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Abstract The structure and rheological properties of carbon-based particle suspensions, i.e., carbon black (CB), multi-wall
carbon nanotube (MWNT), graphene and hollow carbon sphere (HCS) suspended in polydimethylsiloxane (PDMS), are
investigated. In order to study the effect of particle shape on the structure and rheological properties of suspensions, the
content of surface oxygen-containing functional groups of carbon-based particles is controlled to be similar. Original
spherical-like CB (fractal filler), rod-like MWNT and sheet-like graphene form large agglomerates in PDMS, while spherical
HCS particles disperse relatively well in PDMS. The dispersion state of carbon-based particles affects the critical
concentration of forming a rheological percolation network. Under weak shear, negative normal stress differences (AN) are
observed in CB, MWNT and graphene suspensions, while AN is nearly zero for HCS suspensions. It is concluded that the
vorticity alignment of CB, MWNT and graphene agglomerates under shear results in the negative AN. However, no obvious
structural change is observed in HCS suspension under weak shear, and accordingly, the AN is almost zero.
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INTRODUCTION

Incorporating inorganic particles is widely used as a low cost route to improve the properties of the suspended
medium. Among these fillers, carbon-based particles including carbon black (CB), carbon nanotube, graphene,
Ceo and carbon sphere have attracted significant scientific and technological interest, due to their superior
electrical, thermal and mechanical properties! .

The dispersion and structure of particle/polymer suspensions are closely related with their properties and
final applications. Many factors can influence the dispersion of carbon-based particles, such as surface chemistry
and aspect ratio of particles” "', molecular weight and viscosity of polymer matrix™® *, and so on. In previous
work, the dispersion and structure of carbon-based particles in different polymers have been investigated'* *’.
However, the influence of particle shape and inter-particle interaction on the dispersion of carbon-based particles
has not been systematically explored yet.

One of the hot topics of incorporating particles into polymers is the influence on the rheological properties
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of composites, which is related with the processing and transport properties of the composites. Carbon-based
particle suspensions exhibit rich rheological behaviors: shear banding® '%, viscosity reduction'" '* shear
thickening'"*! and negative normal stress differences’™ * '* '], efc. A surprising rheological property of carbon-
based particle suspensions and composites is the negative normal stress differences (AN) observed under
shear’™ * "7 which is rarely observed in other soft condensed matter. In our previous work, we observed
negative AN in carbon black/silicone oil suspensions''®, MWNT/low molecular weight polydimethylsiloxane
(PDMS, below the critical entanglement molecular weight M,) suspensions® and graphene oxide/low molecular
weight PDMS suspensions!”). However, these carbon-based particles have different surface chemistry properties.
When the surface chemistry properties of these carbon-based particles are similar, how particle shape and inter-
particle interaction affect the structure and rheological properties of carbon-based particle suspensions has not
been examined yet.

In this work, the surface chemistry of carbon-based particles, i.e., CB, MWNT, graphene and hollow carbon
sphere (HCS), is controlled by the content of surface oxygen-containing functional groups. Low molecular
weight (below M.) polydimethylsiloxane (PDMS) is used as the matrix. The structure and rheological properties
of these carbon-based particle suspensions are explored.

EXPERIMENTAL

Materials and Preparation of Samples

Carbon black (CB, purity > 99%) was purchased from Linzi Qishun Chemical Co., Shandong, China. To
decrease the content of oxygen-containing functional groups, CB was pretreated with a mixture of N, and H, gas
in a 9/1 volume ratio at 820 °C for 2 h in a fixed bed reactor. Multiwall carbon nanotubes (MWNTs, diameter
1020 nm, length 10-30 pm) were prepared by chemical vapor deposition method and were kindly supplied by
Timesnano (Chengdu Organic Chemicals Co. Ltd, Chinese Academy of Sciences). Graphene (code KNG-GS5,
thickness < 5 nm, size 0.1-5 pm, and purity > 99%) was obtained from Xiamen Knano Graphene Technology
Co., Ltd., Xiamen, China. To increase the content of oxygen-containing functional groups, graphene was
refluxed in concentrated HNO; solution (65 wt%) at 110 °C for 3 h. Hollow carbon sphere (HCS) with an
average diameter of 91 nm as measured by image analysis (Fig. S1 in the supporting information (SI)) was
prepared by catalytic carbonization of polystyrene!'®). Trimethyl-terminated PDMS with molecular weight (M,,)
of 14000 g/mol and density of 0.97 g/cm’ at 25 °C was supplied by Alfa Aesar.

