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The rheological behavior of ethylene glycol-based nanofluids containing exfoliated graphite nanoplatelets has been carried out
using a cone-plate Physica MCR rheometer. Initial experiments based on flow curves were carried out, the flow curves were based
on the controlled shear stress model, these tests show that the studied nanofluids present non-Newtonian shear thinning behavior
with yield stress. Furthermore, linear viscoelastic experiments were conducted in order to determine the viscoelastic behavior:
using strain sweep and frequency sweep tests the storage and loss modulus were determined. The fractal dimension (D f ) was
estimated from the suspension static yield-stress and volume fraction (ϕ ) dependence, and was determined to be D f =2.36, a value
consistent with a process of aggregation of RLCA type (reaction limited cluster aggregation). This value is unusual if compared
with other nanofluids, and can be regarded as a results of the bidimensionality of the suspended nanoplatelets. Finally, creep-
recovery tests and mechanical models confirm the viscoplastic nature of our nanofluids, a feature never shown so far for this type
of systems, increasing the solid-like character in the range of concentrations studied if compared with other nanofluids reported
in literature. This is a result of the combination of a remarkable internal structure and strong interactions, which evidence an
unexpected behaviour sharing many solid-like features

1 Introduction

Graphene, a single-atom-thick sheet of hexagonally arranged
sp2-bonded carbon atoms, has attracted much attention since
it was experimentally isolated by Novoselov et al.1. The two-
dimensional (2D) material exhibits exceptionally high crystal
and electronic quality, and it has already revealed a plethora of
amazing physical properties and potential applications2. This
includes high values of Young’s modulus, fracture strength,
mobility of charge carriers, and specific surface area, plus fas-
cinating transport phenomena such as the quantum Hall ef-
fect3. Recent research reveals that the in-plane thermal con-
ductivity of a suspended single-layer graphene is as high as
5200 W/mK4. Because singlelayer graphene sheets are finite
and dimensional limitations influence the electronic proper-
ties of graphene, graphene-based materials can be categorized
according to the dimensions of sheets in the parallel and per-
pendicular directions of the layers. Among them, exfoliated
graphite nanoplatelets (xGnP) (10-100 graphene layers, 3-30
nm thick), which combine the layered structure and low price
of nanoclays with the superior mechanical, electrical and ther-
mal properties of carbon nanotubes, are very cost effective and
can simultaneously provide a multitude of physical and chem-
ical property enhancements5. The properties of xGnP are in-
dependent of the number of layers and show similar electro-
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chemical behavior to graphene6. Although the number of ar-
ticles on xGnP has increased7,8, data on their thermodynamic
properties, thermophysical description, and molecular mod-
eling properties are relatively scarce. Nanofluids, which are
suspensions of nanoparticles in fluids9, have promising poten-
tial applications in microelectronics, energy supply and trans-
portation because of their intriguing properties such as the in-
creased thermal conductivity in certain cases, long-term sta-
bility, and prevention of clogging in microchannels10. The
nanoscale size range of the suspended particles produces un-
expected behaviour in some cases for thermophysical and
transport properties. In fact it was the initial report of unusual
thermal conductivity enhancements what boosted research on
nanofluid characterization. After a certain rush period, these
enhancements were demonstrated not to be so general nor so
high11. Nevertheless, the discussion about which are the heat
and mass transfer mechanisms for this type of systems rep-
resents an open and active debate, and some nanofluids do
exhibit unexpected non classical thermophysical and elastic
properties12.

Recently, a significant number of studies have been con-
ducted on the use of carbon-based nanostructures like car-
bon nanotubes13, single-wall carbon nanotubes14, multi-
wall carbon nanotubes15, graphite16, graphene oxide17, and
graphene18 to prepare nanofluids. Most of these investigations
are devoted to the measurement of thermal behavior. All such
applications require motion of nanomaterial within the fluid,
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or displacement of the bulk suspension itself. Thus, the innate
need to understand the rheological behavior of carbon-based
suspensions is of primary importance for development of the
aforementioned technologies.

Shear viscosity of nanofluids obtained from originally New-
tonian base fluids may exhibit either Newtonian19–21 or shear-
thinning22? –29 behavior depending on several factors. Some
of them are material, size, shape and nanoparticle concentra-
tion, and also type of base fluid. Structured fluids as colloidal
gels, microgel suspensions, dense suspensions, concentrated
emulsions and foams are yield stress fluids. The yield stress
of a material is defined as the minimum shear stress that must
be overcome to make a material flow. The existence of a yield
stress has been debated in the literature30–33 on the grounds
that any material will flow given long enough time. Yield
stress or viscoplastic materials have a complex microstruc-
ture. Emady et al.34 have recently suggested that most yield
stress materials are based on either colloidal glasses or col-
loidal gels. As a consequence of this structural complexity, the
characterization of these materials has been historically rather
challenging35,36. Several techniques can be used to determine
yield stress37. In this study, exfoliated graphite nanoplatelets
(xGnP) were dispersed in pure ethylene glycol (EG) in var-
ious volumetric concentrations, an stabilized by high-power
ultrasonication. Stabilization mechanisms are analyzed by
UV-visible spectrophotometry, and the rheological behavior
of the suspensions was determined via non-linear and linear
viscoelastic measurements, yielding as we will demonstrate a
profile of highly structured soft matter, with even typical fea-
tures of solid-like behaviour.

