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Abstract   The study presents the experimental results of measurements of the relaxation time of cryogels formed from various colloid-dispersed

systems  based  on  a  poly(vinyl  alcohol)  aqueous  solution.  It  is  shown  that  the  value  of  relaxation  time,  which  characterizes  the  relationship

between  the  viscosity  and  elasticity  of  real  bodies,  describes  the  rheological  properties  of  materials  more  objectively  than  the  traditional

assessment of their physical and mechanical characteristics only by the elasticity modulus of the samples.
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INTRODUCTION

Cryostructuring  of  aqueous  solutions  of  poly(vinyl  alcohol)
(PVA),  keeping  such  samples  in  a  crystalline  state  at  negative
temperatures  (Т<0  °C)  for  several  hours,  and  their  subsequent
thawing in the region of positive temperatures (at T>0 °C) leads
to  the  formation  of  elastic  cryogels, i.e.,  a  transition  of  two-
component  solutions  from a  liquid state  of  aggregation to  a
solid state without the use of ‘crosslinking’ chemical reagents.
Therefore,  the  manufacturing  of  new  composite  materials
from  true  solutions  of  PVA  in  water  and  the  formation  of
cryogels  from  suspensions,  emulsions,  and  foams,  whose
dispersion  medium  is  an  aqueous  PVA  solution  for  the
purpose  of  their  practical  application  is  an  urgent  task  for
specialists in the field of colloidal chemistry.

At present,  PVA cryogels are widely used in medicine, bio-
technology,  and  the  food  industry  due  to  their  non-toxicity
and  environmental  safety.[1,2] They  could  be  used  in  oil  pro-
duction  and  transportation  and  for  creation  waterproofing
screens  to  prevent  unwanted  water  filtration  through  the
walls and bottoms of hydraulic structures,[3,4] as well as in in-
dustrial  and  road  construction.[5−7] To  make  cryogels  water-
proof, such hydrophobic fillers as mineral and vegetable oils,
petroleum resins, soot, etc., are used.[8−12] Introduced into the
polymer  matrix  of  cryogels,  they  cause  significant  changes
in  their  structural-mechanical  and  physicochemical  pro-
perties.[13−15]

Cryostructures,  the  dispersion  medium  (polymer  solution)
of  which  is  filled  with  various  fine  ingredients  before  the

freezing  stage,  after  the  thawing  stage  become  promising
construction  materials  for  the  development  of  new  Arctic
technologies.

σ = σ0 ⋅ exp(−t/θ)

Formed  cryogel  samples  have  viscoelastic  properties,
hence,  the mechanical  properties  of  such systems should be
assessed not only upon the traditional criterion,  which is  the
elastic  modulus  (E)  for  ideally  elastic  (Hooke)  bodies  and
which is the proportionality coefficient in Hooke's formula σ =
E·ε, where σ is the stress, and ε is the deformation, but also by
another  parameter,  which  is  the  relaxation  time  (θ)  included
in Maxwell's rheological equation .

Hence,  the  purpose  of  this  work  was  to  carry  out  experi-
mental  measurements  of  the  relaxation  times  of  cryogel
samples formed from various colloidal dispersed systems.

EXPERIMENTAL

To  prepare  a  series  of  initial  aqueous  solutions  in  the
concentrations  range  from  50  kg/m3 to  100  kg/m3,  a  PVA
sample  with  a  molecular  mass M=100×103 was  used.  To  form
samples  of  two-component  cryogels  (Fig.  1),  aqueous  PVA
solutions  were  poured  into  metal  cells  of  a  cylindrical  shape,
frozen and kept for 24 h at a temperature of T=−20 °C, and then
they  were  thawed  at  room  temperature T=20  °C.  To  prepare
homogeneous  three-component  systems,  pre-calculated
amounts  of  glycerol  and  water  were  additionally  introduced
into a concentrated PVA solution (C=100 kg/m3). After thorough
mixing,  homogeneous  solutions  with  a  fixed  polymer
concentration (C=50 kg/m3) and different glycerol contents 100,
200,  400  and  500  kg/m3 were  obtained.  Then  these  solutions
were  underwent  a  freeze-thaw  cycling.  To  form  filled
heterophase  cryogels  (Fig.  2),  finely  dispersed  soot  or  quartz
sand  was  preliminarily  introduced  into  two-component
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aqueous  PVA  solutions  in  order  to  obtain  a  suspension.  To
obtain  an  emulsion  (Fig.  3),  transformer  oil  was  dispersed  by
mixing  it  with  a  polymer  solution  using  a  magnetic  stirrer.  A
detailed description of the sequence of operations carried out in
this case was presented in our studies.[11,16−18]

