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Abstract: Novel colloidal processing using thermosensitive poly(N-isopropylacrylamide) (PNIPAM) as a coagulating agent has been
developed to prepare complex-shaped ceramic components. In this work, the properties of PNIPAM aqueous solutions and the
rheological behavior of ZnO suspensions with PNIPAM were investigated. The results show that the PNIPAM solutions exhibit
obvious thermosensitivity and its transition temperature is around 32 °C. When the temperature is above 40 °C (7., the critical
transition temperature of thermosensitive suspension), the 50% ZnO (volume fraction) suspension with 8 mg/mL PNIPAM has a
sharp increase in viscosity and reaches up to 11.49 Pa-s at 50 °C, displaying strong elasticity. The main reasons are the increase of
effective volume fraction attributed to precipitation of PNIPAM segments and the flocculation between ZnO powder particles. In
addition, the maximum solid loading (volume fraction) at 20 °C is higher than that at 40 °C, which proves that the phase transition of
PNIPAM can induce the flocculation of suspension.
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1 Introduction

To effectively control particle aggregation and
minimize defects, many colloidal processing methods
(e.g., gel-casting [1-3], slip casting [4—6], direct ink
writing [7-9], and direct coagulation casting [10—12])
have been developed to form complex-shaped ceramics.
Among which, direct coagulation casting (DCC) is a
novel near-net-shape method with the combination of
enzyme technology, colloidal chemistry, and ceramic
process, as first developed by BALZER et al [10]. In this
process, the dense green body can be achieved from
suspension by either shifting the pH of suspension
towards its isoelectric point (IEP) or increasing the ionic
strength of suspension to compress the electric double
layer. It has been utilized in the forming of many sorts of
ceramics. However, there are still some drawbacks in this
process. In the typical enzyme catalysis system, the
strength of green body is significantly low and it is
difficult to treat in the subsequent processing [13,14].
Moreover, the preparation of slurry needs to be
controlled at a low temperature (<5 °C) to avoid the

enzyme catalysis reaction before casting [15,16], and the
strict control of temperature increases the process
complexity and preparation cost. Although, high valence
counter-ions system solves the problem of low strength
via increasing the ionic strength, e.g., magnesium
ion [17,18] and calcium ion [19,20], the process is still
difficult to control.

Recently, we have developed a novel colloidal
processing using the thermosensitive poly (N-iso-
propylacrylamide) (PNIPAM) as a coagulating agent
with the aim of forming ceramic components [21].
PNIPAM exhibits a phase transformation in aqueous
solution at a certain temperature due to the existence of
hydrophilic amide and hydrophobic isopropyl groups,
and this transition temperature is called the lower critical
solution temperature (LCST) around 32 °C [22—24].
Below the LCST, macromolecular chain of PNIPAM
swells in water. When the temperature is higher than the
LCST, the loosely arranged macromolecular chain
converts into compact spherical design. The advantage of
this method is that the consolidation of suspension can be
deliberately controlled by temperature. The forming
mechanism of this method and the rheological behavior
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of suspension are unacquainted, although its feasibility
for complex-shaped ZnO ceramics has been investigated.
The purpose of this work is to clarify the properties of
PNIPAM aqueous solution and rheological behavior of
ZnO suspension with thermosensitve PNIPAM.

2 Experimental

A commercial high-purity (>99.9%, mass fraction)
ZnO powder (Jiangxi Huarun Co., Ltd., Jiangxi, China)
with an average particle size of 0.1 um and a surface area
of 4.47 m’/g was adopted. Analytical reagent poly
(acrylic acid) (relative molecular mass 5000, Sigma-
Aldrich Chemical Co.) was applied as the dispersing
agent. The thermosensitive polymer poly(N-isopropyl-
acrylamide) (relative molecular mass 19000—30000,
Sigma-Aldrich Chemical Co.) was used as a coagulating
agent. The ammonia (NH;H,O) solution (Shanghai
Chemical Reagent Co., Ltd., Shanghai, China) was
chosen to adjust the pH value of slurries. Distilled water
was used for preparing slurries.