2 Experimental

2.1 Materials

Commercial exfoliated graphite nanoplatelets grade C were
supplied by XG Sciences, Inc. This material consists of sev-
eral layers of exfoliated graphite with average surface area of
approximately 750 mm2 g−1 and nominal flake thickness of
1-5 nm. Ethylene glycol was supplied by Aldrich (99 %).

2.2 Characterization

X-Ray photo-electron spectroscopy measurements were car-
ried out in a Thermo Scientific K-Alpha ESCA instrument
equipped with aluminium Ka1, 2 monochromatized Al Kα
radiation at 1486.6 eV X-ray source. The base pressure in the
chamber was maintained at about 3·10−9 mbar. Photoelec-
trons were collected from an angle of 90◦ relative to the sam-
ple surface. A constant analyzer energy mode (CAE) was used
with a pass energy of 100 eV and 20 eV for the survey spec-
tra and high resolution spectra, respectively. Binding energies

were calibrated using the C 1s peak at 285.0 eV as internal
standard.

The morphology of xGnP were examined by high resolu-
tion scanning electron microscopy (FEG-SEM) using a JEOL
JSM-6700-F. FGE- SEM samples were prepared by deposition
of the nanopowder on top of a carbon substrate.

2.3 Sample preparation and stability

Homogeneous and stable suspensions of xGnP in Ethylene
glycol (EG) were studied. The nanoparticle powder was
weighted using a Mettler AE-240 electronic balance, whose
accuracy is 5·10−5 g. The powder was dispersed into a prede-
termined volume of the base fluid to obtain the desired weight
fraction up to 20 wt% Particles were dispersed by ultrasonic
treatment with an Ultrasonic Bath (Clifton, 80W). Ultrasound
is very effective in the destruction of aggregates by using the
collapse of the unstable cavitation bubbles that grow in the ul-
trasonic field. The implosive collapse of the bubbles rips the
platelets apart and restricts the aggregation of the exfoliated
graphite sheets, leading to a stable dispersion of these in the
matrix. The stability of the nanofluid was evaluated using a
spectrometer Agilent HP 8453 UV-Vis equipped with a ther-
mostated cell carrier, at different times of sonication.

2.4 Rheological measurements

Rheological analyses were performed with a Physica MCR
101 Rheometer (Anton Paar, Graz, Austria), using a cone-
plate geometry (CP 25-1). The equipment allows to control
torques between 0.5µN·m and 125 mN·m and normal force
from 0.1 to 30 N. All experiments are conducted at a constant
gap of 0.048 mm, and an initial stabilization period of 100 s
is given for achieving constant temperature (303.15 K) using
a Peltier system. Different types of experiments were carried
out to investigate the nanofluid rheological behavior. The first
one is a non-linear viscoelastic experiments, usually referred
to as flow curves, in which shear viscosity variation with shear
rate is measured. These experiments were performed at shear
rates up to 10000s−1, at different weight fractions up to 20
wt%. The linear viscoelastic measurements constitute the sec-
ond group of the experiments. In these measurements first
linear viscoelastic (LVE) region was determined by measur-
ing store (G’)and loss (G”) moduli of the nanofluids in the
strain range between 0.01 % to 1000 % at a constant angu-
lar frequency of 10 rad·s−1, at different weight fractions up to
20 wt% and 303.15 K. Frequency sweep measurements were
carried out in the frequency range of 0.1 to 600 rad·s−1 by
applying a strain of 0.1 %, at different weight fractions up to
20 wt% and 303.15 K. Furthermore transient deformation in
the nanofluids was evaluated by creep and recovery measure-
ments. Different shear stress loads inside the linear viscoelas-
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tic region were applied for 300 s. Creep measurements were
recorded following another 600 s of recovery period. Three
replicates at each experimental condition were carried out.

3 Results and discussion

3.1 Characterization of exfoliated graphite nanoplatelets

The elemental chemical composition of the surface of xGnP
was confirmed using X-Ray photoelectron spectroscopy. Fig-
ure 1-Left shows the survey spectra of xGnP. In this figure we
can observe a strong peak at around 285 eV, attributed to the
elemental sp2 and sp3 carbon atoms of the exfoliated graphite
nanoplatelets (C 1s) and a peak at approximately 532 eV, as-
cribed to the oxygen atoms (O 1s). Quantitative peak analy-
sis revealed that the carbon concentration is 93.94 % at. and
the oxygen concentration is 5.95 % at., with and amount of
0.11 % at. of nitrogen. Morphology of xGnP was examined
by high resolution scanning electron microscopy (FEG-SEM).
Typical FEG-SEM images of xGnP nanopowder are presented
in Figure 1-Right, evidencing that the nanoplatelets are crum-
pled and folded. The occurrence of crumpling and scrolling is
intrinsic to exfoliated graphite nanoplatelets and is caused by
the bidimensional structure becoming thermodynamically sta-
ble via bending. The nanometric platelets tend to agglomerate
into micron-size domains, as observed in this figure.

