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leading to material degradation and crack propagation. While experimental
investigations have been presented in the literature, modelling such an effect
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modelling the damage evolution during relaxation is presented. A mechanical
model is coupled with a phase field to model the crack propagation. For sim-
plicity, a linear viscoelastic model is implemented for the mechanical part. A
mobility constant is employed to model the evolution of the phase field with the
changing mechanical energy during relaxation. The evolution of phase field can
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relaxation. Thus, with the help of the numerical model a physical explanation
for the failure during relaxation is presented.
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Introduction

Polymers such as polyurethane and rubber are
widely used as adhesives or sealants. These compo-
nents are normally subjected to a constant deforma-
tion during their lifetime. Such loading conditions
lead to relaxation of these viscoelastic materials.
Therefore, a rupture of these components is ruled out
from the theoretical point of view if the maximum
stress applied is less than the ultimate strength of the
material. However, in the literature, various experi-
ments have shown that material rupture can occur
even at a constant elongation and decreasing stress
[1-4].

The phenomenon was observed in the early 40’s by
Tobolsky et al. [1] during the relaxation of Hevea
rubber (natural rubber) where the stress decayed to
0 MPa during relaxation experiments at higher tem-
peratures. It was theorised that the high temperature
assists oxidation of the rubber which leads to bond
breakage and the drop in the stresses. However, no
change in the behaviour was noticed between the
experiments conducted in presence of ordinary air
atmosphere and in commercial nitrogen. Smith [5]
measured the ultimate tensile strength for unfilled
Styrene-Butadiene Rubber (SBR) at different temper-
atures and strain rates under tensile loads. With the
help of the experimental data, a failure envelope was
presented (Fig. 1) that represented the stress-strain
coordinate at which failure occurs for different strain
rates and temperatures. According to the failure
envelope if a specimen is elongated up to a certain
strain before the failure point and then held at con-
stant elongation (point b in Fig. 1), the stresses will

relax to the failure point of a slower strain rate and
lead to rupture of the specimen. For smaller strains
the relaxation may lead to the equilibrium position
(point a in Fig. 1). The concept was validated with
several relaxation experiments conducted at various
temperatures and strain rates, where the rupture of
the specimens at constant elongation was noticed [2].
With the help of the time-temperature superposition
principle, various failure envelopes were superim-
posed to obtain an envelop independent of the
experimental conditions [3].

In much recent investigations, Neuhaus et al. [4]
investigated the rupture of cross-linked polyurethane
at constant elongations. The effect was not only
reproducible in relaxation experiments, but also in
cyclic experiments, where the specimens were
unloaded after certain time of relaxation and then
again subjected to relaxation. Although a statistical
fluctuation with respect to the time of rupture can be
seen in the experiments, but the stress level for the
rupture was just outside the failure envelope for
polyurethane. Friedrich [6] presented similar results
for ethylene-propylene-diene monomer (EPDM)
rubber where the time to rupture was dependent on
the temperature, the strain rate and the maximum
applied strain before start of relaxation. Failure dur-
ing relaxation was limited in the range between two
extreme points. At strains below the minimum strain,
there was no failure observed in the material and at
strains above the maximum point, the failure was
observed in the loading phase instead of the relax-
ation phase. The concept of delayed fracture in
polymer gels has also been discussed in the literature
[7-11]. At a constant load the polymer gels don’t
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Figure 1 Systematic
representation of a failure
envelope as suggested by
Smith et al. [5].
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Figure 2 Experimental results from Neuhaus et al. [4] showing
the damage of a cross-linked polyurethane system during
relaxation.

show any signs of failure at a macroscopic level until
crack initiation and then it leads to a sudden failure.

The classical fracture mechanics models presented
by Griffith [12] and Irwin [13] predict crack propa-
gation if the energy release rate reaches a critical
value. To model the fracture with the finite element
method (FEM), the path of the crack results in dis-
continuities in the mesh. These are modelled with the
help of methods such as the extended finite element
method (XFEM) [14] or stable generalised finite ele-
ment [15]. The use of a phase field model to describe
damage evolution has gained popularity in the last
few years [16-19] as the problem of the discontinuity
in the mesh is circumvented by introducing a field
variable ¢ that defines a diffused crack zone around
the fracture. The variational methods for energy
minimisation as introduced by Francfort et al. [20]
and Bourdin et al. [21] are used to calculate the
evolution of the phase field variable and in turn the
crack propagation. Therefore, a fixed crack path does
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not need to be defined. Alternatively a Ginzburg-
Landau type evolution equation [22] which is alter-
natively called the Allen-Cahn equation [23, 24] has
also been used to model the crack propagation for
rate dependent dynamic fractures using the phase
field model [25-27].

