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and easily can be calculated by 
dividing the stress by the applied 
strain ε0 as can be seen from 
Equation 2.

Eiso (t) = σ(t)      (2)                      ε0   

The relaxation spectrum, ̃H (τ) as 
defined in Equation 1, is a steady 
function describing the distribu-
tion function of the relaxation time 
constants τ of the model. After an 
infinitely long time t the relaxation 
modulus will approach an equilib-
rium value E∞, as observed nor-
mally for all viscoelastic solids. 

According to Alfrey’s rule,6 the 
value of the relaxation spectrum 
H̃  (τ) at point τ = t is obtained in 
first approximation by differenti-
ating Eiso(t) with respect to 1nt, 
shown by Equation 3.

 ˜H(τ) = −(dEiso)   = −t.(dEiso)      (3)                       d1nt   t=τ                             dt     t=τ

As mentioned before, the re-
laxation time constants strongly 
depend on temperature; the high-
er the temperature, the lower the 
relaxation time constants and 
vice versa. Therefore, the relax-
ation spectrum covers a very 
wide range on the time scale, and 
it is practically impossible to de-
termine the entire function by 
means of a single stress relax-
ation measurement.

According to the well-known 
time-temperature-superposition 
principle (TTS), a set of measure-
ments at several temperatures 
have to be executed which are 
used to create a so-called master 
curve. The master curve fully 
describes the stress relaxation 
behavior of the investigated 
sample, but high effort and time 
consuming measurements are 
required to obtain the result. 

Non-isothermal stress relaxation 
or temperature scanning stress 

Elastomers or conventional 
rubbers are widely used for many 
commodities and technical appli-
cations, including  tires, sealing, 
bearings, hoses, insulations, con-
veyor belts and other goods.

Those soft materials are indis-
pensable for many technical ap-
plications because of their unique 
properties, in particular low mod-
ulus, extremely high elasticity and 
high reversibility of strain. Fur-
thermore, elastomers exhibit high 
abrasion resistance, good adhesion 
and friction to many surfaces, 
good electrical and thermal insu-
lation properties, high strength 
and tear strength, excellent creep 
and relaxation properties.

By adapting the compound’s 
formulations, the properties of 
elastomers can be tailor-made to 
meet the customers’ require-
ments. Apart from all these ad-
vantages, some disadvantages do 
exist. The production of elasto-
mer products normally requires 
more effort compared to thermo-
plastics and, finally, the recy-
cling of production waste and 
used parts at the end of the life-
cycle is much more complicated 
and not possible in all cases.

Thermoplastic elastomers (TPEs) 
and, in particular, thermoplastic 
vulcanizates (TPVs), are a new 
class of materials, combining the 
properties of conventional elasto-
mers (rubber) and the processabili-
ty of thermoplastics. Compared 

with conventional elastomers, 
these materials can be more easi-
ly processed and recycled.

TPEs often are used to replace 
conventional thermoset rubber, 
but those also are used for a 
great variety of new applications 
and products, particularly in 
hard/soft combinations with oth-
er thermoplastics. Due to the ad-
vantages over conventional ther-
moset rubber, the commercial 
uses for thermoplastic elastomers 
are growing rapidly. 

Because of the complex molec-
ular structure and phase mor-
phology of TPEs, traditional test 
methods normally used for char-
acterization of elastomers give 
only limited information about 
the unique properties of TPEs. 
On the other hand, test methods 
designed and commonly used for 
rigid thermoplastics also are not 
suitable to characterize the prop-
erties of the new class of thermo-
plastic elastomers.

For this purpose, a new test 
method has been developed re-
cently, established and known 
as TSSR (temperature scanning 
stress relaxation).1-3 Since the 
end of 2020, this test method be-

came an international standard, 
according to ASTM, with the 
designation D8363-20.4

In this work, the basic princi-
ple of the TSSR test method as 
well as the theoretical background 
is described. Furthermore, an 
overview of numerous applications 
will be presented to demonstrate 
the versatility of the TSSR method. 

Theoretical background 
of the TSSR test method
Conventional isothermal stress 
relaxation 

Mechanical stress relaxation is 
one of the most important phenom-
ena with respect to usage proper-
ties of elastomers and TPEs. Per 
the definition, stress relaxation 
is known as a decrease of stress 
at a constant strain, and is caused 
by a combination of physical and 
chemical relaxation processes.

