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Hydration induces significant structural rearrangements in biopolymer aerogels, resulting in a com-
DOI:00.0000/000000000x pletely different mechanical behaviour compared to the one in the dry state. A network decomposition
concept was earlier introduced to account for these changes, wherein the material network was de-
composed into an open-porous aerogel one and a hydrogel-like one. Recent experimental evidences
have supported this idea of the formation of a hydrogel-like network. Using these observations as
a basis, in this paper, we present a micromechanical model describing the effect of hydration on
the structural and mechanical properties of aerogels. The aerogel network is modelled based on the
mechanics of their pore-walls, while the hydrogel-like network is modelled based on the statistical
mechanics of their polymer chains by means of the Arruda-Boyce eight-chain model. The influence
of diverse structural and material parameters on the mechanical behaviour is investigated. The effect
of different degrees of wetting, from a pure aerogel to a pure hydrogel, is captured by the model.
The results are shown to be in good agreement with available experimental data.

Aerogels from biopolymer sources exhibit highly open-cellular
nanoporous morphologies, that exhibit a three-dimensionally in-
terconnected fibrillar network. Amongst all the studied biopoly-
mer aerogels, those from polysaccharide sources are the most well
investigated.!! While a generally increasing trend is observed in
the number of publications on aerogels, the trend is found to be
exponential for the cases specific to those of biopolymer ones.?
This rapid development in the field can be attributed to the ever
increasing range of possible applications, from thermal insula-
tion, filtering, catalysis, drug delivery, to tissue engineering.@@
Amongst these, the biomedical applications seem to be driving the
research on improving the mechanical properties of biopolymer
aerogels. Their porous morphologies can be tailored according to
specific applications, since their pore-sizes range from only a few
nanometres to hundreds of nanometres. For biomedical storage
applications, their chemical, physical and biological stability play
a crucial role, especially with respect to the relative humidity.®

under compressive loading. To present an explanation to this
stiffening effect, we proposed a constitutive model.® There, we
decomposed the material network into an aerogel network and
a hydrated one. Biopolymers are intrinsically hydrophilic. This
is because biopolymers carry bound water which is retained even
after moderate drying. It was proposed, that this bound water
may result in local accumulation of water upon wetting, resulting
in a partial swelling of the polymer backbone. This led us to as-
sume the existence of a hydrated network. Such an assumption
is not uncommon.T9 The aerogel network was modelled based
on the mechanics of the pore-walls, as was shown by Rege et
al., ™ while the hydrated network was described using the Gent
model.12 While the proposed modelling approach was shown to
be effective in capturing the stiffening effect, the experimental
validation of the network decomposition theory remained incom-
plete.

Very recently, our modelling assumptions were supported by
experimental characterisations presented by Forgacs et al. gl They
characterised the effect of hydration on the structural modifica-
tions in Ca-alginate aerogels at different states of hydration by
small-angle neutron scattering (SANS), liquid-state nuclear mag-
netic resonance (NMR) spectroscopy, and magic angle spinning
(MAS) NMR spectroscopy. They observed the following effects:
(1) The primary fibrils of the original aerogel backbone formed
hydrated fibres and fascicles, (2) this resulted in a significant
increase in the proportion of pore sizes, (3) this increased the

To describe this stability of the aerogels under hydrated condi-
tions, diverse experimental and theoretical approaches have re-
cently been reported.m@ Antonyuk et al? investigated the effect
of wetting on the mechanical properties of alginate-starch aero-
gels. With increasing degree of wetting, they observed a stiff-
ening of the mechanical response of the aerogels, as measured
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fractal dimension of the network, (4) the stiffness and the com-
pressive strength of the hydrated aerogel significantly increased
compared to its dry-state properties, (5) beyond a critical state,
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the Ca-alginate fibres of the backbone disintegrated into well-
hydrated chains, which eventually formed a quasi-homogeneous
hydrogel-like network, (6) after this state, the porous structure
collapsed and the well-defined solid backbone ceased to exist.
These conclusions supported our previously introduced network
decomposition concept for numerically describing the effect of hy-
dration on the structural and mechanical properties of the aero-
gels. In our previous work, the hydrated network was modelled
by means of a phenomenological Gent model, due to the lack of
the support from experimental evidences at that time.

In this paper, we present a micromechanical description of the
hydrated aerogel network as well as the open-porous aerogel one.
The proposed model uses the new insights from the recent exper-
imental work? to build up on and extend the previous one.®

In the following, we refer to a fibril as an aggregation of poly-
mer chains that form the pore-walls of the aerogel network. In the
dry state, the material network is formed of an interconnected
cellular-appearing fibrillar network. These interconnections are
also termed as physical entanglements (see Fig. 1 (a)). While the
entire fibrillar network uptakes water upon hydration, at certain
focal points, there is a significant rearrangement in the network
that is observed. This is a result of conformational changes at a
molecular level. These changes induce the rearrangement of the
primary fibrils of the original dry aerogel backbone into fibres and
fascicles (see Fig. 1 (b)). This begins the onset of the formation of
a hydrated network within the aerogel one. This rearrangement
results in the subsequent increase in the pore-sizes. Thus, the
network is decomposed into an aerogel network and a hydrated
one.

