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Abstract

Two distinct slopes (resistances) are obtained in current–voltage (I–V) plots of discontinuous, conductive fiber-reinforced cement

composites. The low-field resistance correlates with the DC resistance (RDC) of each composite. The high-field resistance correlates with the

intermediate frequency cusp resistance (Rcusp) in Nyquist (�Zimag vs. Zreal) plots obtained using impedance spectroscopy (IS). A model is

developed that is based on passive oxide film formation on copper or steel fiber surfaces at low fields (I–V) or low frequencies (IS) due to the

high pH pore solution of cement paste. With increase of field, leading to film breakdown (active or transpassive corrosion behavior), or

increase of frequency, leading to short-circuiting of the passive layer, the fibers act as short-circuiting elements in the composite

microstructure, resulting in a decrease in overall resistance.

D 2002 Elsevier Science Ltd. All rights reserved.
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1. Introduction

Nonlinear current–voltage (I–V) behavior is common in

semiconductor-based junctions and in heterogeneous

ceramics [1]. In the case of grain boundary-controlled

(GBC) electroceramics, separate impedance arcs are ob-

tained in Nyquist plots (�Zimag vs. Zreal), one corresponding

to the resistive grain boundaries and one corresponding to

the more conductive grain cores [2]. I–V plots can be highly

nonlinear, e.g., in varistors, with a several order-of-mag-

nitude increase in current when field above a certain thresh-

old voltage is applied [3]. There is an excellent correlation

between the I–V slopes above and below the transition and

the corresponding arc diameters (resistances) in impedance

Nyquist plots. Nonlinear electroceramics find applications in

surge protection (varistors) and temperature-sensing/switch-

ing (thermistors).

Recently, Wen and Chung reported nonlinear I–V behav-

ior in carbon fiber-reinforced cement composites [4]. Their

results were similar to those of the present study presented in

Fig. 1, showing symmetrical two-slope behavior. At low

fields, the I–V slope corresponds to the inverse of the DC

resistance (RDC) of the specimen. Above a threshold voltage,

approximately the same in forward vs. reverse bias, there is a

transition to a higher slope (lower resistance) behavior. This

behavior is in marked contrast to that of fiber-free cement

paste specimens, which exhibit a single I–V slope corres-

ponding to the inverse of DC resistance (see below). Wen

and Chung [4] suggested that conductive fiber-reinforced

cement-based materials could be used for temperature-sens-

ing, based on the temperature dependence of resistivity.

Given the well-established correlation between imped-

ance spectroscopy (IS) and I–V behavior in electroceramics,

the present work undertook both measurements on conduct-

ive fiber/cement–matrix composites. It was recently dem-

onstrated that cement pastes with short conductive fiber

additions exhibit dual-arc Nyquist plots (�Zimag vs. Zreal)

and a ‘‘frequency-switchable coating’’ model was proposed

to explain the behavior [5–7]. A highly resistive passive

oxide film, known to form on copper or steel surfaces at high

pH [8–11], effectively insulates the fibers from the matrix at

DC and low AC frequencies. At intermediate frequencies,

however, displacement currents through the film short out

the oxide coating and the fibers become short-circuit current

paths in the matrix. It is well known that high DC fields can
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similarly destabilize these oxide coatings, driving electro-

chemical reactions into active or transpassive corrosion

regimes [12]. The present work was aimed at correlating

the slopes in I–V plots (e.g., Fig. 1) with features in

impedance Nyquist plots, thereby allowing for a better

interpretation of the underlying mechanism(s) of nonlinear

I–V behavior in cement-based composites.

2. Experimental procedure

Ordinary Portland cement (type I OPC) was mixed by

hand with a water-to-cement (w/c) ratio of 0.4 and homo-

genized in a commercial blender. Macrofibers (0.5 mm

diameter) made of steel were cut to three lengths (6.4,

12.6, and 25.3 mm). Appropriate quantities of each fiber-

length wire were hand-mixed into cement paste to make up

1.0 vol.% of fibers. At these combinations of aspect ratio and

loading, the fibers should not be percolating [13]. These

mixes were cast into cylindrical PVC molds (45 mm dia-

meter by 95 mm height). The samples were cured in 100%

RH for 7 days, at which point the samples were subjected to

impedance and four-point DC resistance measurements.

