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eological characterization of
nano/micro-scaled suspensions based on a multi-
peak fitting method

Yang Ming, Xiangming Huang, * Dongdong Zhou and Yinghui Ren

Nano/micro-scaled suspensions used in damping systems, bulletproof materials and flexible machining

regions are developing towards external energy field control and multi-type and multi-scale dispersed

phase particles. However, the above-mentioned changes make the rheological properties of the fluid

more complex, which cannot be characterized efficiently with high quality by traditional constitutive

equations. In order to solve the above-mentioned problems, based on the multi-peak fitting

characterization method of the Gaussian function, the field-induced rheological constitutive equation of

a multi-scale particle suspension turbidity system (MRSTPF as an example) was established. Under the

condition of shear distribution and external magnetic field affection, the rheological characteristic curves

of the dispersion system were measured using an Antompa MCR301 rheometer. The Origin software was

used to fit and characterize the above-mentioned rheological data. The results indicate that the method

can effectively establish field-induced constitutive equations of different dispersed systems, and the

fitting goodness evaluation parameters are above 95% (R-square) and 90% (adjusted R-square) respectively.
1 Introduction

Magnetorheological shear thickening polishing uid (MRSTPF)
is a kind of nano/micro-scaled suspension material that can
realize the dual control of uid viscosity under the action of
magnetic eld and shear. The researchers1,2 found that the
shear thickening uid (STF) doped with magnetic particles can
obtain higher shear stress under certain magnetic eld condi-
tions, so it is widely used in engineering elds such as dampers,
bulletproof materials and exible machining, and has a good
application prospect.

In a damping system, the nano/micro-scaled suspension can
achieve damping effects on the external vibration by virtue of
good system stability and active and passive control rheological
characteristics. Researchers used traditional constitutive
models,3–5 such as Bingham model and B–W model, to char-
acterize the rheological properties of the damping uid. In
addition, based on the idea of phenomenological representa-
tion, the nite difference method and Poiseuille's laminar ow
hypothesis were used to solve the differential equation for
arbitrary rheology.6,7 The above-mentioned study of uid
constitutive characterization provides a theoretical basis for the
performance simulation and prediction of damping character-
istics, velocity characteristics and system design optimization.8

In the eld of bulletproof materials, the nano/micro-scaled
suspension can be used for the preparation of bulletproof
d Vehicle Engineering, Changsha 410082,

the Royal Society of Chemistry
composite materials.9 When the dispersive system with shear
thickening property is injected into a Kevlar bulletproof ber,
the kinetic energy of collision can be effectively absorbed by
virtue of its inherent rheological properties.10 At the same time,
the impregnation effect of the uid on the ber structure greatly
enhanced the friction effect of the composite material in the
puncture process. The effects of the STF concentration,
composite fabric layer number, composite structure, Kevlar-
ber type and other factors on impact resistance and energy
absorption during impact were investigated.11–15 The properties
of the composite were tested by various impact methods and
impact velocity. In order to further explore the mechanism and
process of energy absorption during impact resistance, the
coupled Lagrange method was adopted, and the dynamic
response of materials under different impact rates was simu-
lated by introducing the STF constitutive equation.16 The results
indicate that the composite material can be used to achieve
greater impact resistance with a lighter mass.17

In the eld of exible machining, the nano/micro-scaled
suspension was introduced into non-contact machining
methods such as abrasive ow machining18 and bonnet pol-
ishing,19 in order to realize high-efficiency and non-destructive
self-adaptive polishing of hard and brittle materials.20–22 When
the uid moves relative to the workpiece surface, the dispersed
phase particles are affected by the disturbance of the convex
peak on the rough surface of the workpiece, and quickly gather
into composite clusters when the abrasive particles impact the
convex peak. It then carries the abrasive particles into collision
with the convex peak. Under the accumulation of impact kinetic
Nanoscale Adv., 2022, 4, 2159–2170 | 2159
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Table 1 Dispersed phase particles

Particle type Silica Polyhydroxy
polymer

Carbonyl iron Diamond Alumina Silicon carbide

Average
particle size

7–40 nm 10 mm 3–5 mm 3 mm 3 mm 3 mm

Manufacturer 300 m2 g�1, Nanjing
Cook Biotechnology
Co., Ltd, China

Guangzhou Jingtang
Biotechnology
Co., Ltd, China

Yuhuan CNC
Machine Tool
Co., Ltd, China

Zhecheng Zhongyuan
Super Hard Abrasives
Co., Ltd, China

Jiangxi Ketai
New Material
Co., Ltd, China

Chuangying Metal
Material Co., Ltd,
China

Table 2 Continuous phase base fluids and additives

Continuous phase carrier Organic dispersant Inorganic dispersant Additive
Type PEG-200 DI water Sodium polyacrylate
Manufacturer China National Pharmaceutical

