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Abstract A lead-free graphite conducting paste was
prepared by using graphite powder, lead-free barium
boron low-melting glass and ethyl cellulose solution.
By analyzing the sheet resistance, Vickers hardness as
well as the adhesion strength of the fired film prepared
by the pastes formulated with different composition,
the composition of the paste with preferable properties
was evaluated in weight percent: organic vehicle 60,
graphite powder 15–20, and low-melting glass 20–25.
The films, prepared by the pastes using the lead-free
glass with a glass transition temperature of 476�C, were
perfectly flat and compact after fired at a peak
temperature within the range of 540 to 590�C. The
sheet resistance of the fired film with glass content of
25 wt% was 135 X/mm2 at the film thickness of
25 ± 3 lm, while the Vickers hardness was 12.3
N/mm2 and the adhesion strength to soda lime silicate
glass substrate was 45.6 N/mm2. In addition, the
rheological, thixotropic, and viscoelasticity behaviors
of the typical paste were characterized and the effects
on the screen-printing ability were analyzed in detail. It
is found that a slight flocculated network structure is
formed in the paste at rest, but the flocculated structure
is very slight due to the steric effect of the ethyl
cellulose macromolecules and good dispersing. The
rheological, thixotropic, and viscoelasticity behaviors
of the typical paste were similar to those of the screen-
printing pastes with a high solid content of filler.
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Introduction

Graphite thick films are used extensively for versatile
thick film electrodes,1–4 anti-electrostatic coatings,5 etc.
Graphite conducting thick film paste consists of
primarily three functional constituents: (1) the graphite
powder, which provides the conductive phase; (2) low-
melting glasses, which act as a permanent binder
during sintering to enable binding of the functional
graphite powder to the substrate; and (3) organic
vehicle, which disperses the graphite powder and low-
melting glass powder to impart the desired rheological
properties to the paste. The paste is screen-printed in
the desired pattern onto the substrate, dried, and fired
at high temperatures in order to realize conducting
films with a thickness ranging from 10 to 30 lm.
However, the mainly used low-melting glasses as the
permanent binder in thick film pastes are lead boro-
silicate glass with PbO typically more than 70 wt%.6,7

Recently, lead contained low-melting glass in thick
films has been restricted because it is dangerous to
health and environment. This tendency leads to efforts
in the direction of the development of lead-free low-
melting glass binder. Generally, the firming tempera-
ture of lead-free low-melting glasses is higher than that
of lead-contained glasses. Thus, it is very important to
use new lead-free low-melting glass to alternate lead-
contained low-melting glass for the lead free of electric
components.

In this investigation, lead-free graphite conducting
pastes were prepared by using graphite powder as
conducting phase, a lead-free barium boron glass
as permanent binder, and ethyl cellulose solution as
organic vehicle. The effects of glass frit content on the
sheet resistance, Vickers hardness, as well as the
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adhesion strength of the fired film to the soda lime
silicate glass substrate were investigated. The rheolog-
ical, thixotropic, and viscoelasticity behaviors of the
typical paste were characterized by using a rheometer
and the effects on the screen-printing ability were
analyzed in detail.

Experimental

Commercially available graphite powder was used as
conducting phase. The average particle size of flake
graphite powder was 0.4 lm. Figure 1 shows the X-ray
diffraction pattern of the graphite powder (Rigaku,
D/MAX 2200). One sees that the diffractogram is very
close to the characteristic peaks of crystalline graphite-
2H, given by JCPDS file no. P63/mmc(194).

A lead-free barium boron glass was used as perma-
nent binder. The glass was melted at 1050�C and then
fritted, pulverized to an average particle size of about
3 lm. Table 1 shows the detailed composition and
properties of the glass. The glass transition tempera-
ture of the glass was 476�C, which was determined by
the quantitative differential thermal analyzer of DSC-
200PC.

The organic vehicle was a solution prepared by
solving 4 wt% ethyl cellulose and some additives in the
mixing solvents of butylcarbitol acetate and terpineol.
The N-type ethyl cellulose was used. The substitution
number of ethoxy for the hydroxy in each glucose unit

of the N-type ethyl cellulose was 2.4–2.5; correspond-
ingly, the weight percent of the ethoxy is 47–48.

