon loading was more noisy. The higher resistance i) vs. ime and of strain vs. time during cyclic tension. Resistance: thick
Fig. 1 is attributed to the perimetric current contacts ofiine. Strain: thin line.
Fig. 1 being not able to get the current to penetrate the
entire cross-section of the sample evenly, whereas th~ 6.9 0.1
current contacts at the fiber ends (Fig. 2) ensured cui
rent penetration throughout the sample cross section.
For both two-probe configurations (Figs 3 and 4), theg
resistance increased upon tension, in contrasttothe 0 g

1 0.08

0.775 4 [ 008

sistal

0.774 1,

Strain (%)

- 0.04

[ 0.02
0.772 1+

6.87 T

6.85 1

posite trend for both four-probe configurations (Figs 15 g
3 6.83 1 »
0.245 0.1 E
w
6.81 1
0.244 Loos
é.: 0.243 1 679 ' '
g 0 50 100 150 200 250 300
g T006 )
8 < Time (s)
g 02621 £
3 Loos @ Figure 4 Plots of resistance (two-probe method with contacts at the fiber
§ 0.241 1 ends) and of strain vs. time during cyclic tension. Resistance: thick line.
in Strain: thin line.
024 4 1002
0.239 ' 0 and 2). The resistance before loading was 0.27ér
0 50 100 150 200 250 300 Fig. 3 (perimetric contacts) and 6.¥89for Fig. 4 (con-
Time (s) tacts at fiber ends). This means that the resistance of the

Figure 1 Plots of resistance (four-probe method with all four contacts ContaCt_S at t_he fiber ends was rn.UCh hlgher than that of
perimetric) vs. time and of strain vs. time during cyclic tension. Resis-the perimetric contacts. The noisiness and the low mag-
tance: thick line. Strain: thin line. nitude of the gage factor in Fig. 2 compared to Fig. 1
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are attributed to the high resistance of the contacts and the gage factor associated with this phenomenon
the fiber ends compared to that of the perimetric condepends on the contact quality, which is reflected by
tacts. Thisis because perimetric contacts can be securélte contact resistance before loading.

by twisting the wires, but this cannot be done for the The resistance decrease upon tension in Figs 1 and 2
contacts at the fiber ends. is attributed to the increase in the degree of fiber align-

Based on the resistivity of the composite in the fiberment [1, 2, 4] (as supported by the concurrent increase
direction (41 x 10-3 Q-cm), the volume resistance of in through-thickness resistance [3]), although the ex-
the whole sample of Fig. 4 in the fiber direction wasact mechanism is unclear. This interpretation is consis-
calculated to be 0.72. This means that the high resis- tent with the fact that the measured resistivity of the
tance in Fig. 4 is almost all due to the contact resistancecomposite in the fiber direction is higher than that cal-
Based on the resistivity of the composite, the volumeculated by using the Rule of Mixtures. Note that the
resistance of the sample of Figs 1-3 between the voltagesistance decrease upon tension cannot be due to an
probes (45 mm apart) was calculated to be @1%his  increase in the depth of current penetration, since the
means that the resistance in Figs 1 and 2 is essentialthrough-thickness resistance increases upon tension.
the volume resistance of the sample and the resistand&n increase in the degree of fiber alignment is expected
in Fig. 3 is dominated by the contact resistance. Hencep decrease the resistivity, because the misaligned fibers
the four-probe method (Figs 1 and 2) yields the volumamay not be at the same potential as the aligned fibers
resistance, whereas the two-probe method (Figs 3 anat the same cross-sectional plane perpendicular to the
4) yields mainly the contact resistance. currentdirection, so that the misaligned fibers may con-

That the resistance before loading was much lowetribute less to conduction than the aligned fibers.
in Fig. 1 than Fig. 3 means that the resistance in Fig. 3 The two-probe method is simpler to implement than
was dominated by the contact resistance. That the rehe four-probe method. However, the two-probe method
sistance before loading was very much lower in Fig. 2and the four-probe method measure different quantities.
than Fig. 4 means that the resistance in Fig. 4 was muchherefore, for use of the composite as a strain sensor,
dominated by the contact resistance. That the resistandke four-probe method is necessary.
increased upon tension in Figs 3 and 4 is attributed to
the contact resistance increasing (i.e., contacts degrad-
ing) upon tension. The gage factor was.5 and+9.6 3. Cement-matrix composites
for Figs 3 and 4 respectively. The higher gage factor3.1. Experimental methods
in Fig. 4 compared to Fig. 3 is attributed to the greaterThe continuous carbon fibers used were pitch-based,
dominance of the contact resistance in Fig. 4 than ifThornel P-25, 2000 fibers per tow, without sizing, with-
Fig. 3. The resistance change upon loading was moreut twist, from Amoco Performance Products, Inc.,
noisy in Fig. 4 than Fig. 3, due to the noise associ-Ridgefield, CT. The fiber properties are shown in
ated with changes in the quality of the contacts at theTable II. Prior to using the fibers in cement, they were
fiber ends. The reason is similar to that for the greatedried at 110C in air for 1 h and then surface treated
noisiness in Fig. 2 than in Fig. 1. with ozone by exposure todas (0.6 vol. %, in @)