Carbon-based particle suspensions were prepared by solution blending method. A designed amount of CB,
graphene or HCS was dispersed in tetrahydrofuran (THF) (0.1 wt%) by sonication (150 W) for 1 h. MWNT was
dispersed in THF (0.1 wt%) by sonication (150 W) for 5 min to avoid sonication induced shortening of MWNTs.
PDMS was mixed with a certain volume of carbon-based particle/THF suspension to obtain desired
concentration of carbon-based particles in PDMS. The resultant mixtures were mechanically stirred for 1 h and
then poured into Petri dish to dry. Finally, samples were further dried in a vacuum oven at 25 °C for 18 h to
remove residual solvent.

Characterization
Transmission electron microscopy (TEM, JEM-1011) was used to observe the morphology of carbon-based
particles at an accelerating voltage of 100 kV. X-ray photoelectron spectroscopy (XPS) was used to characterize
the surface element composition of carbon-based particles on a VG ESCALAB MK II spectrometer using an Al
Ka exciting radiation from an X-ray source operated at 10.0 kV and 10 mA. The textural property of carbon-
based particles was measured by N, sorption at 77 K using a Quantachrome Autosorb-1C-MS analyzer. The
specific surface area was calculated by BET method. Wide-angle X-ray diffraction (WAXD) was employed to
measure the interlayer spacing of graphene powder and graphene in suspensions with a Rigaku model D max
2500 with a Cu K« radiation.

Small-angle X-ray scattering (SAXS) experiments were carried out with the aid of a semiconductor detector
(Pilatus 100K, DECTRIS, Swiss) attached to a conventional Ni-filtered Cu Ko X-ray source (GeniX3D Cu
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ULD, Xencos SA, France). The wavelength of the X-ray radiation is 0.154 nm. The sample-to-detector distance
is 6000 mm, where the effective range of the scattering vector g (¢ = 4n/Asinf, where 26 is the scattering angle
and A is the wavelength) is 0.2-2 nm™'. Each SAXS pattern obtained in the center of the sample was collected
within 60 min; background was corrected and normalized using the standard procedure.

The dispersion state of carbon-based particles in PDMS was observed with an Olympus BX-51 optical
microscope under bright field. Optical observations under shear were carried out using a Linkam CSS-450
shearing cell equipped with an optical microscope. Optical micrographs were taken in the x-z plane with flow
along the x axis, a constant velocity gradient along the y axis, and vorticity along the z axis. Samples were
confined between two parallel quartz plates separated by a fixed gap (100 um). The lower plate rotates at an
angular speed that sets the shear rate, ¥ = 0v,/0y, and a fixed point is used for observation. The samples were

sheared at constant shear rates for 2 min to explore the structural change under shear. All the optical observations
were carried out at 25 °C.

Rheological measurements were performed on an ARES G2 instrument (TA Instruments, strain controlled
rheometer) with 25 or 50 mm parallel-plate geometry. After the sample was loaded on the geometry, the sample
was squeezed with an axial force lower than 0.05 N. Before the measurements, the sample was left at rest for at
least 10 min to wait for the decay of axial force (~10 N). Oscillatory strain sweep experiments were conducted
at a frequency of 1 rad/s to determine the linear viscoelastic region. Linear oscillatory frequency sweeps were
performed from 0.05 rad/s to 100 rad/s at appropriate strain in the linear region. Steady shear experiments were
carried out from 0.01 s™' to 100 s'. Start-up shear experiments were performed at different shear rates from rest.
For parallel-plate geometry, the measured normal stress is actually a difference of the normal stress differences,
AN = N, — N, (the normal stress differences N, and N, are defined as (71, — 757) and (7, — 733), respectively, where
7; represent the normal stresses acting along the flow (1), flow gradient (2) and vorticity (3) directions)!'”). All
the experiments were performed at 25 °C.