Group Chemical Testing Co., Ltd,
China

High-tech Group Environmental
Protection Biotechnology Co., Ltd,
China

Juhe Biotechnology Co., Ltd, China

Table 3 Preparation ratio of nano-silica-based composite dispersion
systems

Sample
Nano-silica +
PEG200 (wt%) CIP (wt%)

Silicon carbide
(wt%)

CIP-5 wt% 85 5 10
CIP-10 wt% 80 10 10
CIP-15 wt% 75 15 10
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View Article Online
energy, the surface nishing is nally completed.23 The micro-
scopic behavior of the above-dispersed phase particles results in
shear thickening at the macroscopic view. In order to further
explore the microscopic mechanism of material removal, based
on the assumption of the N–S equation and Reynolds equation,
the velocity and stress distribution models of the ow eld in
the polishing zone were established, and then the prediction
model of the material removal rate was obtained.24,25 The
rheological constitutive model is the key factor to the accuracy
of the predict model. Therefore, it is necessary to characterize
the eld rheological properties of the dispersion system.

In this study, two kinds of MRSTPFs commonly used in
industries, which are nano-silica based and micro-polyhydroxy
polymer based (micro-PP based), were prepared. Then, the
viscosity–shear rate rheological characteristic curves of the
MRSTPFs were tested under different magnetic eld intensities.
A multi-peak tting method based on the Gaussian function is
proposed and described. The high efficiency and high-quality
tting characterizations of rheological characteristics at
different magnetic eld intensities and shear rate intervals were
completed.

2 Materials and experiments
2.1 Materials

In the study, the parameters of dispersed phase particles and
continuous-phase base carrier liquid required by the prepared
dispersion system are shown in Tables 1 and 2.

2.2 Preparation methods

2.2.1 Nano-silica-based composite dispersion systems.
First, a certain mass fraction of nano-silica particles was
gradually dispersed into the organic dispersant PEG200 in
a proportion of 1 : 5 by mechanical agitation to obtain a nano-
silica-based STF. It was then poured into a vacuum device and
le for 1 hour to drain bubbles from the uid. Then, a certain
mass fraction of silicon carbide particles and carbonyl iron
particles (CIPs) were added to the above STF, and the process
2160 | Nanoscale Adv., 2022, 4, 2159–2170
of mechanical stirring and vacuum exhaust was repeated.
Finally, nano-silica-based composite dispersion system with
different CIP mass fractions (5, 10, and 15%) was obtained, as
shown in Table 3. The composite cluster morphology of the
magnetic pole chain in nano-silica cluster is shown in Fig. 1(a),
which is due to the fact that free magnetic particles in the
dispersed system polarize into chains under the action of
a weak magnetic eld, thus forming the chain structure in the
nano-particle cluster.

2.2.2 Micro-PP-based composite dispersion systems. First,
micro-polyhydroxy polymer-based shear thickening uid
(Micro-PP based STF) was obtained by adding an appropriate
proportion (49 : 51) of polyhydroxy polymer particles into
a continuous phase carrier (deionized water, DI water) and
stirring the mixture mechanically for 20 min. Then, CIPs and
hard particles (diamond, C/alumina, Al2O3) were added and
mechanically stirred for 20 min. Then, the prepared uid was
poured into a vacuum device and the bubbles were discharged.
Finally, a micro-PP-based composite dispersion system with
different hard particles was obtained, as shown in Table 4. In
this system, short chains of free magnetic particles formed
under the action of a certain magnetic eld gather with other
dispersed phase particles, and the micro-structure of composite
clusters formed is shown in Fig. 1(b).

2.2.3 Sample observation method. The microscopic
morphology and distribution of the above-mentioned uid
samples were observed by scanning electron microscopy
(SEM, MAIA3, TESCAN ORSAY HOLDING, A.S, Czech
© 2022 The Author(s). Published by the Royal Society of Chemistry
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Fig. 1 Scanning electron microscopy (SEM) of the composite dispersion system (a) thickening structure of nano-silica composite dispersion
system, (b) thickening structure of the micro-PP composite dispersion system.
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Republic). The sample was smeared evenly on the surface of
the slide, and two cubes made of a strong magnetic material
(NdFeB) were xed at both ends. The gap setting maintains
the magnetic eld strength effect on the uid sample at 80–
100 mT. The whole loading system was then placed in
a drying chamber and dried at 80 �C. The dispersed particles
aer drying and setting were treated with gold spraying.
Finally, SEM was used to observe the prepared observation
samples.
2.3 Rheological test