ε = (h0 − h1)/h0 σ0

E0

E0 = σ0/ε σ0 = mg/S
ε = (h0 − h1)/h0

To measure the elastic  properties  of  cryogels,  a  laboratory
setup  for  the  compressive  deformation  of  the  samples  was
used  (Fig.  4).  In  order  to  compress  the  samples  by  a  preset
value  (Δh),  a  cryogel  sample  (5)  with  a  height h0 was  placed
on  the  center  of  the  balance  pan  (1)  and  the  balance  read-
ings  were  reset  to  zero.  Then  a  micrometer  (3)  was  brought
perpendicular to the center of the cryogel and by rotating the
micrometer head (2) the rod (4) was quickly lowered onto the
surface of the sample.  The compression strain was set to the
sample ( ) to measure the elastic stress ( ) in-
stantly  arising in  the material.  When the first  readings of  the
scales  appeared,  we  started  to  count  the  time  with  a  stop-
watch  (tn)  and  record  the  corresponding  (decreasing)  read-
ings of the scales (mn). Then, according to the Hooke formula,
the  instantaneous  moduli  of  elasticity  of  cryogels  ( )  were
calculated, i.e., ,  where  is  the  stress  that
arises  in  the  sample  at  a  given  value  of  relative  deformation

, g is  the free fall  acceleration,  is  the end sur-
face  area  of  the  micrometer  rod.  Then,  graphs  of  their  de-

pendence  on  following  parameters  were  built:  deformation
(ε),  concentration  (C),  the  number  of  freeze-thaw  cycles  (n)
and some other  variable arguments.[7,11,17,18] The experimen-
tally  measured  values  of  the  instantaneous  moduli  of  elasti-
city  were  subsequently  used to  carry  out  the design calcula-
tions of new products with desired properties.

RESULTS AND DISCUSSION

σ0

ϕ (t) = E0 ⋅ exp (−t/θ)

In  these  experiments,  when  we  set  a  known  value  of  the
absolute  deformation  (Δh)  to  the  sample  and  calculated  the
relative deformation (ε),  we recorded not only the value of  the
instantaneous  stress  in  the  sample  ( ),  but  also  the  values  of
changed stress (σ) at certain time intervals (t). The results of our
laboratory  studies  and  those  reported  in  the  works  of  other
researchers[19,20] indicate  that  the  value  of  the  instantaneously
arising  internal  stress  in  the  cryogel  samples  after  their
deformation gradually decreases (relaxes) over time. As follows
from Fig.  5(a),  the  experimental  data  (stress  versus  time
dependences  for  different  values  of  a  given  deformation)  with
good  coefficients  (R2≈0.98)  are  approximated  by  exponential
equations,  which  are  analogs  of  Maxwell's  equation.  A  similar
pattern was observed for the elastic moduli of cryogel (Fig. 5b),
which also decreased with time according to the law of negative
exponents.  This  behavior  of  viscoelastic  bodies  is  due  to  the
fact[21] that after  relative deformation by a constant value ε,  an
initial  stress  appears  in  the  body  (cryogel  sample)  at  the  initial
moment of time (t=0). The stress decreases with time (t → ∞). In
the  course  of  relaxation  described  by  the  relaxation  function

,  the  elastic  modulus  of  the  viscoelastic
body  decreases  from  the  initial  (instantaneous)  value  to  the
residual  elastic  modulus Е∞,  which  remains  in  the  deformed
body  after  the  completion  of  the  relaxation  process.  Thus,  the
change in the modulus of elasticity may be characterized by the
analytical expression (Fig. 5b).[22,23]

Therefore,  in  our  opinion,  it  is  not  enough  to  characterize
the mechanical  properties  of  cryogels  only  by the instantan-
eous  modulus  of  elasticity  (E0),  experimentally  measured
value  of  which  is  a  subjective  quantity,  since  its  quantitative
value depends on the moment of time (tх) after the deforma-
tion of the sample chosen by the operator of the experimen-

a b c

 
Fig.  1    Stages  of  cryogel  formation:  (a)  PVA  (powder),  (b)  aqueous
solution of PVA, (c) elastic samples of cryogel.
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Fig. 2    Dried cryogels containing finely dispersed soot (a) and sand
(b).
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Fig.  3    Stages  of  formation  of  a  cryogel  containing  mineral  oil:  (a)
two-phase system of an aqueous polymer solution and mineral oil, (b)
mineral  oil  emulsion  in  polymer  solution,  (c)  elastic  cryogel
containing water, polymer, and mineral oil.
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Fig. 4    Setup based on the Maxwell model: 1– scale; 2 – micrometer
head;  3  –  micrometer;  4  –  micrometer  rod;  5  –  cryogel  sample;  6  –
retort stand with a clamp.
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tal  setup  to  register  the  value  of  the  changing  stress  (σх).
Hence, the numerical values of the coefficient E registered by
different experimenters for the same sample will be different,
which cannot be considered a satisfactory result of investiga-
tion.