Aqueous electrodes were constructed for both IS and DC

studies. Samples were mounted vertically, as shown in Fig.

2a, with the bottom end slightly submerged in a sodium

chloride solution in which a copper mesh electrode was

placed. A similar electrode arrangement was mounted at the

top end of the specimen, with a sodium chloride solution

reservoir and a submerged copper mesh electrode. In each

case, the external electrode was no more than 2–3 mm from

the end of the specimen. The aqueous electrodes were

employed to optimize electrochemical contact with each

end of the specimen, which is especially important at high

DC currents. Separate studies with only the copper mesh

electrodes separated by �5 mm of sodium chloride solution

proved that the resistance due to the external electrolyte was

less than 1 V, and could be neglected. To limit interdiffusion

between the solution in the reservoirs and the pore solution in

the specimens, IS measurements were performed as quickly

as possible after mounting. Given that the voltage leads in

four-point DC measurements are at considerable distance

(1–2 cm) from the reservoirs, DC resistance should be

unaffected by interdiffusion (or electromigration), at least

for the brief time period of measurements (�15 min).

Shielded cables connected each electrode to an impedance/

gain-phase analyzer (Solartron 1260, Houston, TX). Imped-

ance scans were taken from 11 to 100 MHz with an

excitation amplitude of 1 V.

To enable four-point DC resistance measurements, thin

steel wires were wrapped tightly around the specimen

cylinders at approximately 20% and 80% positions along

their lengths. Contact between the wire loops and the

sample was ensured by painting a 2-mm wide strip of silver

colloidal paste over the wire. The silver paint was then

sealed with a layer of clear enamel. Currents between ±50

mA were generated by a constant current source (Keithley

220, Cleveland, OH) and applied through the reservoir

electrodes, with voltage drops measured between the two

wire loops. Four-point measurements eliminated possible

electrode contributions in two-point measurements. In every

 

 

Fig. 1. Current–voltage plot for OPC paste (w/c ratio=0.4) with 1.0 vol.%

steel fibers (25.3 mm long, 0.5 mm diameter) at 7 days hydration.

Fig. 2. Experimental setup for (a) impedance and four-point DC resistance

measurements and (b) single-wire spreading resistance studies.
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case, the four-point DC resistance, when corrected for the

difference in interelectrode spacing, agreed with the IS-

derived resistance, within experimental uncertainty (±5%

for each technique).

Single-wire simulations were carried out in tap water

inside a tall glass cylinder (75.7 mm diameter) as shown

schematically in Fig. 2b. A copper-mesh electrode was

affixed to the bottom of the cylinder and was connected to

the impedance analyzer by a shielded cable. A vertically

mounted test wire, also connected by shielded cable to the

analyzer, served as the other electrode. Its position relative to

the copper mesh electrode could be variable or fixed. The

diameter of this wire matched that of the fibers used in the

composites (0.5 mm). The water level in the cylinder could

also be varied to control the extent of submersion of the test

wire. As pointed out in previous work, tap water has

resistivity/dielectric properties comparable to those of mature

cement pastes [5–7] and is therefore useful to simulate the

impedance response of fiber-reinforced composites.

3. Results and discussion

Fig. 3 shows typical impedance results for cement–

matrix composites with 1.0 vol.% steel fibers, in this case

12.6 mm in length, at 7 days of hydration. Also shown for

comparison is the Nyquist plot for fiber-free cement paste at

the same age and w/c ratio (0.4). In both cases, there is

indication of a much larger low-frequency (high impedance)

electrode arc beginning at the right side of each spectrum.

Copper-mesh electrodes were employed in the present work,

and this arc is attributable to passive oxide film formation

on the measurement electrodes [8]; the frequency at the top

of this arc is typically in the megahertz range, corresponding

to the millifarad range of capacitance associated with

electrode films and/or double layers [9].

