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Abstract

The use of laminated safety glass enables 
residual load-bearing capacity after fracture of 
the glass panes. The acting load is carried by 
the glass fragments (adhering to the interlayer) 
and the interlayer itself. The interlayer locally 
delaminates from the glass and experiences 
large strains. Hence, to numerically describe 
the post-fracture behaviour of laminated safety 
glass, nonlinear (strain dependent) viscoelastic 
material behaviour has to be taken into 
account for the interlayer.
The most used laminated glass interlayer is 
polyvinylbutyral (PVB). For this, the viscoelastic 
material behaviour in the linear range (Prony 
parameters of the generalized Maxwell 
model and Time-Temperature Superposition 
Principle TTSP) and the linearity limits, 
which characterize the transition from linear 
viscoelastic to nonlinear viscoelastic material 
behaviour, are well described in literature.
This paper investigates the viscoelastic 

Consideration of the nonlinear viscoelasticity of 
PVB through a Time-Strain Superposition 

behaviour at strain magnitudes exceeding the 
linearity limits. For this purpose, relaxation 
tests in uniaxial tensile mode are carried 
out on the interlayer material. During the 
tests a high deviation from linear viscoelastic 
behaviour is observed. 
The Schapery model, which extends the linear 
viscoelastic constitutive law with strain-
dependent nonlinearity factors, is often used 
in literature to describe nonlinear viscoelastic 
material behaviour. The nonlinearity factors, 
which include a Time-Strain Superposition 
Principle (TSSP), were investigated to create a 
mastercurve.

1 Introduction

In order to design laminated (safety) glass, 
information about the material behaviour of 
the polymeric interlayer is of interest. In the 
intact state of the laminate, shear forces are 
transmitted via the interlayer which results in a 
shear coupling effect.
The identification of the temperature 
dependent linear viscoelastic material 
behaviour of PVB interlayers is done by 
Dynamic Mechanical Thermal Analysis (DMTA) 
as described in [15]. As a result, a Prony 
series and Time-Temperature Superposition 
Principles are obtained.
In recent years, there has been an increasing 
interest in studying the behaviour of laminated 
(safety) glass after glass fracture. In this state 
the interlayer partially delaminates from 
the glass fragments and undergoes large 
deformations exceeding the linearity limits, 
between the fragments. The film is then mainly 
subjected to tensile stress [9, 12].
To be able to describe the post-fracture 
behaviour of the entire laminate, the 
description of the PVB material at large 
deformations is of interest. Therefore, tensile 
relaxation tests were performed on interlayer 
material at different temperatures and strain 
levels at constant relative humidity. Saflex® 
RB41 [16] was chosen for the investigations 
and will be hereafter referred to as PVB.

2 Viscoelasticity

Subjecting a material with a viscoelastic 
material behaviour to a constant strain level γ0 
or ε0, the stress response τ(t) resp. σ(t) results 
to be decaying with time. Such tests are called 
relaxation tests. The ratio of stress and strain 

is the relaxation function G(t) = τ(t)/γ0 resp. E(t) 
= σ(t)/ε0. After sufficient amount of time G∞ 

resp. E∞ is approached. Hence, the relaxation 
function can be split into a time invariant (G∞ 
resp. E∞) and a transient part (∆G resp. ∆E), 
see Eq. (1). For thermoplastics G∞ resp. E∞ is 
usually zero [8].

Fig. 1: Generalized Maxwell model. The red 
marked area represents the transient material 
behaviour.

Fig. 2: Time-Temperature Superposition 
Principle for thermorheological simple 
material behaviour.

In intact laminated safety glass, the 
deformations of the interlayer are relatively 
small and linear viscoelastic material 
behaviour is often assumed [13]. The 
Generalized Maxwell model (Figure 1) 
is commonly used to describe linear 
viscoelasticity. Mathematically, this model is 
expressed by a so-called Prony series. The 
Prony parameters have to be determined 
experimentally e.g., with DMTA or relaxation 
tests at small strains. The relaxation function 
of linear viscoelastic materials is independent 
on the applied strain level.
The origin of the relaxation behaviour 
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Fig. 3: True tensile secant modulus Et (Eq. (6) 
in dependence of true strain εt (Eq. (5) for a 
temperature of T =0°C.

