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Abstract: The present case study reports a shear rheological characterization in the temperature
domain of inks and pastes loaded with conductive High Reactivity Carbonaceous Material (HRCM)
consisting mainly of few-layers graphene sheets. The combined effect of filler concentration and
applied shear rate is investigated in terms of the shear viscosity response as a function of testing
temperature. The non-Newtonian features of shear flow ramps at constant temperature are reported
to depend on both the HRCM load and the testing temperature. Moreover, temperature ramps at
a constant shear rate reveal a different viscosity–temperature dependence from what is observed
in shear flow ramps while maintaining the same filler concentration. An apparent departure from
the well-known Vogel–Fulcher–Tamman relationship as a function of the applied shear rate is
also reported.

Keywords: graphene; HRCM; inks; suspensions; viscosity; temperature dependence; non-Newtonian
flow; sheet resistance

1. Introduction

Two-dimension (2D) particle suspensions have become a research topic of immense
interest worldwide, given their large potential applications in many important fields
such as advanced heat transfer [1], energy harvesting [2], medical systems, microfluidics,
and microelectronics [3]. Due to the large benefits compared to suspensions with one-
dimensional (1D) particles and conventional fluids, most studies have mainly focused on
the determination, modelling, and simulating material properties, such as thermal and
electrical conductivity, of 2D particle suspensions in static conditions. In particular, this
has been carried out for nanomaterials filled with carbonaceous fillers (e.g., graphene and
graphene oxide), hexagonal boron nitride, and molybdenum disulfide as 2D particles [4–7].
However, when it comes to practical applications where the composite system is made to
flow, dynamic viscosity and the related flow stress become very important properties to
evaluate as well. They, indeed, may set the optimal conditions at which crucial physical
properties of the material are ensured to be homogeneous and have high performance
while going under flow (e.g., convective heat transfer in flow and any flow processing
performance) or at rest (e.g., the electrical conductivity of printed microelectronics) [8–11].

In the particular case of 2D particle suspensions and molten composites, several
works report either Newtonian or non-Newtonian flow behavior, thixotropicity, macroscale
superlubricity, capability of forming particle network under shear flow, the presence of
negative-to-positive normal stress first difference, and rheological responses similar to rod-
like liquid crystal polymers as the main under-flow features [12–26]. Except for the work by
Arapov and coworkers [22], the aforementioned studies have been carried out at a single
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temperature (room temperature in most cases) or within a small range of temperatures.
However, temperature and its effect on viscosity are of great importance to predict the flow
behavior of suspensions at different particle concentrations. In the review by Murshed and
Estelle, the state of the art of temperature influence on viscosity for particle suspensions
shows very contrasting results [27]. At a fixed particle concentration, the relative viscosity
decrease or invariance with temperature increment has often been observed for 1D particle
suspensions [28–30] and 2D particle suspensions as well [19,20,25,26,31,32]. On the other
hand, studies by Kole and Dey [33] and Sundar et al. [34] reported an inverse temperature
effect on the viscosity of 1D particle suspensions (i.e., viscosity increase with temperature
increase), particularly at 50 ◦C or slightly higher temperatures. The results are scattered, but
the observed increase in viscosity was considerable. To our knowledge, the latter behavior
has not yet been reported for 2D particle suspensions.

An ever-emerging technical application for 2D particle suspensions is represented by
the printing sector [35]. In this field, the filled suspension systems may show even more
complex dynamics in flow which in turn may affect crucial technical properties. For instance,
suspensions filled with conductive particles, such as conductive inks, of regardless liquid- or
paste-like texture, should result in homogeneous strips having enough conductive particles
to ensure high conductivity and mechanical stability after both the printing and the solvent-
drying processes. Successful conductive ink formulations for printing have been shown to have
values of sheet resistance on the order of magnitude of 10 to 100 Ω sq−1 with final applications
spanning from thin-film transistors to transparent electrodes, respectively [36–39]. To make the
production of these materials even more sustainable, employing a low-environmental-impact
solvent and a mass-production-scalable filler for the ink formulation, is highly recommended.

Here we present a study of shear rheological characterization in the temperature
domain of conductive ink suspensions intended for printed electronics and IoT applica-
tions. The suspension systems are mainly formulated with dihydrolevoglucosenone as a
cellulose derived non-toxic solvent, and cellulose acetate butyrate as a polymer-assisted
binder/agent according to the formulation proposed by Pan et al. [7]. The solvent was
selected based on its eco-compatibility and biodegradability, and also because it can provide
higher concentration of graphene ink, as showed in the same work [7]. The conductive
loading filler is made of High Reactivity Carbonaceous Material (HRCM) which can be
easily produced in large quantities and shows comparable sheet resistance values to other
graphene-based particles in ink suspensions. The combined effect of filler concentration
and applied shear rate is investigated in terms of shear viscosity response as a function of
temperature. The non-Newtonian flow of shear flow ramps at constant temperature are re-
ported to depend on both HRCM load and the testing temperature. Moreover, temperature
ramps at a constant shear rate reveal a different viscosity–temperature dependence from
what is observed in shear flow ramps while maintaining the same filler concentration. An
apparent departure from the well-known Vogel–Fulcher–Tamman (VFT) relationship as a
function of the applied shear rate is also reported. Furthermore, suspensions are used to
produce ink strips to test their electrical resistance properties and to validate their usability
in view of possible applications, showing that it is possible to fit suitable ranges of sheet
resistance. However, our rheological findings are partially in contrast to results reported so
far for several carbonaceous-based suspensions [19,20,32].