In this work, an evolution equation for the phase
field is implemented to model the failure of the
material during relaxation tests as noticed in the
experiments. It is assumed that some polymer chains
of shorter lengths break during the loading of the
specimen on a microscopic level, and due to this
other polymer chains carry more stress. During
relaxation, the remaining short chains relax faster
which leads to an increased loading of the longer
chains. This eventually leads to reaching the critical
load for the longer chains and a macroscopic failure
during relaxation. The energy of the load carrying
parts of the system continues to increase during the
relaxation phase till it reaches the critical value suf-
ficient for crack initiation and propagation. The
increase in energy is modelled in the model with the
increasing crack energy density with the evolution of
the phase field variable. The mechanical part is
modelled as a linear visco-elastic material extended
by a degradation function and the evolution of the
fracture energy during the relaxation phase is driven
by the Ginzburg-Landau evolution equation.

Modelling

An introduction to the mechanical model and the
phase field model is presented. The free energy
density for both the parts is added to get the total free
energy density and to derive the model equations.
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Figure 3 A schematic representation of the model a) for the viscoelastic part b) for the crack propagation.

Mechanical model

A rheological model is used to represent the linear
viscoelastic behaviour of the material. A spring rep-
resenting the basic elasticity is connected in parallel
with a Maxwell element (Fig. 3a). In case of a small
displacement u, the strain

8:graduzgradTu (1)

can be split additively into elastic and inelastic parts
& =& 1+ & (2)

in the Maxwell element, with the elastic part s, acting
on the spring and the inelastic strain ¢; stretching the
dashpot. The inelastic strain evolves according to
. (e—&)
& = 3
e ©
where 7 represents the relaxation time of the Maxwell
element. With the evolution of the inelastic strain, the
stress in the Maxwell element changes with time,
thus representing the non-equilibrium part ,,, of the

mechanical energy density. At a constant strain, the
stress in the Maxwell element decays to zero and the
system reaches the equilibrium position. The equi-
librium part of the mechanical energy density y,, is
thus represented by the spring element connected in
parallel to the Maxwell element. The total mechanical
energy density is given by

l//m = lpeq (8) + lpneq (83)' (4)

These energy densities are given by Hooke’s law as
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crack
b = (e300 + 5uaP) g
and
1
by = (1038 + 066, ©)

where /, u are the Lamé parameters for the equilib-

rium spring and /', u' represent the Lamé parame-
ters for the Maxwell element.

Crack propagation model

A regularised field given by the phase field variable ¢
is used to model the diffused crack instead of a strong
discontinuity. A value of ¢ = 1 defines the fully intact
material and ¢ = 0 defines the crack in the material'.
The crack surface I' (Fig. 3b) is regularised to a dif-
fused crack volume which is achieved by the inte-
gration of a regularisation function y(¢, grad ¢)

r(¢)= [ 1(¢.grad $)av. )
Q

The regularisation function which can also be defined
as the crack surface density function as proposed by
Miehe et al. [18, 19] is given as

(9. grad §) = 23 (1 - ) + llgrad g|*. Q

The transition of the phase field from zero to one over
the crack width I defines the surface of the crack.

! Depending on the model it is also possible to model the crack
with ¢ =1 and the fully intact material with ¢ =0, which
would fit the ranges of the canonical damage parameters
introduced by Kachanov oder Lemaitre
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The energy needed to create the crack surface is
given by

E¢_Z¢MV_ZGMW )

where G, is the Griffith-type critical energy release
rate and

Vo = G301~ 0 + llgrad (10)

gives the crack energy density.
Coupling

The effect of the phase field variable on the
mechanical energy density is modelled with the help
of a degradation function

8(¢) = (1 - )¢+, (11)

where k — 0 is a stability parameter to prevent zero
mechanical energy at the crack. A quadratic degra-
dation function has been used in a general way.
However a comprehensive study on the choice of the
degradation function can be found in [28]. With
decreasing value of ¢, the degradation function
decreases and accordingly, the mechanical energy
density is degraded, modelling the crack in the
material. The total energy density