The stress (not shown in Figs 1-4) was linear withat 160C for 10 min. The ozone treatment is for im-
strain, such that the strain was totally reversible andproving the wetting of the fibers by water [25]. Cement
was 0.08% at a stress of 140 MPa. paste made from portland cement (Type I) from Lafarge

The resistance increase upon tension in Fig. 4 canCorp. (Southfield, MI) was used for the cementitious
not be just due to dimensional changes (in contrast tonaterial.
the claim in Ref. 5), since the gage factor would have Water and cementinthe weightratio 0.45were mixed
been only+-2 if that were the case. The observed largeby hand to form a cement paste. A weighed amount of
gage factor oft9.6 for Fig. 4 is attributed to the degra- continuous carbon fiber tow was immersed in the ce-
dation of the electrical contacts during tension and thenent paste for 60 min in order to impregnate the fiber
consequentincrease in contact resistance. Although thtew with cement paste. After this, the fiber tow was
contacts at the fiber ends were not gripped during tentaken out and a fraction of the cement paste on the
sion, slight pull-out of the fibers away from the con- outer surface of the tow was removed by using tweez-
tact and into the composite probably occurred duringers. Then, for the purpose of straightening the tow, the
tensile loading of the composite, thereby resulting intow was stretched and wound around a glass cylinder
electrical contact degradation (i.e., contact resistivityof diameter 12 cm and allowed to remain wound for
increase). This degradation is reversible, as shown by-10 min. After this, the tow was unwound and cut into
the reversibility of the resistance increase (Fig. 4), duel80 mm lengths. Then the cut lengths were laid one by
to the reversibility of the contact degradation mecha-one into the rectangular cavity of a steel mold (Fig. 5)
nism. Because the resistance increase in Figs 3and 4 is
not due to a change in volume resistivity, but a change , ,
in contact resistivity, the phenomenon of Figs 3 and 4' ABLE !l Fiber properties

is not true piezoresistivity. Tensile strength 1.40 GPa
Although the phenomenon of Figs 3 and 4 is not trueTensile modulus 160 GPa
piezoresistivity, it is still an electromechanical effect. Elongation at break 0.90%
However, this effect is not suitable for use in strain E'éctrical resistivity 13 10 % Q-cm
Density 1.9 g/crh

sensing, because the quality of an electrical contact i§
hard to control in practice (especially in areal structure)
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A direction during tensile testing was along the length of
B the specimen. The strain in the stress direction during

P © P S il ten_sile testing was measure(_j by _using a strain gage,
N 14 which was attached to the mid-point along the length
) ) ) ® of the specimen, i.e., between the two inner electrical

contacts. Tensile testing under load control was per-
I formed using a hydraulic mechanical testing system
(MTS Model 810). Testing was conducted under static
Figure 5 Steel mold for specimen preparation. The piston above theloading up to failure and under repeated loading at var-
mold cavity is not shown. The impregnated fiber tows (dotted regionjous stress amplitudes, which correspond to load am-
corresponding to the fiber ends) areinthe_cavityand are fastened at po litudes of 50, 100 and 150 Ib. The Ioading rate was
ends by small steel plates A and B. The circles are screws for fastenin 45-6.25 |b/s for static Ioading and 0.125-0.375 Ib/s
for repeated loading.