The PNIPAM aqueous solutions at pH 10 were
prepared by mixing various amounts of PNIPAM and
distilled water to study properties of PNIPAM solution at
room temperature (25 °C). ZnO suspensions were made
by tumbling the ZnO powder, distilled water, 0.8% poly
(acrylic acid) (PAA) and different contents of PNIPAM
in high-density poly(ethylene) containers along with
ZrO, grinding balls (the diameter of these balls is
10 mm) for 24 h to make suspensions homogenous. In
addition, the mass ratio of ZnO powder to grinding ball
was 1:1. The whole process of suspension preparation
was carried out at room temperature, and the pH of
suspension was adjusted to about 10.

The turbidity of aqueous solutions with various
amounts of PNIPAM at the pH of 10 was determined by
measuring the transmittance of solution at different
temperatures using ultraviolet—visible spectrophotometer
(Spectrumlab 752S, Shanghai Lengguang Technology
Co., Ltd., China). The wavelength of visible light was
560 nm and the transmittance of distilled water at 20 °C
was chosen as the standard reference with transmittance
of 100%. The rheological behavior of ZnO suspensions
was measured using a rotational rheometer (AR2000EX,
TA Instruments, America) with a parallel plate (40 mm in
diameter). All the viscosity and shear modulus
measurements were taken at a shear rate of 1x10 s ' and
a vibration frequency of 1 Hz.

3 Results

3.1 Solution properties of PNIPAM
Figure 1 shows the effect of PNIPAM concentration
on temperature dependence of the transmittance at pH 10.

The pH of PNIPAM aqueous solutions chosen as 10 is
attributed to good dispersibility of PAA in strong alkaline
condition for preparing stable suspensions. The results
clearly reveal that the LCST of PNIPAM is highly
affected by its concentration. If the relative molecular
mass of PNIPAM remains constant, the smaller the
concentration is, the higher the LCST is. In the case of
four aqueous PNIPAM samples, it can be observed that
the transmittance of PNIPAM aqueous solution decreases
as the temperature increases and exhibits a steep
transition at the LCST around 32 °C. The transmittance
decreases slightly at first and the values are higher than
99% when the temperature is lower than 30 °C.
Thereafter, the aqueous solutions exhibit an obvious
decrease in transmittance when the temperature increases
from 30 to 35 °C and a steep transition at a certain
temperature. Afterwards, the transmittance reaches the
minimum values at about 35 °C and remains essentially
unchanged. The difference is that the phase transition
temperatures of PNIPAM aqueous solutions with various
concentrations are different. That is, the LCST of
polymer solutions is depressed with increasing polymer
concentration. The LCST of aqueous solution with
2 mg/mL PNIPAM is the highest of about 32.5 °C,
whereas that with 8 mg/mL PNIPAM is the lowest of
about 32 °C. The minimum transmittance of PNIPAM
aqueous solution at temperature higher than 35 °C
decreases with the increase of polymer concentration. In
conclusion, the LCST of polymer PNIPAM is strongly
affected by the concentration, which is consistent with
other reports [23,25].
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Fig. 1 Transmittance (ratio of intensities of transmitted light
and incidence light) of PNIPAM aqueous solution at various
concentrations as function of temperature at pH 10