3.2 Stability

The stability of the nanofluid was evaluated using a UV-
Vis spectrometer at different sonication times. Figure 2-Left
shows a typical recording for the optical absorption spectrum
of EG/xGnP nanofluid (0.001 wt%).The wavelength value was
fixed at λ=266 nm, and the absorbance time evolution for
the samples at different sonication times was analyzed, Fig-
ure 2-Right. The graph shows that the best stability is ob-
tained applying 1.5 hours of sonication, the absorbance de-
crease in 24 h was found to be only 4.2 %. With the aim
to verify if this decrease is representative of the real concen-
tration, we have developed a second procedure to estimate
the stability of nanofluids. In this case, a freshly 20 wt%
nanofluid (20 mL) was prepared applying 1.5 hours of sonica-
tion with the ultrasonic bath, and then this nanofluid was trans-
ferred to a water-jacketed cell at 303.15 K. Aliquots (5 µl)
of the nanofluid are removed at specific time intervals (three
aliquots each time) and added immediately to three flasks con-
taining 20 mL of Ethylene Glycol. These resultant solutions
were dispersed applying 15 min of sonication with the ultra-
sonic bath. We evaluated the stability of this nanofluid by
measuring the absorbance at 266nm of each solution at dif-
ferent times. Figure 3 evidences the percent decrease of the
absorbance registered using both procedures at different con-

centrations, showing that this departure function rises slightly
with time, the absorbance decrease in 10 h was found to be 4
% for 20 wt% EG/xGnP nanofluid and 2.8% for 0.001 wt%,
so the absorbance decrease in this case is nearly independent
of the concentration of nanofluids. These results indicate that
the sample at 20 wt% is stable and adequate for the type of
measurements performed in this work, where the time from
sample dispersion to the experimental measurements was very
short.

3.3 Non-linear viscoelastic measurements

Figure 4 shows the shear viscosity (µ) as a function of shear
rate (γ̇), usually referred to as flow curves, of EG and six dif-
ferent weight fraction of EG/xGnP nanofluids (1, 2.5, 5, 10,
15 and 20 wt%). The base fluid viscosity is independent of
γ̇ indicating Newtonian behavior for EG. On the other hand,
EG/xGnP nanofluids show shear-thinning with yield stress,
which represents a non-Newtonian behavior, as we can ob-
serve a decrease of shear viscosity with the applied shear rate.
As concentration rises a Newtonian plateau appears in the low-
est shear rate region, and the shear thinning property is more
pronounced due to the stronger sheet-sheet and multi-sheet in-
teractions with the increase in concentrations. Shear-thinning
of well-dispersed suspensions can be linked to the modifi-
cations in the structure and arrangement of interacting parti-
cles38. Shearing may cause the particles to orient in the di-
rection of flow and its gradient. This can break agglomerates
and hence reduce the amount of solvent immobilized by the
particles. The interaction forces may then decrease and cause
a lowering in the flow resistance and the apparent viscosity of
the system. An important class of non-Newtonian materials
exhibits the so-called yield stress, absorbing in a first stage the
stress energy without flowing, until the yield stress threshold
is exceeded and significant deformation occurs. This observed
behaviour can be associated to a certain extent to the mild
re-orientation of exfoliated graphite nanosheets at high shear
rate. The orientation anisotropy may produce a liquid crystal-
like structure which can form a stable nematic liquid crystal in
Ethylene Glycol. This behavior has been reported previously
for suspensions of exfoliated graphite oxide nanosheets, that
can behave like colloids in water thus avoiding agglomeration
or re-stacking39. Therefore, and following this short range
partially ordered spacial arrangement these materials behave
as solids when the local shear is below the yield stress.

Once the yield stress is exceeded, the material flows
with a non-linear stress-strain relationship, either as a shear-
thickening fluid, or a shear-thinning one. Some examples
of fluids behaving in this manner include paints, food prod-
ucts, plastics, slurries, pharmaceutical products, polymeric so-
lutions, paper pulp40 and semisolid materials41. To model
the stress-deformation behavior, several constitutive relations
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Fig. 1 Survey spectra (left) and FEG-SEM, 100000×, JEOL JSM-6700F (right) of dry commercial xGnP nanopowder.
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Fig. 2 UV-Vis absorption spectrum (left) of EG/xGnP nanofluid, 0.001 wt%, T= 303.15 K, and influence of the time of sonication in the
kinetic deposition of EG/xGnP nanofluids (right),λ= 266 nm, T= 303.15 K
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Fig. 3 Percent decrease of the absorbance, 102(Abs0-Abs)/Abs0
with time of EG/xGnP nanofluids, circle, 0.001 wt% (First
procedure, 1.5h sonication time); inverted triangle,20 wt% (Second
procedure), λ= 266 nm, T= 303.15 K
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Fig. 4 Shear viscosity vs. shear rate (γ̇) dependence of EG/xGnP
nanofluids. At 303.15 K for different weight fractions: pink
multiplication sign, EG; circle, 1 wt%; star, 2.5 wt%; inverted
triangle, 5 wt%; square, 10 wt%; diamond, 15 wt% and triangle, 20
wt%.

have been proposed and different yield criteria have been used.
Two of the most useful42 and popular models have been the
Bingham model, which is a modification of the Newtonian
model to incorporate a yield stress and the Herschel-Bulkley
model, which is the equivalent modification of the power-law
model43. In simple shear flow these models take the form:
Bigham model:

σ = σy +µγ̇ For |σ |> σy γ̇ = 0 For |σ | ≤ σy (1)