The ‘‘bulk’’ portion of the impedance spectrum is clearly

influenced by the presence of fibers. The plain paste exhibits

a single bulk arc, whose frequency at the maximum |Zimag| is

in the megahertz range (picofarad range of capacitance). The

intersection of this arc with the electrode arc consistently

agrees with the four-point DC resistance, as shown. Upon the

addition of fibers, the bulk arc is subdivided into two

subarcs, which intersect at the ‘‘cusp frequency’’ in Fig. 3.

The resistance at this point will be referred to as the cusp

resistance (Rcusp) hereafter. The frequency at the top of the

high-frequency (left) arc is virtually identical to that of the

plain paste (megahertz range) and is most likely associated

with interfiber bulk transport (see Fig. 3). The other arc is

somewhat convoluted with the electrode arc, however its

maximum |Zimag| can be estimated to occur in the 10- to 100-

Hz range (microfarad capacitance range), and is therefore

consistent with multiple interface contributions (due to

fibers). The bulk/electrode intersection resistance can be

obtained by careful deconvolution of the overall impedance

spectrum, or the bulk DC resistance can be obtained by

separate four-point measurements, as in the present study.

The values of RDC and Rcusp (obtained by IS) are given

for each of the composites studied in Table 1. Since the

interelectrode spacing is different for the two techniques, the

DC resistance was appropriately scaled to correspond to the

longer interelectrode spacing in the IS measurements. Fur-

thermore, adjustments were made for sample-to-sample

differences in cross-sectional area, always normalizing to

the geometry of the IS specimens.

I–V plots for each of the specimens are shown in Fig. 4.

There was no evidence of nonlinearity in either the plain

Fig. 3. Typical impedance spectra (Nyquist plots) for OPC paste (w/c

ratio=0.4) with and without 1.0 vol.% steel fibers (12.6 mm long, 0.5 mm

diameter) at 7 days of hydration. The frequency at the top of the single bulk

arc (OPC paste) is the same as for the left (high frequency) bulk arc

(composite)—approximately 8 MHz. The frequency at the top of the right

(low frequency) bulk arc for the composite is approximately 25 Hz.

Table 1

Comparison of I–V and IS measurements

Material I–V (V) IS (V) Vthreshold

RDC
a RHI –V Rcusp

(V)

OPC paste 652.3 – 636.7 –

FRC (6.4-mm fibers) 692.3 N/A 613.9 N/A

FRC (12.6-mm fibers) 696.6 473.3 446.4 10.1

FRC (25.3-mm fibers) 649.5 333.4 303.0 5.4

FRC=fiber-reinforced cement.
a Low voltage slope in the I–V plot.

Fig. 4. Current–voltage plots for OPC paste (w/c ratio=0.4) with and

without 1.0 vol.% steel fibers at various lengths at 7 days hydration.
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cement paste or the composite with 6.4-mm-long fibers.

However, the composites with 12.6- and 25.3-mm-long

fibers showed clear evidence of nonlinearity. Each plot

was symmetrical, i.e., the threshold voltage was approxi-

mately the same in both directions and the slopes at high

field were virtually identical. This can be seen more clearly

in Fig. 1. In each case, it was found, within the estimated

±5% uncertainty in each measurement, that the central (low

field) slope yielded a resistance in good agreement with the

DC resistance from four-point measurements. Similarly, the

slope at high field yielded a resistance in good agreement

with the cusp resistance from IS measurements, again within

±5% uncertainty in each measurement. The values obtained

are given in Table 1.

Both composite behaviors—changeover from high to

low resistance upon application of either high frequency

or high DC field—can be understood with the aid of the

crude equivalent circuit model in Fig. 5 involving various

component resistances (R) and capacitances (C). The sub-

scripts stand for bulk (b), spreading (sp), fiber oxide coating

(c), and electrode oxide (ox). At low DC fields or low AC

frequencies, the fiber oxide coating remains intact. Since Rc

is so large, the lower path in the composite is virtually an

open circuit; all current is passed through the surrounding

bulk, i.e., the upper path (Rb, Cb). Although Rox is similarly

large, all current must pass through the excitation electrodes.