3.2 Rheological behavior of ZnO suspension

Figure 2 shows the effect of temperature on the
viscosity of ZnO suspension prepared with 0.8% PAA
and different contents of PNIPAM at pH 10. It is
observed that the viscosity of suspension increases as the
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temperature or concentration increases. The viscosity of
suspension without PNIPAM is small even when the
temperature reaches 50 °C. In contrast, the viscosity of
suspensions containing PNIPAM in the range of
2—-8 mg/mL increases distinctly as the temperature
increases. The results clearly reveal that the viscosity of
ZnO suspensions with PNIPAM largely
unchanged until the temperature is higher than 40 °C.
Hence, the critical transition temperature (7.) of
thermosensitive suspension is around 40 °C. It is
important to note that the critical transition temperature
of thermosentive suspension with PNIPAM is higher
than the LCST of PNIPAM (~32 °C). This might be
because the presence of suspended ZnO powder particles
hinders the formation of tight spherical-state PNIPAM
segments through diffusion, which would increase the
required thermal activation energy. When the
temperature is lower than 40 °C, the influence of
temperature on viscosity is less significant. However, the
viscosity of suspensions with PNIPAM, especially that
with 6 and 8 mg/mL PNIPAM, increases sharply at the
temperature above 40 °C, and reaches up to 6.15 and
11.49 Pa-s at 50 °C, respectively, which are high enough
to meet the requirements of ceramic forming. Therefore,
the rheological transition of thermosensitive ZnO
suspensions occurs around 7, rather than the LCST of
PNIPAM, which indicates that there is a time-
dependence of the rheological behavior in suspensions in
addition to the temperature-dependence.
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Fig. 2 Effect of temperature on viscosity of 50% ZnO
suspension with various concentrations of PNIPAM at pH 10

The steady shear behavior of the concentrated ZnO
suspension prepared with 0.8% PAA and 8 mg/mL
PNIPAM is presented in Fig. 3. The shear thinning
behavior of the suspension can be observed from these
curves. That is, the viscosity is not a constant but a
variable which decreases when the non-Newtonian fluid
endures shear force [26,27]. Figure 3(a) shows the
viscosities of ZnO suspensions loading in the range of
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Fig. 3 Viscosity as function of shear rate and solid loading

(volume fraction) for ZnO suspensions with 8§ mg/mL PNIPAM
at 40 °C (a) and 20 °C (b)

35%—-50% (volume fraction) with 8 mg/mL PNIPAM at
40 °C and various shear rates. As expected, both
viscosity and shear thinning behaviors of the suspensions
increase with the increase of solid loading. Besides, the
viscosity of ZnO suspension with the solid loading of
50% has the most obvious change under shearing stress
and shows flow property suitable for casting. In addition,
its viscosity decreases from 509.2 to 0.16 Pa‘s as the
shear rate increases from 1x107 to 1x10°s™". Figure 3(b)
shows the viscosities at various shear rates of ZnO
slurries loading in the range of 35%—50% with 8 mg/mL
PNIPAM at 20 °C. The ZnO suspension with the solid
loading of 50% shows viscosity ranging from 101.8 to
0.13 Pa's at the shear rates of 1x107° to 1x10° s,
whereas the viscosity of 35% ZnO suspension only
changes from 2.58 to 0.02 Pa-s. The results clearly reveal
that the suspension with a higher solid loading displays a
relatively  significant  shear  thinning  behavior
approaching a constant at a high shear rate, signifying
that the steady shear behavior is highly related to the
solid loading. As shown in Figs. 3(a) and (b), it is evident
that the shear thinning behavior of the suspension at
40 °C is more remarkable than that at 20 °C under the
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same solid loading. Therefore, the steady shear is related
to both solid loading and temperature.

The viscoelasticity can reflect the elastic and
viscous properties of suspension during the solidification
process. Figure 4 shows the storage modulus of 50%
ZnO suspension at different temperatures. This
frequency sweep measurements are performed at strain
of 0.4% which is in the linear viscoelastic range. The
changes of storage modulus at 20 and 25 °C are similar
and the colloidal property of suspension is dominant.
That is, the storage modulus of suspension continuously
increases as the angular frequency increases from 1x10™"
to 1x10° rad/s, indicating that the suspension deforms
plastically. However, at higher temperatures (i.e., 33, 35,
and 40 °C), the storage modulus of suspension increases
first and then remains constant as the angular frequency
increases, revealing that the suspension begins to deform
elastically. The 50% ZnO suspension with 8 mg/mL
PNIPAM is gel-like below T., while this suspension is
solid-like above T.. Thus, the ZnO suspension changes
from being predominately viscous to displaying a
strongly elastic behavior as the temperature increases.
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Fig. 4 Storage modulus (G') of 50% ZnO suspension with
8 mg/mL PNIPAM as function of temperature and angle
frequency w