and the ends of each tow were fastened through small
steel plates at the ends of the mold. The inner edges

the small steel plates were 150 mm apart, thus formiztz' 6Rehsultsth lationship bet ¢ d strai
ing a mold cavity that was 150 mm long and 14 mm g. 6 snows the refationship between stress and strain

wide. A steel piston of the size of the cavity was thenand that between fractional resistance charge/(Ro)

lowered into the cavity. A pressure of 32 MPa was ap_and strain during static tensile testing up to failure for

plied to the cavity through the piston. After holding the a composite with 2.57 vol. % carbon fibers. The stress-

pressure for 24 h, demolding took place and curing wa train curve was linear up to a strain of 0'2%.’ atwhich
performed at 100% relative humidity for 7 days. Af- e resistance started to increase abruptly. Fig. 7 shows

ter this, the specimen was dried atB0for 1 h. Then the variation ofA R/ Ry during loading and unloading

the specimen was weighed. The previously determine&or various stress amplitudes within the linear portion

weight of the bare carbon fibers divided by the weightOf the stress-strain curve fora specimen V.V'th essentially
the same fiber content. The resistance increased upon

of the specimen gave the weight fraction offibersintheI di dd d loading i I
specimen. Using the density of the fibers (Table II), the 0acing and decreased upon unioading in every cycie,

weight fraction was converted to volume fraction.Aftersuch that the resistance Increase was not totally re-
this, the specimen was cut and mechanically polisheefers'ble' The gage factor, which is the fractional change

to size 150« 12 x 5 mm for tensile testing. Specimens Inresistance (rgversible portion) perunitstrain, is 28, 21
with different fiber contents (Table IIl) were obtained an_d 17 for the first, sec_ond and third cy_cle_s respe_ctlvely
by varying the amount of cement paste that was regF'g' 7). The Qecreas_e In gagefactorwr[h Increasing cy-
moved by tweezers from the impregnated fiber tow.CIe number (increasing stress amplitude) was observed

Six specimens of each fiber content were prepared and
tested. Among the six, three were for static loading and 5, 15
the other three were for repeated loading.

The DC electrical resistance in the stress directior 25 1
was measured during tensile testing. For the resistancg

measurement, a Keithley 2002 multimeter and the fourS 20 T =
probe method were used. In this method, four eIectrica§ 15 | — ;vg
contacts were applied by silver paint around the wholeg g

perimeter at four planes perpendicular to the length 08 10 I
the specimen. The four planes were symmetrical aroun*
the mid-point along the length of the specimen, suck
that the two outer contacts (for passing current) were 0 ‘ , : . . . 0
70 mm apart and the two inner contacts (for measuring 0 005 01 045 02 025 03 035
voltage) were 50 mm apart. Tensile strain (%)

Ir.] order t.o faCIIIt.ate the grlpplng of the spe_(:lmens Figure 6 Relationship between stress and strain and that between frac-
durl_ng tensile testing, glass f_lber epox_y_mamx COM-tional resistance changda R/ Rp) and strain during static tensile testing
posite end caps were adhesively applied to the ends to failure for a cement-matrix composite with 2.57 vol. % carbon
(15 mmlength ateach end) of each specimen. The stregsers.

TABLE Il Fiber content and density

Fiber content

Weight fraction (%) Volume fraction (%) Density (g/én
Static loading Repeated loading Static loading Repeated loading Static loading Repeated loading
2.20+0.21 2.24+0.14 2571 0.42 2.60+0.06 2.23:0.15 2.214+-0.09
4.61+0.74 4.55+0.44 5.19+-1.35 5.14+0.25 2.16+0.21 2.15+0.13
7.02+0.69 6.670.43 7.3 1.17 7.24+0.24 2.00+0.12 2.06+0.05
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TABLE IV Gage factor

Fiber volume fraction (%)

3.3. Discussion
The abrupt increase in resistance at high strains is ac-
companied by a decrease in modulus (Fig. 6), so it is

Maximum
Cycle No. load (Ib) 2.6:0.06 5.14+-0.25 7.24£0.24
1 50 57.6£2.8 33.7+6.5
2 100 41.7+ 2.6 24.0+2.0
3 150 40.9£1.7 23.4+ 3.6
0.1 25
0.09 - 12
0.08 | 115
g 0.07 | 14
0.06 -
£ 105 =
£ 0.05 <
4 0 =4
2 0.04 g
5 0.03 | 198 <
- «— 14
0.02 |
0.01 | T-15
0 +-2
-0.01 T T T -2.5
0 200 800 1000 1200

attributed to fiber breakage. The smaller increase in
resistance at low strains is not accompanied by any
change in modulus (Fig. 6), so it is attributed to fiber-
matrix interface degradation. The degradation causes
the fiber-matrix contact resistivity to increase, thereby
affecting the measured resistance, as explained in the
Introduction. Fig. 7 shows that the resistance increase
due to fiber-matrix interface degradation is mostly re-
versible. The large gage factor means that the resis-
tance increase cannot be explained by the dimensional
change, which would have resulted in a gage factor of 2
only. The partly reversible fiber-matrix interface degra-
dation probably involves reversible slight loosening of
the interface. The irreversible part of the resistance in-
crease is associated with irreversible degradation of the
interface. The reversibility is consistent with that ob-
served in short carbon fiber cement-matrix composites
[18-23]. The reversible resistance change means that
the continuous carbon fiber composites are strain sen-
sors. The mechanisms of reversible resistance increase
is fiber-matrix interface loosening for both short fiber
and continuous fiber composites. However, the gage