Aerogel network model is described based on our previous
works. M3 The network is assumed to be formed of idealised
square-shaped cells that are homogeneously distributed through
the network. An illustrative fibril and the cell are shown in Fig.
1 (a). The pore-walls are modelled as Euler-Bernoulli beams that
undergo bending and axial stretching. The strain energy in a pore
wall is expressed as a sum of the bending (y},,) and axial (yy) ef-
fects as

YA = Wiy + Wit €h)

where,

1 1
1 1
an:/ik((l)/)dl» %z:/iu(u’)dl, 2
0 0

where ¢’ and «’ represent the curvature and axial strain along the
pore-walls. k and u denote the bending and stretching stiffness
in the pore-walls. The above-defined equations were solved for
nonlinear deformation of the walls using elliptic integrals. 1314
While these equations describe the strain energy in one cell, the
aerogel network is made up of many such cells with varying pore
sizes. The pore sizes are typically estimated experimentally using
the nitrogen sorption isotherms by means of the Barrett-Joyner-
Halenda (BJH) model.12 The so obtained pore-size distributions
are then used to obtain a probability density function (PDF) de-
scribing the density of the pore-space through the network. The
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(a) Cell before hydration

fibril

(b) Cell after hydration
physical

Fig. 1 lllustration of an idealised square-shaped cell (a) before hydration,
and (b) after hydration.

experimental PDF is typically non-Gaussian and has been shown
to be approximated by means of the generalised beta PDF, which
is given as

p(l) — (l — lmin)OF1 (lmtlx — l)B71 ,

F(O"B)(lmax*ltrzin)a+ﬁ_l
where, I, and [, denote the limits of the PDF. Thus, the
one-dimensional strain energy in the aerogel network can be ex-
pressed as

3

d b d
Fa = [ Nop(Dva (k). @

lmm

where, A represents the applied micro-stretch to the network and
d an arbitrary spatial direction. Ny denotes the number of micro-
cells through the aerogel network in the reference configuration.
The parameter /,, specifies the damage evolution through the net-
work. In our model, the pore collapse in the aerogel network
is dictated by the critical Euler buckling load in the pore-walls.
Once the critical buckling load in a pore-wall is reached, the pore
is considered to collapse. Since this critical buckling load F,, ILZ
, the pore collapse begins from the larger cells to the smaller ones.
This is addressed in more detail in another recent paper.1®
Hydrated network begins to form upon hydration of the other-
wise dry aerogel matrix. This is a result of the water uptake which
induces structural rearrangements within the network, where
some fibrils disintegrate and re-aggregate to form fascicles result-
ing in the appearance of a hydrogel-like phase. Therefore, in ad-
dition to Wy, the strain energy of the hydrogel-like network must
be accounted towards the total strain energy of the hydrated aero-
gel matrix as well. To reproduce the hyperelastic-like behaviour
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Fig. 2 Relation between the gyration radius® and the amplification factor

of the hydrogel-like network 1718 the Arruda-Boyce eight chain
model (ABecM)2? was deemed suitable to model its mechanical
features.2% In the ABecM, the entropic energy of a single chain is
based on the Langevin statistics, and is expressed as

F r
Yy =kTn (;ﬁ +In Sinhr) ) (5)

where k is the Boltzmann constant, T is the absolute temperature,
n is the chain segment number, 7 is the mean normalised contour
length and T is the inverse Langevin function. To approximate T,
the Puso approximation?!! was used.

Moreover, hydration results in the increase of gyration radius
and subsequently in the formation of fascicles and fibres from the
dry aerogel fibrils.2 By relating the contour length of an alginate
polymer chains with the fibril lengths (see Fig. 1 (b)), the min-
imum (e,,;,) and maximum (e,,,) normalised contour length of
alginate chains is written as

i l

’_'min:%v Fmax:%7 (6)
where A is the Kuhn length of alginate. By assuming the propor-
tional change in the contour length during the deformation, 7 is
represented as

f:fmitl+17h(fmax77min)7 7
max,h

where 4, and A,y , are the micro-stretch and the maximal micro-
stretch along the deformation, respectively.

As the shortest chain may reach the fully stretched state first in
the ABecM, deformation in the hydrogel-like network can be con-
sidered to take place from shorter chains to longer ones. This is
opposite to what happens in the dry aerogel network. Therefore,
the network evolution in the hydrogel-like phase occurs when

Nmin = fV/lha €©)

where n,,;;, and v are the minimum segment number in the poly-
mer network and the sliding ratio of the polymer right-before the

breakage and prevents the singularity that might otherwise ap-
pear in the entropic energy of a single chain at the fully-stretched
state.22

Another remarkable experimental validation of the presented
theory concerns the comparison of the size distribution of hydro-
gel droplets in the alginate aerogel network to that of the gen-
eralised beta distribution function used for the cell size distribu-
tion.®? They are evidently similar, thus, indicating that hydration
appears to follow the same (or at least similar) trend as that of the
cell size distribution. Thus, the same probability density function
can be used for both networks, eliminating the need to recon-
struct an arbitrary chain-size distribution.