Therefore, two impedance arcs are obtained for the fiber-

free OPC specimen in Fig. 3, one corresponding to the bulk

and the other corresponding to the electrodes.

The composite behaves differently, however, with either

increasing frequency or increasing DC field. At a critical

point, either the ‘‘cusp frequency’’ in IS or the threshold

voltage in DC measurements, the oxide coating is no longer

blocking for current flow. At high frequencies, displacement

currents through the oxide film capacitance (Cox) in Fig. 5

short out the oxide film resistance (Rox), thereby activating

the lower conduction path in the equivalent circuit. At high

currents, large local fields can drive electrochemical reac-

tions at fiber tips into either active or transpassive corrosion

regimes [12], thereby breaching the film resistance (Rox) in

Fig. 5. Again, this activates the lower (fiber) conduction

path in the equivalent circuit. The fibers become short-

circuiting paths through the matrix. At either the cusp

resistance or above the threshold voltage, it is fiber-to-fiber

bulk transport (and spreading resistance contributions, see

below) that govern the lower resistance obtained (Rcusp or

RHI–V, see Table 1). Since it is still ‘‘bulk’’ in character,

albeit of a more localized nature, the time constant (RC

product) and characteristic frequency (the frequency at the

maximum |Zimag|) of the high-frequency (left) arc for the

composite in Fig. 3 are identical to those of plain paste.

In the equivalent circuit model of Fig. 5, Rb
0 stands for

the bulk contributions between adjacent fibers and Rsp

stands for spreading resistance contributions at the fiber

tips. Spreading resistance arises due to current-bunching, as

originally described by Holm [14]. We previously demon-

strated that the spreading resistance of a single fiber tip

could be estimated by submerging it at fixed depth in tap

water of known conductivity, varying its separation from a

large area counter electrode, and measuring the impedance

between the two [7]. Fig. 6a shows a plot of cusp resistance

(i.e., the intersection between electrode and ‘‘bulk’’ water

arcs) vs. electrode separation of a 0.5-mm diameter steel

wire at a constant 14 mm submersion in the glass cylinder

Fig. 5. Equivalent circuit model for conductive fiber-reinforced composites.

R=resistor, C=capacitor, b=bulk, sp=spreading, c=coating, ox=oxide. See

text for Rb
0, Cb

0.

Fig. 6. (a) Measured resistance vs. electrode separation distance at a fixed

wire submersion depth of 14 mm. (b) Calculated spreading resistance vs.

submersion depth at a fixed separation distance of 11.1 cm.
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apparatus of Fig. 2b. The slope of the line corresponds to the

increasing resistance of the water column between the two

electrodes. The intercept at zero separation is the spreading

resistance of the fiber. By similarly separating out the bulk

water contributions, the spreading resistance of the fiber at

various submersion depths was calculated. This is plotted in

Fig. 6b. As expected, there is a rapid falloff in spreading

resistance for the first few millimeters of submersion.

Expressed in terms of wire diameters, Rsp has fallen to

�25% of the initial contact value by �5 diameters of

submersion and to �10% by �20 diameters of submersion.

Beyond 10 diameters of submersion, the changes in spread-

ing resistance are relatively small. For comparison purposes,

the fibers used in the composite work had aspect ratios

(length/diameter) of 12.8, 25.2, and 50.6.

