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Rectifying and thermocouple junctions have been achieved using electrically dissimilar
Portland cement pastes. The preferred junction is a pn-junction involving steel fiber
cement paste (n-type) and carbon fiber cement paste ( p-type). For this junction, the

thermocouple sensitivity is 70 pV/°C.

I. INTRODUCTION

Junctions between electrically dissimilar materials are
used to provide electric current rectification (as in the
case of pn-junctions) and to provide thermocouples.

Rectifying junctions are useful as diodes for electric
circuits. Various junctions can be used together to pro-
vide transistors. They are used on semiconductors,
mostly commonly silicon, as the doping of a semicon-
ductor gives n-type and p-type materials for making
pn-junctions.

Thermocouple junctions are useful for temperature
sensing. They require dissimilar materials. One example
of dissimilarity is that one is n-type and the other is
p-type. A thermocouple junction does not have to be a
pn-junction, though a pn-junction is a junction of elec-
trically very dissimilar materials and can serve as a rela-
tively sensitive thermocouple junction.

The function of a thermocouple junction is based on
the Seebeck effect that occurs in each of the two mate-
rials making up the junction. The more dissimilar are the
two materials, the greater is the thermocouple sensitivity.
Hence, the phenomenon behind a thermocouple is not an
interfacial phenomenon but is associated with the differ-
ence in bulk properties between the two materials. On the
other hand, the function of a rectifying junction involves
an interfacial phenomenon, as the junction gives risc to a
contact potential, which is key to the rectifying ability of
the junction. Therefore, the quality of the interface at the
junction is important to a rectifying junction but is rela-
tively unimportant to a thermocouple junction.

Thermocouple materials are commonly metals and
semiconductors with large values of thc absolute ther-
mocelectric power (i.¢., large Seebeck effect). Metals are
most commonly used because of their availability in the
form of wires and the ease of joining metal wires by
welding to form a junction.

In sharp contrast to the metals and semiconductors
widely used for rectifying and thermocouple junctions,
this paper uses materials based on Portland cement.

J. Mater. Res., Vol. 16, No. 7, Jul 2001

Cement is a low-cost, mechanically rugged, and electri-
cally conducting material which can be rendered n-type
or p-type by the use of appropriate admixtures, such as
short carbon fibers (which contribute holes) for attaining
p-type cement and short steel fibers (which contribute
electrons) for attaining n-type cement.'™ (Cement itself
is weakly n-type in relation to electronic/ionic conduc-
tion.") The fibers also improve the structural properties,
such as increasing the flexural strength and toughness
and decreasing the drying shrinkage.>™'* Furthermore,
cement-based junctions can be easily made by pouring
the dissimilar cement mixes side by side. In addition,
since cement is a structure material, cement-based junc-
tions can be parts of a concrete structure, thereby allow-
ing the structure to provide the rectifying and
thermocouple functions. This makes the structure multi-
functional and smart.

Compared to semiconductor-based junctions, cement-
based junctions involve negligible materials and proc-
essing costs, as single crystals. thin films, vacuum
processing, and clean rooms are not required for making
cement-based junctions but are usually required for mak-
ing semiconductor-based junctions. Moreover, cement-
based junctions are mechanically rugged compared to
semoconductor-based junctions.

Il. EXPERIMENTAL METHODS

The steel fibers used to provide strongly n-type cement
paste were made of stainless steel No. 434, as obtained
from International Steel Wool Corp. (Springfield. OH).
The fibers were cut into picces of length 5 mm prior to
use in the cement paste in the amount of 0.5% by mass of
cement (i.c., 0.10 vol%). The properties of the steel fi-
bers are shown in Table [. The mechanical properties of
mortars containing these fibers are described in Ref. 7.
However, no aggregate, whether coarse or fine, was used
in this work.
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The carbon fibers used to provide p-type cement paste
were isotropic pitch based, unsized, and of length ap-
proximately 5 mm, as obtained from Ashland Petroleum
Co. (Ashland, KY). They were used in the amount
of either 0.5% or 0.1% by mass of cement (i.e., either
0.48.0r 0.96 vol% in the case of cement paste with silica
fume and either 0.41 or 0.82 vol% in the case of cement
paste with latex). Silica fume, due to its fine particulate
nature, is particularly effective for enhancing the fiber
dispersion.'*'® The fiber propertics are shown in
Table II. No aggregate (fine or coarse) was used. The
cement paste with carbon fibers in the amount of 1.0%
by mass of cement was p-type, whereas that with car-
bon fibers in the amount of 0.5% by mass of cement was
slightly n-type, as shown by thermoelectric power
measurement.’