Fig. 4: Becker tensile bar. Dimensions in [mm].

Fig. 6: Rectangular sample. Dimensions in [mm].

of polymers lies in the mobility of the 
molecular chains [8]. This mobility can be 
activated thermally, which means that a 
higher temperature leads to faster and a 
lower temperature to slower relaxation. For 
thermorheologically simple materials, simple 
mathematical relationships exist between 
loading duration and temperature. These 
are called Time-Temperature Superposition 
Principles (TTSP) and allow the determination 
of the material behaviour at long loading 
durations by relatively short tests at elevated 
temperatures. As already mentioned, the 
temperature change essentially influences the 
relaxation time. Graphically, this means that 
the relaxation curves at T and at Tref in the 
log-log plot differ essentially by a shift on the 
horizontal axis, see Figure 2.
The horizontal distance between the 
two curves is referred to as log aT. Thus, 
multiplying the times of a test conducted 
at the reference temperature Tref by the 
corresponding shift factor aT, leads to the 
same result as a relaxation test conducted at 
temperature T.
If strain is applied in the relaxation test that 
exceeds the linearity limits, the applied strain 
level influences the relaxation function and 
nonlinear viscoelastic material models become 
necessary. Detailed investigations of the 
linearity limits on the investigated material 
have already been published by the authors in 
[18]. It can be summarized, that the linearity 
limits are dependent on time resp. frequency 
and temperature. In other words: A high linear 
viscoelastic modulus results in a low linearity 
limit, while a low linear viscoelastic modulus 
results in a high linearity limit.
The linearity limit is exceeded at the latest in 
the post-fracture state, where the interlayer 
is mainly subjected to tensile stress. In a first 
approximation the tensile stress is considered 
to be uniaxial, hence, the nonlinear viscoelastic 
considerations subsequently refer to uniaxial 
tension.
One of the most flexible nonlinear viscoelastic 
material models is Schapery’s single integral 
approach [1, 3, 2]. This model consists of 
the generalized Maxwell model (E∞, E0, ∆E), 
supplemented by four different nonlinearty 
functions h∞(ε), h1(ε), h2(ε) and aε(ε).
For single step relaxation tests with constant 
strain levels ε0 and using the Prony series for 
the linear viscoelastic behaviour, Eq. (2) or 
Eq. (3) are obtained. In single step relaxation 
tests, the nonlinearity factors h1 and h2 cannot 
be determined separately. Instead, they are 
combined to h1,2(ε) = h1(ε) · h2(ε) resp. h*1,2(ε)≠ 
h1,2(ε).

If the nonlinearity functions equal to unity, 
the relaxation curve corresponds to the 
linear viscoelastic Prony series. Hence, the 
same model can be used for both, the linear 
and nonlinear range, which is the biggest 
advantage of this model.
If  h∞ = h1,2 =1 or h0 = h*1,2 = 1, Knauss and 
Emris model published in [4] is obtained. 
This model is based on the free volume 
theory and states that an increased strain 
leads to an increased free volume, which 
in turn accelerates the relaxation process. 
Hence, a strain increase has a similar effect 
than a temperature increase. Both lead to a 
horizontal shift of the relaxation curve to lower 
times. Analogously to the TTSP function, this 
shift is called Time-Strain or Time-Stress 
Superposition Principle (TSSP).
The influence of h∞ and h1,2 or h0 and h*1,2 is 
best described with a linear y-scale. h0 resp. 
h∞ ≠ 1 affects the time-invariant part of the 
relaxation function. It shifts the Prony series 
vertically along the y-axis. h1,2 or h*1,2 modifies 
the height of the stiffness drop with time, 
which results in a change of the relaxation 
curve shape. In log-log scale, h∞ = h1,2 or h(ε) 
= h0 = h*1,2 and aε = 1, shifts the Prony series 
purely vertically.
Again, in the nonlinear viscoelastic range, 
temperature affects the relaxation behaviour 
of the polymeric interlayers. In [3] it is stated 
that the temperature dependent material 
behaviour can be considered by adding T as 
an argument of the strain-dependent factor aε 
= aε(ε,T). In [8] and [6] a method is presented, 
where the TTSP and TSSP are combined via 
multiplication of the individual shift factors 
aε,T = aε · aT  resp. addition of the logarithmic 
shift factors logaε,T = logaε +logaT. This method 
is simple and will be followed in this paper. 
However, this neglects nonlinear interaction of 
strain and temperature effects in the case of 
simultaneous occurrence.
In [5],[10], it is also indicated that the TTSP 
remains valid in the nonlinear viscoelastic 
region. However, in those publications, the 
TTSP is not applied to curves of the same strain 
or stress level, but to curves with the same 
percentage of stress exceeding the yield stress.

