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Viscoelasticity of boron nitride nanosheet (BNNS) aerogel has
been observed and investigated. It is found that the BNNS aerogel
has high damping ratio (0.2), while it exhibits lightweight and
negligible temperature dependence below 180 °C. The creep
behavior of the BNNS aerogel markedly demonstrats its strain
dependence on stress magnitude and temperature, and can be
well simulated by the classical models.

Aerogels, composed of interconnected three dimensional (3D)
networks, have attracted intensive attention because of their
unique properties, such as Iightweight,l’ 2 porosity,3 and high
surface area.” In recent years, graphene aerogels have sparked
widespread interest due to their unique physical and chemical
properties.s'lo Boron nitride nanosheets (BNNSs), an analogue of
graphene,11 also have generated much excitement by their unique
properties, including superb corrosion resistance, > 3 high thermal
conductivity, chemical durability and oxidation resistance.”* ! The
combination of these features makes BNNSs aerogel attractive as a
multifunctional and high performance aerogel material. However,
studies on the physical and chemical properties of BNNS aerogel
were rarely reported.

On the other hand, viscoelasticity, exhibited both viscous and
elastic characteristics when a material is exterted to deformation, is
one of fascinating physical properties of material.”> 2 A
fundamental understanding of the viscoelastic behaviour is of
paramount importance, because it provides the basis for material
design in various applications as well as for in-use lifetime analysis
in the related technologies.24 Typical viscoelastic materials are
polymers and their composites.25 Interestingly, it is found that
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carbon nanotube aerogels also possess unique viscoelasticity.

Inspired by the viscoelastic behaviour of carbon nanotube aerogels,
we wonder whether BNNS aerogel possesses the similar
viscoelasticity or not. Although the compressive properties of the
BNNS aerogel were analyzed in previous study,28 measurement of
its viscoelasticity has not been demonstrated. Herein, we have
designed and conducted a series of experiments to explore the
viscoelasticity of BNNS aerogel, including its dynamic viscoelasticity
and creep behaviour under different stress magnitude and at
temperature. In addition, the creep behaviour has been simulated
by classical models.

To prepare BNNS aerogels, we firstly fabricated noncovalent
functionalized BNNSs (NF-BNNSs) via a combination of liquid
exfoliation and noncovalent functionalization methods, similar to
our previous work (for experimental details, see the ESI).29 It should
be noted that noncovalent functionalization not only effectively
prevents the BNNS aggregation, but also improves their chemical
activity with polymer.30 The thickness of the obtained BNNSs varied
from few to several layers with a typical size of 200-300 nm, as
shown by TEM observation (Figure S1, ESI). The existence of
hydroxyl groups and the extent of functionalization (5 wt%) for NF-
BNNSs were verified by Fourier transform infrared spectroscopy
(FTIR) spectra and thermogravimetric analysis (TGA), respectively,
as shown in our previous research.”® The BNNS aerogels used in
here were prepared by frozen-casting method (for experimental
details, see the ESI). In a typical procedure, BNNS solution was
mixed with cross-linked agent, 1, 4-butanediol diglycidyl ether
(BDGE). It was then placed for 4 h at ambient temperature to obtain
BNNS hydrogel. After frozen-drying, a BNNS aerogel was produced.
Finally, the aerogel was cured at 150 °C for 2 h to improve its
mechanical strength. The BDGE content in the aerogel was
controlled to be 10, 20, 30 wt%, by adjusting the concentration of
the BNNS solution. The corresponding BNNS aerogels were
designated as, BNNS aerogel-10, BNNS aerogel-20, and BNNS
aerogel-30, respectively. The accurate BDGE content of BNNS
aerogel-10, BNNS aerogel-20, and BNNS aerogel-30 was calculated
by TGA, to be approximately 9.1, 17.6, and 29.3 wt%, respectively
(Figure S2, ESI).

The as-prepared BNNS aerogels had low apparent density of ca.
15-35 mg cm’, which made it stand stably on the top of a dandelion,
as shown in Figure la. Figure 1b schematically shows the possible
formation mechanism of BNNS aerogels. The BNNSs can connect
with each other via cross-linked agent (BDGE), because of the epoxy
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ring-opening reaction between epoxy group of BDGE and hydroxyl
attached on the surface of the NF-BNNSs. The porosity of all BNNS
aerogels is estimated to be 99% based on calculation using the
apparent density and a density of 2.2 g cm™ for BNNS. The high
porosity and microstructure are observed by scanning electron

Journal Name

microscope (SEM) analysis. As shown in Figure 1c, the aerogel
exhibits relatively ordered honeycomb-like cellular structure, with
the cell dimension of ~ 100 um (inset of Figure 1c). Because of its
high porosity, the BNNS aerogel can recover completely after
compressed, as shown in Figure 1d.