In order to obtain the eld-rheological properties of the
composite dispersion system, samples of the dispersion system
were tested using a rotary magnetorheometer (Anton Paar/
MCR301, Antonpa, Austria). Selecting a diameter of 20 mm
parallel plate test head, test clearance was set to 1 mm. Then, an
appropriate amount of test samples was slowly poured into the
test tank. Pre-shearing was performed at a constant shear rate
(100 s�1) for 30 s at a set magnetic eld intensity to ensure the
uniform distribution of dispersed phase particles and the stable
formation of the magnetic chain structure. Under the condition
that the temperature in the test area was kept at 25 �C using
a cooling cycle system, the dynamic shear mode was adopted to
test the rheological properties of samples at the corresponding
Table 4 Preparation ratio of micro-PP-based composite dispersion
systems

Sample
Micro-PP +
DI water (wt%) CIP (wt%)

Hard particle
(wt%)

Al2O3 85 5 10
C 85 5 10

© 2022 The Author(s). Published by the Royal Society of Chemistry
shear rate range under different magnetic eld intensities, as
shown in Table 5.
3 Constitutive characterization
method
3.1 Traditional constitutive characterization methods

Constitutive equation is a mathematical model that reects the
macroscopic properties of materials, also known as constitutive
relations. The functional relationship between stress and strain
rates or stress tensor and strain tensor is usually called the
constitutive equation. The variation in viscosity with the shear
rate can be used to describe the rheological properties of
rheological materials. Shear rate, also known as velocity
gradient, refers to the gradient distribution of the velocity eld
generated by internal friction when the uid ows between
interfaces. As the shear rate is a second-order tensor, it can be
dened by additive decomposition, as given in eqn (1), where,
Dij and Wij are the deformation rate and rotation rate tensors
respectively.

g
�

ij ¼
vni

vxj

¼ Dij þWij ¼ 1

2

�
vni

vxj

þ vnj

vxi

�
þ 1

2

�
vni

vxj

� vnj

vxi

�
(1)

Power law constitutive models are commonly used to char-
acterize the rheological properties of non-Newtonian uids,26 as
shown in eqn (2):

hðg� Þ ¼ Kg
� n�1

(2)

where h is the viscosity, g the shear rate (or velocity gradient), K
the consistency index and n the viscosity index.

However, as the rheological research gradually considers the
inuence of the suspension preparation method and external
Nanoscale Adv., 2022, 4, 2159–2170 | 2161
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Table 5 Test group parameters and naming

Sample name Magnetic eld intensity (mT) Shear rate interval (s�1) Test group naming

CIP-5 wt% 100, 200, 300 10–1000 For example, CIP-5 wt% – 100 mT
CIP-10 wt% 100, 200, 300
CIP-15 wt% 100, 200, 300
Al2O3 55, 95, 135, 175 100–1000 For example, Al2O3 – 55 mT
C 55, 95, 135, 175 100–1000 For example, C – 55 mT
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energy eld on rheological properties, the traditional power law
constitution is no longer applicable. Wyart et al.27 gave DST
(discontinuous shear thickening) and CST (continuous shear
thickening) descriptions of a dispersed suspended turbidity
system, and investigated the constitutive characteristics and
microscopic mechanism of the dense suspended turbidity
system. In addition, because the rheological properties of the
magnetorheological shear thickening uid are obviously
affected by the mass fraction of magnetic particles and
magnetic eld intensity, it has also certain Bingham charac-
teristics,28,29 as shown in eqn (3):

s ¼ s0ðBÞsignðg
� Þ þ hg

�

(3)

where s is the shear stress, s0 the initial shear stress, and B the
magnetic ux density (T) or (Wb m�2).

With the increase in magnetic particle mass fraction and
magnetic eld intensity, the initial viscosity of the uid
increases sharply, and the power law of shear thickening
interval is inhibited. Thus, the Bingham characteristics of uid
are enhanced.30 Therefore, the traditional power law model and
Bingham model are difficult to characterize the above-
mentioned complex rheological characteristics.