Herschel-Bulkley model:

σ = σy +Kγ̇ p For |σ |> σy γ̇ = 0 For |σ | ≤ σy (2)

Where σ is the shear stress, γ̇ is the shear rate, σy is the dy-
namic yield stress, µ is the Newtonian viscosity, K is the con-
sistency index and p is the power-law index. Note that when
the shear stress is below the yield stress a solid structure is
formed (unyielded). Also, when the power-law index equals
unity and the consistency index is equivalent to the viscosity,
the Herschel-Bulkley model reduces to the Bingham model.
Both models are viscoplastic but inelastic, i. e. they cannot ac-
count for viscoelastic phenomena such as stress relaxation and
normal stresses exhibited in shear flows. Papanastasiou44 pro-
posed a novel constitutive equation for materials with yield,
where a material parameter controls the exponential growth of
stress and which is valid for both yielded and unyielded ar-
eas. In simple shear flow, Papanastasiou’s modification to the
Herschel-Bulkley model gives:

σ = σy[1− e−mγ̇ ]+Kγ̇ p (3)

Where m is a regularization parameter (with units of time),
which controls the exponential growth of stress. Figure 5
shows the experimental values of shear stress vs. shear rate
of EG/xGnP nanofluids (1, 2.5, 5, 10, 15 and 20 wt%) and
their fit with the Papanastasiouś modification to the Herschel-
Bulkley model (equation 3) with m >10000 s. The flow pa-
rameters of this fit are shown in Table 1. Good adjustments
are obtained for all samples, reaching shear stress average de-
viations around 3 %. The n values range from 0.988 to 0.748
decreasing exponentially when the weight fraction increases,
which evidences that the shear thinning behavior is more no-
ticeable as nanoparticle concentration increase45. Dynamic
yield stress and consistency index values increase nearly ex-
ponentially with weight fraction.

3.4 Linear viscoelastic measurements

The following step was to perform oscillatory or dynamic ex-
periments to determine viscoelastic behaviour. First, strain
sweep test at constant ω = 10 rad·s−1 were carried out to
identify the linear viscoelastic region in the strain range from
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Table 1 Yield stress (σy) Consistency index (K), the stress growth exponent (m) and Power-law index (p) parameters for EG/xGnP nanofluids
at 303.15 K and different weight fractions.

Weight Fraction Yield Stress Consistency Index Power-law
wt% σy (Pa) K (Pa·sp) p

1 0.0058±0.0005 0.0141±0.0001 0.988±0.001
2.5 0.065±0.005 0.0244±0.0001 0.915±0.002
5 0.541±0.001 0.0446±0.0001 0.884±0.003
10 8.7±0.2 0.171±0.009 0.786±0.006
15 65.1±0.4 0.550±0.002 0.747±0.004
20 279±1 1.4±0.1 0.719±0.008
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Fig. 5 Shear stress vs. shear rate (γ̇) dependence of EG/xGnP
nanofluids. At 303.15 K for different weight fractions: circle, 1
wt%; star, 2.5 wt%; inverted triangle, 5 wt%; square, 10 wt%;
diamond, 15 wt% and triangle, 20 wt%. The solid lines represent the
fit using the Papanastasiouś modification to the Herschel-Bulkley
model

0.01 to 1000 %. As shown in Figure 6, both storage (G’) and
loss (G”) moduli increase with weight fraction. The linear
regime where G’ is constant regardless of strain amplitude is
clearly observed, and then the value decreases for all weight
fractions. On the other hand, G” goes through a maximum, ex-
hibiting a so-called overshoot phenomenon. The interpretation
of this phenomenon is that when an external strain is imposed,
the structure resistsup to a certain strain, while G” increases,
and then the internal structure is lost by the disaggregation of
nanoparticles, due to large deformations over the critical strain
after which the nanoparticles align with the flow field, decreas-
ing both G’ and G”. In order to evidence the well-defined lin-
ear viscoelastic range of this test, typical stress-strain curves
are also displayed in Figure 7 for all weight fractions. Table
2 lists static yield stress and critical strain values. Static yield
stress and critical strain values increase linearly (in logarith-
mic scale) with volume fraction. In the bulk of a flocculated
suspension, particles will adhere to each other building up a
porous network. This network is stabilized mainly by means
of van der Waals interactions between particle surfaces46,47.
The self-similar structure of the network and aggregate geom-
etry can be described using fractal analysis, as was shown by
Shihet al.48, being suspension yield stress (Y) related with the
volume fraction (ϕ ) through:

Y = αϕ n (4)

where α is a constant related with the inter-particle separation
and the zeta potential. The exponent n can be evaluated from
the suspension Y -ϕ relationship and is further related to the
fractal dimension (D f )of the flocculated network by the equa-
tion:

n = (d +X)/(d −D f ) (5)

where d and X stand for the Euclidean dimension of the whole
system and the aggregate backbone (or aggregate main struc-
tural element), respectively48. Fitting the experimental data
of Table 2 to the equation 4, the value obtained for n is 7.78±
0.38 and α =(3.78±1.14)·(10)5 with a Pearson correlation co-
efficient r2=0.994 (see Figure 8). We may calculate the frac-
tal dimension (D f ) from the slope n by assuming the fractal
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Fig. 6 Storage (G’) (A) and loss (G”) (B) moduli vs. strain (γ) dependence at 10 rad·s−1 and 303.15K of EG/xGnP nanofluids for different
weight fractions: circle, 1 wt%; star, 2.5 wt%; inverted triangle, 5 wt%; square, 10 wt%; diamond, 15 wt% and triangle, 20 wt%.