2. Materials and Methods
2.1. Materials

In this work, HRCM was employed as the conductive filler particles of ink suspensions
and was provided by Inter Est Group (Cagliari-Italy). HRCM is a powder made of expanded
graphite obtained via thermochemical reaction as reported in Patent US 7842271B2, which
was previously morphologically characterized by Spissu and coworkers [40,41]. After being
dispersed in isopropanol by ultrasonication (GT SONIC-D6, 40 kHz, 150 W) for 4 h, HRCM
is present mainly in the form of superimposed high-ratio flakes with few layers of graphene
sheets, as shown by transmission electron microscopy (TEM) images in Figure 1. The binder
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polymer and the solvent medium are, respectively, cellulose acetate butyrate, CAB (average
molecular weight Mw = 70 kg/mol, Sigma Aldrich), and dihydrolevoglucosenone (≥98.5%
purity, average molecular weight Mw = 128.13 g/mol, boiling temperature Tb = 227 ◦C,
Sigma Aldrich, St. Louis, MO, USA) also known under the commercial name Cyrene. All
the aforementioned materials were used as received from the manufacturer.

Nanomaterials 2022, 12, x FOR PEER REVIEW 3 of 17 
 

 

2. Materials and Methods 
2.1. Materials 

In this work, HRCM was employed as the conductive filler particles of ink 
suspensions and was provided by Inter Est Group (Cagliari-Italy). HRCM is a powder 
made of expanded graphite obtained via thermochemical reaction as reported in Patent 
US 7842271B2, which was previously morphologically characterized by Spissu and 
coworkers [40,41]. After being dispersed in isopropanol by ultrasonication (GT SONIC-
D6, 40 kHz, 150 W) for 4 h, HRCM is present mainly in the form of superimposed high-
ratio flakes with few layers of graphene sheets, as shown by transmission electron 
microscopy (TEM) images in Figure 1. The binder polymer and the solvent medium are, 
respectively, cellulose acetate butyrate, CAB (average molecular weight Mw = 70k g/mol, 
Sigma Aldrich), and dihydrolevoglucosenone (≥98.5% purity, average molecular weight 
Mw = 128.13 g/mol, boiling temperature Tb = 227 °C, Sigma Aldrich, St. Louis, MO, USA) 
also known under the commercial name Cyrene. All the aforementioned materials were 
used as received from the manufacturer. 

 
Figure 1. TEM images of HRCM powder after ultrasonication in isopropanol at two different length 
scales, showing the presence of superimposed high-ratio flakes with few layers of graphene sheets 
at the micro-sized length scale. 

2.2. Conductive Ink Suspension Preparation 
For the preparation of the conductive ink suspensions, HRCM and binder polymer 

with initial HRCM concentrations of 0.08, 0.16, 0.40, and 0.80 wt% and a constant particle–
binder weight ratio of 10:1 were embedded in the solvent medium (Cyrene) after being 
weighed. The dispersion of filler particles and binder into the solvent medium was 
achieved by degassing sonication for eight hours in an ultrasound bath (Xmoonant 
Ultrasonic Cleaner, 40 kHz, 35 W) to obtain a homogeneous suspension with good 
electrical conductivity properties according to the results reported by Pan et al. [7]. In 
order to achieve suspensions at the concentration of 2.40 wt%, the sonicated suspension 
at 0.80 wt% was concentrated up to 2.40 wt% via static evaporation on a lab-desk hotplate 
under the hood and gentle stirring at 230 °C (near the boiling temperature of the solvent). 
Before any sample loading and testing, the suspension was gently stirred with a magnetic 
stirrer at the constant rotational speed of 100 1/min for ten minutes. All the described 
sample-preparation steps were carried out at room temperature unless otherwise stated. 

2.3. Conductive Strip Preparation 
The ink dispersions at all prepared HRCM concentrations were used for the 

preparation of 12 cm long and 1 cm wide strips on cardboard. The strips were treated at 
100 °C for 5 days before any measurement. The two lower concentrations, characterized 
by a lower viscosity, were spread with a brush, while the higher-viscosity inks were 
spread over an acetate mask. This selection was made accordingly to viscosity, as inks 
with the lowest viscosity were unsuitable for the acetate mask and, on the other hand, 

Figure 1. TEM images of HRCM powder after ultrasonication in isopropanol at two different length
scales, showing the presence of superimposed high-ratio flakes with few layers of graphene sheets at
the micro-sized length scale.

2.2. Conductive Ink Suspension Preparation

For the preparation of the conductive ink suspensions, HRCM and binder poly-
mer with initial HRCM concentrations of 0.08, 0.16, 0.40, and 0.80 wt% and a constant
particle–binder weight ratio of 10:1 were embedded in the solvent medium (Cyrene) after
being weighed. The dispersion of filler particles and binder into the solvent medium
was achieved by degassing sonication for eight hours in an ultrasound bath (Xmoonant
Ultrasonic Cleaner, 40 kHz, 35 W) to obtain a homogeneous suspension with good elec-
trical conductivity properties according to the results reported by Pan et al. [7]. In order
to achieve suspensions at the concentration of 2.40 wt%, the sonicated suspension at
0.80 wt% was concentrated up to 2.40 wt% via static evaporation on a lab-desk hotplate
under the hood and gentle stirring at 230 ◦C (near the boiling temperature of the solvent).
Before any sample loading and testing, the suspension was gently stirred with a magnetic
stirrer at the constant rotational speed of 100 1/min for ten minutes. All the described
sample-preparation steps were carried out at room temperature unless otherwise stated.