3 Uniaxial tensile relaxation tests at 
various strain levels

3.1 Description of experimental settings
The relaxation behaviour of PVB was studied 
in uniaxial relaxation tests with different strain 
levels at different temperatures and constant 
relative humidity. The different strain levels 
were applied displacement controlled with a 
constant rate of 400mm/min and then kept 
constant for the test duration of at least 1h. 
The tests were performed in a ZWICK ROELL 
Z050 universal testing machine. The test 

climate was controlled by surrounding the test 
area with a climate chamber.
The interlayer to be examined was sent air 
sealed to the institute by the manufacturer 
in foils of approx. DIN A4 size with a nominal 
thickness of 0.76mm. Before cutting the 
specimen, the film was heated to 100°C for 
approx. 1h to avoid subsequent shrinkage 
during the tests. After that, the specimens 
(Becker tensile bars [11] or rectangular 
specimens) were punched out or cut with 
scissors, respectively. The specimens were 
then stored for at least 4h in the test climate 
(50%rH and different temperatures).

Prior to specimen mounting, the thickness 
of the specimens was measured in at least 
three locations using an digital micrometer 
and a gray scale pattern was applied to the 
specimen. The gray scale pattern was marked 
with a black pen from STAEDTLER [19] in size 
S and allows the placement of four virtual 
gauges that can be tracked with the DIC 
software ISI-SYS VIC GAUGE 2D [17] to check 
the constancy of the applied strain level. To 
ensure good lighting conditions, LED strips 
were installed in the climate chamber. In 
addition, white paper was positioned behind 
the specimen so that the measurement of the 
transparent specimen cannot be disturbed 
by the fan of the climate chamber behind it. 
Since the climate chamber has only a narrow 
window, only one camera could be used. It had 
to be aligned so that it was perpendicular to 
the specimen. Two of the gauges are placed 
vertically on top of each other. The connection 
of these two gauges creates an extensometer 
that measures longitudinal engineering strain. 
The other two gauges are located horizontally 
next to each other. This extensometer 
measures the transverse engineering strain. 
The force decrement was measured with a load 
cell.
Details in the experimental procedure differ 
depending on whether small/medium or large 

strains were applied. The classification into 
small/medium or large strain was made based 
on the true stress-strain diagram or the true 
secant modulus-strain diagram (Figure 3). As 
long as the secant modulus decreases with 
increasing strain, we speak of small/medium 
strain. When the secant modulus increases 
again, we speak of large strain. The differences 
in the experimental procedure are explained 
below.

3.1.1 Large strain relaxation tests
For the tests with large strains, Becker [11] 
tensile bars (Figure 4) were used as specimen 
geometry. This geometry prevents premature 
failure at the clamping point. The samples 
were punched from the foil. Hydraulic jaws 
were used to clamp the specimen in the 
universal testing machine. To be able to 
apply the largest possible deformations, the 
built-in 50kN load cell was used. The load 
cell was manually synchronized with the DIC 
measurement.
Three different strain levels were investigated for 
three different temperatures (0°C: energy elastic 
range, 20°C: ≈ glass transition range and 40°C: 
entropy elastic range [18]). At 0°C, displacements 
of 25mm, 50mm and 75mm have been applied, 
at 20°C 50mm, 100mm and 125mm and at 40°C 
50mm, 100mm and 150mm.
The test set-up, placement of the gauges 
before and during the relaxation test are shown 
in Figure 5.