The cement used in all cases was portland cement
(type 1) from Lafarge Corp. (Southficld, MI). Silica fume
(Elkem Materials, Inc., Pittsburgh, PA, EMS 965) was
used in the amount of 15% by mass of cement. The
methyicellulose, used in the amount of 0.4% by mass of
cement, was from Dow Chemical Corp., Midland, MI,
Methocel A15-LV. The defoamer (Colloids, Inc., Mari-
etta, GA, 1010) used whenever methylcellulose was used
was in the amount of 0.13 vol%. The latex, used in the
amount of 20% by mass of cement, was a styrene buta-
dicne copolymer (Dow Chemical Co., Midland, MI,
460NA) with the polymer making up about 48% for the
dispersion and with the styrene and butadiene having a
mass ratio of 66:34. The latex was used along with an
antifoaming agent (Dow Corning Corp., Midland, MI,
No. 2410, 0.5% by mass of latex).

A rotary mixer with a flat beater was used for mix-
ing. Methycellulose (if applicable) was dissolved in
water, and then the defoamer was added and stirred by
hand for about 2 min. Latex (if applicable) was mixed
with the antifoam by hand for about 1 min. Then the
methylcellulose mixture (if applicable), the latex mixture

TABLE 1. Properties of steel fibers.

(if applicable), cement, water, silica fume (if applicable),
carbon fibers (if applicable), and steel fibers (if appli-
cable) were mixed in the mixer for 5 min.

A junction between any two types of cement mix was
made by pouring the two different mixes into a rectan-
gular mold (160 x 40 x 40 mm) separately, such that the
time between the two pours was 10-15 min. The two
mixes were poured into two side-by-side compartments
of the mold, and the paper (2-mm thick, without oil on it)
separating the compartments was removed immediately
after the completion of the two pours. Each compartment
was roughly half the length of the entire mold.

After pouring of the mixes into oiled molds, an exter-
nal electrical vibrator was used to facilitate compaction
and decrease the amount of air bubbles. The resulting
junction could be seen visually, due to the color differ-
ence between the two halves of a sample. The samples
were demolded after 1 day and cured in air at room
temperature (relative humidity = 100%) for 28 days.

Five types of ccment past were prepared, namely (1)
plain cement paste (weakly n-type, consisting of just ce-
ment and water), (ii) steel fiber cement paste (strongly
n-type, consisting of cement, water, and steel fibers), (iii)
carbon-fiber silica-fume cement paste (very weakly n-
type, consisting of cement, water silica fume, methylcel-
lulose, defoamer, and carbon fibers in the amount of
0.5% by mass of cement), (iv) carbon-fiber silica-fume
cement paste (p-type, consisting of cement, water, silica
fume, methylcellulose, defoamer, and carbon fibers in
the amount of 1.0% by mass of cement), and (v) carbon-
fiber latex cement paste (very weakly n-type, consist-
ing of cement, water, latex, and carbon fibers). The
water/cement ratio was 0.45 for pastes i—iv and was 0.25
for paste v. The absolute thermoelectric power of each
paste is shown in Table 111"

Three pairs of cement paste were used to make junc-
tions, as described in Table IV. For each pair, six speci-
mens were tested in terms of the current—voltage
characteristics and three specimens were tested in terms
of the thermocouple behavior.

Current—voltage (/-V) characteristics were determined

Nominal diameter 60 pum .

Tensile strength 970 MPa by using the two-probe method, with silver paint in con-

Tensile modulus 200 GPa junction with copper wires for electrical contacts. The

Elongation at break 3.2%

Volume electrical resistivity 6% 107 Qem

Specific gravity 7.7gem™ TABLE Ill. Absolute thermoelectric power (wV/°C).

. Volume fraction
TABLE ll. Properties of carbon fibers. Cement paste® fibers (%) wv/oC Type Ref.

Filament diameter 15+3 um (i) Plain 0 1.99+0.03 weakly n 1
Tensile strength 690 MPa (i) S, (0.5%) 0.10 533+48 stronglyn 5
Tensile modulus 48 GPa (iii) C, (O.Sb) +SF 0.48 0.89+0.09 weakly n 1
Elongation at break 1.4% (iv) C; (1.0°) +SF 0.95 048011 p !
Electrical resistivity 3.0x 1073 Qcem V) C(0.5°) +L 0.41 1.14 £ 0.05 weakly n 1
Specific gravity 1.6 gcem™
Carbon content 98 wi% "Note: SF = silica fume; L = latex.