2.3. Conductive Strip Preparation

The ink dispersions at all prepared HRCM concentrations were used for the prepara-
tion of 12 cm long and 1 cm wide strips on cardboard. The strips were treated at 100 ◦C for
5 days before any measurement. The two lower concentrations, characterized by a lower
viscosity, were spread with a brush, while the higher-viscosity inks were spread over an
acetate mask. This selection was made accordingly to viscosity, as inks with the lowest
viscosity were unsuitable for the acetate mask and, on the other hand, spreading inks with
the highest viscosity by brush in a homogeneous way was unfeasible. Subsequently, the
ink strips were pressed between two hot plates twice for 10 s at 300 ◦C. The samples’ sheet
resistance (Rs) was measured before and after the latter heat treatment (HT), as described
in the following Section 2.4.
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2.4. Static Electrical Conductivity

The Rs of the strips was measured after each thermic treatment through two 2 mm flat
metal contacts spaced 10 cm apart and connected to a Tonghui TH2826 LCRmeter. Data
were collected in DCR mode after calibration before every set of measurements. Reported
values are the means of five measurements.

2.5. Steady Shear Rheology

Steady simple shear measurements were carried out on conductive ink suspensions
using an MCR 102 rheometer (Anton Paar) in strain-controlled mode equipped with a
Peltier temperature control system having a resolution of ±0.1 ◦C and a Peltier hood
as solvent trap connected to an external bath circulator in order to guarantee a uniform
temperature gradient within the tested sample. Stainless steel parallel plates with 50 mm
and 25 mm diameters were used as measuring fixtures while setting the gap between plates
equal to 1 mm as the sample loading position. All the measurements were performed
on the fresh sample which was loaded at room temperature with the help of a metallic
spatula. In order to avoid sample under-filling issues, proper sample loading was always
verified by eye-check preliminary testing. A small amount of low-viscosity silicone oil
(viscosity = 49.3 mPa · s at 25 ◦C, Alfa Aesar) was added at the free edges of the sample to
minimize solvent evaporation during measurements of twenty minutes and longer.

Steady shear viscosity measurements were performed at temperatures from
5 to 70 ◦C by applying shear rates

.
γ between 0.01 and 1000 s−1 as both single constant

values and as a log ramp sampling rate. Furthermore, steady temperature ramp measure-
ments were carried out by applying temperature values from 5 to 80 ◦C with a heating rate
of 1 ◦C/min. All the aforementioned measures were performed with an initial delay time
of five minutes at the set-up temperature in order to achieve thermal equilibrium of the
sample after its loading.

3. Results
3.1. Static Electrical Conductivity

Table 1 reports the Rs values of the ink strips before and after the HT for the selected
concentrations. As expected, a lower sheet resistance is observed for more concentrated
formulation of the ink suspension. In fact, after the annealing process, the sample at
0.08 wt% shows a sheet resistance around 350 Ω·sq−1 and the sample at 2.40 wt% a very
low Rs (12 Ω·sq−1). The similar observed values for samples at 0.40 and 0.80 wt% highlight
the importance of the spreading method on the properties of the ink, because brushing can
allow one to obtain a higher thickness.

Table 1. Sheet resistance values before and after HT for four concentrations of the ink formulation.

Concentration (wt%) Spreading Method Pre-HT Rs (Ω·sq−1) Post-HT Rs (Ω·sq−1)

0.08 Brush 347 ± 15 136 ± 8
0.40 Brush 115 ± 2 52 ± 7
0.80 Spatula 108 ± 2 37 ± 1
2.40 Spatula 12 ± 1.8 5.2 ± 0.3

The comparison between the Rs values before and after the HT shows the effect of the
second thermic treatment at higher temperatures, even for a very short period of time. In
fact, in all cases, a consistent decrease in the sheet resistance was observed, which was more
than halved after the treatment. With the aim of comparison of some reference values of
related graphene-based conductive inks, Majee et al. formulated a highly stable exfoliated
graphene-based ink as a more accessible alternative to ITO transparent films [39]. Such
formulation reached 826 Ω·sq−1 as printed and 260 Ω·sq−1 after annealing treatment. The
general optoelectronic properties make it a valid candidate for applications such as thin
transparent conductive films for touch panels. Li and coworkers synthesized a very stable
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conductive ink based on reduced graphene oxide and Ag@Au triangular nanoplates with a
sheet resistance around 150 Ω·sq−1 [42]. The low resistance and other optical properties
make it a good option for integrated circuits and highly transparent devices. Deng et al.
reported the preparation of a highly stable graphene conductive ink decorated with silver
nanoparticles characterized by a sheet resistance of 20 Ω·sq−1 after a 30-minute annealing
at 400 ◦C, which made it suitable for printed flexible electronics [43]. Moreover, the authors
interestingly highlighted the importance of the annealing process: in fact, performing the
annealing at 250 ◦C led to an ink with a higher sheet resistance (180 Ω·sq−1).