The shear thickening uid used in relevant studies mainly
includes three rheological characteristics:31 low-speed shear
thinning interval A, shear thickening interval B, and high-speed
shear thinning interval C. The traditional power-law constitu-
tive model only applies to the representation of shear thick-
ening interval B, and the divergence of the function cannot
describe the transition between shear thinning and shear
thickening. In order to solve the problems, based on the cross
constitutive model,32 Galindo-Rosales et al.33,34 constructed
a segmented and continuous function constitutive model for
the three above-mentioned constitutive features, whose corre-
lation coefficient R-square value is greater than 90%, as shown
in eqn (4):

h
�
g
� �¼

8>>>>>>>>>>><
>>>>>>>>>>>:

hc þ
h0 � hc

1þ
h
l1

�
g
� .

g
� � g

�

c

�in1 for g
�

#g
�

c

hmax þ
hc � hmax

1þ
h
l2

�
g
� � g

�

c

.
g
� � g

�

max

�
g
� in2 for g

�

c\g
�

#g
�

max

hmax

1þ
h
l3

�
g
� � g

�

max

�in3 for g
�

max\g
�

(4)
2162 | Nanoscale Adv., 2022, 4, 2159–2170
where h is the viscosity, hc the critical viscosity, g the shear rate,
gc the critical shear rate, l the dimension of time, and n
a dimensionless constant.

Unfortunately, there are as many as 11 related parameters in
this model, which leads to complex tting of constitutive
equation and requires a large number of experimental data.
Therefore, Wei et al.35 proposed a simplied prediction model
to predict the rheological properties of the multi-dispersed
phase system, which realized the high precision tting of the
silica-based shear thickening system, and the correlation coef-
cient R-square reached 99.7%, as shown in eqn (5):

hðg� Þ¼h0 þ hmax

�
1�

�
1

1þ expðk1g
� þ w1Þ

��
1

1þ expðk2g
� þ w2Þ

��

(5)

where h0 and hmax represent the initial viscosity and maximum
viscosity, respectively, whereas k1, k2, w1 and w2 are the
adjusting parameters for the ow curves temperatures.

In the meantime, the tting degree of this model is poor in
the low shear rate interval, and it cannot be tted when the
mass fraction of dispersed phase particles is too large. Selim
et al.36 improved eqn (5) by using genetic algorithm based on the
Matlab optimization toolbox and obtained a high tting accu-
racy (R-square value reached more than 98%), but its charac-
terization accuracy was still affected by particle mass fraction
and temperature. In addition, based on Doolittle's free volume
theory, Steller et al.37 established an empirical constitutive
equation describing the complex rheological behavior of high
mass fraction dispersion systems, which was used to explain
and simulate the time–temperature-dependent viscosity func-
tion of polymers in the liquefaction process. However, in
summary, there are still problems such as complex constitutive
parameters,33,34 partial interval characterization failures,35 and
large characterization limitations.34
3.2 Numerical tting characterization method

Approximating discrete data through ideal functions is the
basic idea of characterizing natural systems.38 For example, the
nite element method is used to approximate solving partial
differential equations. Inspired by this idea, this study intends
to use the Gaussian function to approximate the discrete
rheological property data and obtain the constitutive equation
of the dispersed system. Gaussian function is a density function
of normal distribution in probability statistics, which is widely
© 2022 The Author(s). Published by the Royal Society of Chemistry
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used in natural and social sciences. The Gaussian function
expression used in Origin is shown in eqn (6):

y ¼ y0 þ Ae
�4 lnð2Þðx�xcÞ2

w2

w

ffiffiffiffiffiffiffiffiffiffiffiffiffiffi
p

4 lnð2Þ
r (6)

where y0 is the baseline of the function, A the increasing
amplitude of the function, xc the abscissa of the peak value, and
w the standard variance.

It is one of the basic methods in the eld of uid materials to
explore the constitutive equation of dispersed systems based on
phenomenology. For example, the nite deformation of the
nanocrystalline layer material39 and the mechanical response of
brous cell ow40,41 were observed to obtain the stress–strain
function of the research object, and then the constitutive equation
of the material was constructed. In this study, data points of
rheological parameter curves (such as viscosity–shear rate) were
tted based on a multi-peak tting method of the Gaussian
function, and then the rheological properties of composite
dispersed systems were characterized. The constitutive equations
generated by this method have continuity and derivability, and are
in accordance with the basic characteristics of the phenomeno-
logical method. Meanwhile, compared with the shear rate-
dependent branch of equations proposed by Galindo-Rosales
et al.,33,34 this study avoids solving a large number of constitutive
parameters and has higher characterization efficiency. Compared
with the simplied prediction model proposed by Wei et al.,35 it
signicantly improves the tting accuracy in the low shear rate
interval. In addition, the adaptability of thismethod is signicantly
better than any traditional constitutive characterizationmethod or
algorithm-based modied constitutive characterization method,34

which can meet the characterization requirements of different
dispersed systems under different eld conditions and maintain
a high characterization accuracy.