3.1.2 Small to medium strain relaxation tests
For the tests with small to medium strains, 
rectangular specimens and simple toothed 
clamps made of steel were used as shown 
in Figure 6 and Figure 7(a). The rectangular 
specimens were cut out by hand with scissors. 
The total length of one specimen is 120mm. 
At both sides 40mm are used to clamp the 
specimen, the initial test length l0 is 40mm.
The specimens were clamped firmly with 
one screw on each side. Therefore, two holes 
in the specimen were needed, see Figure 6. 
The specimen together with the clamps were 
then installed in the climate chamber and the 
universal testing machine (Figure 7(b)). An 

Table 1: List of tensile relaxation tests at 50%rH. Temperature T, displacement w, mean of true 
strain εt, geometry of the specimen and number of experiments are listed.

T
[°C]

w
[mm]

εt
[%]

Geometry Nb. of
samples

0 1 0.5 rect. 1

0 2 1.6, 1.8 rect. 2a

0 4 7.2 rect. 1

0 6 12.3 rect. 1

0 8 13.3 rect. 1

0 10 20.2 rect. 1

0 20 37.6 rect. 1

0 25 70.8, 72.4 Becker 2

0 50 88.7, 92.0 Becker 2

0 75 104.4, 103.3, 97.5 Becker 3

20 50 80.9, 83.4 Becker 2

20 100 107.1, 102.1 Becker 2

20 125 117.2, 116.5, 
114.6

Becker 3

40 50 94.8, 96.8 Becker 2

40 100 123.3, 127.8 Becker 2

40 150 146.1, 144.8, 
152.2

Becker 3

a mean value of both tests were used for further evaluation.

Fig. 5: (a) Test set-up, (b) gauges and extensometers, (c) sample before test start and (d) sample during relaxation test.

(a) (b) (c) (d)

additional load cell load cell (2kLB ≈ 8.9kN) 
was installed to record data synchronized with 
the camera.
Seven different strain levels (displacement 
levels of 1, 2, 4, 6, 8, 10 and 20mm) were 
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Fig. 11: Small to medium relaxation tests: true 
tensile modulus Et.

Fig. 10: Large strain relaxation tests: Et(t) at (a) 
0°C, (b) 20°C and (c) 40°C.

investigated for 0°C and 50%rH ranging from 
small to medium large strains, see Table 1. 
The relaxation test at 1mm displacement level 
was the smallest possible test in this test 
setup that led to a meaningful evaluation. The 
relaxation tests at displacement level 2mm 
showed good agreement. The relaxation tests 
at a displacement level of 20mm showed good 
agreement with the smallest strain level of 
the large strain tests at same test conditions, 
suggesting that the experimental setups are 
comparable.

3.2 Evaluation of secant modulus and 
mastercurve
During the relaxation tests, force and 
displacement data from the universal testing 
machine were recorded. In addition, technical 
strain data in x (longitudinal) and y (transverse) 
direction were recorded via digital image 
correlation.
A distinction between engineering (Eq. (4)) 
and true stress/strain (Eq. (5)) values is done. 
While the engineering values refer to the initial 
geometry, the true values refer to the actual 
geometry of the samples. ν corresponds to the 
Poisson ratio.

The relaxation functions were calculated 
with the true stress σt(t) and the strain εt(t) 
≈ constant. This corresponds to the secant 
Youngs modulus:

Since the deformation can not be applied 
suddenly, the withdrawn DIN 53441 [21] 
recommends to start the evaluation of the 
relaxation tests at a time t* that corresponds to 
t* = 10t0 (see Figure 8), wherein t0 is the time 
required to apply the strain level, in order to 
neglect an influence of the loading history.
In order to compare the linear viscoelastic 
Prony series with the tensile relaxation tests, 
the shear modulus is approximately converted 
into Youngs modulus. For this purpose, the 
Poisson’s ratio is assumed to be ν = 0.5 [22], 
which leads to Eq. (7).

Fig. 7: (a) Toothed clamps made of steel and (b) 
test set up.

(a)

(a)

(a)

(b) (b)
(b) (b)

(c) (c)

However, this is only an approximation, since 
the Poisson ratio ν varies with temperature 
and time/frequency and typically lies between 
0.3 (in the energy elastic range) and 0.5 (in the 
entropy-elastic range) [13].