3.2. Steady Shear Viscosity
3.2.1. Constant Temperature Flow Curves

Preliminary steady shear viscosity tests on the ink suspension at an HRCM concentra-
tion of 0.80 wt% showed a remarked non-Newtonian flow behavior with shear viscosity
values of two orders of magnitude greater than the pure solvent and the solvent–binder
mixture, which in turn are Newtonian fluids (Figure S1). Therefore, one can conclude that
the observed non-Newtonian flow behavior of the ink is mostly related to the presence of
HRCM at the filler:polymer ratio 10:1 used in this work. Figure 2 shows flow curves in
terms of both shear viscosity (upper line) and shear stress (bottom line) of ink suspensions
at four different HRCM concentrations obtained via log ramp sampling rate at three tem-
peratures. As generally expected, an increase in shear viscosity and a transition in the flow
behavior from Newtonian fluid (at 0.08 wt% only) to shear-thinning or pseudoplastic fluid
upon increasing filler concentration was observed. Moreover, the flow transition mentioned
above was shown to be affected by temperature as well: The higher the temperature, the
more apparent the non-Newtonian flow behavior at the same filler content. However, by
increasing HRCM concentration 30 times (up to 2.40 wt%), the temperature effect on flow
transition was negligible. It is worth noting that depending on the HRCM content, the
shear viscosity may increase and decrease with temperature. The assessment of a more
detailed viscosity–temperature dependence in shear flow is then mandatory.
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Figure 3 presents flow curve data in terms of shear viscosity and shear stress at different
temperatures ranging from 5 to 70 ◦C for HRCM-based ink suspensions at 0.08, 0.16, 0.40,
0.80, and 2.40 wt% HRCM concentration. At 0.08 wt% HRCM the ink showed a Newtonian
fluid response at all applied shear rates and temperatures up to 30 ◦C while decreasing
shear viscosity and stress upon increasing temperature where HRCM particles did not show
a preference in their orientation with respect to the flow direction (Figure 3a,b). However,
starting from 50 ◦C, a peculiar incipit of shear thickening was observed mainly in the last
decade of applied shear rates (100 to 1000 s−1). At higher HRCM contents, a transition
from Newtonian to non-Newtonian flow with a shift in the temperature dependence of
viscosity became more and more apparent but in a different way depending on the ink
concentration. For inks with 0.16 wt% HRCM the Newtonian region at high shear rates
(10 to 1000 s−1) was preceded by shear-thinning flow at mid shear rates (1 to 10 s−1), and
a quasi-Newtonian region at small rates (below 1 s−1). The shear viscosity was seen to
increase and decrease with increasing temperature at low and high applied shear rates,
for the viscosity and the shear stress, respectively (Figure 3c,d). To note, the presence
of small shear thickening at high shear rates was again observed and appeared at 70 ◦C
only. The overall response leads us to speculate that temperature increase may induce
a more complex aggregation state of HRCM particles that tends to be oriented under
shear flow and starts jamming after a certain shear rate value. At 0.40 wt% HRCM the
Newtonian flow at low shear rates was no longer observed, and shear-thinning followed by
high-rate Newtonian flow was the main non-Newtonian feature with shear viscosity and
shear stress always decreasing when temperature was increased up to 20 ◦C (Figure 3e,f).
At a temperature higher than 20 ◦C and shear rates lower than 5 s−1, the increase in
both shear viscosity and stress and increment of the shear thinning stretch was observed
again. This latter aspect was even more emphasized in suspensions at 0.80 wt% HRCM
where increasing temperature from 5 to 50 ◦C induced both shear viscosity and shear stress
increase, having a more pseudoplastic character starting at ~200 s−1 and below (Figure 3g,h).
On the other hand, further temperature increments induced a drop in viscosity and stress
values along the whole spectrum of rates. Conversely, suspensions with the highest wt%
HRCM content always showed shear viscosity and shear stress decrease when increasing
temperature at all applied shear rates, as previously seen for the 0.08 wt% HRCM ink
(Figure 3i,j). However, the highly concentrated HRCM-based ink showed a mixed non-
Newtonian flow response having two apparent shear-thinning regions: the transition from
one shear-thinning region to the other was set by a critical value of the applied shear
rate, which in turn depended on the testing temperature (Figure 3i Inset). The standard
deviation for some flow curve replicates was calculated, and the results are reported in the
Supplementary Materials (Table S1).

Figure 4 shows the shear viscosity dependence on temperature for ink suspensions
with different HRCM loads. Data were extracted from the flow curve measurements
carried out at constant temperature, shown in Figure 3. Except for the lowest HRCM
load case (Figure 4a), all the filled suspensions presented a shear-rate-dependent viscosity–
temperature relationship. From 0.16 to 0.80 wt% HRCM and from high to low applied
shear rate, viscosity values went from decreasing to increasing with temperature increase,
followed by a sudden decrease at the lowest applied rate (0.1 s−1) for 0.80 wt% only
(Figure 4d). At 2.40 wt% HRCM shear viscosity always increased with temperature at all
applied shear rates, except for 1000 s−1 where temperature independence was observed
(Figure 4e and Inset). It is worth noting that an exponential-like viscosity–temperature
relationship was observed for the lowest HRCM load, i.e., 0.08 wt%, at all the applied
rates (Figure 4a) and also for an HRCM load of 0.16 wt% at shear rates of 100 and 1000 s−1

only (inset of Figure 4b). In these two cases, the viscosity-temperature relationship was
shown to obey the Vogel–Fulcher–Tamman (VFT) equation [44]. More details are reported
in the Discussion section. Departure from exponential-like shear viscosity decrease with
temperature was observed for all the other HRCM-filled ink suspensions.
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Figure 4. Viscosity dependence on temperature of inks and pastes with HRCM loads of: (a) 0.08,
(b) 0.16, (c) 0.40, (d) 0.80, and (e) 2.40 wt%. Data are extracted from flow curve measurements carried
out at constant temperature ranging from 5 to 70 ◦C via log ramp sampling rate reported in Figure 3.