The thick film pastes were formulated having the
composition of graphite powder, barium boron glass
powder, and the organic vehicle. Table 2 gives the
different paste compositions having varying weight
percentages of glass content with constant inorganic-
to-organic ratio of 40:60. The above materials were
admixed thoroughly and then ground to the required
consistency in a three-roll mixer.

The rheological and thixotropic behaviors of the
formulated pastes were analyzed by an ARES(RFS-
III) rheometer. For all measurements the geometry
was limited to cone and plate; a titanium cone-and-
plate geometry with a radius of 25 mm and a cone
angle of 0.04 radian was used. Dynamic frequency
sweep tests were carried out with a controlled strain of
5%. The experiments were carried out in an environ-
ment with controlled relative humidity, and the mea-
surement temperature was 20�C.

The formulated pastes were screen-printed through
a nylon mesh (mesh count 250) on 100 x 100 mm soda
lime silicate glass substrate. The screen-printed sam-
ples were then dried at 180�C for 10 min, and then
fired in the high-temperature muffle furnace at 540,
550, 560, 570, 580, and 590�C peak temperature for
10 min, respectively. The resultant fired film samples
were analyzed for surface morphology, thickness,
Vickers hardness, and adhesion strength by an SS550
scanning electron microscopy (SEM), FTS-S3C surface
profile meter, HXS-1000 digital intelligent microscopy
sclerometer, and WS-2002 Scratch Tester for adhesion
strength of film to substrate by scratching film, respec-
tively. The sheet resistance of the fired films was
measured using the four-point technique.

Fig. 1: The XRD pattern of the graphite powder

Table 1: The composition and properties of the glass used in the paste

Component SiO2 B2O3 BaO Bi2O3 Al2O3 ZnO SnO2

Content (mol%) 2 15 47 23 2 8 3
Density (g/cm3) 2.8
Glass transition temperature (�C) 476

Table 2: Composition of the graphite conducting
pastes prepared (wt%)

Sample
number

Graphite
powder

Glass
powder

Organic
vehicle

S1 35.00 5.00 60.00
S2 30.00 10.00 60.00
S3 25.00 15.00 60.00
S4 20.00 20.00 60.00
S5 15.00 25.00 60.00
S6 10.00 30.00 60.00
S7 5.00 35.00 60.00
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Results and discussion

Glass content in the graphite conducting paste

The film samples after screen printed and then fired at
540, 550, 560, 570, 580, and 590�C peak temperature for
10 min, respectively, were analyzed. Table 3 shows the
hardness, sheet resistance, and adhesion strength of the
films prepared by the graphite conducting pastes with
the composition formula given in Table 2. The thick-
ness of the film was about 25 ± 3 lm, which was
determined by FTS-S3C surface profile meter. The
surface morphology of the fired thick films was
observed by an SS550 model SEM. The graphite
powders in the film surface of the samples S1, S2,
and S3, with the glass content less than 15 wt% in the
paste, were ease to come off, while the film samples S6
and S7, with the glass content more than 30 wt%, were
insulating. However, the sheet resistance of the film
samples S4 and S5, with the glass weight content of 20
and 25%, was 80 and 135 X/mm2, respectively. The film
sample S5 was prepared by screen-printing the paste
sample no. S5 in Table 2 on soda lime silicate glass
substrate, then fired at 590�C peak temperature for
10 min. It was perfectly flat and compact. Figure 2

gives a SEM micrograph of the fired film S5. As
expected, the sheet resistance, Vickers hardness, and
adhesion strength of the film samples increase with an
increase of the glass content.

It is seen that glass weight percentage of 20–25,
corresponding to sheet resistance of about 80–135 X/
mm2, would be suitable for the conductor composition.
A glass weight percentage of 20–25 is found to be ideal
for the present thick film conducting paste formulation,
which beneficially offers favorable microstructure,
hardness, good adhesion strength, and desired low
sheet resistance in the film after firing. The film
prepared by the paste of no. S5 in Table 2, with the
glass content of 25 wt%, was smooth and compact. Its
sheet resistance was 135 X/mm2, the Vickers hardness
was 12.3 N/mm2, and the adhesion strength to soda
lime silicate glass substrate was 45.6 N/mm2.