Vi =8(@Wm + Vg (12)

is given by the contribution of the mechanical energy
density degraded with the phase field and the crack
surface energy density. This leads to the stress

O

=t 13
o=t (13)
as a function of the strain and the degradation func-
tion. The evolution of the phase field is modelled
according to the Ginzburg-Landau type evolution
equation

¢ = —(M/2)d, (), (14)

where M >0 is the mobility constant driving the rate
of evolution and J,(}/;) denotes the variational of the
total energy. Since the phase field evolves from ¢ =1
to ¢ = 0, the evolution of the variable is negative. In
this way, crack healing is prevented. Moreover, if ¢
reaches negative values, then it is artificially cor-
rected to the value of zero to maintain ¢ € [0,1]. By
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expanding equation (14)

b= -m((1= 9t (e.9) - o1 - 2tiv grad ) ).

2
(15)

it can be seen that the evolution of ¢ is coupled with
the mechanical energy density and hence any
mechanical deformation or change in stress can cause
an evolution of the phase field.

Numerical implementation

The material model is implemented using the finite
element method (FEM) to simulate different load
conditions. The equilibrium condition

dive =0 (16)

is solved for the mechanical equation where o is
given by the equation (13). For the phase field model
equation (15) is solved. The Newton method is used
to solve both these coupled equations simultane-
ously. The weak form of the mechanical equation (16)
gives the residual

Res,, = /(grad @, :06)dv — / ¢, tda=0. (17)
Q 20

Here ¢ is the traction acting on the surface of the body

which is handled as a Neumann boundary condition.

Similarly the residual related to the phase field is

given by

Res¢:/<(p¢(<]5+(M/2)5(s—lZ;))dU

— [ (o0 (9 ML =09,

- MG, (%5 % + 2l grad ¢,, - grad ¢))dv =0.

(18)

The boundary integral which represents the flux of
the phase field is omitted as the flux is assumed ot be
zero on the boundary. In equation (17), ¢, represents
the test function for the displacement field # and in
equation (18), ¢, represents the test function for the
phase field ¢ in the finite element implementation.

The time integration of ¢ is achieved with the help of
the Crank-Nicolson method resulting in
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Ress = f (o0 <¥ +0(M/2) 5‘(@2;1 +(1-0)(M/2) %))dv,
(19)

The value of 0 = 0.5 is taken to achieve high accuracy

and stability. The quantity [(J] is the known quantity

at the time step t and the quantity [()""" represents

the unknown quantity at the time step of t 4 At.
Similarly equation (3) for the evolution of the
inelastic strain is also calculated

(¢ — &)

/2

&

1 sf » (g1 — ‘"'zt'ﬂ)

= 7 +(1-0) (20)

using the Crank-Nicolson method. By rearranging

+1 can be

the terms, an equation for the unknown &
formulated in terms of the current strain &*! and
substituted in equation (13). After solving the cou-
pled equations, the value of the inelastic strain is
stored locally as an internal variable which provides
the value for & for the next time step. The global
residual equations are transformed into the local
form using the shape function interpolations. The
linearised system of equation

ORes,, OResp
A Resp,
Ou 0 u _ es (21)
OResy, OResy | | Ag Resy
Ou 0

is solved with the Newton method for the coupled
problem. The derivatives of the two residuals with
respect to the two solution fields are calculated ana-
lytically. The coupled differential equations are

(a)
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implemented using the finite element libraries of
deal Il [29, 30].

Simulation results

Simulations are conducted on two different geome-
tries to simulate crack propagation with and without
an initial crack in the specimen. The results and their
physical interpretation are presented in the following
subsections.

Specimen with pre-existing cracks

As a first example, a square of sides 1 mm with a slit
half-way through its width is fixed at one face and
loaded on the opposite face in a direction perpen-
dicular to the direction of the face till failure (Fig. 4a).
The dimension of the specimen is irrelevant and is
chosen randomly to be a unit cell. Similarly, the
parameters for the material are chosen arbitrarily and
are given in Tables 1 and 2. Five different strain rates
were used to simulate the tensile test. The stress-
strain curves for all the rates show an increase in the
stress up to a particular strain, following which the
stresses decrease with increasing strain, depicting
crack initiation and propagation (Fig. 4b). The point
of maximum stress is marked as it denotes the failure
point for the material for that strain rate. These points
can be joined to form the failure envelope as sug-
gested by Smith et al. [5]. The equilibrium stress-
strain curve is calculated by neglecting the Maxwell