Figure 7 Variation of A R/ Ry during loading and unloading for various factor is much higher for short fiber than continuous

stress amplitudes within the linear portion of the stress-strain curve fofiber composites.
a cement-matrix composite with 2.60 vol. % carbon fibers.

Since a broken fiber acts as an open circuit, the in-
crease in resistance in the regime of static testing asso-
ciated with fiber breakage yields the fraction of fibers

in all samples (Table IV). Itis attributed to the decreasedroken, as shown in Fig. 8 for the sample of Fig. 6. At

in reversibility with increasing stress amplitude. It is
not clear why the intermediate fiber volume fraction
gave the highest gage factor. Investigation of compos<
ites with different fiber contents showed that the extentg
ofirreversibility in resistance increase was greater whers
the stress amplitude as a fraction of the tensile strengtla
was higher. ;
Similar piezoresistive behavior was observed fors
composites with various fiber contents. Table V lists §
the tensile properties and resistivity of composites With§
various fiber contents. The tensile strength and modu:
lus approach the values calculated based on the Rul
of Mixtures. The resistivity is higher than that calcu-
lated from the Rule of Mixtures. The ductility, strength

fiber

and modulus all increase with increasing fiber volumerigyre g Fraction of fibers broken vs. tensile strain, as obtained from
Fig. 6.

fraction.

TABLE V Tensile properties and electrical resistivity

12

10

2_

0

T

T T

0.195 0.215 0.235 0.255 0.275 0.295 0.315 0.335 0.355

Tensile strain (%)

Carbon fiber volume fraction (%)

2.57+0.42 5.19£1.35 7.3 1.17
Tensile strength (MPa)
Measured 27.21.2 57.3t1.1 85.7+1.32
Calculated 30.8 64.4 98
Tensile modulus (GPa)
Measured 11.%0.52 14.6+ 0.86 17.3+0.92
Calculated 13.1 17.1 20.8
Ductility (%) 0.341+0.011 0.468t 0.008 0.485:0.008

Resistivity £2-cm)
Measured
Calculated

(1.180.11)x 1071
5.91x 1072

(8.40+0.94) x 1072
2.83x 1072

(4.56+£1.32)x 102
1.86x 1072

*Based on the Rule of Mixtures.
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failure, 12% of the fibers were broken. This fraction is sistance increase is mostly reversible, such that the ir-
similarly low for continuous carbon fiber epoxy-matrix reversible portion increases with the stress amplitude.

composites [4].

The effect is attributed to fiber-matrix interface degra-

The method of composite fabrication in this work in- dation, which is partly irreversible. At higher strains
volved impregnation followed by curing of the impreg- at which the modulus is decreased, the resistance in-

nated fiber tows under slight tension. Saatcal. [26]

creases with strain abruptly, due to fiber breakage. The

involved impregnation followed by lay-up of the im- tensile strength of the composites is (B8)% of the
pregnated tows without tension. Our composites exhibitalculated value based on the Rule of Mixtures. The ten-
tensile strength equal to (&81)% of the calculated sile modulus (84t 1)% of the calculated value based

value based on the Rule of Mixtures, whereas thosen the Rule of Mixtures.

of Ref. 26 exhibit tensile strength equal to 75% of the
calculated value. We have made composites without

tension on the impregnated fiber tows. The resultin cknowledgement _ _ _
composites are poor in strength and modulus due to th&NiS work was supported in part by the National Sci-

poor alignment of the fibers.

ence Foundation. The authors thank Xiaojun Wang of

In spite of the effort to align the fibers in this work, State University of New York at Buffalo for technical

the fiber alignment is still not perfect, as shown by
the low strength, low modulus and high resistivity rel-

assistance.

ative to the calculated values (Table V). Neverthelessgofarences
the tensile strength, which reaches 86 MPa, makes these y  \anG andp. b. L. CHUNG, Smart Mater. Struct (1996)

composites attractive for structural applications related
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