RESULTS AND DISCUSSION
Morphology of Original Carbon-based Particles

Transmission electron microscopy (TEM)

The morphology of carbon-based particles was observed by TEM. In Fig. 1(a), multi-armed CB agglomerates
are observed. This multi-armed structure of CB is formed by aggregates as a result of the van der Waals
interaction. On a smaller scale, spherical-like CB aggregates (~50 nm) are observed™”*'!, which was reported to
be fused by several smaller spherical primary carbon particles (~10 nm)*'#) In Figs. 1(b) and 1(c), the
morphologies of rod-like MWNT and sheet-like graphene are shown, respectively. In Fig. 1(d), big HCS
agglomerates are also observed, which are formed during the evaporation of solvent on cupper grid.

X-ray photoelectron spectroscopy (XPS)

The surface chemistry property of carbon-based particles was analyzed by XPS. As shown in Fig. 2, the surface
oxygen content of carbon-based particles is similar, with an average value of 9.3%. The peaks in the Cls spectra
of carbon-based particles (Fig. S2) indicate that carbon atoms are in four different functional groups: the non-
oxygenated ring C (284.8 eV), the C in C—O bond (286.2 eV), the carbonyl C (C=0, 287.8 eV) and the
carboxylate C (O—C=0, 289.0 ¢V)**|. The oxygen atom on carbon-based particles originates from carbonyl,
carboxyl and hydroxyl groups!”. It is seen that there is hydrogen-bonding interaction between carbon-based
particles. Moreover, the strength of hydrogen bonding interaction between carbon-based particles is expected to
be close as the content of oxygen atom on the surface of carbon-based particles shows no obvious differences.
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Fig. 1 TEM images of CB (a), MWNT (b), graphene (c) and HCS (d)
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Fig. 2 Overall XPS spectra of carbon-based particles
Structure of Carbon-based Particle Suspensions

Wide-angle X-ray diffraction (WAXD)

WAXD was used to detect the interlayer spacing of graphene and the exfoliation extent of graphene in PDMS.
The WAXD patterns of graphene powder, PDMS and 14 wt% graphene/PDMS suspension are displayed in
Fig. 3. A sharp diffraction peak at 26 = 26.7° originates from the interlayer (002) spacing (d = 0.34 nm) of
graphite™. For PDMS, there is a broad and weak diffraction peak at 12.5°). When dispersed in PDMS, the
sharp diffraction peak of graphene weakens, indicating that graphene is partially exfoliated. The weak diffraction
peak for graphene/PDMS at 20 = 26.9° indicates that some graphene platelets with smaller interlayer spacing
remain un-dispersed in PDMS.
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Fig. 3 WAXD patterns of graphene powder, PDMS and 14 wt% graphene/PDMS suspension
(Intensity profiles are vertically shifted for clarity.)

Small angle X-ray scattering (SAXS)

SAXS measurements were performed to investigate the structure of carbon-based particles in PDMS on the
length scale of 3-31 nm, evaluated as d = 2n/qg where d is the length of scattering objects and ¢ is the scattering
vector?”). The scattering curves are analyzed using Beaucage’s Unified Model® to extract relevant length scales
and exponents.