Table 2 Static yield stress (Y) and critical strain (γc) values for different EG/xGnP nanofluids at 303.15K and ω=10 rad·s−1

Weight Fraction Volume Fraction Static Yield Stress Critical Strain
( wt%) ϕ (v/v) Y (Pa) γc(%)
1 0.0360 0.0252 0.185
2.5 0.0865 0.264 0.215
5 0.1627 2.80 0.251
10 0.2909 36.2 0.341
15 0.3945 250.0 0.465
20 0.4800 1260 0.632
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Fig. 7 Store (G’) (A) and loss (G”) (B) moduli vs. strain (γ)
dependence at 10 rad·s−1 and 303.15K of EG/xGnP nano-fluids for
different weight fractions: circle, 1 wt%; star, 2.5 wt%; inverted
triangle, 5 wt%; square, 10 wt%; diamond, 15 wt% and triangle, 20
wt%.

dimension of the backbone of the clusters X equals unity49

and Euclidean dimension is d = 3, the fractal dimension for
EG/xGnP nanofluids is D(1)

f = 2.49. If we consider alternative
values for the backbone dimension, namely X = 2 and X = 3,
the fractal dimension results in D(2)

f = 2.36 and D(3)
f = 2.23

respectively. All calculated values of D f are close to 2.3,
the characteristic value of the aggregation type called reac-
tion limited cluster aggregation (RLCA), and considerably far
from 1.8, the reference value for a diffusion limited cluster ag-
gregation (DLCA) process50. This result is independent of the
backbone dimension considered, and strongly suggests that
the aggregation present is of the RLCA type, building com-
pact structures with effective dimension greater than 2. More-
over, the high value obtained for n is also characteristic of this
aggregation scheme. Backbone dimension is usually consid-
ered to be equal to unity, due to the abundance of systems
with chain-like or dendritic aggregates. In our case, that value
would yield a very high fractal dimension, 2.49, close to a pure
liquid dimension, D f (l) = 2.5551, and considerably greater
than other strong-interacting colloidal aggregates, as in mag-
netite suspensions (D f (mag) = 2.27), where magnetic dipolar
interactions determine the aggregation process27. The fractal
dimension of a liquid is a consequence of the effective break-
ing of some bonds when compared with the corresponding
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Fig. 8 Static Yield stress (Y) as a function of volume fraction (ϕ ).
Experimental data, squares with error bars, were fitted to equation
(4), obtaining the solid line for parameter n = 7.78±0.38.

solid, so it can be regarded as a limit for the bonding dimen-
sion of pure substances. Therefore, it would be unrealistically
high for a substance in a mixture, as the case of a colloidal
suspension. Considering the exfoliated graphite nanoparticles
morphology, that consist of superimposed sheets of real ex-
foliated graphite, it can be supposed that the aggregates will
grow preferentially following the planes of the sheets, and so
the backbone dimension shouyld be close to 2. The analy-
sis presented of SEM images supports this hypothesis for mi-
cron size aggregates. For X = 2, we obtained D(2)

f = 2.36, as
shown above, very close to the characteristic value of a RLCA
type process. Moreover, the nanoparticles can be deformed,
making complex structures as planar tees or loops when ag-
gregate, building bi-dimensional and also three-dimensional
backbones, and laying the backbone dimension in some point
between 2 and 3. Therefore, it seems reasonable to obtain a
D f value greater than the theoretical one when considering
X = 2 and lower when considering X = 3. In figure 9, D f
is represented as a function of X , being lower for increasing
X . This is to say, if we consider X ′ > 2, then D f (X ′) < D(2)

f ,

and inversely, if X ′ < 3, then D f (X ′) > D(3)
f , confirming that

backbone dimensions between 2 and 3 are compatible with
RLCA aggregation type in xGnP nanoparticles. The conclu-
sion is then that the aggregation follows a RLCA scheme, and
the whole dimension of the aggregates backbone is X = 2.
Then frequency sweep tests were carried out in the linear vis-
coelastic region, with angular frequencies ranging for 0.1 to
600 rad·s−1 and a constant strain value of 0.1 %. The exper-
imental data of storage and loss moduli are shown in Figure
10. For these nanofluids the storage modulus exceeds the loss
modulus, G’¿G” for the whole angular frequency range stud-

8 | 1–15

Page 8 of 16Soft Matter

S
of

tM
at

te
r

A
cc

ep
te

d
M

an
us

cr
ip

t



1 2 3
1.0

1.5

2.0

2.5

3.0

D
f

X

DLCA 

RLCA 

pure liquid 

1.8

2.3

2.55

Fig. 9 Fractal dimension of aggregates (D f ) depending on
backbone dimension (X) calculated using equation (5). Some
characteristic values of D f (pure liquid, RLCA and DLCA) are
shown in blue for reference.