Therefore,  the  relaxation  time  (θ), i.e.,  the  quantity  in-
cluded in Maxwell's equation is a more objective quantitative
criterion for assessing the physical and mechanical properties
of  cryogels.  It  also  indirectly  characterized  the  rate  of  ap-
proach of the system to equilibrium.[24] The presence of relax-
ation times in cryogels is a consequence of the formation of a
fluctuation  network  in  concentrated  polymer  systems.  The
fluctuation  network  consists  of  mutually  entangled  polymer
chains randomly rolled into loose coils with a solvent (water)
in their cavities. According to Graessley's theory,[25] at certain
points  of  the  network,  knots  of  engagement  appear,  which
should be considered not only as points of mechanical entan-
glement of chains, but also as regions of intermolecular inter-
actions  between  macromolecules.  The  most  important  para-
meter of the fluctuation network is the average lifetime of the
knots,  which  determines  the  relaxation  time  of  the  material
under  mechanical  action on it.  The presence of  a  network in
concentrated  polymer  systems  not  only  increases  the  visco-
sity but also gives them elastic properties.

The interpretation of the value θ also has a physicochemi-
cal basis, which consists in the fact that the polymer matrix of
cryogel  deforms  under  externally  applied  forces.  This  defor-
mation  at  the  nanoscale  is  accompanied  by  the  transfer  of
macromolecular coils from more probable states (equilibrium
and chaotically folded spherical coils) into less probable con-
formations  (ellipsoids)  (Fig.  6).  Therefore,  the  elasticity  of
polymer systems, in contrast to materials made from low mo-
lecular  weight  compounds,  has  an  entropic  nature[26,27] and
the  value  of  the  relaxation  time  (θ)  is  the  characteristic  time
for  the  system  to  return  to  equilibrium.[28] The  return  to  the
spherical shape of coils was realized by rotation of monomer
units  around  covalent  bonds  connecting  them  into  polymer
chains.[29,30] This  is  accompanied by segmental  displacement
(flow)  of  macromolecules  relative  to  each  other.  Hence,  the
mechanical  (rheological)  properties  of  polymer  materials  de-
pend not only on the elasticity (E) but also on the viscosity (η)
of  the system.  Therefore,  cryogels  belong to viscoelastic  sys-

θ = η/E
tems  that  occupy  an  intermediate  position  between  liquids
and  solids.  The  numerical  value  of  the  relaxation  time  of
sample depends on the ratio of viscous and elastic properties

.

ln (σ0/σ) = (1/θ) ⋅ tMaxwell's equation taken its logarithm can be represented
as  a  linear  dependence .  The  graph  inter-
pretation of the results of experiments with the same cryogel
sample  having  different  values  of  its  deformation  (ε)  gave  a
set  of  straight  lines  (Fig.  7a).  Cotangents  (ctg)  of  their  slope
will  be  numerically  equal  to  the  relaxation  times  of  the
sample. The relaxation times of the same cryogel sample de-
termined  in  this  way  at  different  deformation  values  are
shown  in Fig.  7(b).  It  is  evident  that  with  an  increase  in  the
sample deformation, a longer period of time is required to re-
turn the sample to an equilibrium (unstressed) state.

θ = η/E
As  follows  from Fig.  8(a),  the  viscosity  of  the  system  in-

creases  with  increasing PVA concentration.  According to  the
formula ,  the  relaxation  time  of  cryogels  with  a  high
polymer content in the matrix also expectedly increases from
θ≈400 s (CPVA=50 kg/m3) to θ≈1500 s (CPVA=100 kg/m3).