(b)

9 T T T T T
failure envelope ]
84 - i
i equilibrium . i
F7_-_ 1072 st \
& 61— 1s7" ‘_
25‘— 10 s~/ .
24 10341 ]
& ]
2 ’
14 *<\ n

0 \' T T T T T
0.0 0.1 0.2 0.3

Strain [-]

Figure 4 a) The investigated load case and the b) stress-strain curves at different strain rates along with the failure envelope.
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Table 1 Mechanical parameters used for the simulation

J Mater Sci (2023) 58:6254-6266

n ) )1 T
23.38 MPa 5.3 MPa 8.6 MPa 13.5 MPa S5e-3s
Table 2 Phase field

G, M 1 K Elements

parameters used for the

simulation 0.02 J/mm 50

4 xElement width

10~*xElement width 64x64/(1Imm x 1mm)

element and measuring the stress-strain response for
just the equilibrium spring.

After the failure point the crack propagates parallel
to the slit during loading (Fig. 5) until complete
fracture of the specimen. The parameters for the
mechanical model that are given in Table 1 are
selected so that the basic elasticity element has higher
u than 4, whereas the Maxwell element has a higher
/. This produces a different volumetric and shear
stress components in the specimen depending on the
strain rate. At higher strain rates the influence of the
Maxwell element is activated and hence along with
the volumetric part the shear part of the stress also
contributes to crack growth. In contrast, for slower
strain rates the Maxwell element is not activated and
only the volumetric part contributes to the crack
growth. This results in different crack shapes. The
phase field distribution at the time of complete frac-
ture shows that the crack is wider for a higher strain
rate of 10 s™! (Fig. 5a) whereas it is narrower for the
lower strain rate of 10~* s™! (Fig. 5a).

Figure 5 The crack
propagates parallel to the slit
in the specimen. The crack is
much wider for the strain rate
of a) 10 571, where as it is

narrower for b) a strain rate of
1074571,

»
-
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Relaxation test on specimen with pre-
existing crack

Numerical simulations are conducted to find out the
effectiveness of the model to reproduce the damage
during relaxation tests. The simulations are con-
ducted with the geometry given in Fig. 4a. Strain is
applied at the rate of 10 s™! up to a certain value and
is then held constant. With the constant strain con-
dition the change in the stress during relaxation
decreases the mechanical free energy. However, the
already intiated crack drives the evolution of the
phase field. This results in the desired effect of crack
propagation during the relaxation phase. However, a
certain initial strain needs to be applied to observe
the crack propagation. Three different levels of
strains before the start of relaxation are simulated
(Fig. 6a). When the strain is higher than that of the
failure point of the equilibrium curve, then the crack
propagates and the stress decays to 0 MPa. However,
when the strain is below the failure point for the
equilibrium curve, then the stress relaxes to the
equilibrium stress (Fig. 6b).

(b)
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Figure 6 Relaxation tests (a) , 0.06 (b) . | . | .
carried out with the strain rate 2.0 ' ------- Befora B o1 T failure envelope (Fe)
10 s~! plotted on a) stress- \ core Fe - 4=---- After Fe .
time plot and on b) stress- 164 :‘\ Before Fe - 2 Before Fe
strain plot along with the = . | X — - After Fe 10.04
failure envelope. % , \\ -
= 1.2-! . %
n
n 0.8 "N PO 10.02
b N
0.4 s
| — \
\ B -
0.0 . 0.00 0 L A A
0.00 0.06 0.12 0.00 0.04 0.08
Time s Strain [-]

The point of intersection of the stress-strain relax-
ation curve for the highest initial strain and the fail-
ure envelope is marked with the symbol "x’ in
Fig. 6b. For the corresponding point in Fig. 6a, a
change in the rate of stress decay can be noticed. This
indicates that the failure began at this point of time,
which validates the failure envelope. If the crack
length is taken as a measure of failure, then it can be
seen in Fig. 7 that the point of crack initiation lies
outside the failure envelope. With further increase in
time the crack propagates and the stress reduces to
Zero.