ied. G’ and G” are practically constant in this angular fre-
quency range, typical of ”solid-like” complex fluids, and both
increase with volume fraction. The experimental data for the
equilibrium modulus of exfoliated graphite nanofluids at low
frequencies were modeled as a function of concentration ac-
cording to a percolation expression as follows52:

log(G′) = A+B log(ϕ −ϕ0). (6)

where A and B are constants and ϕ0 is ϕ at the threshold, and
the equation can be applied only near the percolation thresh-
old. The experimental data measured at a low frequency (10
rad/s) were fitted to Equation 6, leaving as adjustable parame-
ters the concentration at the threshold (ϕ0) and the parameters
A and B. As shown in Figure 11, the experimental data are well
modeled by the Equation 6, from which a close to zero criti-
cal concentration is determined. Therefore, our experiments
have been performed at concentrations that are well beyond
the percolation threshold, and can be easily classified as gels.
For these exfoliated graphite nanofluids, the van der Waals in-
teractions are so strong that give rise to large structures even
at very low concentrations.
Finally creep and recovery profiles of these nanofluids were
obtained. Creep testing entails applying a small constant stress
to a sample and monitoring its deformation over time. When
a viscoelastic material is subjected to a creep test the initial
stage of the test is dominated by elastic, recoverable defor-
mation. As the test progresses the sample reaches an elastic
equilibrium and only residual viscous non-recoverable flow
persists. From the gradient of the strain/time plot in the later

Table 3 Constant stress (σ0), zero-shear viscosity (µ0), equilibrium
elastic strain (γeq) and equilibrium recoverable compliance ( J0

e )
values for different EG/xGnP volume fraction ϕ at 303.15 K

ϕ σ0 µ0 γeq J0
e

(v/v) (Pa) (Pa·s) (%) (Pa−1)
0.1627 0.008 5459 0.2150 0.11125
0.2909 0.5 204496 0.1984 0.00226
0.3945 4 991375 0.3059 0.000295
0.4800 50 7073236 0.4495 0.0000516

viscous-flow stage of the test the value of zero-shear viscosity
(µ0) can be calculated. By extrapolating the straight-line re-
gression from this part of the curve to an intercept on the strain
axis it is possible to obtain the equilibrium elastic strain (γeq),
representing the maximum elastic recoverable strain under the
specific imposed stress. Then, for a creep experiment, a con-
stant stress (σ0) inside the linear viscoelastic region is applied
at time zero to the relaxed samples during a time that may be
considered asymptotically infinite (300 s. in this case), and the
sample strain trend is recorded. At 300 s, the stress is removed
and strain variation is again recorded. We have selected the re-
covery time to be twice the creep time. A representative exam-
ple of this creep and recovery profile is represented in Figure
12, for 20 wt% exfoliated graphite/EG nanofluid at a constant
stress of 50 Pa. The zero-shear viscosity and the equilibrium
elastic strain calculated in the later viscous-flow stage for all
nanofluids are shown in Table 3. The constant stress (σ0) that
should be applied for 1 wt% and 2.5 wt% nanofluids to ensure
that the samples were inside the linear viscoelastic region were
too low for performing the creep-recovery test with reason-
able accuracy, so these two low concentration samples were
not considered. Strain values can be divided by the applied
stresses to obtain compliance, denoted as J(t):

J(t) = γ(t)/σ0. (7)

a magnitude useful for cases when different stresses are em-
ployed and the results are to be compared, this enables the
direct visual overlapping of the results obtained. In the lin-
ear viscoelastic region J(t) will be independent of the applied
stress (Figure 13-left). The recovery profile of our nanofluids
are represented in Figure 13-right together with the recover-
able compliance Jr(t), defined as,

Jr(t) = (γu − γr(t))/σ0. (8)

Being σ0 the constant imposed stress, γ(t) the strain val-
ues at different times, γu the initial deformation at t2= 300s,
in the recovery test, and γr(t) the recoverable strain values at
different times. The equilibrium recoverable compliance J0

e is
a very sensitive measurement of the elasticity, defined as,

J0
e = (γu − γe)/σ0. (9)
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Fig. 10 Storage (G’) (A) and loss (G”) (B) moduli vs. angular frequency (ω) dependence at a constant strain (0.1 %) and 303.15K of
EG/xGnP nanofluids for different weight fractions: circle, 1 wt%; star, 2.5 wt%; inverted triangle, 5 wt%; square, 10 wt%; diamond, 15 wt%
and triangle, 20 wt%.
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Fig. 11 Logarithmic storage modulus, log (G’), vs. volume fraction,
fitted using the percolation model (equation 6) at 10 rad·s−1 and
303.15 K with 0.1 % of strain
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Fig. 12 Creep and recovery curve for 20 wt% of EG/xGnP
nanofluids at applied stress of 50 Pa
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Fig. 13 Compliance curves (A) and recoverable compliance curves (B) of EG/xGnP nanofluids, at 303.15K for different weight fractions:
inverted triangle, 5 wt% (σ0=0.008 Pa); square, 10 wt% (σ0=0.5 Pa); ; diamond, 15 wt% (σ0=4 Pa) and triangle, 20 wt% (σ0=50 Pa)

where γu the initial deformation at t2= 300 s, and γe the final
deformation at t= 900 s (in the equilibrium zone). The values
obtained are show in Table 3.