4 Discussion

The PNIPAM is a typical temperature responsive
polymer, as characterized by the LCST. The LCST
phenomenon existing in PNIPAM aqueous solution
should be interpreted as a result of the phase
transformation. At the temperature lower than the LCST,
the hydrogen bonding among water molecules and
hydrophilic acylamino groups of PNIPAM polymer is
dominant, the hydrophobic interaction evokes the
rearrangement of water molecules to form well-ordered
solvation layers around the hydrophobic isopropyl
groups due to the effect of hydrogen bonding and van der
Waals force. PNIPAM dissolving in water forms random

coiled architecture [28]. Thus, the transmittance of
aqueous PNIPAM solution is significantly higher at a
low temperature. When the temperature is higher than
the LCST, a part of hydrogen bonding is destroyed,
leading to the breakdown of solvation layers surrounding
the hydrophobic segments. The formative hydrophobic
layers force the water molecules to release from the
solvation layer owing to the enhancement of
hydrophobic interaction, and convert the loose coiled
conformation into the tight colloidal structure. Therefore,
the PNIPAM aqueous solution becomes turbid and its
transmittance decreases sharply as the temperature
increases due to the suspended colloidal particles. In
addition, Fig. 1 reveals that high concentration of
PNIPAM depresses the value of the phase transition
temperature. The study of PAMIES et al [25] indicates
that this phenomenon can be ascribed to stronger
intermolecular association at higher concentration,
leading to a reduction of lower critical solution
temperature. The PNIPAM aqueous solution with high
concentration contains a large number of isopropyl
groups, which displays more intense hydrophobic
character at higher temperature. In addition, the increase
of formative colloidal particles in solution with
increasing PNIPAM concentration leads to the lower
transmittance of high polymer concentration at the
temperature higher than the LCST. Thus, it can be
concluded that the LCST of aqueous PNIPAM solution is
around 32 °C, which is consistent with the LCST
reported by other researchers [28,29].

The existence of thermosensitive PNIPAM has a
significant effect on the rheological behavior of ZnO
suspension. In this suspension system, PAA as a kind of
typical polyanion dispersant does not produce any
chemical reaction with uncharged thermosensitive
PNIPAM macromolecular. The schematic diagram of
gelation mechanism in the colloidal processing using
PNIPAM as a coagulating agent is shown in Fig. 5. It
provides a reasonable explanation for this phenomenon.
At a lower temperatures (7<T;), PAA is ion polymer with
carboxyl group on its branch, which dissociates and
carries a negative charge. The added PAA is adsorbed on
the surface of ZnO powder particles and its
macromolecular chain is fully extended in water, forming
adsorption layer of a certain thickness and generating
enough steric hindrance to prevent the particles from
aggregating together. In addition, the PNIPAM chains
dissolved in water are adsorbed on the ceramic particles
or free in suspension system, and these PNIPAM chains
also have contribution to the steric hindrance. Thus, the
lower viscosity is the result of the combined effect of
both electrostatic effect and steric hindrance. When the
temperature is high enough (7>T,), the physical
association between polymer segments and ZnO particles
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Fig. 5 Schematic diagram of gelation mechanism in colloidal
processing with PNIPAM as coagulating agent