3.2.2. Constant Shear Rate Temperature Ramps

Direct assessment of the viscosity–temperature dependence on the applied shear rate
in HRCM-based suspensions was carried out via steady temperature ramp measurements
at 1 ◦C/min heating rate while imposing a constant shear rate on suspensions at the same
HRCM load (Figure 5). From 0.08 to 0.40 wt% HRCM, shear viscosity values showed
either a weak decrease as a function of temperature in the region of applied shear rates
between 100 and 10 s−1 (Figure 5a,b) or temperature independence in the same shear
rate range (Figure 5c). By further decreasing the value of the applied shear rate from
10 to 0.1 s−1, a progressive increase in viscosity started at a temperature value which was
found to decrease as the applied shear rate decreased. The measured shear viscosity values
at the highest temperature were around three to five times higher than values at the lowest
temperature. By increasing ten times the initial concentration of HRCM load in the ink
suspension, i.e., 0.80 wt%, an almost continuous decrement in shear viscosity as a function
of temperature at the lowest shear rate (1 s−1) was shown, then it flattened for higher shear
rate values, and eventually became independent of temperature for the highest shear rate
values, from 30 to 100 s−1 (Figure 5d). On the other hand, by increasing 30 times the initial
ink concentration of HRCM, the temperature dependency of shear viscosity became more
complex, showing an even stronger shear-rate–temperature interdependence with shear
viscosity. After an initial decrease with temperature increase, shear viscosity showed a
temperature-driven peak increase which appeared at higher and higher temperatures as
the applied shear rate increased, before starting to decrease again (Figure 5e). Noteworthy,
at this HRCM load, the temperature of the first peak showed a power law dependence on
the applied shear rate (Figure 5e Inset). At the highest shear rate of 100 s−1, on the contrary,
shear viscosity continuously decreased upon reaching a plateau value at high temperatures.
The standard deviation for some steady temperature ramp replicates was calculated and
the results are reported in the Supplementary Materials (Table S1). As previously observed
for the rate-ramp data sets at a fixed temperature, the viscosity–temperature relationship
of temperature-ramp data sets at a fixed shear rate was seen to obey the VFT equation at
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100 s−1 and 0.08 wt% and 0.16 wt% HRCM. Fitting parameters and standard deviations are
reported in Tables A1 and A2 in Appendix A.

Nanomaterials 2022, 12, x FOR PEER REVIEW 9 of 17 
 

 

HRCM load (Figure 5). From 0.08 to 0.40 wt% HRCM, shear viscosity values showed ei-
ther a weak decrease as a function of temperature in the region of applied shear rates 
between 100 and 10 s−1 (Figure 5a,b) or temperature independence in the same shear rate 
range (Figure 5c). By further decreasing the value of the applied shear rate from 10 to 0.1 
s−1, a progressive increase in viscosity started at a temperature value which was found to 
decrease as the applied shear rate decreased. The measured shear viscosity values at the 
highest temperature were around three to five times higher than values at the lowest tem-
perature. By increasing ten times the initial concentration of HRCM load in the ink sus-
pension, i.e., 0.80 wt%, an almost continuous decrement in shear viscosity as a function of 
temperature at the lowest shear rate (1 s−1) was shown, then it flattened for higher shear 
rate values, and eventually became independent of temperature for the highest shear rate 
values, from 30 to 100 s−1 (Figure 5d). On the other hand, by increasing 30 times the initial 
ink concentration of HRCM, the temperature dependency of shear viscosity became more 
complex, showing an even stronger shear-rate–temperature interdependence with shear 
viscosity. After an initial decrease with temperature increase, shear viscosity showed a 
temperature-driven peak increase which appeared at higher and higher temperatures as 
the applied shear rate increased, before starting to decrease again (Figure 5e). Notewor-
thy, at this HRCM load, the temperature of the first peak showed a power law dependence 
on the applied shear rate (Figure 5e Inset). At the highest shear rate of 100 s−1, on the con-
trary, shear viscosity continuously decreased upon reaching a plateau value at high tem-
peratures. The standard deviation for some steady temperature ramp replicates was cal-
culated and the results are reported in the Supplementary Materials (Table S1). As previ-
ously observed for the rate-ramp data sets at a fixed temperature, the viscosity–tempera-
ture relationship of temperature-ramp data sets at a fixed shear rate was seen to obey the 
VFT equation at 100 s−1 and 0.08 wt% and 0.16 wt% HRCM. Fitting parameters and stand-
ard deviations are reported in Tables A1 and A2 in Appendix A. 

 
Figure 5. Steady temperature ramp measurements at 1 °C/min heating rate on inks and pastes with 
HRCM loads of (a) 0.08, (b) 0.16, (c) 0.40, (d) 0.80, and (e) 2.40 wt%. Inset of Figure 5e: Temperature 
at the observed shear viscosity peak as a function of the applied shear rate. 

Figure 5. Steady temperature ramp measurements at 1 ◦C/min heating rate on inks and pastes with
HRCM loads of (a) 0.08, (b) 0.16, (c) 0.40, (d) 0.80, and (e) 2.40 wt%. Inset of Figure 5e: Temperature
at the observed shear viscosity peak as a function of the applied shear rate.

4. Discussion

The shear flow behavior of HRCM-filled inks and pastes and the temperature-related
variations in viscosity are discussed in the following, considering the role of the applied
strain history in the temperature domain.