3.3 Multi-peak tting method

Using the peak analysis function of the Origin data analysis
soware and the nonlinear least square method based on the
Fig. 2 Peak point selection for peak fitting. (a) Characteristics of wea
magnetorheological shear thickening.

© 2022 The Author(s). Published by the Royal Society of Chemistry
Levernberg–Marquardt algorithm (LMA), the rheological char-
acteristics of the dispersed system were tted. First, the arith-
metic mean value of data points is selected as the baseline of
the peak tting function. Second, local extreme values in data
points were selected as the peak point of the Gaussian function,
as shown in Fig. 2. In particular, because the rheological char-
acteristics of the system were “shear thinning–shear thick-
ening–shear thinning”, two peak anchor points can be
obtained. Based on the above-mentioned point selection, the
method to obtain the tting function of constitutive charac-
teristics is called double-peak tting.

On the basis of the above-mentioned automatic selection of
peak points, the rheological parameter points on the initial
interval (interval A) and the terminal interval (interval C) were
selected for anchoring, and then multiple tting peaks were
obtained. Among them, when the rheological characteristics are
close to weak magnetorheological shear thickening (weak
magnetic eld + low mass fraction CIP), the automatically
selected characteristic peak is far away, as shown in Fig. 2(a).
However, when the rheological characteristics are close to the
strong magnetorheological shear thickening (high magnetic
eld + high mass fraction CIP), the thickening interval is
compressed, and the two automatically selected features lead to
the failure of tting. In order to complete and correct the tting
characterization of rheological properties of the system under
different conditions, only one peak point was selected when
interval B was narrow, and the peak points were supplemented
in interval A and C, as shown in Fig. 2(b). In this study, the
method of anchoring multiple Gaussian function feature peak
points for constitutive feature tting is called multi-peak tting.

4 Result and discussion
4.1 Nano–micro composite dispersion system

4.1.1 Rheological test results. The eld-induced rheolog-
ical properties of the composite dispersion system based on
nano-silica were tested. The viscosity curves under different
magnetic eld intensities and CIP mass fractions are shown in
Fig. 3. The results indicate that the rheological properties of the
k magnetorheological shear thickening. (b) Characteristics of strong

Nanoscale Adv., 2022, 4, 2159–2170 | 2163
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Fig. 3 Field-induced rheological characteristic curves of viscosity–
shear rate.
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tested shear rate range change signicantly with the increase in
magnetic eld intensity (from 100 mT to 300 mT) and CIP mass
fraction (from 5% to 15%). First, with the increase in these two
parameters, the initial viscosity of the dispersed system changes
by an order of magnitude. In the case of relatively small
numerical changes in the critical viscosity, the sharp increase in
the initial viscosity means that the shear thinning effect over
interval A becomes more pronounced. Second, under high
magnetic eld and high CIP mass fraction, the thickening
amplitude of the system in interval B decreases obviously. This
phenomenon indicates that the strong magnetorheological
Fig. 4 Double-peak fitting results.

2164 | Nanoscale Adv., 2022, 4, 2159–2170
effect will inhibit the shear thickening of the system until it
shows Bingham characteristics. Finally, in the interval C, each
group shows shear thinning effects. When the magnetic eld
intensity is weak and the CIP mass fraction is low, the viscosity
value is higher than that of the others.

4.1.2 Double-peak tting. The double-peak tting method
was used to carry out constitutive characterization of the
composite dispersion system's rheological properties under
different magnetic eld intensities and CIP mass fractions, as
shown in Fig. 4. As can be seen from the results (as shown in
Table 6), when the magnetic eld intensity and the CIP quality
fraction values are high (CIP-10 wt% – 300 mT, CIP – 15 wt% –

200 mT, CIP-15 wt% – 300 mT), the tting fails. At the same
time, it can be seen from the evaluation parameters of COD (R-
square) and adjusted R-square, when the magnetic eld is weak
and the tting degree is high, reaching 98.6%, 98.8% and
97.8%, respectively. With the increase in magnetic eld inten-
sity, the tting degree decreases obviously. Moreover, when the
CIP quality is high, the tting will even fail. In addition, the
above tting constitutive parameters are shown in Table 7.

The above-mentioned rheological characteristics are
summarized and dened. The rheological characteristic shows
“weak shear thinning–strong shear thickening–shear thinning”
characteristics under the condition of a weakmagnetic eld and
low mass fraction CIP. It is named “weak magnetorheological
shear thickening characteristic”, which is similar to cross
segmented power-law characteristic.42 The rheological charac-
teristics under the condition of high magnetic eld and high
mass fraction CIP show “strong shear thinning–weak shear
thickening–shear thinning” characteristic. It is named the
© 2022 The Author(s). Published by the Royal Society of Chemistry
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Fig. 5 Multi-peak fitting results.