Figure 4 and Fig. S3 show the log-log plot of intensity profiles of carbon-based particle suspensions with
low and high particle concentrations. It is demonstrated that the scattering curves of CB, MWNT and HCS
suspensions exhibit crossover feature. The two crossovers for CB suspension at ¢° = 0.35 and 1.24 nm ™' are
associated with the size of primary carbon particles (17.9 nm) constituting CB aggregates and the stacking of
graphitic layers (5.6 nm). In the low ¢ range (d > 17.9 nm), the slope of —2.98 for CB suspension indicates the
mass fractal of CB aggregates with fractal dimension of 2.98 (close to 3, scattering of spherical structure)?',
which is consistent with the spherical-like structure of CB aggregates in Fig. 1(a). In the intermediate q range
(5.6 nm < d < 17.9 nm), the slope of —3.24 reflects the highly rough and surface fractal structure of primary
carbon particles with fractal dimension of 2.76 (Fig. 1a)!**!. In the high ¢ range (d < 5.6 nm), the deviation from
g * (scattering of plate-like structure) may be a result of the turbostratic structure of graphitic layers'*" >,
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Fig. 4 SAXS profiles of carbon-based particle suspensions with high particle concentrations

For MWNT/PDMS suspension, the crossover at ¢° = 0.45 nm ' is associated with the diameter of MWNT
(13.9 nm). In low ¢ range (d > 13.9 nm), the slope of —2.91 for MWNT suspension strongly indicates the
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aggregation®® "), as power law between —2 and —3 is possible for objects such as a large flat disk or a disk with a

convoluted surface.

For HCS suspension, the crossover at ¢* = 0.70 nm ' corresponds to the thickness of HCS shell (9.0 nm). In
low ¢ range (d > 9.0 nm), the slope of —2.28 for HCS suspension indicates the aggregation of HCS"™**'"!. In high
g range (d < 9.0 nm), the slope of —3.44 suggests the highly rough surface of HCS*!.

For graphene/PDMS suspensions, /(g) scales with ¢ 7 in the investigated ¢ range, indicating the surface
fractal of graphene sheets with fractal dimension of 2.93%%, which is in a good agreement with the crumpled
surface of graphene (Fig. 1c).

The concentration of carbon-based particles has little influence on the structure of carbon-based particle
suspensions (Fig. S3), which is consistent with Rahatekar’s results!®*],

Optical Microscope

The structure of carbon-based particles in PDMS was further explored by optical microscope on the length scale
of micrometer. As shown in Fig. 5, there are some agglomerates in carbon-based particle suspensions and the
size of agglomerates was measured by plotting a circle around each agglomerates. The average sizes of the
agglomerates for 0.5 wt% CB/PDMS, MWNT/PDMS and graphene/PDMS suspensions are 26.3, 60.0 and
11.3 pm, respectively. In Koga’s work about the structure of CB in polymer matrix, CB agglomerates (~20 pm)
were determined to have mass-fractal structure (multi-armed structure)*’), which may be consistent with the
structure of CB agglomerates in this work. In Fig. 5(d), HCS particles disperse relatively well in PDMS as only a
small portion of smaller agglomerates with an average size of 4.2 um are observed.

L w

Fig. 5 Optical micrographs of 0.5 wt% CB/PDMS (a), 0.5 wt% MWNT/PDMS (b), 0.5 wt%
graphene/PDMS (c) and 0.5 wt% HCS/PDMS suspensions (d) (The scale bars are 150 pm.)

The inter-particle interaction and polymer-particle interaction determine the dispersion state of carbon-
based particles. The attractive interaction between carbon-based particles, such as z-z interaction™* and
hydrogen-bonding interaction, is partially responsible for the aggregation. CB particle has lower graphitization
degree, thus the inter-particle z-7 attractive interaction should be weaker''® **). However, due to the large specific
surface area, CB (1369.4 m?/g) is more prone to aggregate than the other carbon-based particles (see Table S1 in
SI)P%). HCS particle also has lower graphitization degree and the inter-particle 7-7 interaction should be
weaker'™ . Moreover, according to the Hamaker or Lifshitz theory, the van der Waals interaction between
particles depends on the geometry of the particle and the dielectric permittivities of various materials
concerned®”**. Thus the air or PDMS in the hollow carbon sphere and the shape of sphere would make the van
der Waals interaction between HCS weaker than that of the other carbon-based particles””**. Accordingly, the
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size and fraction of HCS agglomerates are smaller than those of the other agglomerates. For MWNT and
graphene, the inter-particle z-7 attractive interaction should be larger than that of CB and HCS, which can induce
the aggregation of MWNT and graphene. Moreover, MWNT with high aspect ratio is easily entangled, which is
another important factor inducing the aggregation of MWNTs*"!. Besides the inter-particle interactions, there is
CH-7 interaction between carbon-based particles and PDMSP* *-*! The apparent aggregation of CB, MWNT
and graphene in PDMS indicates that the inter-particle interaction is larger than polymer-particle interaction. The
relatively good dispersion of HCS in PDMS indicates that polymer-particle interaction is close to inter-particle
interaction between HCS.