The addition of HRCM particles into a Newtonian solvent base induces a transition
from Newtonian to non-Newtonian flow, whose features depend on the applied strain
history and the testing temperature. In the case of shear strain rate applied following a
logarithmic ramp at a constant temperature, for a given filler content, the temperature de-
pendence of viscosity shifts from constant decreasing at high shear rates to quasi-constant
increasing at low shear rates within 65 ◦C step, except for the suspensions with the low-
est and the highest HRCM loads (Figure 3). This is in contrast to previous published
works where suspensions filled with various carbonaceous particles are reported to show
a viscosity–temperature relation of quasi-constant decrease independent of filler concen-
tration and applied rate [25,26]. The cited literature results are supported by the finding
that temperature-related variations in viscosity observed for the filled suspensions are
very similar to those of the base solvent. On the other hand, our results may describe a
temperature-related mechanism of internal resistance increase in the base solvent by filler
particles superposed to that induced by solely the dispersion of filler particles as recently
reported for carbonaceous-filled suspensions [25,32,45].

Furthermore, the onset and the type of non-Newtonian flow are also seen to depend on
both the HRCM load and the testing temperature. Three empirical viscoelastic models for
modelling the non-Newtonian behavior, i.e., the Carreau–Yasuda model [46], the modified
Ostwald–de Waele model by Sisko [47], and the Herschel–Bulkley model [48], are used to
interpret the shear-rate dependence of shear viscosity as a function of both HRCM load
and temperature shown in Figure 3. Equation formulas, fitting parameters along with their
confidential intervals (CI), and the mean squared displacement (MSE) as a metric of the fit
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goodness of the aforementioned viscoelastic models are reported in detail in Appendix B for
ink suspensions filled with 0.16, 0.40, and 0.80 wt% HRCM in Tables A3–A7, respectively.

The Carreau–Yasuda model was applied exclusively to ink suspensions with 0.16 wt%
HRCM load (Table A3). The flow curve shows indeed a non-Newtonian transient shear
thinning flow region that can be described by means of a power law and is delimited by
both low-rate and high-rate Newtonian plateaus which in turn are defined by the zero-shear
viscosity η0 and the infinity-shear viscosity η∞, respectively. As already seen for other
carbonaceous filler load increases [25], the zero-shear viscosity η0 and the infinity-shear
viscosity η∞ increases and decreases, respectively, with increasing temperature (Figure 6a).
On the other hand, the flow consistency index λ (i.e., 1/

.
γcr at which the onset of transient

shear thinning is observed) and flow behavior, or power, index n unveil a discontinuous
shear-rate dependence of viscosity towards shear-thinning pseudoplasticity at a fixed
filler load with increasing temperature (Figure 6b). More specifically, a sudden increase
and decrease in the temperature dependence of the parameters n and λ, respectively, are
observed at a temperature higher than 30 ◦C.
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as a function of temperature for the ink suspension at 0.16 wt% HRCM content.

At 0.40 wt% HRCM the low-rate Newtonian plateau is no longer appreciated; thus
the Sisko equation has been tested as an approximation of the empirical Carreau–Yasuda
equation taking into account the shear-thinning region and the high-rate Newtonian plateau
only by means of the flow consistency K and power n index, and the infinity viscosity η∞,
respectively (Table A4). Here, the index K has the same physical meaning as previously
seen for the Carreau–Yasuda model but marked with a different letter to better identify
the type of model used. As already observed for ink suspensions at a lower HRCM load,
the pseudoplasticity of the 0.40 wt% HRCM ink suspensions shows a pivotal change at
a temperature of around 30 ◦C. In particular, the infinity viscosity η∞ decreases with
increasing temperature up to 30 ◦C, then it reaches a plateau value (Figure 7a), whereas the
n and K parameters describing the degree of deviation from Newtonianity and its onset,
respectively, show temperature quasi-independence with a sudden decrease and increase
for n and K values, respectively, at 30 ◦C (Figure 7b,c). The degree of Newtonian deviation
shows typical values for shear thinning fluids, i.e., 0.2 < n < 0.8, then it suddenly decreases
to values lower than 0.2 at higher temperatures indicating a non-Newtonian flow transition
towards yielding-like fluids. In this light, the Herschel–Bulkley model and its accuracy
were tested as well on the same HRCM-filled ink where a new parameter, the zero-shear,
or yield, stress τ0, is introduced (Table A5). Compared to the results previously reported
for the Sisko equation, the pseudoplasticity temperature dependence of the suspension
is reported to be different. With increasing temperature, the zero-shear stress τ0 presents
a step-like increase at 30 ◦C (Figure 7a) whereas the K parameter slowly decreases upon
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reaching a plateau value (Figure 7b), and the n parameter oscillates around a constant value
of 0.8 (Figure 7c). This indicates a strengthening of the fluid yielding feature at low shear
rates on one hand, and an almost constant shear-thinning behavior with reduced shear rate
interval on the other, when temperature is raised.
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Both models, the Sisko and Herschel–Bulkley equations, were used to fit flow curve
data as a function of the temperature of ink suspensions with 0.80 wt% HRCM load as
well (Appendix B—Tables A6 and A7). The comparison of the two models is shown
in Figure 8. The infinity viscosity η∞ decreases quasi-monotonically with temperature
increase, whereas the zero-shear stress τ0 increases up to 50 ◦C, then suddenly drops to a
plateau value. The n and K parameters for pseudoplasticity have very similar qualitative
temperature dependence with increasing temperature among the two models: The K
parameter shows similar values at both low and high temperatures while increasing at
intermediate temperatures (Figure 8b), and the n parameter decreases down to a plateau
value starting at temperatures higher than 30 ◦C (Figure 8c). Although the Sisko equation
and the Herschel–Bulkley model try to describe the pseudoplasticity of a fluid in a different
way, it is noteworthy that both models show comparable MSE for ink suspensions at 0.40
and 0.80 wt% HRCM load (Appendix B—Tables A4–A7). This makes it difficult to choose
one model over the other. A more feasible suggestion could be to test both models and take
into account the parameters which describe the most interested flow region.
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In regard to the temperature-related variations in dynamic shear viscosity, different
temperature dependence as a function of HRCM load and applied shear rate have been
reported in this work (Figures 4 and 5). In particular, at a fixed filler concentration, results
differ according to the strain–temperature history set to the ink suspension. Hamze and
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coworkers report a decrease in dynamic viscosity with increasing temperature for sev-
enteen graphene-based suspensions at eight different temperatures for filler loads from
0.1 to 0.5 wt% [49]. This viscosity behavior of the filled suspensions retraces that of the base
fluids, i.e., the universal viscosity–temperature dependence of liquids [50], except for one
system only. Similar observations were reported by Vallejo et al. for six carbonaceous-filled
suspensions with filler loads up to 2.0 wt% [26]. The departure of our viscosity–temperature
dependence from previously reported works can be partially explained by taking into ac-
count the likely instability of filled suspensions under shear at increasing temperature
for a long period of time, as pointed out by Hamze et al. [49]. However, it is noteworthy
that, for our HRCM-filled suspensions, the interplay among temperature, filler concentra-
tion, and applied shear rate gives a non-trivial viscosity–temperature relationship greatly
departing from that of liquids. On the other hand, ink suspensions at 0.08 and 0.16 wt%
HRCM loads show the universal viscosity decrease with increasing temperature for liq-
uids mainly at 100 to 1000 s−1 applied shear rate regardless of the shear–temperature
protocol. Moreover, fitting results of viscosity as a function of temperature from flow
curves and temperature ramps at 100 s−1 for the VFT equation show very similar val-
ues among the two experimental protocols and to those obtained for the base solvent
(Appendix A—Tables A1 and A2).