Rheological behavior

Rheological characterization of a paste is to measure
the relationship between shear stress and rate of shear
strain varying harmonically with time, indicating the
level of interparticle force or flocculation in the paste.8

The time-dependent rheology of the paste sample no.
S5 in Table 2 was characterized directly using ARES
rheometer. Figure 3 presents the result. The paste has

Table 3: Hardness, sheet resistance, and adhesion strength of the fired films prepared by the graphite conducting
pastes

Sample number: S1 S2 S3 S4 S5 S6 S7

Adhesion strength (N/mm2) 9 9 9 24.1 45.6 79.9 123.8
Vickers hardness (N/mm2) – – – 8.7 12.3 15.4 22.9
Sheet resistance (X/mm2) – – – 80 135 ¥ ¥

Note: ‘‘9’’ represents that the graphite powder in the sintered film is ease to come off. ‘‘–’’ means that the Vickers hardness
and sheet resistance were not tested

Fig. 2: SEM photograph of the fired thick film, prepared by
screen-printing the paste sample no. S5 in Table 2 on soda
lime silicate glass substrate, then fired at 590�C peak
temperature for 10 min

0
0

20

40

60

80

100

120

Sh
ea

r 
vi

sc
os

ity
 (

Pa
.s

)

Shear rate (s–1)

200 400 600 800 1000 1200

Fig. 3: Shear viscosity versus shear rate curve of the paste
sample no. S5 shown in Table 2

J. Coat. Technol. Res.



a typical rheological behavior of pseudoplastic fluid.
The apparent viscosity decreased rapidly with the
increase of the shear rate. The paste would flow as long
as the imposed stress exceeds a specific threshold. This
threshold is known as the yield stress. The stress
exceeding the threshold will be reduced as the strain
rate increases, because entanglement between ethyl
cellulose macromolecules in the paste is released
subject to the stress, which results in decreasing of
viscosity. The apparent viscosity of polymer will
decrease as the shear rate increases. This can be
attributed to the polymer chain pulled apart to be
arranged in straight chain when the polymer is in shear
flows. If the shear rate increases, the viscosity will
decrease accordingly. The particles in the paste were
flocculated slightly when the paste was at rest and
de-flocculated under shear. The shear thinning rheo-
logical behavior was desired for the screen-printing
and to avoid sedimentation in store.

The screen-printing process can be divided into the
following steps: pastes printed on the substrate plate
through the opening of the screen mesh, snap off due
to the screen mesh gradually separating from the
substrate plate by the screen tension, and paste surface
leveling after removal of the screen plate. When the
paste is penetrating the opening of the screen mesh, it
is subjected to the maximum shear rate.9 Hence, the
shear viscosity at high shear rate is very important for
the printing ability of the paste. Lin et al.9 had
discussed the relationship between the printing ability
of various pastes and the shear viscosity of the paste at
high shear rate. They conclude that if the paste has
excessively high viscosity at a shear rate up to 1000 s-1,
leading to uneasy through printing, difficult snap off, or
even adhesion, while the viscosity is extremely low at
high shear rate, resulting in smudging, and when the
viscosity values at a high shear rate of 1000 s-1 lie
between 1.0 and 2.5 PaÆs, the pastes have the best
printing quality. Though the shear viscosity of the paste
sample no. S5 shown in Table 2 is about 3 Pa.s, the
paste has good screen-printing ability and printing
quality.