is formed due to phase transformation of PNIPAM. The
system of suspension contains three phases (i.e., solution,
ZnO particles, and organic solid states of PNIPAM) and
the organic solid state association of PNIPAM increases
the effective volume fraction, leading to the increase in
viscosity of ZnO suspension with PNIPAM. Note that the
rheological behavior of suspension with PNIPAM is
reversible to thermal cycling. That is, the suspensions
with PNIPAM lose fluidity when the temperature is
higher than T, and have good fluidity again after cooling
(lower than T7.). In addition, a series of forming
techniques relied on temperature-sensitive polymer, such
as temperature-induced gelation (TIG) [30,31],
temperature-induced forming (TIF) [32,33], and
temperature-induced coagulation casting (TICC) [34],
have been used for complex-shaped ceramic forming. In
TIG, the dispersant (such as Hypermer KD1, Hypermer
KD3) with variable solubility is added into suspensions,
the in-situ solidification of suspensions is achieved via

changing temperature to decrease solubility of dispersant.

Both TIG and this forming technique with PNIPAM are
reversible process. The solidification of TIG is the
process of lowering the temperature, while the latter is
the process of rising the temperature. TIF requires a
smaller relative molecular mass dispersant (such as
tri-ammonium citrate, TAC) and a larger molecule or
polymer (such as PAA) as gelling agent. The stabilized
suspension for TIF at room temperature through
electric-double-layer stabilization from the adsorption of
dispersant on the ceramic particle surface is flocculated
at elevated temperatures. The temperature required for
flocculation is higher of around 80 °C than that in this
work of 40 °C. From the TICC process, the electrostatic
stabilized suspension with a minimum amount of
dispersant can be flocculated by increasing temperature,
as the amount of polymer dispersant required for full
coverage increases with temperature. The coagulation
mechanism of ZnO suspension with PNIPAM is different
from that of these forming techniques. The flocculation
of this suspension is attributed to the phase transition of
PNIPAM, leading to the increase in the effective volume

fraction of suspension system. In Fig. 2, the viscosity
variation of ZnO suspension with PNIPAM at different
temperatures can be interpreted by this transformation
mechanism. That is, the viscosity of suspension with
PNIPAM is significant low mainly due to the dispersed
effect of PAA at a lower temperature and increases
sharply due to the phase transition of PNIPAM at a
higher temperature.

In Fig. 3, the shear thinning behavior of ZnO
suspension with high solid loading is more significant
than that with low solid loading. This phenomenon is
explained as that, in the ZnO suspension with high solid
loading, the particles easily produce flocculation due to
small average spacing between particles, the larger
particle agglomerations in suspension are sheared into
fine units as the shear rate increases. In addition, the ZnO
suspension with the same solid loading at 40 °C is more
remarkable than that at 20 °C. The precipitated tight
particles of PNIPAM due to phase transformation at
higher temperature enhance the effective volume fraction,
which aggravates the agglomeration and flocculation
between particles. This effect is the most severe at high
particle loading. Therefore, the shear thinning behavior
of 50% ZnO suspension with 8 mg/mL PNIPAM at
40 °C is the most apparent.

The viscosity of suspension is greatly affected by
the concentration of PNIPAM and the solid loading [35].
In fact, both concentration and solid loading have
contribution to the effective volume fraction. At a lower
temperature, the polymers dissolving in water exist by
stretching chains adsorbed on the surface of ZnO powder
particles, which provides the adsorbed layer accounted
for effective volume fraction (¢.). The polymeric
adsorbed layer thickness is estimated to be 4.24 nm for
PAA with relative molecular mass of 5000 [36]. When
the temperature increases, thermosensitive PNIPAM
exhibits a phase transformation and forms solid spherical
particles. @ is enhanced by the volume occupied by the
precipitated solid particles and the adsorbed layer around
the ceramic particles. So, the effective volume fraction
&eir can be defined as