Specimen without pre-existing crack

Since no slit or initial crack was present in the
experimental specimens, the model should be able to
simulate crack propagation without a slit in the

geometry. To this end, an hour-glass geometry with a
reduced cross section in the middle is simulated. The
geometry resembles the mid-section of a tensile test
sample. The boundary conditions are similar to the
previous geometry but for faster convergence of the
simulation, the horizontal component of the dis-
placement is not constrained (Fig. 8). The parameters
for the material model are as given in Table 1 and
Table 2. However, to investigate the interaction
between the dynamics of crack propagation with the
dynamics of viscoelastic relaxation, the ratio of the
relaxation time of the Maxwell element 7 and the
mobility constant M is varied. There are two evolu-
tion equations that are solved simultaneously in time.
The evolution equation for the phase field model is
driven by the mobility constant, whereas the evolu-
tion of the inelastic strain is controlled by the

Figure 7 a) The force and_ (a) . 0.6 (b) . . .
crack length for the relaxation ‘ 4 ] ' _
o 2.01 failure envelope (Fe)
test plotted against time. b)
The relaxation tests plotted 0.5 1T 777 After Fe 7
against strain. The point of 1.6 = 3 equilibrium —
crack initiation lies outside the = 0.4g = |——10s7"
failure envelope. % Lol < % b b
? 0.3 éo 22 \ I
o < [ 1
Be) Be) '
% 0.8 095 @ 1 4 1
5 | |
041 0.1 |
\ | E |
0.0 0.0 0 T 1 — I T
0.00 0.12 0.00 0.04 0.08
Strain [-]
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Figure 8 Relaxation test (a)
conducted on geometry
without any initial slit. The
phase field distribution at a)
the start of relaxation and b) at
complete failure.

J Mater Sci (2023) 58:6254-6266

(b)

Figure 9 Relaxation test with (b) M = 500 /M
the hour-glass geometry with : | : I : 10
a) M =50 and b) M = 500 for 5 — - 10-1
different t/M ratios. = — N s
% £4 ] 11— 10
= 23— |—107°
n
2y ]
3 g7 {——1E-5
A1 4—10"°
7 i -7
O T T T T T 0 T T T T T 10
0 4 0

relaxation time of the Maxwell element. With the
interaction between these two parameters, the time
for crack propagation during relaxation can be
controlled.

Eight different ratios of t/M are tested and in order
to compare their results, the initial strain is kept
constant for all ratios at 0.2 before the start of relax-
ation. Along with the different t/M ratios, two dif-
ferent values of mobility constant are used.

The change in 7 leads naturally to change in the
relaxation time and as can be seen in Fig. 9, the relax-
ation time is almost non-existent for the ratio of t/M =
1077 for the orange curve and increases till the ratio of
t/M=10"% At higher relaxation times (for
©/M > 107%), the stress that is generated during the
initial loading is high enough to initiate the crack.
Therefore, the stress in the material starts to degrade
before the start of relaxation and the crack propagates
during the relaxation phase. In comparison to M = 50
the crack initiates quite early for M = 500. The higher
mobility constant accelerates the phase field evolution
and leads to a faster failure. Thus, to achieve the
varying time to material failure during relaxation

@ Springer

Time [><210‘2 s

2
Time [x 10'43 s]

experiments, the parameters M and t and their ratio
are instrumental.

Apart from that, the value of the critical energy
release rate G, also influences the time to failure.
With a /M ratio of 10~* and with M = 50 the relax-
ation simulation was conducted with a smaller G, of
0.002 Jmm". It can be seen in Fig. 10 that the loading
phases remains identical for the two values of G..
However, during the relaxation phase, the crack
energy increases with the parameter G, and hence the
lower value leads to a faster crack propagation.

Comparison with polyurethane specimen

The model is applied to simulate the experimental
results given in Fig. 2 [4]. The experiments were
conducted on a polyurethane (PU90/10) specimen
with the geometry given in Fig. 11.

The geometry is a modified form of a general ten-
sile test specimen. It has a curvature in the middle so
that the crack can initiate. The mesh at this narrow
area is finer in comparison to the mesh in the outer
areas for accurate and efficient numerical results. The
material parameter such as the stiffnesses and
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Figure 10 The influence of G, on the crack propagation.

relaxation time was determined with the help of the
longest available relaxation data and are listed in
Table 3.

The relaxation test was conducted at a lower
elongation of 10 mm at a speed of 0.1 mm/s. With
the same boundary conditions, simulations were
conducted and compared to the experimental results.
The parameters were optimised using a Nelder-mead
algorithm [31]. The results for the best fit can be seen
in Fig. 12(a). It should be noted that the simulation
has been carried out with just one Maxwell element.
Hence the experiment for longer durations cannot be
adequately captured. However, for modelling the
failure at higher initial loads, such long relaxation
time would not be needed.