Thixotropic behavior

Thixotropy of paste materials has often been quantified
by measuring the surface of what is called the ‘‘thixo-
tropic loop’’ or at least a surface linked to this
thixotropic loop.10–12 The stress/shear rate curve of
the paste sample no. S5 in Table 2 was measured
successively using ARES rheometer during increasing
and decreasing sequences of applied shear rates. The
test result is given in Fig. 4; during the increasing shear
rate ramp, de-flocculation occurs but not quickly
enough to reach the steady state shear stress. The
measured stress is thus always higher than what would
be obtained if steady state was reached. On the other
hand, during the decreasing shear rate ramp, floccula-
tion occurs but here again not quickly enough for

steady state to be reached and the measured stress
stays lower than steady state. The surface area between
the two curves is measured and considered as repre-
sentative of the work done per unit time and unit
volume of the paste to break some of the initially
present flocculation. Slightly flocculated dispersions
are often thixotropic.8 It has been noted that the
particles in the paste have flocculated at rest, but
the flocculation is very slight since the surface area of
the ‘‘thixotropic loop’’ is small.

Viscoelastic behavior

Figure 5 illustrates the frequency dependence of stor-
age modulus (G¢) and loss modulus (G¢¢) of the paste
sample no. S5 in Table 2. For a viscoelastic material,
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Fig. 4: Thixotropic loop obtained with the paste sample no.
S5 shown in Table 2 submitted successively to increasing
and decreasing shear rate ramps
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Fig. 5: The viscoelasticity of the paste sample no. S5
shown in Table 2
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the storage modulus G¢ is taken as a measure of the
energy stored in the materials and recovered from it
per cycle, and is dependent upon what rearrangements
can take place within the period of oscillation, which is
used to estimate the elastic behaviors of the materials.
On the other hand, the loss modulus G¢¢ measures the
energy dissipated or lost per cycle of sinusoidal
deformation, and it is characteristic of the viscous
behaviors.13,14 It shows that the storage modulus (G¢)
and loss modulus (G¢¢) are strongly dependent on the
frequency. Both the values of G¢ and G¢¢ increased with
the increasing frequency. G¢¢ is higher than G¢ at all
frequency range, indicating that the paste exhibits
liquid-like behaviors, i.e., its viscosity.15 This behavior
is an indication of a viscous solution performance. It
has been suggested in the literature15–18 that there is
the same behavior where the values of the G¢¢ are more
than those of the G¢ in the pastes of the nano-sized
solid powders dispersed in organic vehicle. Generally,
the flow ability of the pastes with micron-sized powder
fillers is better than that of the pastes with nano-sized
powder fillers. In the present investigation, the fillers
were micron-sized powder, and the disperse agent was
added in the paste. Moreover, the paste was ground to
the consistency <15 lm in a three-roll mixer. The
powder fillers in the present paste were well dispersed.
So, the paste exhibited a viscous property. However,
shear-thinning behavior and the observation of a yield
stress indicate the presence of a slight elastic network
structure in the paste. In addition, the thixotropic
behavior of the paste had demonstrated that the
particles in the paste had flocculated slightly at rest.
Thus, it can be concluded that a slight flocculated
network structure had formed in the paste with a high
solid content of filler, but the flocculated structure is
very slight due to the steric effect of the ethyl cellulose
macromolecules and good dispersing.

Conclusion

The lead-free graphite conducting pastes were pre-
pared by using graphite powder, lead-free barium
boron low-melting glass, and ethyl cellulose solution.
A glass weight percentage of 20–25 is found to be ideal
for the present thick film conducting paste formulation,
which beneficially offers favorable microstructure,
hardness, good adhesion strength, and desired low
sheet resistance in the film after firing. The film
prepared by the paste with the glass content of
25 wt% was smooth and less pin-holes microstructure.
Its sheet resistance was 135 X/mm2, the Vickers hard-
ness was 12.3 N/mm2, and the adhesion strength to
soda lime silicate glass substrate was 45.6 N/mm2. It is
found that a slight flocculated network structure is
formed in the paste at rest, but the flocculated structure
is very slight due to the steric effect of the ethyl
cellulose macromolecules and good dispersing. The
rheological, thixotropic, and viscoelasticity behaviors

of the typical paste were similar to those of the screen-
printing pastes with a high solid content of filler. The
paste is applicable for manufacturing electrical com-
ponents on soda lime silicate glass substrate since the
favorable fired temperature range of the paste was
from 540 to 590�C.
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