Critical Concentration for the Formation of Network in Carbon-based Particle Suspensions

Adding filler has obvious influence on the viscoelasticity of polymers!'* '® -3 Above a critical concentration
(cer), percolated network forms and the mechanical properties of the composites are changed. The ¢, of carbon-
based particle suspensions is determined by linear rheological measurements”'”. In Fig. 6, for 6 wt%
CB/PDMS suspension, the values of G’ and G" are small and close to the resolution limit of the rheometer,
implying that no apparent network structure is formed*?. When the concentration of CB is increased to 8 wt%,
the storage modulus (G’) is larger than loss modulus (G") in the experimental frequency range, indicating the
formation of a network structure!*. Accordingly, the ¢, of CB/PDMS suspension is in the range of
6 wt%—8 wt%. As the concentration of CB is increased, G’ increases and the frequency dependence of G
decreases, implying the formation of enhanced network structure. The ¢, of MWNT, graphene and HCS
suspensions are determined by similar method (Figs. S4-S6) and the results are summarized in Table 1.
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Fig. 6 Storage (G') and loss moduli (G") versus frequency (w) for CB/PDMS suspensions
with different concentrations of CB

Table 1. Critical concentration (¢, and m.) for carbon-based particle/PDMS suspensions to form network

Samples Cor " (Wt%) m; ° (Wt%) R®
CB/PDMS 6.0-8.0 6.0 0.998
MWNT/PDMS 0.1-0.5 0.3 0.999
Graphene/PDMS 6.0-8.0 8.0 0.999
HCS/PDMS 12.0-14.0 13.9 0.997

% Estimated from the curve of G' and G” versus frequency; ° Obtained from power-law scaling of
Goyo<(m-m,)% ¢ Correlation coefficient for the linear fitting of 1gG, versus lg(m—m,)

For a more quantitative analysis, percolation scaling law is used to further determine the rheological
percolation thresholds of carbon-based particle suspensions** . Above percolation threshold, the plateau
modulus grows with the concentration of filler according to Gooc(m—m.)* *! where G, is the plateau modulus
obtained at small frequency (~0.12 rad/s), m is the mass fraction of filler, m, is the rheological percolation
threshold and « is the critical exponent. The details of fitting are shown in Figs. S7-S10 of SI, with correlation
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coefficients above 0.997. The fitted results are shown in Table 1, which are consistent with the ¢, estimated
directly from the curves of G’ and G" versus frequency.

Combined with the optical micrographs (Figs. 5a—5c), it is apparent that the networks of CB, MWNT and
graphene suspensions are formed by the agglomerates'*® ). Moreover, MWNT suspension has the largest sized
agglomerates and the lowest c.;. The high aspect ratio of MWNT may also contribute to the lowest c,,. It is well
known that mono-disperse hard spheres can jam to form a stress-bearing network at random close packing with
volume fraction of ~0.641**). The volume fraction at the c., of HCS suspensions is about 0.10 (the detailed
calculation method is shown in the SI), indicating that the HCS network is also formed by the HCS agglomerates
rather than by individual particles. And the smallest HCS agglomerates induce the highest ¢, of HCS
suspensions.