Based on the spreading resistance results of Fig. 6, we

can now address the variation of threshold voltage vs. fiber

length in Fig. 4 and Table 1. The composite with 12.6-mm-

long fibers exhibits a threshold voltage nearly double that of

the composite with 25.3-mm-long fibers. This can be

rationalized with the following thought problem. Consider

a single fiber parallel to the applied field direction in a

composite. Above the threshold voltage, it acts as a short-

circuit element of the microstructure, contributing two

spreading resistances in addition to bulk contributions

between it and its neighbors (Rb
0). Now cut the fiber in half

and open a gap between the two halves such that this

spacing is approximately the same as between the opposing

ends and the adjacent fibers in the composite. Fig. 6b

suggests that the spreading resistance at the fiber tips will

not be significantly changed as long as the fibers remain 10

or more diameters in length. In our thought problem, the

current path above the threshold voltage now involves four

as opposed to two spreading resistance contributions (fiber

tips) in addition to the relatively unchanged Rb
0. Therefore,

it is reasonable to expect the threshold voltage to approx-

imately double, i.e., twice as much overall field must be

applied to achieve the same threshold value at a given fiber

tip. Following the same argument, we would predict a

threshold voltage of �20 V for the composite with 6.4-

mm-long fibers. Since the corresponding current level was

outside of the experimental range (±50 mA), the transition is

not observed in Fig. 4.

The approximately inverse relationship between thresh-

old voltage and fiber length is similar to what is observed in

GBC electroceramics. In varistors, for example, the thresh-

old or breakdown voltage is inversely proportional to grain

size, being essentially determined by the number of grain

boundary barriers in the current path [3]. By halving the

grain size, the number of barriers doubles and therefore the

breakdown voltage also doubles.

There are important differences, however, between the

conductive fiber composites in the present work and typical

GBC electroceramics. In GBC electroceramics, the grain

boundary barriers are completely blocking at small fields.

Once the threshold or breakdown voltage is exceeded, the

current can jump by several orders of magnitude to the value

limited by the highly conductive grain cores. In the case of

conductive fiber composites, the oxide coatings on the fibers

are never blocking to current flow through the surrounding

matrix. The boost in current (reduction in resistance) above

the threshold voltage is comparatively minor, since the

current path still involves portions of the matrix (Rb
0) in

Fig. 5.

A second difference has to do with interfacial stability.

Both GBC ceramics and conductive fiber-reinforced com-

posites are reversible as long as voltage excursions are of

relatively short duration, and return to their prebreakdown

condition after the momentary excess voltage is removed.

Long-term voltage/current excursions above threshold,

however, can have deleterious effects. This is especially

true for conductive fiber-reinforced cements, as in the

present work. Here such currents can result in permanent

interfacial changes due to local electrochemical reactions

and the formation of corrosion products.

It should be pointed out that the oxide film-based fiber

coating model used to explain the nonlinear I–V behavior

and the dual-arc impedance response of steel fiber-reinforced

cement–matrix composites is not universally applicable. For

example, carbon fiber-reinforced cement–matrix composites

are known to exhibit both nonlinear I–V plots [1] and dual-

arc impedance spectra [9], yet carbon does not form a passive

oxide film. It is conceivable that the double layer that forms

in aqueous solutions (i.e., a charge transfer resistance in

parallel with a double layer capacitance) can play the role of

the frequency- and/or voltage-switchable coating as in the

present work. Further work on carbon fiber composites is

being conducted and will be reported separately.

4. Conclusions

By comparing four-point DC resistance measurements

over a range of applied currents (±50 mA) with IS over a

range of frequencies (11–100 MHz) on steel fiber-rein-

forced cement–matrix composites, it was demonstrated that

the two slopes in I–V plots correspond directly to the DC

resistance (low-field I–V slope) and the cusp resistance

between the two bulk arcs in IS (high-field I–V slope). A

model was developed to explain both phenomena. A passive

oxide film forms on fiber surfaces under the high pH cement

pore solution. With the application of large DC field or high

AC frequency excitation, the high impedance oxide coating

can be shorted out or breached, resulting in short-circuit

current flow via fibers and an overall decrease in composite

resistance. There appears to be an inverse correlation

between threshold voltage and fiber length, probably due

to the change in the number of spreading resistance (fiber

tip) contributions along the conduction path. Although this

behavior is similar to that of nonlinear electroceramics (e.g.,

varistors and thermistors), its interfacial stability is not. Due

to the electrochemical nature of current transfer at fiber tips,
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permanent (corrosion) damage can occur at the fiber–matrix

interfaces if above-threshold DC voltages/currents are

applied for a long period.
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