The TTSP of [18] is used without any 
modifications. In addition, Time-Strain 
Superposition is investigated. The horizontal 
shifting procedure is similar to the one for 
TTSP described in [14]. A specially created 
Matlab [20] script is used, which compares 
two relaxation curves at different strain levels 
with each other. First, the overlap range 
on the y-axis of both curves is determined. 
Subsequently, the horizontal distance in 
the overlap area is minimized using a least 
squares algorithm. For this reason, the times 
of the curve to be shifted are multiplied by 
the factor aε. The factor aε is varied until the 
objective function f in Eq. (8) has reached its 
minimum. tεref,i and tε,i are defined such as 
Gεref(tref,i) = Gε(ti).

3.3 Test results
Before and immediately after the test, the 
specimen outlines were roughly recorded 
with a pen. Figure 9 shows two specimens 
after the relaxation tests at 0°C and 75mm as 
well as 0°C and 8mm elongation. After some 

Fig. 8: Uniaxial tensile relaxation test program.

time, the specimens have returned to their 
original geometry (before test), so that plastic 
deformations are excluded.
In the following sections the relaxation curves 
observed in the relaxation tests of large strain 
as well as of small to medium large strain are 
shown.

Fig. 9: (a) Sample after large strain relaxation 
test (0°C, 75mm) and (b) after medium strain 
relaxation test (0°C, 8mm).

3.3.1 Large strain relaxation tests
Figure 10 shows the relaxation function 
(calculated with true stress and strain data) for 
the three investigated temperatures 0°C, 20°C 
and 40°C. In all cases, higher strain levels lead 
to stiffer material behaviour. This fits well with 
the curves of true tensile modulus during load 
application, see Figure 3. The comparison of 
the relaxation curves for 50mm displacements 
at different temperatures shows, as expected, 
that higher temperatures result in lower 
stiffness.

3.3.2 Small to medium strain relaxation tests
Figure 11 shows the relaxation curves at small 
to medium high strain levels. As already seen 
in Figure 3, in this strain level range, higher 
strain levels lead to softer material behaviour 
(lower stiffness).

4 Time-Strain and Time-Temperature 
Superposition Principles

The Time-Temperature Superposition from 
the linear viscoelastic experiments is used 
without any further modification. To define a 
Time-Strain Superposition for the investigated 

material, the test results were shifted 
horizontally as well as vertically. First, the 
results of the large and small/medium tests 
are shifted separately. Then the results are 
evaluated together.

4.1 Large strain data

4.1.1 Time-Strain Superposition Principle
The individual relaxation curves overlap in 
their y-axis. Hence they were shifted purely 
horizontally with Matlab (see Eq. (8)) in order to 
create mastercurves.

10-1 100 101 102 103 104 105

time t [s]

5

10

15

20

25

E t [M
Pa

]

0°C, 50mm

Fig. 12: Large strain relaxation tests: 
Horizontally shifted Et(t) at (a) 0°C, (b) 20°C 
and (c) 40°C.

For all three investigated temperatures, 50mm 
was chosen as reference deformation, see 
Figure 12. The applied shift factors are shown 
in Figure 13.
Since relatively smooth mastercurves are 
obtained for all three temperatures, it is 
assumed that the Time-Strain Superposition 
Principle holds for these experiments.
However, since higher deformations resulted 
in higher stiffness, the relaxation curves at 
higher strain levels had to be shifted to shorter 
times t. This contradicts Knauss and Emris 
free volume theory, which states that high 
strains cause high free volume, which in turn 
accelerates the relaxation process [7].

4.1.2 Time-Temperature Superposition 
Principle
After mastercurves were successfully 
generated at 50mm reference displacement 
for all three temperatures, the TTSP from 
[18] was used to shift the 0°C and 40°C 
mastercurves to 20°C and compare them with 
the linear viscoelastic Prony series, which was 
determined with the raw data from [18], (Figure 
14). Unfortunately, no continuous mastercurve 
is obtained. Especially between the 0°C and 
20°C curves, a vertical gap appears.