Nonlinear Rheological Properties of Carbon-based Particle Suspensions

The flow behaviors of carbon-based particle suspensions give the basic knowledge for manufacturing process in
industry, hence steady shear experiments were performed. As shown in Figs. 7(a) and 7(c), for CB and graphene
suspensions with low particle concentrations, shear thinning is observed in the experimental shear rate range. As
the concentration of CB or graphene is increased, three-region flow curves are observed, where shear thinning
regions at low and high shear rates are separated by an intermediate plateau region. For MWNT suspensions
(Fig. 7b), three-region flow curves are observed in the experimental concentration range, while simple shear
thinning is found in HCS suspensions (Fig. 7d). At high shear rates, the surface fracture of 14 wt% CB/PDMS,
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Fig. 7 Viscosity (1) as a function of shear rate (7 ) for CB/PDMS (a), MWNT/PDMS (b), graphene/PDMS (c)
and HCS/PDMS suspensions (d)
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4 wt% MWNT/PDMS and HCS/PDMS suspensions at the edge of geometry was observed, so these data are not
shown in Fig. 7. The low-shear-rate viscosity of samples with the same concentration of particles (e.g., 12 wt%)
decreases as the agglomerate size of carbon-based particles decreases. The low-shear-rate viscosity of MWNT
suspensions is higher than that of other samples with slightly higher concentration of particles, consistent with
simulation result™. Thus larger sized agglomerates not only induce lower concentration to form a network
structure but also stronger reinforcement effect of the suspended polymer.

In previous work, shear thinning and viscosity plateau were proposed to be caused by high yield stress
which masks the shear thickening®®>%. In this work, the slopes of 7 versus 7 in the low shear thinning region
for concentrated CB, MWNT and graphene suspensions are more negative than 1 (Fig. S11 in SI), which are
related with the breakup of the formed agglomerates'”. The detailed explanations for the shear thinning of
carbon-based particle suspensions are shown in the following part. In this work, the viscosity plateau may be
related with the yielding of large agglomerates.

Another interesting phenomenon observed in some carbon-based particle suspensions is the negative
normal stress differences (AN). In Fig. 8 and Fig. S12, obvious negative AN is observed in CB, MWNT and
graphene suspensions at low and intermediate shear rate ranges where viscosity plateau is observed. Moreover,
the absolute value of AN increases as particle concentration is increased. Comparatively, the AN for HCS
suspensions is nearly zero, which is close to the resolution limit of normal force transducer. The mechanism for
the negative AN in carbon-based particle suspensions is explained in the later part.

-100

AN (Pa)

L]
—+ 12 wt% CB/PDMS
—0—3 wt% MWNT/PDMS
—A—20 wt% Graphene/PDMS
—7— 18 wt% HCS/PDMS
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=200
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|
7))

Fig. 8 Normal stress differences (AN) as a function of shear rate ( 7 ) for carbon-based particle suspensions

The transient shear behaviors of carbon-based particle suspensions at different shear rates are also explored
and the results are shown in Fig. S13. Generally, negative AN is observed in CB, graphene and MWNT
suspensions under weak shear (7 <2 s™), and zero AN is found in HCS suspensions, which are consistent with
steady shear results. Moreover, the value of negative AN fluctuates as a result of the change of structure for
anisotropic carbon-based particle suspensions”®. Furthermore, the evolution of viscosity with time for above
samples at different shear rates is shown in Fig. S14 in SI, which confirms that no edge fracture or lose of sample
happened in the experimental time range.

Structural Change under Shear

In order to explore the microstructures of carbon-based particle suspensions under shear, in situ optical
observation was performed. Imaging the structure of carbon-based particle suspensions at high concentrations is
difficult due to the strong optical absorption, thus micrographs are taken at low particle concentrations. In Fig. 9,
the agglomerates of CB roll up into short and isolated vorticity bands (see enlarged micrograph in Fig. S15 in SI)
under weak shear (7 < 0.5 s'). These vorticity aligned bands partially breakup and reform under weak shear
(Fig. S16 in SI), leading to the fluctuation of negative AN (Fig. 9a)". At high shear rates (7 = 2 s'), the
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agglomerates are broken into smaller ones or individual particles and align along the shear direction. For
graphene/PDMS suspensions, the original agglomerates also roll up forming short isolated bands (Fig. S17 in SI)
under weak shear (7 <2 s'), which have some degree of vorticity alignment similar to CB suspension.