Per=1+0Ap)+¢ )

where ¢ is solid loading of ZnO powder particles, J is the
thickness of adsorbed layer, 4, is the specific surface
area of ceramic particles, p; is the density of ceramic
particles, and ¢’ is the solid loading of precipitated
PNIPAM spherical particles at higher temperatures.
According to Eq. (1), it can be concluded that the
increase of PNIPAM concentration and solid loading can
improve the effective volume fraction. Figure 6 shows
the effect of effective volume fraction on the relative
viscosity of ZnO suspension with 8§ mg/mL PNIPAM. It
can be seen that the relative viscosity of ZnO
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suspensions increases exponentially as the effective
volume fraction increases. Obviously, the increase of
solid loading reduces the average spacing among the
powder particles, and thus the viscosity of ZnO
suspension increases. The difference is that the growth
rate of relative viscosity of suspension at 40 °C is higher.
It can also be indentified from Fig. 6 that the growth

index at 40 °C (n=4.6) is larger than that at 20 °C (n=3.6).

The effective volume fraction consists of two parts at
40 °C, one is the volume fraction of ZnO powder
particles and adsorbed layer as a whole, and the other is
the volume fraction of solid spherical particles generated
from the phase transition of thermosensitive PNIPAM. In
contrast, the effective volume fraction at 20 °C only
needs to consider the first part. Table 1 gives the ¢’ of
ZnO suspensions with 8 mg/mL PNIPAM at different
solid loadings at higher temperature. The results indicate
that although the volume fraction of solid spherical
particles generated by precipitated PNIPAM is rather
small in the order of 107°, its contribution to the
viscosity of ZnO suspension is enormous. In general,
especially for the suspension with high solid loading, a
small increase of solid loading can cause a dramatic
increase in viscosity. The increase of effective volume
fraction as result of phase transformation of
thermosensitive PNIPAM at higher temperature is
precisely the cause of increase in viscosity of ZnO
suspension. It is indentified from Fig. 4 that, for the same
reason, the storage modulus of suspension increases as
the temperature rises. The colloidal suspension displays
predominant viscosity at low temperature and shows a
strongly elastic behavior at high temperatures because of
the increase of effective volume fraction.
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Fig. 6 Effect of effective volume fraction on relative viscosity
of ZnO suspension with 8 mg/mL PNIPAM

Table 1 ¢ and ¢’ of ZnO suspensions with 8 mg/mL PNIPAM
at higher temperatures
d% 30 35 40 45 50
#1% 2.42x1073 2.25x107° 2.07x107° 1.90x107 1.73x103

For colloidal processing of ceramic, the largest
possible solid loading is desired to reduce the
constriction of ceramic body during drying and sintering
process, and thus the maximum solid loading is
especially important for suspension. As solid loading
reaches the maximum value, the viscosity of suspension
tends to infinity. There are many models used to
calculate the maximum solid loading of ceramic
suspension, such as Liu, Krieger-Dougherty, Mooney,
Chong, and Dabak models [27,37,38]. Figure 7 illustrates
the maximum solid loadings at 20 and 40 °C determined
by linear fitting according to Liu and Chong models. In
these models, the solid loadings are replaced with the
effective solid loadings which reflect the actual volume
fraction of suspensions. LIU [39] developed a model
describing the relationship between solid loading and
viscosity to predict the maximum solid loading of the
suspension, as given by

1-n;"* =ag+b ©)

where 7, is the relative viscosity which is the ratio of
suspension viscosity to solvent viscosity. Constants a and
b are determined by linear fitting of Eq. (2). The value of
maximum solid loading obtained by extrapolation is the
solid loading when 1-7, 12 equals 1. Figure 7(a)
indicates the curves of 1-7, 2 and effective volume
fraction (@) at 20 and 40 °C. In short, the viscosity of
suspension increases as the solid loading increases. It is
obvious that there is significant positive linear
correlation between 1-7"? and effective volume
fraction, and the corresponding value of the maximum
solid loading (¢,,) is given at each temperature in this
figure. The calculated values are in good agreement with
the fitted results. It can be identified that the maximum
solid loadings of the suspensions at 20 and 40 °C are
62.5% and 58.3%, respectively, which are defined as the
values at which the viscosity of suspension tends to be
infinity. However, Liu equation is suitable for ceramic
suspensions with lower solid loadings. Then, the
modified Chong equation which is suitable for
suspensions with higher solid loading is defined as [40]:
1 g, 1 1