5. Conclusions

In the present study, a shear rheological characterization in the temperature domain of
low-cost, production-scalable, and environmentally sustainable conductive HRCM-based
ink suspensions is reported. Preliminary measurements of static electrical conductivity
show values of sheet resistance of HRCM particles after ink deposition on a substrate
and a short high temperature treatment in the range of 5 to 136 Ω·sq−1 depending on
the conductive filler concentration and deposition method. The investigated ink is then
a promising material for certain technical applications such as thin-film transistors and
transparent electrodes. The characterization of ink suspensions in shear flow reveals
a non-trivial temperature dependence of dynamic viscosity, highly departing from the
more universal solvent medium response. In particular, shear flow protocols at fixed
and variable temperatures show similar or different temperature dependence at the same
HRCM concentration and applied shear rate highlighting the interplay role of all of the
three variables (i.e., temperature, filler concentration, and shear rate). Furthermore, the
well-known VFT relationship for viscosity–temperature dependence is reported to hold in
dilute conditions only (i.e., 0.08 wt% HRCM load), proving this concentration value to be
the threshold limit at and below which the VFT relationship applies. Our finding differs
from previously reported results.
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Appendix A. Vogel–Fulcher–Tamman Equation Parameter Fitting

Table A1. Fitting parameters (A, B, T0), confidence intervals (CI), and mean square error (MSE) values
as a function of HRCM load obtained from the Vogel–Fulcher–Tamman equation [44], modeling
the 5 to 70 ◦C temperature range for flow curve data sets of solvent medium and HRCM-based
ink suspensions.

Vogel–Fulcher–Tamman Equation— η=exp
(

A+ B
T−T0

)
HRCM Load A [Pa·s] CI B CI T0 [K] a CI MSE

0 wt% −9.18 0.27 674.02 77.30 159.08 7.98 3.46 × 10−8

0.08 wt% −10.65 4.41 1123.31 1551.98 120.48 120.88 1.06 × 10−7

0.16 wt% −7.38 1.02 367.61 223.78 187.54 32.71 7.46 × 10−8

a Infinity-viscosity temperature.

Table A2. Fitting parameters (A, B, T0), confidence intervals (CI), and mean square error (MSE) values
as a function of HRCM load obtained from the Vogel–Fulcher–Tamman equation [44], modeling
the 5 to 70 ◦C temperature range for steady temperature ramp data sets of solvent medium and
HRCM-based ink suspensions.

Vogel–Fulcher–Tamman Equation— η=exp
(

A+ B
T−T0

)
HRCM Load A CI B CI T0

a CI MSE

0 wt% −9.18 0.27 674.02 77.30 159.08 7.98 3.46 × 10−8

0.08 wt% −9.61 0.33 1020.51 124.94 114.58 11.39 3.39 × 10−8

0.16 wt% −8.78 0.24 906.18 95.33 109.58 10.13 3.39 × 10−9

a Infinity-viscosity temperature.

Appendix B. Non-Newtonian Viscoelastic Model Parameter Fitting

Table A3. Fitting parameters (η0, η∞, λ, n), confidence intervals (CI), and mean square error (MSE)
values as a function of temperature obtained from the Carreau–Yasuda model [46] modeling the
0.1 to 1000 s−1 shear rate range for flow curve data sets of ink suspensions with a 0.16 wt%
HRCM load.