Table 6 Fitting goodness evaluation of double-peak fitting

Evaluation parameters

CIP-5 wt% CIP-10 wt% CIP-15 wt%

100 mT 200 mT 300 mT 100 mT 200 mT 300 mT 100 mT 200 mT 300 mT

COD (R-square) 98.6% 96.3% 85.0% 98.8% 72.0% — 97.8% — —
Adj. R-square 97.7% 94.0% 75.6% 98.0% 54.4% — 96.4% — —

Fig. 6 Comparative analysis of fitting goodness for rheological char-
acterization of the composite dispersion system.
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strong magnetorheological shear thickening characteristic,
which is similar to the Bingham characteristic.29,30

Existing studies have shown that in magnetorheological
shear thickening uids, the constitutive characteristics of the
uid change from weakmagnetorheological shear thickening to
strong magnetorheological shear thickening with the increase
in the magnetic particle proportion and the applied magnetic
eld intensity.43 Specically, the initial viscosity of the dispersed
system increased sharply at interval A (shear thinning). Interval
B (shear thickening) narrowed and the thickening amplitude
decreased obviously. Interval C (shear thinning) was affected by
the thickening effect in the aforementioned interval. The
average viscosity of weak magnetorheological shear thickening
is signicantly higher than that of strong magnetorheological
shear thickening. In particular, the obvious Bingham feature
(shear thinning) on interval C leads to the serious failure of the
double peak tting, which leads to the failure of the whole
function tting. Therefore, it is necessary to supplement this
part by introducing more tting peaks.

4.1.3 Multi-peak tting. Further, the multi-peak tting
method was used to t and characterize the rheological prop-
erties of some parts with failed tting and low tting degree, as
shown in Fig. 5. It can be seen that, signicantly different from
© 2022 The Author(s). Published by the Royal Society of Chemistry
the above-mentioned tting results, all the test groups were
characterized for a high tting degree (CIP-10 wt% – 300 mT,
CIP-15 wt% – 200 mT, CIP-15 wt% – 300 mT). The tting
Nanoscale Adv., 2022, 4, 2159–2170 | 2165
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Table 7 Parameters of the double-peak fitting function

Parameter
CIP-5 wt%
– 100 mT

CIP-5 wt%
– 200 mT

CIP-5 wt%
– 300 mT

CIP-10 wt%
– 100 mT

CIP-10 wt%
– 200 mT

CIP-10 wt%
– 300 mT

CIP-15 wt%
– 100 mT

CIP-15 wt%
– 200 mT

CIP-15 wt%
– 300 mT

Baseline y0 81.2 96.4 102.4 69.8 103.2 140.4 76.0 72.5 104.3
xc 37.7 49.1 62.4 81.5 71.5 �49564.6 84.1 94.3 �4087.1

Peak 1 A �19988.3 �9185.1 �3058.2 �18561.6 �2577.3 492 025.0 �10778.4 226 175.8 12 479.9
w 117.7 91.7 60.1 158.5 55.9 50 797.7 139.3 1 427 580.0 42.2
xc 115.6 162.0 181.0 221.2 219.1 2361.9 242.2 6 025 050 000.0 153.2

Peak 2 A 53 511.7 24 385.1 11 184.2 40 282.3 9961.3 29 242.0 27 947.9 13 872 400 000.0 �8514.6
w 475.8 319.4 174.7 393.0 222.5 22.0 281.9 616 762 000 000.0 213.5

Table 8 Evaluation values of fitting goodness for multi-peak fitting

Evaluation parameters

CIP-5 wt% CIP-10 wt% CIP-15 wt%

100 mT 200 mT 300 mT 100 mT 200 mT 300 mT 100 mT 200 mT 300 mT

COD (R-square) 99.9 98.4 99.5 99.9 99.2 98.8 99.1 97.3 96.4
Adj. R-square 99.9 96.0 96.5 99.9 94.6 92.2 93.9 92.9 90.6

Table 9 Parameters of multi-peak fitting function

Parameter
CIP-5 wt%
– 100 mT

CIP-5 wt%
– 200 mT

CIP-5 wt%
– 300 mT

CIP-10 wt%
– 100 mT

CIP-10 wt%
– 200 mT

CIP-10 wt%
– 300 mT

CIP-15 wt%
– 100 mT

CIP-15 wt%
– 200 mT

CIP-15 wt%
– 300 mT

Baseline y0 81.2 96.4 102.4 69.8 103.2 140.4 76.0 60.9 73.2
xc 73.3 174.0 57.1 89.1 65.0 68.1 77.2 68.6 55.6