1990

®Percent by mass of cement.
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one rather than an ionic onc. Morcover, the repeatability
of the /-V characteristics over time suggests that absence of
any significant electrochemical reaction. Therefore, the
rectification is attributed mainly to the asymmetric elec-
tron flow resulting from the pn or nn” junction. Due to
the high concentration of electrons in the n- or n"-side,
electrons predominantly flow by diffusion from the n-
side to the p-side or from the n"-side to the n-side across
the junction. This flow is enhanced by a positive voltage
(i.e., forward bias), which lowers the contact potential at
the junction. When the voltage is negative (i.c., reverse
bias), the contact potential is high, causing the diffusion
current to be low. However, electrons are swept from the
p-side to the n-side or from the n-side to the n”-side
under the electric field associated with the high contact
potential at the junction, resulting in a drift current in the
direction opposite to the diffusion current. The drift cur-
rent is enhanced by a more negative voltage but is low
due to the low electron concentration in the n-side.

Junction b is more rectifying than junction c. This is
due to the involvement of junction ¢ with latex in the
cement paste with carbon fibers and the involvement of
junction b with silica fume in the cement paste with
carbon fibers. As shown in Table I1I, silica fume (paste
iii) brings out the p-type influence of carbon fibers more
than latex (paste v). Furthermore, latex is clectrically
insulating and its presence at the junction may interfere
with the charge transport through the junction.

The piecewise linearity in the /-V characteristic up to
+30 V in the positive voltage regime in Fig. 2 and down
to —30 V in the negative voltage regime in Fig. 1, such
that the slope is different between the positive and nega-
tive voltage regimes of each /-V characteristic, is in
sharp contrast to the linearity (not piecewise, but uni-
form, with the same slope on both sides of the origin due
to ohmic behavior) range of up to +11 V and down to
—-11V in the case of a homogeneous piece of cement
paste without a junction (Fig. 7).'® The origin of the

-
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FIG. 7. [-V characteristic of carbon-fiber silica-fume cement paste
(paste iii of Table 111, no junction) at room temperature.'
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piecewise linearity and slope change in the junction case
(Figs. 1 and 2) is not completely clear, though it must be
due to the effect of the junction on carrier movement.
The values of the thermocouple sensitivity (Table [V)
are higher than (theoretically equal to) the difference in
the absolute thermoelectric power of the corresponding
two cement pastes that make up the junction (Table III).
For example, for junction a, the difference in the
absolute thermoelectric power of pastes iv and ii is
54 wV/°C, but the thermocouple sensitivity is 70 pV/°C.
The reason for this is unclear. Nevertheless, a higher
thermocouple sensitivity does correlate with a greater
difference in the absolute thermoelectric power.

V. CONCLUSION

Cement-based rectifying and thermocouple junctions
(pn or nn™) have been achieved using electrically dis-
similar cement pastes, such as those having different con-
centrations of free electrons (from steel fibers) or holes
(from carbon fibers). The current from the more p-type or
less n-type side to the other side of the junction is high
when the voltage is positive at the former side. The cur-
rent is low when the voltage is negative at the former
side. The highest thermocouple sensitivity attained was
70 wV/°C. The presence of latex in the cement paste
degrades the rectifying ability and thermocouple sensi-
tivity of the junction.
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B. Thermocouple behavior

Figures 4—6 show plots of the thermocouple voltage
versus the temperature difference (relative to essentially
room temperature) for junctions a—c, respectively. The
thermocouple voltage increases monotonically and re-
versibly with increasing temperature difference for all
junctions. The thermocouple voltage noise decreases and
the thermocouple sensitivity (Table IV) and reversibility
increase in the order: (c), (b), and (a). The highest ther-
mocouple sensitivity is 70 £7 wV/°C, as attained by
junction a both during heating and cooling. This value
approaches that of commercial thermocouples. That
junction a gives the best thermocouple behavior (in terms
of sensitivity, linearity, reversibility, and signal-to-noise
ratio) is duc to the greatest degree of dissimilarity be-
tween the materials that make up the junction. The lin-
carity of the plot of thermocouple voltage versus
temperature difference is better during cooling than dur-
ing heating for junction a. :
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FIG. 3. /-V characteristic of junction ¢ of Table 1V.
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FIG. 4. Variation of the cement-based thermocouple voltage with
temperature difference during heating and then cooling for junction a
of Table IV.