3.4.1 Mechanical Model for description of the rheolog-
ical Data.In order to set an adequate mechanical model for the
studied system, both elastic and viscous properties must be
taken into account, as deduced from the results in the prece-
dent paragraphs, and from direct inspection of the EG/xGnP
samples. Therefore, the first option can be the Burgers model,
which is composed of Maxwell and Kelvin-Voight elements,
connected sequentially53–55. An scheme of the mechanical el-
ements and the models used in this work is shown in Figure
14. Maxwell element describes the viscoelastic liquid-like be-
havior, by means of one ideal spring and one hydraulic damper
filled with an ideal Newtonian liquid, arranged in a serial dis-
position. Kelvin-Voight element is the equivalent for solid-
like behavior, and is composed of the same elements (spring
and damper) except that they are arranged in parallel in this
case. For a creep-recovery experiment, the Maxwell model
predicts an immediate initial jump in the compliance, J(t),
followed by a linear increase, during the creep period, and
an instantaneous decrease after stress removal, without grad-
ual relaxation. However, in our experiments, we observe a
non-linear increase of J(t) during the creep period and also a
significant slow relaxation after removal of the applied stress,
two features that evidence that exfoliated graphite nanofluids
do not behave as a simple Maxwell body upon shear. Accord-
ing to the Kelvin-Voight model, the deformation should attain
a constant value (plateau) after a certain creep time. In the re-
covery regime, no instantaneous decrease in J(t) or residual
deformation is expected, whereas we observe both features
in our experiments. This comparison shows that exfoliated

A

B

 

Maxwell element Kelvin-Voight elementM KV

M KV

Burgers model Compound Voight model

M KV KV

G µ

µ

G

Fig. 14 A: Simple elements in mechanical models for
viscoelasticity, spring ideally models the elasticity and damper the
viscosity. B: Burgers and compound Voight models as a
combination of simple elements.

graphite nanofluids can not be described either with a Kelvin-
Voight model only. Therefore, a simple ideal model solely, as
Maxwell or Kelvin, is not enough to describe the phenomena
observed in our experiments and at least a combination of both
is necessary, as in the Burgers model. In this model, the com-
pliance during the creep sate of the deformation is described
by the following equation:

J(t) =
t

µ0
+

1
G0

+
1

G1

[
1− exp

(
− t

λ1

)]
(10)

where G0 and µ0 are the elastic modulus and viscosity in the
Maxwell element, G1 and µ1 are those in the Kelvin element,
and λ1 =

µ1
G1

is the related characteristic relaxation time of the
creep deformation. The compliance during recovery, JR can
be expressed by53:
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JR(t) =
tCR

µ0
+

1
G1

[
1− exp

(
− tCR

λ1

)]
exp

(
− t − tCR

λ1

)
t > tCR (11)

where tCR is the time of creep.
In addition to Burgers model, a compound Voight model was
also considered, for better describing the stronger solid-like
behavior observed at high concentrations. In this model, an
extra Kelvin-Voight element is added to Burgers model, re-
sulting in one Maxwell and two Kelvin-Voight elements con-
nected sequentially. According to this model, the compliance
during creep follows the expression:

J(t) =
t

µ0
+

1
G0

+
1

G1

[
1− exp

(
− t

λ1

)]
+

1
G2

[
1− exp

(
− t

λ2

)]
(12)

and during recovery, the corresponding one:

J(t) =
tCR

µ0
+

1
G1

[
1− exp

(
− tCR

λ1

)]
exp

(
− t − tCR

λ1

)
+

1
G2

[
1− exp

(
− tCR

λ2

)]
exp

(
− t − tCR

λ2

)
; t > tCR (13)

where G2, µ2 and λ2 = µ2/G2 are the elastic modu-
lus,viscosity, and relaxation time of the second Kelvin ele-
ment, respectively. Compliance data of EG/xGnP nanofluid at
different weight fractions where fitted to Burgers model (equa-
tions 10 and 11) and compared with the compound Voight
model (equations 12 and 13). The results are shown in Fig-
ure 15 and parameters are detailed in Table 4.
The fits are in general very good, with Pearson correlation
parameter (R2 adjusted) always above 0.95 and greater than
0.99 in most cases. Pearson coefficient, R2 values are better
for compound Voight than for Burgers in all data sets, so it is
tempting to affirm that compound Voight is the better choice
in all cases, for both creep and recovery section. Neverthe-
less, this last affirmation is not necessarily true as compound
Voight extends Burgers model with extra adjustable param-
eters and, consequently, it is expected to fit better the same
dataset. Therefore, R2 solely is not enough to assess the qual-
ity and adequacy of the models, and we have to further test
their predictive ability with additional magnitudes. Theoreti-
cal curves reproduce quite well the experimental results, with
the exception of the immediacy of creep time, and for large
recovery times also. In these regions, some differences be-
tween Burgers and compound Voight models become appar-
ent, specially in the highest concentration (20 wt%) case. If
we focus in the creep section of the graphs, we can compare
the zero-shear viscosity obtained directly by the mechanical

methods as the µ0 parameter with the previously calculated
values as the slope of the creep curve near the creep time, tCR.
The values obtained by the two approaches are in good agree-
ment, with an overall discrepancy below 10 % when using the
better fit among the mechanical methods. From this compar-
ison, the quality of the model can be tested, confirming the
adequacy of Burgers in 5 wt% case —with only a 6.9 % of
difference, while compound Voight reaches the 31.2 % in it—
, the equivalence of both models in 10 wt% case —with only
a 2.2 % of difference—, and the superior fitting of compound
Voight for higher concentrations. Values of G1 and λ1 cal-
culated using both models are similar, in creep as well as in
recovery sections of the data. Based in the statistical parame-
ters, and coherence of results, we suppose that in the recovery
section compound Voight is always more adequate than Burg-
ers method.