Peak 1 A �5653.9 22 393.9 �8260.0 �9330.7 �5150.0 �8809.6 �8032.7 �3526.8 177 649.7
w 67.4 294.7 87.2 148.0 81.3 101.6 124.9 92.8 19 680.5
xc 136.4 49.0 134.9 226.0 249.8 103.7 247.3 69.0 7.3

Peak 2 A 27 658.9 �7879.0 23 658.5 18 544.7 18 009.4 �1035.2 18 218.2 6781.7 6530.2
w 255.8 85.2 330.1 203.9 303.1 107.6 205.2 227.2 33.9
xc 14.2 680.1 �208.6 116.0 �95.9 �48.7 25.4 �9.6 656.6

Peak 3 A �10613.9 �1976.2 131.5 �730.0 14 973.6 39 145.3 �2008.6 7564.9 �44463.3
w 102.3 90.2 441.1 63.2 383.9 325.4 151.9 41.8 682.5
xc 386.7 — 934.2 431.4 1083.1 773.8 370.5 568.3 —

Peak 4 A 11 037.9 — �41577.1 12 787.2 �75944.3 �69922.6 55 250.3 �19616.0 —
w 256.2 — 833.4 327.2 1471.6 775.2 3580.4 515.3 —

Fig. 7 Rheological properties and constitutive characterization of the
micron dispersed system (alumina).
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deviations of other groups in interval A and C were also cor-
rected. In order to further demonstrate the superiority of the
multi-peak tting method, the goodness of t evaluation
parameters were analyzed statistically and compared. Fig. 6
shows the tting goodness of dispersion systems' eld-induced
rheological properties with different mass fractions of magnetic
particles. The tting results show that with the increase in the
magnetic eld intensity and CIP mass fraction, the tting
goodness decreases and even fails. Among them, the double-
peak tting method can complete tting characterization only
in the state of weak magnetorheological shear thickening.
However, the multi-peak tting method can complete the
constitutive characterization of rheological characteristics with
the goodness of t R-square above 95% and adjusted R-square
above 90% under all conditions (as shown in Table 8). Finally,
the constitutive functions of dispersed systems under different
© 2022 The Author(s). Published by the Royal Society of Chemistry
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Fig. 8 Rheological properties and constitutive characterization of the
micron dispersed diamond system.

Fig. 9 Fitting degree analysis of the constitutive characterization of
the micron composite dispersion system.
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conditions were obtained, and the parameters are shown in
Table 9.
4.2 Micro-PP-based composite dispersion systems

Referring to the shear thickening polishing method,20–22,24,25

a variety of micron particle dispersion systems were prepared.
Based on the multi-peak tting method, the eld rheological
properties of the composite dispersion system were tted and
characterized, and the corresponding constitutive function was
constructed.
Table 10 Fitting goodness of the constitutive characterization of the m

Evaluation
parameter Al2O3-55 mT Al2O3-95 mT Al2O3-135 mT

COD (R-square) 99.0 98.9 97.7
Adj. R-square 98.5 98.4 96.6

© 2022 The Author(s). Published by the Royal Society of Chemistry
4.2.1 Rheological properties and constitutive character-
ization. The composite dispersion system used in the non-
Newtonian uid polishing region was taken as an example.
When different hard particles (abrasive particles) are intro-
duced into the dispersion system, the rheological properties will
be changed.44 The rheological properties of the composite
dispersion system with alumina (Al2O3) and diamond (C) hard
abrasive particles were tested under different magnetic eld
intensities, and the results are shown in Fig. 7 and 8. The
rheological properties of the micron dispersed phase system
with the introduction of alumina hard particles show single-
peak thickening under a weak magnetic eld (55 and 95 mT).
The thickening peak occurs in the lower shear rate interval
(100–200 s�1) and the peak viscosity is higher. Under the strong
magnetic eld (135 and 175 mT), the rheological properties
showed a bimodal thickening characteristic of “high in front
and low in back”. This phenomenon may be due to the fracture
of the domain structure formed by the strong magnetic eld
under the action of the high shear rate, which leads to a sudden
increase in shear stress in the region. Therefore, the system
shows the shear thickening characteristic. However, the rheo-
logical properties of the micron dispersion system with dia-
mond hard abrasive particles are completely different with the
samemass fraction. First, the overall viscosity of the uid in this
shear rate range is low. This is because alumina particles
promote the viscosity and thickening effect of the whole system
at a certain mass fraction.20 Second, the rheological character-
istics also show great differences, which are not described and
analyzed in detail here. This phenomenon leads to a serious
problem that complex eld-induced rheological characteristics
will make traditional constitutive characterization very difficult,
constitutive parameters complex, and even constitutive char-
acterization failure.31