== 3)
V21 Cee ¢ Cic

where Cgc is a constant that is determined by linear
fitting of Eq. (3). The maximum solid loading of
suspensions is the solid loading when 1/(77r1/ )
equals 0. Figure 7(b) gives the curves of 1/(77r]/ 1) vs
1/¢egr at 20 and 40 °C. The maximum solid loadings of
suspensions obtained by fitting Chong equation at 20 and
40 °C are 67.3% and 60.5%, respectively, and the
simulation of the calculated values can coincide with the
experimental ones. The results are slightly higher than
those from Fig. 7(a), but the maximum solid loadings at
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20 °C are higher than those at 40 °C in both figures. The
phase transition of thermosensitive PNIPAM increases
the effective volume fraction of ZnO suspension, thus
reducing the dispersion stability of suspension and
increasing the relative viscosity at high temperatures.
Consequently, the maximum solid loading decreases with
phase transition of PNIPAM. The fitted results in Fig. 7
also prove that the precipitation of PNIPAM has an
important impact on the suspension.

1.00 ] |
(a) | |
= Calculated value at 20 °C ] |
0.95r e Calculated value at 40 °C ! :
— Fitted curve ! !
0.90 | o
| I
o R=0.995 Lo
' 0.851 =58.3% ) !
il 220_339 — R=0.998 i i
— —1 ¢,,=62.5%
gagl T =040 | |
b=0.949 | !
075} L
i |
0.70 ! . . . . oy !
30 35 40 45 50 55 60 65
Effective volume fraction, @ /%
0.45
(b)
0.40 = Calculated value at 20 °C
® Calculated value at 40 °C
0.35F — Fitted curve
030
= R=0.990
I
S 020F Cp2.892 R=0.993
0.15 e— 60
Cgc=2.029
0.10
0.05
0 1

24 26 28 30 32
1y
Fig. 7 Maximum solid loadings at 20 and 40 °C determined by

1.6 1.8 20 22

linear fitting according to Liu equation (a) and Chong
equation (b)

5 Conclusions

1) The low critical solution temperature (LCST) of
PNIPAM aqueous solution is around 32 °C. PNIPAM
exhibits a phase transition at LCST caused by the
hydrophobic association between polymer chains and the
damage of hydrogen bond between polymer and water
upon heating.

2) The viscosity of ZnO suspension with PNIPAM
increases sharply when the temperature is higher than
40 °C. Two main reasons are the increment of effective
volume fraction stemming from physical association
between the PNIPAM segments and the flocculation of
organic associations of PNIPAM and inorganic powder

particles. When the temperature is higher than 40 °C, the
viscosity of 50% ZnO suspension with 8 mg/mL
PNIPAM increases rapidly and reaches a high value of
11.49 Pa‘s at 50 °C, and the colloidal suspension changes
from predominately viscous to strongly elastic.

3) The rheological behavior is related to the
concentration of PNIPAM and solid loading of
suspension, both of them can contribute to the effective
volume fraction. The volume fraction generated by
precipitated PNIPAM particles is rather small on the
order of 107, but its contribution to the viscosity of ZnO
suspension is enormous.

4) The maximum solid loadings obtained by fitting
the experimental results are 62.5% at 20 °C and 58.3% at
40 °C according to Liu equation, and 67.3% at 20 °C and
60.5% at 40 °C according to Chong equation. The results
indicate that the precipitation of PNIPAM has a
significant influence on the rheological behavior of ZnO
suspension.
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