An  increase  in  the  number  of  freeze-thaw  cycles  of  cryo-
gels is accompanied by an increase in the number of engage-
ment knots in the polymer network[31] and, consequently, an
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Fig. 5    (a) Cryogel stress (CPVA=100 kg/m3 and M=100×103) versus the residence time of the sample at different deformations;
(b) Change in the elasticity modulus of the cryogel (CPVA=100 kg/m3; M=100×103) over time at different deformations.
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Fig.  6    (a)  Cryogel  sample in the initial  equilibrium state,  when the
root-mean-square distance between the ends of the polymer chain of
coils  is  equal  to  ( );  (b)  Cryogel  sample  under  compression
(deformation),  when  the  root-mean-square  distance  between  the
ends  of  the  polymer  chain  of  coils  ( )  deviates  from  the  optimal
value ( ), which leads to a decrease in the entropy of the system.
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increase in the relaxation time of the samples (Fig. 8b).
An increase in the concentration of glycerol in a homogen-

eous solution or an increase of the transformer oil content in
a heterogeneous colloidal  system is  also accompanied by an
increase in their viscosity and the expected increase in the re-
laxation  time  of  cryogel  samples  (Fig.  9a).  However,  for

samples  of  cryogels  formed from suspensions  based on PVA
solutions,  where  the  dispersed  phase  completely  filling  the
internal volume of the polymer matrix is fine soot or sand, the
relaxation times of samples are noticeably shorter, than those
for  cryogels  obtained  from  true  solutions  or  hydrophobic
emulsions (Fig. 9b).
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Fig.  7    (a)  Dependence  of  the  value  lnσ0/σ on  the  time  of  a  PVA  cryogel  sample  (CPVA=100  kg/m3 and M=100×103)  at  different
deformations; (b) Relaxation time of the PVA cryogel sample (CPVA=100 kg/m3 and M=100×103) versus the value of sample deformation
within the range from ε=0.015 to ε=0.045.
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Fig. 8    (a) Relaxation time of cryogels versus the concentration of PVA (M=100×103) at their relative deformation by the value ε=0.03; (b)
Relaxation time versus the number of freeze-thaw cycles (n) of PVA cryogel (CPVA=50 kg/m3, M=100×103) at deformation ε=0.03.
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Fig. 9    (a) Relaxation time versus the content of glycerol (I) and mineral oil (II) in PVA cryogels (M=100×103, CPVA=50 kg/m3) at their deformation
ε=0.03; (b) Relaxation time on deformation of PVA cryogels (M=100×103, CPVA=100 kg/m3) with soot (I) and sand (II) as a fillers.
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It  is  known  that  the  relaxation  time  of  ideal  elastic  Hooke
bodies after their deformation is infinitely small (θ → 0). Low
values of relaxation times (θ) of cryogels formed from suspen-
sions are due to very high values of elastic moduli of samples
(E),  whose  framework  in  the  polymer  matrix  is  completely
filled with contacting solid particles.  In polymer rheology, an
analytical  expression θ  =  η/E is  also known for  the quantitat-
ive calculation of the relaxation time of a viscoelastic system.
It depends on the ratio of viscosity (η) and high elasticity (E) of
filled samples.

The  rheological  properties  of  viscoelastic  samples  (poly-
mer  systems),  in  contrast  to  ideal  Hookean  bodies,  depend
not  only  on  the  preset  stress  or  strain,  but  they  also  change
with time. Thus, in order to predict changes in the properties
of viscoelastic bodies, it is necessary to calculate the values of
these changes  at  any point  of  time.  Hence,  it  is  necessary  to
know  the  relaxation  times  of  polymer  samples  of  different
molecular  weights  and different concentrations subjected to
different deformations.

CONCLUSIONS

For  a  quantitative  description  of  the  rheological  behavior  of
various  cryogel  samples  the  use  of  the  relaxation  time  value,
which characterizes the ratio of viscous and elastic properties of
polymer  bodies  has  been  experimentally  substantiated.  The
following patterns have been revealed:

•  With  increasing  deformation  of  the  cryogel  sample,  a
longer period of time is  required to return it  to the equilibri-
um (unstressed) state;

• The relaxation time increases with increasing PVA concen-
tration in the polymer matrix of cryogel;

•  The  relaxation  time  increases  with  increasing  number  of
freeze-thaw cycles of cryogels;

•  The relaxation time of  the formed cryogel  increases with
increasing  concentration  of  glycerin  or  transformer  oil  con-
tent in the initial colloidal system;

•  The  relaxation  time  of  samples  of  cryogels  formed  from
suspensions  based  on  an  aqueous  PVA  solution  is  shorter
than that  of  cryogels  obtained from true  solutions  or  hydro-
phobic emulsions.
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