Depending on the structure of 
the material, these processes can 
be very different in nature. But 
in any case, stress relaxation 
measurements are highly sensi-

tive with respect to any physical 
or chemical induced structural 
change of the material. Physical 
relaxation processes include seg-
mental motions of the polymer 
main chain or side groups, as well 
as disentanglements of chain 
molecules and other reversible 
structural changes.

Chemical relaxation processes 
are caused by chemical reactions—
for example cleavage of crosslinks 
or scission of polymer chains—and 
lead to irreversible structural 
changes. The simple Maxwell 
Model (Fig. 1) is used to describe 
the phenomenon of stress relax-
ation, where the spring represents 
the elastic part and the dashpot 
represents the viscous part of the 
deformation. 

For this model, the relaxation 
time constant τ is defined as the 
period of time, after the stress 
has dropped down to the value of 
σ

0/e. Here, σ0 indicates the initial 
stress at time zero when the strain 
has been applied to the sample. 
The relaxation time constant τ is a 
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described. Furthermore, the versatility of the test method is demonstrated at several application ex-
amples of conventional and thermoplastic elastomers. The author

Executive summary

Fig. 1: Maxwell Model (left) and stress as a function of time (right) after 
a constant strain ε0 has been applied at t = 0.

Fig. 2: TSSR instrument and schematic view of the test procedure.

Fig. 3: Normalized force as a function of temperature and characteristic 
temperatures T10, T50 and T90.

Fig. 4: TSSR stress-temperature curves of an unfilled SBR vulcanizate, deter-
mined at varying values of strain ε and at a constant heating rate of 2 K/min.

Fig. 5: Crosslink density values obtained from curves of Fig. 4 as a func-
tion of strain.

Fig. 6: TSSR results obtained from unfilled SBR vulcanizates containing 
varying sulfur content. Tests were performed at constant strain of ε = 50% 
and heating rate of 2 K/min.
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characteristic quantity for a cer-
tain relaxation process and strong-
ly depends on temperature.

In general, the time constant 
becomes smaller when tempera-
ture is increased. Therefore, stress 
relaxation is accelerated if the 
tests are performed at a higher 
temperature. This simple rule 
holds for physical as well as for 
chemical relaxation processes.

Unfortunately, the real behav-
ior of materials is more complicat-
ed and cannot be described fully 
by the simple Maxwell Model. 
The generalized Maxwell Model, 
which contains an infinite num-
ber of individual spring-dashpot 
elements, gives a more realistic 
description of the stress relax-
ation behavior of a material. Un-
der isothermal conditions (T = 
const.) the relaxation modulus Eiso 

is a function of time t and given 
by Equation 1 for this model.5 

                    ∞   ˜          -tEiso (t)=E∞ + ∫ H(τ).eτ d1nτ      (1)                               
-∞

The relaxation modulus also is 
directly related to the experi-
mentally observable stress σ(t) 

Technical
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and easily can be calculated by 
dividing the stress by the applied 
strain ε0 as can be seen from 
Equation 2. 

Eiso (t) = σ(t)      (2)                      ε0   

The relaxation spectrum, ̃H (τ) as 
defined in Equation 1, is a steady 
function describing the distribu-
tion function of the relaxation time 
constants τ of the model. After an 
infinitely long time t the relaxation 
modulus will approach an equilib-
rium value E∞, as observed nor-
mally for all viscoelastic solids. 

According to Alfrey’s rule,6 the 
value of the relaxation spectrum 
H̃  (τ) at point τ = t is obtained in 
first approximation by differenti-
ating Eiso(t) with respect to 1nt, 
shown by Equation 3.

 ˜H(τ) = −(dEiso)   = −t.(dEiso)      (3)                       d1nt   t=τ                             dt     t=τ

As mentioned before, the re-
laxation time constants strongly 
depend on temperature; the high-
er the temperature, the lower the 
relaxation time constants and 
vice versa. Therefore, the relax-
ation spectrum covers a very 
wide range on the time scale, and 
it is practically impossible to de-
termine the entire function by 
means of a single stress relax-
ation measurement.

According to the well-known 
time-temperature-superposition 
principle (TTS), a set of measure-
ments at several temperatures 
have to be executed which are 
used to create a so-called master 
curve. The master curve fully 
describes the stress relaxation 
behavior of the investigated 
sample, but high effort and time 
consuming measurements are 
required to obtain the result. 