To determine the fracture related variables more
experiments are needed, specially in tensile direc-
tions. The fracture toughness is therefore assumed to
be G, =0.02]J/mm as per the value available in lit-
erature for other cross-linked polymers [32]. To apply
the suggested model for a real material, the effect of
chain breakage with time needs to be captured in the
model. With increasing damage at the microscopic
level, the mobility of the chains increases, which
results in faster relaxation and faster failure of the
material. This is modelled numerically by the

Figure 11 The geometry used
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Table 3 Parameters for PU90/10 determined from relaxation at
lower initial load

u A u! e T

0.34 MPa 1.54 MPa 0.44 MPa 0.31 MPa 4385 s

evolution of the mobility constant M with the
increasing phase-field. Thus,

M:Mm+$> (22)

is substituted in equation (14). A value of M, =
2.0 x 10~ was used to simulate the failure during
relaxation. The power n = 6 was used to match the
time of failure during relaxation. These parameters
were determined using the experimental data given
in Fig. 2. Therefore, these are not a validated set of
parameters. They are used to demonstrate the ability
of the model to reproduce experimental results. The
experiment in Fig. 2 were conducted with an initial
deformation of 50 mm with 0.1 mm/s deformation
rate. With the same boundary conditions as the
experiment and with the identified parameters, the
model was simulated. Considering the simplicity of
the model, the simulation result shows an accept-
able similarity with the experimental results as can be
seen in Fig. 12 (b).

Conclusion

Experiments showing damage during the relaxation
of a viscoelastic material have been presented in the
literature by various authors. A probable explanation
for such a behaviour is an initial breaking of some
polymer chains during the loading of the specimen,
which leads to higher stresses on remaining polymer
chains causing them to break during the relaxation
phase. The concept of failure envelope was proposed

75

--p

for the experiments and
simulation.

S

154

R60
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Figure 12 A comparison of a) 35 7 T L b 16 ' ' ]
the simulation and the 3.0 ] ]
experiment result for a) an 95 4 ] ]
initial load of 10 mm and b) an ch o 1 E ]
initial load of 50 mm. S 2.0 = ]
15 1 P ]
£1.0 1 N ¢ 4 —Simulation ]

2 —Simulation g 4 imulation
705 7 —Experiment a2 — Experiment ]

0.0 T T T T 0 —— 1 —l

0 1000 2000 3000 4000 0 2000 4000
Time [s] Time [s]

by Smith et al. [2] to explain the failure of the material
at constant elongation and relaxing stresses. How-
ever, a more detailed attempt to model this phe-
nomenon is not to be found in the literature up to
now.

In this work, a material model coupling the vis-
coelastic behaviour with the crack propagation is
presented. A rheological model with a Maxwell ele-
ment connected in parallel with a spring element is
used to model the viscoelasticity. For simplicity, the
strain is split additively in the elastic and the inelastic
part of the strain, and the stress response is calculated
using Hooke’s law. An evolution equation for the
inelastic strain is responsible for the time dependent
response of the material. Along with the viscoelastic
part, a phase field model is proposed to model the
crack propagation in the material. The evolution of
the phase field is based on the Ginzburg-Landau type
equation, which is alternatively known as the Allen-
Cahn equation. The evolution leads to a change in the
phase field variable during loading as well as during
the relaxation of the material. A mobility constant is
used to couple the evolution with the energy avail-
able in the system. The coupled model is solved
numerically using the finite element method and
numerical examples are presented. A failure envel-
ope is reproduced for a given set of parameters by
simulation at different strain rates. Relaxation tests
for the same parameters are conducted validating the
concept of the failure envelope. Further numerical
examples are presented to test the effect of the ratio of
the relaxation time for the Maxwell element and the
mobility constant for the phase field evolution. Thus,
these two parameters can be varied for different
materials to reproduce the different times for failure
during relaxation. Further, the experimental results
on PU90/10 specimen were reproduced numerically
with the help of an evolving mobility constant.

@ Springer

The presented model can reproduce the crack
propagation during relaxation as observed in the
experiments, however further improvements are
required to be able to identify the parameters from an
experiment and apply it for predictions. The model is
based on a linear approach for small deformation
which is not the ideal choice for modelling cross-
linked polymers. The mechanical model should
therefore be extended to geometrically non-linear
deformations.
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