4.1.3 Comparison with linear viscoelastic 
Prony series
The comparison of the shifted data with 
the linear viscoelastic Prony series (Figure 
14) shows large deviations in shape and 
magnitude.
It should be noted, however, that the reference 
displacement of 50mm does not correspond 
to the exact same reference strain at all 
temperatures (see Table 1), which may lead 
to slight deviations. Additionally, the Prony 
series was determined with DMTA in plate-
plate mode and had to be transformed into the 
tensile mode by applying Eq. (7), which is only 
a rough approximation. Moreover, the DMTA 
was conducted with samples that were stored 

(a)

in drying beads while the Becker tensile bars 
were exposed for several hours to a relative 
humidity of 50%rH prior testing. These reasons 
only allow a qualitative comparison of the large 
strain tensile relaxation tests with the linear 
viscoelastic Prony series.
To explain the change in shape of the curve 
between the linear viscoelastic Prony series 
and the 50mm - 20°C nonlinear viscoelastic 
mastercurve, the linearity limits are 
considered. While a low stiffness in the linear 
viscoelastic range leads to a high linearity 
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Fig. 14: Application of the Time-Temperature 
Superposition Principle in order to shift 
the 50mm mastercurves to a reference 
temperature of 20°C and comparison with 
Prony series (3G(t)). The WLF parameters of 
[18] were used.

10-4 10-2 100 102 104 106 108

time t [s]

100

101

102

103

E t [M
Pa

]

0°C, 5 cm 
shifted to 
20°C

40°C, 5 cm 
shifted to 20°C

Prony-series 20°C

20°C, 5 cm

limit, a high stiffness in the linear viscoelastic 
range results in a low linearity limit. Hence, 
a relaxation test at high temperature with 
a certain strain level is closer to the linear 
range than the same relaxation test at low 
temperatures. Accordingly, the test results at 
higher temperatures are expected to be closer 
to the linear viscoelastic Prony series.
It can be observed that the 0°C and the 40°C 
curves seem to be mainly vertically offset from 
the linear viscoelastic Prony series. This can 
be explained by the fact, that the 0°C data lies 
in the energy elastic and the 40°C data lies 
in the entropy elastic range, where the linear 
viscoelastic stiffness is varying only slightly 
(compared to the glass transition range). 
Considering the 20°C curve, a major change 
in the shape compared to the Prony series is 
observed. The 20°C data is within the glass 
transition range, where large variations of 
the linear viscoelastic stiffness and linearity 
limit occur. Accordingly, the curve is far in the 
nonlinear range at the beginning and slowly 
approaches the linear viscoelastic Prony series 
with increasing time.

4.2 Small to medium strains

4.2.1 Time-Strain Superposition Principle
Figure 15(a) shows the horizontally shifted 
small to medium strain level relaxation curves 
for a reference displacement of 1mm. In 
Figure 15(b), the results from the large strain 
relaxation tests are also included. A certain 
similarity to the linear viscoelastic Prony 
series can be observed for short times. For 
longer times, however, greater deviations 
occur. Additionally, the shape of the large strain 
mastercurve is clearly different from the rest. 
The applied shift factors are shown in Figure 16.

4.2.2 Additional vertical nonlinearity functions
Since it was not possible to generate a 
continuous mastercurve by purely horizontally 
shifting the individual relaxation curves, it 
is likely that besides the relaxation times, 
additional adaptions of the model are 
necessary. Looking at the generalized Maxwell 
model (Figure 1), adaption of the time invariant 
part E∞ and of the transient part ∆E as a 
function of the applied strain level is possible. 
In Schapery’s model, this can be considered 
with the nonlinearity functions h∞(εt) resp. 
h0(εt) and h1,2(εt) resp. h*1,2(εt). Schapery 
generally suggests to split the relaxation 
function into a time invariant and a transient 
part, and to determine h∞(εt) resp. h0(εt) by 
evaluating solely the time-invariant part and 
h1,2(εt) resp. h*1,2(εt) by evaluating solely the 
transient part.
It was decided to do the further evaluation with 
E0,ε and h0, since the relaxation tests are too 
short to adequately determine E∞,ε. However, 
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Fig. 13: Horizontal shift factors to create 
mastercurves at a reference deformation of 
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approximations.
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since the strain levels cannot be applied 
suddenly, the determination of the true E0,ε and 
hence h0 is no simple task neither.
A visual assessment of the individual curve 
slopes, led to the recognition that a continuous 
mastercurve emerges by shifting the relaxation 