 
Non-isothermal stress relaxation 
or temperature scanning stress 

relaxation (TSSR)
With temperature scanning 

stress relaxation measurements, 
an alternative strategy has been 
introduced recently.7 In contrast to 
traditional isothermal tests, during 
TSSR measurements the tempera-
ture is not kept constant, but is in-
creasing linearly with a constant 
heating rate β, e.g. β = 2 K/min. As 
a result, the non-isothermal relax-
ation modulus Enon-iso as a function 
of temperature is obtained. Ana-
logue to isothermal stress relax-
ation measurements, the tempera-
ture dependent relaxation spectrum   
can be calculated in first approxi-
mation by Equation 4.  

H(T) = −T.(dEnon-iso)            (4)                                  dT          β=const

The temperature-dependent re-
laxation spectrum H(T) is implicit-
ly related to the time dependent 
spectrum H̃ (τ), because τ is a 
function of temperature T. As T 
is increasing linearly during the 
non-isothermal relaxation test, 
the relaxation time constants of 
the material decrease rapidly. As 
a consequence, complete stress 
relaxation of the sample is ob-
servable within a relatively small 
time–temperature window.

Subsequently, the relaxation 
spectrum easily can be calculated 
from the stress-temperature curve 
by means of Equation 4. In con-
trast to traditional stress relax-
ation tests, non-isothermal stress 
relaxation, according to the TSSR 
method, requires less effort and is 
faster and easier to perform. 

Determination of thermoelastic 
properties and crosslink density 
of elastomers 

Another interesting opportuni-
ty of the TSSR test arises from 
the ability to determine crosslink 
density of an elastomer sample. 
For this, the unique property of 

rubber elasticity is exploited. Ac-
cording to the well-known theory 
of rubber elasticity, the mechani-
cal stress σ of an ideal rubber 
network is proportional to the 
absolute temperature T, as ex-
pressed by Equation 5.8

     
   σ = v.R.T(λ−λ-2)      (5)

 
Where ν and R are the crosslink 

density of the rubber network 
and the universal gas constant, 
respectively. The strain ratio λ is 
defined as λ=l/l0, where l is the 
length and l0 the initial length of 
the sample. According to Equa-
tion 5, the stress increases with 
increasing temperature, if the 
strain ratio λ is kept constant. 
The slope of the stress-tempera-
ture-curve at constant strain can 
be obtained from the derivative 
of stress with respect to tempera-
ture, which is assigned as tem-
perature coefficient K in Equa-
tion 6.

K = (∂σ/∂T)λ=v.R.(λ−λ-2)       (6)

For low elongations, the tem-
perature coefficient K is negative, 
due to thermal expansion of the 
sample. However, at higher strain 
ratios, i.e.  λ>1.1, the value of K be-
comes positive, as it was found 
experimentally for many rubbers.

The transition from a negative 
to a positive value of the tempera-
ture coefficient is known as ther-
moelastic inversion.9 The initial 
slope of the experimentally ob-
tained stress-temperature curve, 
which is identical with the tem-
perature coefficient K, reflects the 
crosslink density of the sample, 
as described by Equation 6.

It has to be considered that 
Equations 5 and 6 apply only 
for unfilled elastomers. In the 

case of filled elastomers, which 
are most important for the ma-
jority of rubber applications, the 
reinforcing effect of the filler has 
to be taken into account, addi-
tionally. Determination of the true 
crosslink density requires a more 
sophisticated theory than the 
simple theory of rubber elasticity. 
However, based on the approach 
of Medalia,10,11 a new model has 
been developed to describe the 
influence of filler on thermoelas-
tic behavior of carbon black filled 
elastomers.12-14 

TSSR instrument and test 
procedure

The TSSR instrument (Fig. 2) 
consists of an electrical heating 
chamber where the dumbbell test 
piece is placed between two 
clamps. The clamps are connected 
to a linear drive unit to apply a 
certain uniaxial extension to the 
sample. A high quality signal am-
plifier in combination with a high 
resolution AD-converter is used to 
detect and digitize the analogue 
signals of the high-resolution force 
transducer and the thermocouple. 
In order to detect the current 
temperature the thermocouple is 
placed near the center of the sam-
ple. All signals are transferred to 
a personal computer. A special 
software program is used for 
treatment and evaluation of the 
data as well as for the control of 
the test procedure.