4 Conclusions

xGnP/EG nanofluids were rheologically characterized. This
work evidences the non-Newtonian nature of EG/xGnP
nanofluids, showing shear thinning and dynamic yield stress.
All samples show viscoplastic nature, suggesting that a com-
bination of particle aggregation and shape effects is the mech-
anism for its high-shear rheological behavior. As concentra-
tion rises, Newtonian plateaus are found at the lowest shear
rate and the flow curves can be described using the Papanas-
taiousś modification to the Herschel-Bulkley model. Strain
sweep tests show that the structural interactions are strong, re-
sulting in large moduli. The fractal dimension of aggregates
was calculated, being D f = 2.36. This value is in agreement
with a RLCA type aggregation process. Another conclusion
from fractal analysis is that the aggregate structure must be
laminar, not chain-like, assuming the backbone dimension to
be X = 2. The frequency sweep tests show that our nanofluids
behave as solid-like complex fluids. A critical concentration
near to zero has been determined, so the interactions are so
strong that give rise to large structures even at very low con-
centrations. The creep-recovery tests confirm the viscoelas-
tic nature of our nanofluids, the zero-shear viscosities have
been determined, a critical parameter for applications of these
nanofluids as transport fluids, and the melt elasticity has been
evaluated. Two mechanical models, Burgers and compound
Voight, were tested in order to describe the rheological prop-
erties of the nanofluids, the first more oriented towards liquid-
like fluids, and the second toward solid-like ones. The fitting
of the models confirms that the solid-like character increases
with the concentration, as was expected, changing from one
model to the other in the range of concentrations studied.
Zero-shear viscosities were obtained from mechanical mod-
els also, being in good agreement with previous ones. As a
result, the remarkably unusual viscoelastic profiles of exfoli-
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Fig. 15 Fitting of Burgers (dashed lines) and compound Voight models (solid lines) of creep and recovery experimental curves (symbols) at
303.15 K for different weight fractions: (A) inverted triangle, 5 wt% ; (B) square, 10 wt% ; (C) diamond, 15 wt% and (D) triangle, 20 wt%.
Note that all fits shown are rather accurate and, therefore, they overlap along several intervals of the experimental data, notably in the whole
creep portion of 10wt% series
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Table 4 Parameters of the fitting of mechanical models to experimental data sets. From left to right: weight fraction of nanoparticles ( wt%),
creep or recovery section (C/R), mechanical model (Burgers/compound Voight), zero-shear viscosity (µ0), elastic moduli (G0, G1 and G2),
relaxation times (λ1 and λ2) and Pearson correlation coefficient (R2).

Conc. C/R Model µ0 G0 G1 G2 λ1 λ2 R2

( wt%) 103 (Pa s) 103 (Pa) 103 (Pa) 103 (Pa) (s) (s)
20 C Burgers 4821.60 44.82 18.45 22.02 0.994

C. Voight 7716.05 49.55 17.19 64.14 50.35 4.03 0.999
R Burgers 3742.51 28.72 68.40 0.973

C. Voight 3813.88 30.62 144.28 96.81 4.89 0.998

15 C Burgers 790.51 3.10 2.57 11.22 0.983
C. Voight 936.33 3.59 3.00 7.15 20.73 1.56 0.986

R Burgers 377.64 4.36 10.92 0.951
C. Voight 389.71 5.71 9.78 4.77 80.19 0.993

10 C Burgers 200.08 0.63 0.42 20.53 0.989
C. Voight 200.08 7.84 0.42 0.68 20.54 0.00 0.983

R Burgers 95.06 0.94 51.68 0.985
C. Voight 95.24 0.97 1.07 55.68 1.06 0.995

5 C Burgers 5.87 0.02 0.01 31.89 0.992
C. Voight 7.94 0.40 0.01 0.02 37.76 0.55 0.999

R Burgers 1.81 0.01 35.97 0.997
C. Voight 1.81 0.01 0.05 37.54 0.93 0.998

ated graphite nanofluids must be emphasized. Internal struc-
ture is determined in this case not only by the nanometric size
of the platelets, their mutual interactions, and the local partial
order arrangement due to their shape. In addition, their bidi-
mensional original nature has to be taken into account when
describing the very rigid structure, which is clearly concen-
tration dependent, and reaches a well evidenced ”solid-like”
plastic behaviour. Creep recovery tests have been performed
for the first time for this type of nanofluids, giving an essen-
tial clue to describe the type of mechanical model that best
describes the experimental rheological profile shown. Thus,
despite the high heat and electric conductivities exhibited by
exfoliated graphite nanofluids, the results presented now indi-
cate that their accused viscoplastic behaviour will impose dra-
matic practical limitations to their use in the applications pro-
posed so far, as flow conditions in microfluidics for instance
can easily produce very large resistance to flow, contrarily to
what might be expected a priori.
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