curves (log-log curves) vertically upward and 
to the left as the strain increases. It is not 
necessary to change the shape of the individual 
log-log relaxation curves. Hence, h = h0 = h*1,2 is 
assumed, which fits the previous observation of 
approximately constant linearity limits at 0°C.
After dividing the relaxation curves by h, 
a mastercurve can be generated only by 
horizontal shifting. The h-values were 
determined manually with a trial-and 
error procedure. Figure 17(a) represents 
the relaxation curves divided by h. The 
corresponding h-values are shown in Figure 
17(b). The final mastercurve, which is obtained 
by horizontally shifting the individual E(t)/h-
curves, is presented in Figure 17(c) and the 
corresponding shift factors in Figure 17(d).
Compared to Figure 15(c), a much more 
continuous mastercurve is obtained. However, 
large deviations from the linear viscoelastic 
Prony series are still present. The reason for 
this still has to be clarified.
Figure 18 shows that the course of h has 

similarities to the course of E11t0 resp. Et0, 
wherein t0 is the time at which the relaxation 
test starts.

5 Summary and outlook

In this paper the nonlinear viscoelastic 
material behaviour of PVB (Saflex® RB41 
[16]) was investigated in uniaxial relaxation 
tests at various strain levels reaching from 
small/medium to large. The large strain 
level relaxation tests were performed at 
three different temperatures. The lowest 
temperature was 0°C, which is below the glass 
transition range of the investigated material. 
The highest temperature (40°C) exceeds 
the glass transition range and the third 
temperature (20°C) lies in the range of the 
glass transition.
By shifting the individual relaxation curves 
horizontally, mastercurves for a reference 
displacement of 50mm were successfully 
created for all three temperatures, which 
speaks for the existence of a TSSP.
Subsequently, TTSP was used to shift 
the 50mm mastercurves to a reference 
temperature of 20°C. It was found that the 
shape of the nonlinear viscoelastic relaxation 
curve differs considerable from the linear 
viscoelastic Prony series. At short times, the 
nonlinear viscoelastic relaxation modulus is 
significantly smaller than in the linear case. 
With increasing time, however, the nonlinear 
viscoelastic relaxation curve approaches the 
linear viscoelastic Prony series.
At a temperature of 0°C, true strain levels 
from ≈ 0.5% - 105% have been considered. 
Initially, spring stiffnesses (defined here as 
secant moduli) decrease at small to medium 
strains but increase at very large strains. TSSP 
was applied to generate a mastercurve. It was 
found that better results are obtained (most 
continuous mastercurve) when the individual 
curves are shifted horizontally and vertically. 
Consequently, both the springs and dampers of 
the generalized Maxwell model are dependent 
on the applied strain level. The vertical shift 
factor can be derived from the true tensile 
modulus at the beginning of the relaxation test 
Et0. Large strain levels were shifted to shorter 
times, which contradicts the free volume 
theory.
The investigations carried out in this paper are 
to be interpreted as preliminary test results and 
require validation. Further research is absolutely 
needed in order to understand the mechanical 
behaviour of PVB under large deformations. The 
following points need clarification:
• What is the origin of the vertical offset 

between the 0°C and 20°C curves after 
applying the TTSP? Is the TTSP still valid for 
PVB interlayer in the nonlinear viscoelastic 
range?

• How big is the influence through a 
different moisture content?

Additionally, it is suggested to further increase 
the experimental data base of the relaxation 
tests. The following tests are recommended:
• Uniaxial relaxation tests in the 

linear viscoelastic range at various 
temperatures, to generate a linear 
viscoelastic mastercurve in tensile mode 
and with the same moisture content than 
the nonlinear viscoelastic tests.

• Uniaxial relaxation tests at a constant 
strain level (in the nonlinear viscoelastic 
range) and at various tempereatures (e.g., 
in 2.5°C steps) to check the validity of the 
TTSP.

• Uniaxial relaxation tests at 20°C with 
various strain levels to confirm that the 
Prony series is reached after a certain 
time.

• Uniaxial relaxation tests with higher 
displacment rate to reach the strain level. 
The faster, the better, since E0 can be 
better approximated in this way.

Furthermore, it is recommended to compare 
all data where the linearity limit is exceeded to 
a similar extent.
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Fig. 17: (a) h−1Et(t): vertically shifted relaxation curves, (b) vertical shift factors h, (c) h−1Et(t) 
horizontally shifted, (d) horizontal shift factor aε.
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