-

-+

standing on dandelion. (b) Scheme of the formation mechanism of BNNS aerogel. (c) Typical top-view SEM micrograph of BNNS aerogel.
There exist a lot of honeycomb-like cellular structures. The Inset shows a zoom-in SEM image of the aerogel. (d) A set of real-time optical
images of a compressed sample showing the recovering process.
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Figure 2. (a) Storage and loss moduluses and damping ratio of
BNNS-20 aerogel as a function of temperature. (b) Damping ratio of
BNNS aerogel as a function of temperature with different BDGE
contents.
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The viscoelastic properties were examined using a dynamic
mechanical analyzer (DMA, TA, Q800) in compression mode. The
tests were carried out in a chamber with flowing N, at the rate of
100 mL/min. The dynamic viscoelasticity was tested where a
sinusoidal stress was applied to the sample and a resultant
sinusoidal strain was measured. The measurements were
performed at 1 Hz and at a heating rate of 3 °C /min from 30 to
200 °C. The temperature dependence of the storage modulus (G'),
loss modulus (G"), and tangent of phase difference (damping ratio,
the ratio of storage modulus to loss modulus) were obtained. As
shown in Figure S3 (See the ESI), G’ represents the flexural rigidity
related to the amount of stored energy, whereas G” represents the
amount of dissipated energy in the materials.*! Figure 2a shows G”,
G' and damping ratio of BNNS-20 aerogel as a function of
temperature. At room temperature, the G’ and G” values are 0.058
and 0.012 MPa, respectively, corresponding to the damping ratio of
0.20, which is much higher than that of the pure epoxy resin (0.02),
and a little less than that of rubber and CNT-based damping
materials (0.3).” The high damping ratio means high energy
dissipation, which is essential for applications in aerospace,
automotive and sports equipment industries. Besides the high
damping, another promising advantage in our BNNS aerogel is the
lightweight (21 mg em’), which is extremely interested by the trend
of increasingly light and thin in industry. The BDGE content plays a
key role in the damping ratio. Figure 2b shows damping ratio as a
function of temperature for BNNS aerogels with different BDGE
contents. For BNNS-10 aerogel, low BDGE content results in a low
damping ratio (0.12), which limits the application as damping
materials. On the other hand, for BNNS-30 aerogel, although it
presents higher damping ratio (0.37) at room temperature due to
high BDGE content (30 wt%), it shows a high sensitivity to
temperature, which is also detrimental as damping materials.
Among these three BNNS aerogels, BNNS-20 aerogel displays the
best damping properties. The excellent damping behaviour of BNNS
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aerogel-20 is partly ascribed to the intrinsic viscoelasticity of epoxy
resin (BDGE). However, the pure epoxy material shows a very low
damping ratio (0.02), as previous study.25 The excellent damping
behaviour may be mainly assigned to the ordered honeycomb-like
cellular structure and the high thermal conductivity of BNNSs. First,
it has proved that oriented fillers along a thickness direction of
composites leads to high damping ratio.*? Similarly, its elastic
modulus of BNNSs along the out-of-plane direction is much lower
than that along a in-plane direction. Correspondingly, the interfacial
slip along the out-of-plane direction is rather easily triggered under
compressive load , which then results in much higher dissipation of
energy. Second, high thermal conductivity of BNNSs may be
conducive to release of the generated thermal energy at the
interface, leading to the high damping performance. With the
temperature increase, G' gradually decrease, whearas G” and
damping ratio remain unchanged until the temperature up to
180 °C. Above 180 °C, the damping ratio decreases, due to the
polymer molecular motion. For the pure rubber®® and damping
composites,“’34 they showed the pronounced temperature
dependence of damping in the range from 25 to 150 °C. This is
attributed to temperature dependence of molecular motion in
polymer. In our BNNS-20 aerogel, because of the less contribution
of polymer to damping, it shows temperature-independent
damping ratio below 180 °C.

Creep recovery test is one of the standard experiments to
analyze the viscoelasticity. In the test, a constant stress is applied in
a preset period and then released, while the strain is monitored as
a function of time. In this study, the creep test was performed using
stress of 0.005, 0.01, and 0.02 MPa, which was maintained for 10
min, respectively. Figure 3a shows the creep performance of the
BNNS aerogel-20 at different constant stress. Under a preset
constant stress, the strain creeps and reaches a maximum value.
Upon stress release, the aerogel recovers to a certain strain.
Different constant stress leads to different deformability, which
increases from 7% to 70%, when the constant stress increases from
0.005 to 0.02 MPa. The percentage recovery which is the ability to
return from deformation decreases from 100% for 0.005 MPa stress
to 23% for 0.02 MPa stress. For 0.005 MPa stress, the induced strain
belongs to the Hookean strain. Therefore, the aerogel can fully
recover to its original state upon stress release. When the constant
stress increases to 0.01 MPa, corresponding to the relatively flat
stress plateau, the viscosity of polymer begins to play their roles.
After the strain reaches 70%, corresponding to the densification of
cells, most of compression is irreversible, as shown in SEM
micrographs (Figure S4, ESI). To further characterize the
temperature dependence of the creep behaviour, the creep test
was conducted at 30, 60, 90, and 180 °C, respectively. As shown in
Figure 3b, as the temperature increases from 30 to 180 °C, the
deformability increases from 25% to 28%. This may be ascribed to
the thermally-activated softening of the polymer matrix.