CB/ PDMS MWNT/PDMS Graphene/ PDMS HCS/PDMS

Fig. 9 Structures of 2 Wt% CB/PDMS (a) 0.5 wt% MWNT/PDMS (b) 2 wt% graphene/PDMS (c) and
0.5 wt% HCS/PDMS suspensions (d) under different shear rates
The gap is 100 um and scale bars are 150 um. Photos are taken after shearing for ~30 s.

More obvious and longer vorticity bands are observed in MWNT/PDMS suspensions under weak shear (7

= 0.01 and 0.05 s') compared with CB and graphene suspensions. These vorticity bands gradually break up
when the shear rate is increased and completely disappear at 7 =2 s™'. However, no obvious structural change is

observed in HCS/PDMS suspensions under weak shear, and HCS particles align along the shear direction at
intermediate and high shear rates (7 >2s).

Correlated with steady shear results, the de-aggregation and alignment behaviors of big agglomerates
induce the strong shear thinning of CB, MWNT and graphene suspensions (Fig. 7). Comparatively, weak
shear thinning in HCS suspensions results from the rearrangement of small agglomerates to flow with less
resistance!®”).

The general nature of the fluid is also characterized to determine which factor induces the different shear
behaviors of carbon-based particle suspensions. The Péclet number (Pe, ratio of shear rate to the rate of particle
reorientation by Brownian motion) for carbon-based particle suspensions is calculated. The detailed calculation
is shown in SI, and the calculated results are shown in Table S2. The calculated Pe for CB, MWNT and
graphene suspensions are much larger than 1, indicating that Brownian motion of these particles can be
neglected!'”. Thus weak shear induces the aggregation and vorticity alignment of CB, MWNT and graphene
aggregates, which results in the negative AN '), It should be noted that for MWNT/high molecular weight ;PP
composites, the sign of normal stress difference is positivel™ **). The difference results from the molecular
weight of polymer matrix, as high molecular weight polymer (larger than A,) restricts the vorticity alignment of
MWNT aggregates and nonlinear stretching of entangled polymer chain partially induces positive AN 3>,
Furthermore, network deformation may be not the main mechanism for the negative AN here, due to the low
aspect ratio of CB or lower deformability of graphene!..

However, the Pe for HCS suspension at low shear rates (7 < 1 s ') is less than 1, suggesting that the shear
force has little effect on the motion of HCS!"?. Hence, no shear induced aggregation or vorticity alignment is
observed in HCS suspensions. At higher shear rates, the motion of HCS is controlled by shear force (Pe > 1) and
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HCS particles align along the shear direction. Moreover, the PDMS matrix used in this work has almost zero AN
(Fig. S18), thus the AN of HCS/PDMS suspensions is close to zero.

SUMMARY

The structure and rheological properties of carbon-based particle suspensions are investigated. In particular, the
influence of original particle shape on the structure and rheological properties of carbon-based particle
suspensions is examined. The differences in original particle shape and inter-particle interaction induce the
different dispersion states of carbon-based particles, as indicated by the results of SAXS and optical microscope.
Apparent agglomerates are observed in CB, MWNT and graphene suspensions, while HCS disperses relatively
well in PDMS. It is concluded that the rheological percolation networks of these carbon-based particles are
formed by the aggregation of agglomerates of original particles.

More interestingly, negative normal stress differences (AN) are observed in CB, MWNT and graphene
suspensions with high particle concentrations. Correlated with optical-shear experiments, negative AN is inferred
to be caused by the vorticity alignment of CB, MWNT and graphene agglomerates. Comparatively, nearly zero
AN is found in Brownian HCS suspensions, as no obvious structural change is observed in HCS suspensions and
the AN of pure PDMS is nearly zero in the experimental shear rate range. We expect this work will provide some
guidance for the manufacturing and designing of carbon-based particle suspensions and composites.
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