Thus, the total energy of the hydrated network is represented
by

Wy — EDN, / p (D) v (A, 1)l ©)

D

where £ is the amplification multiplier of the number of cells due
to the rearrangement of dry-aerogel fibrils into fascicles and fi-
bres, @ is the normalisation factor calculated based on the net-
work alteration theory?? and D is the available segment number
in the network represented as D = {n|FV < ypin < fpax }.%% To cal-
culate &, the rate of increase of the gyration radius? is associated
with the amplification factor, as it concerns the structural rear-
rangements in the dry aerogel matrix upon hydration (see Fig.
[2). Thus, more fibrils aggregate to form the hydrogel-like net-
work, thus resulting in larger pores are observed in experiments.

Total network response, ¥, is then obtained by adding the strain
energies of the two networks. To decompose the hydrated aerogel
matrix, the hydration level, J# is accounted as

W= (1—30)%y+ APy (10)

Here, ¥, is obtained by directional averaging of the one-

dimensional strain energy ‘I{’lA from Eq. (4) in to three-
dimensions. Y Such directional averaging schemes are now be-
coming common for modelling open-porous cellular materi-
als. 1024 In our previous model, the network decomposition was
defined as a function of the pore-sizes. There, the smaller pores
formed a hydrogel-like network, and with increased hydration,
more smaller pores transformed into a hydrogel-like state. Now,
Eq. 10 and the presented model show that such dependency of
the network decomposition model no longer exits. This is in good
agreement with the experimental observations. The focal points
can be arbitrarily located through the network. It must also be
noted that hydration influences the fibril characteristics in the
dry aerogel network. There, the fibrils swell and become thicker,
while the Young’s modulus of teh fibril becomes softer.

The model comprises of seven material parameters, those that
are listed in Table [1} In the following, we first analyse the sen-
sitivity of changes to these parameters towards the macroscopic
constitutive behaviour. These are illustrated in Fig. Lnax has
a substantial influence on the macroscopic stiffness of the mate-
rial. This is due to the fact that higher /,,,, results in the higher
7, which induces the rapid formation of the hydrogel-like net-
work having stiffer characteristics in the hydrated aerogel net-
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Fig. 3 Sensitivity analysis of the model parameters on the macroscopic constitutive behaviour.

Table 1 The list of material parameters

Material
parameter Description

Liins bmax minimum and maximum fibril lengths
E Young’s modulus
dr diameter of fibrils
No initial number of cells

" maximum number of segments in a

max chain of the hydrogel-like network
v sliding ratio of the hydrogel-like

network chain

work. Changes to [,,;;, do not significantly influence the macro-
scopic behaviour, although, upon close observation, a trend sim-
ilar to [,y can be observed. A is inversely proportional to 7, and
smaller A generates stiffer material. Shorter chains culminate in
the higher stress response, which is reciprocally correlated with
the nnqc. The probability density function of the pore-sizes has a
significant impact on the stiffness of the material. The behaviour
of the shape parameters o and 3 show an opposite nature upon
increment. This shows that, with a higher density of smaller pores
in the original network, the higher the probability of obtaining a
stiffer mechanical response. Thus, the effect of different parame-
ters can be understood by analysing the plots in Fig.

Of special importance is to evaluate the macroscopic mechan-
ical behaviour under different degrees of wetting. Fig. [4 shows
the macroscopic compressive behaviour of the aerogel subject to
different degrees of hydration. The pronounced stiffening is ef-
fectively captured by the model. As the hydration is increased,
the model captured the typical J-shaped nature observed in pure
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hydrogels. It must be noted, that while calculating the impact of
wetting, & is also varied along with .. This is because the two
parameters are correlated as shown earlier? (see Fig. .
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Fig. 4 The effect of hydration in the model. Here, only the parameters
A and correspondingly £ are changed to account for different degrees
of wetting.

Finally, comparison of the model with experimental data of dry,
20% hydrated and 50% hydrated aerogel networks is shown in
Fig. By varying only »# and & with respect to experimental
data while keeping material parameters shown in Table [1| con-
stant, good agreement between the model and experimental data
is achieved. This demonstrates the micromechanical nature of the
model, which then requires no parameter fitting. These results
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Fig. 5 Comparison of the model predictions with available experimental
data.

are very promising in the development of models for describing
the hydration effects in nanoporous networks. Further mechan-
ical tests characterising the cyclic behaviour under compression
are necessary to investigate the inelastic effects.
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