This journal is © The Royal Society of Chemistry 20xx
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Figure 3. (a) Creep curves of BNNS aerogel-20 at different stress
magnitudes. (b) Temperature dependence of creep recovery curves
of BNNS aerogel-20 at 0.01 MPa.

Furthermore, the generalized Voigt-Kelvin model,35 was used
to simulate the creep behavior of the BNNS aerogel-20, as shown in
Figure 4a. According to the model, the total strain as a function of
time is the sum of the strains resulting from three essentially
separate Voigt-Kelvin elements, which are made up of linear spring
and linear viscous dashpot. The relationship between stress and
strain in the linear spring can be defined by:

os=E¢g (1)
where o is the applied stress, E is the spring modulus and ¢ is the
strain.
For the linear viscous dashpot, the relationship between stress
and strain can be defined by:

d
ga=n7" (2

where 7 is the viscosity coefficient of the fluid in the dashpot and
(dey/dt) is the strain rate.

In a Voigt-Kelvin element, the total stress is the sum of the
individual stress, while the strain is the same since they are
connected in parallel.

de
Orotal = E &5 + ﬂd—: (3)
During the creep process, Oy = Op, then Eq. 3 can be

translated to:
de _ dt
op—E ¢ - n

When t=0, ¢=0, integrating Eq. (4) results in

(4)

e(t) = € — &x.(:’_E (5)
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where ¢..and 7 (n/E) are the strain at the equilibrium and relaxation
time constant, respectively.

For three Voigt-Kelvin elements connected in series, the total
applied stress is distributed across the elements. The evolution of

the strain in this case can be described by:
t t t

E(t) =€ — “:oo,le_E - Eoo,ze_a - <"50<>,3e_E

(6)
WhEre £eo=€oo 1+6002+Ew 3, o1, Ees, aNd €w 3 are the strains at the

different equilibrium; 7;, 7,, and 73 are the relaxation time constants
for different unit, respectively. As shown in Figures 4b and 4c, the

(a)

7 ChemicalPh
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creep behaviour of the BNNS aerogel is well simulated by the
generalized Voigt-Kelvin model at all stress levels and examined
temperatures, with a correlation coefficient, R, greater than 0.99.
The relaxation time (1) (Table S1, ESI) varies as a function of applied
stress and examined temperatures, indicating the non-linear
viscoelasticity of the BNNS aerogel. In addition, with the increase of
the constant stress levels and examined temperatures, a decrease
in T is observed. The decreased T means easy creep, which well
agrees with the experiments.
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Figure 4. (a) Schematic representation of the generalized Voigt-Kelvin model. (b) and (c): Modeling results of creep of BNNS aerogel at
different stress levels (b), and examined temperature (c).

In order to further understand unrecoverable creep
deformation, the Weibull-distribution equation was fitted to the
recovery data. After removing the applied load, the time-dependent
recovery stain, ¢(t), obeys the following equation. 6

£ = & [exp (-] 4o (7)

where g, is the viscoelastic strain recovery determined by the two
parameters including characteristic lift (5;) and shape (f;) over
recovery time t. The parameter t, is the time when the applied
stress is removed, and ¢..is the permanent strain from viscous flow
effects.

Figure 5 shows the fitting results of the experimental curves of
the recovery strain as a function of time. The various parameter
values were obtained (Table S2, ESI). The results indicate that
Weibull-Distribution equation provides a good representation of
the behaviour of the viscoelastic strain recovery. It is obviously
observed that 7, and ¢.. increase with the increased stress levels,
indicating that the high stress leads to the poor strain recovery
which agrees with experiment. In addition, the above-mentioned
parameters decrease with temperature, which suggests that BNNS
aerogel has high recovery ability at high temperature.
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Conclusions

The viscoelasticity of boron nitride nanosheet (BNNS) aerogel,
including dynamic viscoelasticity and creep behaviour have been
investigated at different stress levels and temperature. Classical
viscoelastic models, including Voigt-Kelvin model, and Weibull-
distribution model were used to simulate the viscoelastic features
of BNNS aerogel. The dynamic viscoelasticity study shows that the
BNNS aerogel has high damping ratio (0.2), while it manifests
lightweight and negligible temperature dependence in the
temperature range from 30 to 180 °C. This indicates its potential in
vibration damping and acoustic suppression in a variety of dynamic
systems. The excellent simulation of creep behaviour by the
classical models for BNNS aerogel indicates that the creep origin
may result from the intrinsical viscoelasticity of polymer in the
aerogel and interfacial sliding at the BNNS-polymer interface. The
viscoelasticity found in the aerogel promises its applications as
damping materials.
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