4.2.2 Analysis of multi-peak tting results. The multi-peak
tting method was used to t and characterize the rheological
properties under different magnetic eld intensities, as shown
in Fig. 9. According to the statistics of the above-mentioned R-
square and adjusted R-square, it can be seen that the rheolog-
ical constitutive under different magnetic eld intensities can
be effectively characterized. With the increase in the magnetic
eld intensity, the tting degree becomes worse. The tting
goodness values represented by constitutive tting and
parameters of constructed constitutive function are shown in
Tables 10 and 11 respectively. Except the test group C-175 mT,
the tting goodness R-square and adjusted R-square all reached
95% and 90%, respectively. This is due to the large particle size
and uneven shear stress distribution of uid samples in the test
area, resulting in the uctuation of the test plate. At the same
icron dispersed system

Al2O3-175 mT C-55 mT C-95 mT C-135 mT C-175 mT

95.8 99.5 99.2 96.1 90.8
92.3 99.3 98.8 94.3 86.4

Nanoscale Adv., 2022, 4, 2159–2170 | 2167
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Table 11 Parameters of the constitutive function of the micron dispersed system

Parameter Al2O3-55 mT Al2O3-95 mT Al2O3-135 mT Al2O3-175 mT C-55 mT C-95 mT C-135 mT C-175 mT

Baseline y0 7.9 8.5 8.1 7.2 1.1 1.3 1.5 1.6
xc 389.5 140.8 144.3 145.1 890.3 705.1 265.7 220.6

Peak 1 A �871.4 1964.7 1182.4 186.0 573.3 449.4 47.3 28.4
w 228.5 191.3 135.1 49.2 837.0 444.6 153.5 243.9
xc 120.5 87.8 90.2 431.1 87.4 98.3 55.9 95.9

Peak 2 A 863.4 �642.2 �481.7 72.8 �188.4 �189.4 �143.1 �94.3
w 96.4 242.2 141.4 339.3 257.3 213.0 217.4 122.3
xc 983.6 946.2 935.4 100.0 1060.2 991.7 624.8 777.9

Peak 3 A �2873.6 �6607.0 �4783.9 268.3 �163.2 �51.8 86.5 355.5
w 598.7 877.6 653.1 91.3 265.1 283.3 365.0 3168.9
xc — — — 940.7 — — — —

Peak 4 A — — — �2930.3 — — — —
w — — — 528.0 — — — —
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time, shear yield stress of the magnetic domain structure is
obvious when the magnetic eld intensity is high. In the
composite particle cluster, the magnetic domain chains are
interspersed with an irregular spatial folding structure. For the
composite cluster with different shear directions, there are
obvious differences in the shear stress. Therefore, the strong
magnetic eld will lead to a uctuation in the rheological test
data, which leads to a low tting degree. Moreover, it can be
inferred that this method can be applied to the characterization
of any continuously differentiable rheological function.
5 Conclusion

Based on the phenomenological theory, the Gaussian function
was used to characterize the eld-induced rheological proper-
ties of composite multi-scale dispersed systems. The method of
peak tting characterization was proposed, and the constitutive
equation of the above-mentioned system was established. The
tting characterization results indicate that:

(1) The multi-peak tting method has higher tting good-
ness than that of the double-peak tting method.

(2) The multi-peak tting method can more effectively
characterize the rheological properties of different dispersion
systems (nano-silica based and micro-PP based).

(3) The multi-peak tting method can realize the con-
sStitutive characterization of micro–nano-scale and micro-scale
composite dispersed systems.

(4) The multi-peak tting can realize the constitutive char-
acterization of rheological characteristics under different
magnetic eld intensities.

(5) Under different conditions, the tting degree of the
constructed rheological constitutive function can reach R-
square more than 95% and adjusted R-square more than 90%.
Outlook

C Based on the data analysis module of the Origin soware, the
uid constitutive function with a high tting degree can be
obtained simply and effectively.
2168 | Nanoscale Adv., 2022, 4, 2159–2170
C The tting degree of the constitutive function to rheo-
logical characterization is less affected by the preparation
scheme of the composite dispersion system and external energy
eld.

C This study is benecial to the setting of uid custom
material properties in uid simulation and greatly improves the
accuracy of the complex ow eld simulation.
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