Carreau–Yasuda Model— η−η∞
η0−η∞

=
[
1+
(
λ

.
γ
)a
](n−1)/a*

Temperature (◦C) η0 (Pa·s) a CI η∞ (Pa·s) b CI λ (s) c CI n d CI MSE

5 0.067143 0.0079 0.034206 0.0031 2.39764 3.0496 0.390552 0.447 1.03 × 10−3

10 0.092785 0.0133 0.02717 0.0026 3.571147 3.0108 0.413467 0.2128 1.03 × 10−3

20 0.07624 0.0128 0.018753 0.002 2.883527 2.4633 0.279065 0.2952 1.80 × 10−3

50 0.439401 0.1712 0.008091 0.0013 6.905023 4.8826 0.090287 0.13 0.002906
60 0.35062 0.1633 0.00678 0.0012 7.616378 6.4145 0.118849 0.1382 0.003355
70 0.471002 0.1773 0.005096 0.0011 7.054768 4.9611 0.177683 0.0967 0.002782

a Zero-shear viscosity; b Infinity-shear viscosity; c Flow consistency index; d Flow behavior index; * a = 2.
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Table A4. Fitting parameters (η∞, K, n), confidence intervals (CI), and mean square error (MSE)
values as a function of temperature obtained from the modified Ostwald–de Waele model by Sisko,
or Sisko equation [47], modeling the 0.1 to 1000 s−1 shear rate range for flow curve data sets of ink
suspensions with a 0.40 wt% HRCM load.

Sisko Equation– η=η∞+K
.
γ

n−1

Temperature (◦C) η∞ (Pa·s) a CI K (Pa·sn) b CI n c CI MSE

5 0.037657 0.0025 0.180791 0.0065 0.495193 0.0226 2.58 × 10−4

10 0.030213 0.0032 0.212824 0.0099 0.479635 0.0295 5.66 × 10−4

20 0.019788 0.0024 0.092808 0.006 0.5090 0.0405 8.10 × 10−4

30 0.012586 0.0039 0.14401 0.0159 0.535122 0.076 7.44 × 10−4

50 0.013952 0.0032 0.242429 0.0685 0.211372 0.1662 0.003695
60 0.012935 0.0027 0.298512 0.0773 0.162102 0.1464 3.28 × 10−3

70 0.0122 0.0024 0.278803 0.0633 0.187128 0.1274 0.002569

a Infinity-shear viscosity; b Flow consistency index; c Flow behavior index.

Table A5. Fitting parameters (τ0, K, n), confidence intervals (CI), and mean square error (MSE) values as
a function of temperature obtained from the Hershel–Bulkley model [48], modeling the 0.1 to 1000 s−1

shear rate range for flow curve data sets of ink suspensions with a 0.40 wt% HRCM load.

Hershel–Bulkley Model— τ=τ0+K
.
γ

n

Temperature (◦C) τ0 (Pa·s) a CI K (Pa·sn) b CI n c CI MSE

5 0.04605 0.0125 0.152182 0.0203 0.794973 0.03 1.83 × 10−3

10 0.058292 0.012 0.160333 0.0181 0.761024 0.025 1.17 × 10−3

20 0.022862 0.0058 0.0793 0.0096 0.799159 0.0273 1.54 × 10−3

30 0.080961 0.0522 0.091285 0.0241 0.757823 0.0495 0.001267
50 0.24454 0.0629 0.038598 0.018 0.847034 0.0833 0.002266
60 0.301386 0.062 0.034712 0.0161 0.849241 0.0819 0.001871
70 0.287441 0.0539 0.034984 0.0144 0.842573 0.0726 0.001488

a Zero-shear stress; b Flow consistency index; c Flow behavior index.

Table A6. Fitting parameters (η∞, K, n), confidence intervals (CI), and mean square error (MSE)
values as a function of temperature obtained from the modified Ostwald–de Waele model by Sisko,
or Sisko equation [47], modeling the 0.1 to 1000 s−1 shear rate range for flow curve data sets of ink
suspensions with a 0.80 wt% HRCM load.

Sisko Equation— η=η∞+K
.
γ

n−1

Temperature (◦C) η∞ (Pa·s) a CI K (Pa·sn) b CI n c CI MSE

5 0.051078 0.0047 0.387735 0.0115 0.551372 0.0182 2.16 × 10−4

10 0.045909 0.0047 0.510981 0.0179 0.458828 0.0221 4.15 × 10−4

30 0.023546 0.0048 0.943615 0.043 0.367697 0.0259 9.85 × 10−4

50 0.0221 0.01 1.5899 0.1766 0.2587 0.0593 0.006176
60 0.0163 0.0024 0.4358 0.0143 0.4264 0.0195 4.76 × 10−4

70 0.003212 0.0037 0.455981 0.0394 0.395258 0.045 0.00384

a Infinity-shear viscosity; b Flow consistency index; c Flow behavior index.

Table A7. Fitting parameters (τ0, K, n), confidence intervals (CI), and mean square error (MSE) values
as a function of temperature obtained from the Hershel–Bulkley model [48] modeling the 0.1 to 1000 s−1

shear rate range for flow curve data sets of ink suspensions with a 0.80 wt% HRCM load.

Hershel–Bulkley Model— τ=τ0+K
.
γ

n

Temperature (◦C) τ0 (Pa·s) a CI K (Pa·sn) b CI n c CI MSE

5 0.071663 0.0116 0.332065 0.0195 0.752879 0.0133 3.72 × 10−4

10 0.147659 0.0189 0.353093 0.0266 0.714884 0.0164 4.56 × 10−4

30 0.29244 0.1052 0.597545 0.1298 0.562771 0.0444 0.002463
50 0.874338 0.2397 0.592698 0.2334 0.549265 0.0745 0.004059
60 0.10547 0.04 0.312343 0.0543 0.605262 0.0368 0.002073
70 0.109739 0.0609 0.322211 0.0757 0.495378 0.0471 0.002646

a Zero-shear stress; b Flow consistency index; c Flow behavior index.
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