IV. DISCUSSION

The asymmetry in the /-¥ characteristic on the two
sides of the origin observed in this work for various
junctions is in sharp contrast to the symmetry previously
observed for a homogeneous piece of cement paste with-
out a junction (Fig. 7).'® This symmetry was observed
for various paste compositions (pastes i, iii, and v of
Table 111) at various temperatures.'® Hence, the asymme-
try is attributed to the junction itself. The current at the
same voltage is higher in Fig. 7 (without a junction) than
in Figs. 1-3 (with a junction), due to the contact resis-
tance associated with the junction.

Junctions a and b are rectifying, though the rectifica-
tion is not perfect; the magnitude of current is much
larger when the voltage is positive than when the voltage
is negative. Although ionic conduction occurs in a ce-
ment phase (which contains water), the electric circuit
used in obtaining the /~¥ characteristics is an electronic
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FIG. 5. Variation of the cement-based thermocouple voltage with
temperature difference during heating and then cooling for junction b
of Table V.
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FIG. 6. Variation of the cement-based thermocouple voltage with
temperature difference during heating and then cooling for junction ¢
of Table IV.
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two-probe method gave essentially the same result as the
four-probe method, due to the high sample resistance. A
Keithley 2001 (Cleveland, OH) multimeter was used.
Each electrical contact was applied around the entire
40 x 40 nm perimeter of the rectangular specimen. The
two contacts were at two parallel cross-sectional planes
that were 140-mm apart, such that they were symmetri-
cally positioned with respect to the junction. The voltage
was swept from +30 to —30 V over a period of 1205,
while the current was measured. The positive end of the
indicated voltage was at the first of the two listed pastes
in each row in Table IV, as this is the more p-type or less
n-type partner. The indicated current was in the direction
from the positive end to the negative end of the indicated
voltage.

Thermocouple testing was conducted by heating the
junction by resistance heating, which was provided by
nichrome heating wire (wound around the whole perim-
eter of the sample over a width of 10 mm that was cen-
tered at the junction), a transformer, and a temperature
controller. The voltage difference between the two ends
of a sample was measured by using electrical contacts in
the form of copper wire wound around the whole perim-
eter of the sample at each end of the sample. Silver paint
was present between the copper wire and the sample
surface under the wire. The copper wires from the two
ends were fed to a Keithley 2001 multimeter for voltage
measurement. A T-type thermocouple was positioned to
almost touch the heating wire at the junction. Another
T-type thermocouple was attached to one of the two ends
of the samples (at essentially room temperature). The
difference in temperature between these two locations
govemns the voltage. Voltage and temperature measure-
ments were done simultaneously using the multimeter,
while the junction temperature was varied through resis-
tance heating. The voltage difference divided by the tem-
perature difference yielded the thermocouple sensitivity.

ill. RESULTS
A. Current-voltage characteristics

Figure 1 shows the /-V characteristic for junction a,
which is a pn-junction. The /~V characteristic is nonlin-
¢ar within the positive voltage regime and linear within

TABLE 1V. Cement junctions.

Thermocouple sensitivity

Junction Vo)
Junction Pastes involved type* Heating Cooling
a iv and ii pn 70 +7 707
ii and it nn* 65+5 65+6
< v and i nn' 59+7 S8+5

*Note: nn* refers to a junction between a weakly n-type material and a
strongly n-type material.

the negative voltage regime. The slope is much steeper
in the positive voltage regime than the negative voltage
regime. Thus, the junction is rectifying, though the rec-
tification is not perfect and the /- characteristic differs
in shape from that of a conventional pn-junction.

Figure 2 shows the /-V characteristic of junction b,
which is an an"-junction. It is similar to that in Fig. 1,
except that the slope is less linear in the negative voltage
regime and the current is lower at the same voltage. The
lower current in Fig. 2 is consistent with the higher re-
sistivity of cement paste iii of junction b than that of
cement paste iv of junction a.

Figure 3 shows the /-V characteristic for junction c,
which is a nn"-junction with less contrast between the
n and n* sides than the nn"-junction of Fig. 2. The junc-
tion is essentially not rectifying, though the slope of the
I-V characteristic is different on the two sides of
the origin. The [~V characteristic is nonlinear.

Of all the junctions studied, only junction a s a
pn-junction (Table 1V). It gives the best rectification
behavior.
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FIG. 1. I-V characteristic of junction a of Table IV.

no .

Voltage (V)

FIG. 2. /-V characteristic of junction b of Table IV.
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