The test procedure starts with 
placing the sample in the electri-
cal heated test chamber, which is 
controlled at the initial tempera-
ture T0 of 23°C. After the initial 
strain ratio of λ0 = 1.5 (strain ε0 = 
50%) is applied, the isothermal 
relaxation period starts, whereas 
the temperature remains con-
stant at 23°C within +/- 0.1°C.

During this time, most of the 
short time relaxation processes 
occur and the sample reaches a 
quasi-equilibrium state. Then 
the sample is heated linearly at a 
constant rate of β = 2 K/min, un-
til the stress relaxation has been 
fully completed or rupture of the 
sample has occurred.

From the obtained force–tem-
perature curve certain charac-
teristic quantities such as T10, T50 
and T90, the TSSR index RI can 
be calculated. The temperature   
stands for the temperature at 
which the force ratio F/F0 has 
decreased about X percent with 
respect to the initial force F0.

The TSSR index RI is a mea-
sure of the rubber-like behavior 
of the material and is calculated 
from the area below the normal-
ized force–temperature curve, as 
represented in Fig. 3 and given 
by Equation 7. Additionally, the 
temperature coefficient K and 
the relaxation spectrum H(T) are 
calculated from the initial slope 
and the derivative of the stress–
temperature curve, respectively, 
as described above. 

 
       T90            
        ∫ F/F0dT
RI= T0                            (7)       

    T90 - T0

Application examples
Determination of the crosslink 
density of vulcanized rubber 
(elastomers)

In Fig. 4, the TSSR stress–
temperature curves obtained at 
varying strain values of an un-
filled sulfur-cured SBR vulcani-
zate are represented. It is seen 
that for a strain higher than 10 
percent, the stress increases lin-
early with temperature. This ex-
perimental result is in agreement 
with the theory as described be-
fore in the section on thermoelas-
tic properties and crosslink den-
sity of elastomers.

The initial slope of the stress–
temperature curve is equal to 
the temperature coefficient K 
and is determined automatically 
by the inbuilt software program. 
There, the crosslink density of 
the sample is calculated accord-
ing to Equation 6 and the re-
sults are presented in Fig. 5. The 
obtained values vary around the 
mean crosslink density of 163 
mol/m3 within a standard devia-
tion of about +/- 6 percent. 

A series of unfilled SBR vulca-
nizates containing varying con-
tents of sulfur were chosen as a 
model system to examine the in-
fluence of curatives on crosslink 
density. The TSSR stress–tem-
perature curves are depicted in 
Fig. 6 and the corresponding 
crosslink densities are plotted in 
Fig. 7 as a function of sulfur con-
tent. The results obviously show 
that TSSR measurements reveal 
reliable information about the 
crosslink density of elastomers.

In the case of elastomers con-
taining fillers such as carbon black 
or silica, the thermoelastic proper-
ties and stress relaxation behavior 
is more complicated. Therefore, the 
simple neo-Hookean model does 
not apply in these cases. However, 
more sophisticated models have 
been developed, which make it 
possible to obtain information of 
polymer-filler interaction and 
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Fig. 8: TSSR stress–temperature curve and relaxation spectrum of a 
SSBR–compound filled with 30 phr silica.14

Fig. 5: Crosslink density values obtained from curves of Fig. 4 as a func-
tion of strain.

Fig. 6: TSSR results obtained from unfilled SBR vulcanizates containing 
varying sulfur content. Tests were performed at constant strain of ε = 50% 
and heating rate of 2 K/min.

Fig. 7: Crosslink density of SBR vulcanizates as a function of sulfur con-
tent. Same samples as in Fig. 6.

characteristic quantity for a cer-
tain relaxation process and strong-
ly depends on temperature.

In general, the time constant 
becomes smaller when tempera-
ture is increased. Therefore, stress 
relaxation is accelerated if the 
tests are performed at a higher 
temperature. This simple rule 
holds for physical as well as for 
chemical relaxation processes.

Unfortunately, the real behav-
ior of materials is more complicat-
ed and cannot be described fully 
by the simple Maxwell Model. 
The generalized Maxwell Model, 
which contains an infinite num-
ber of individual spring-dashpot 
elements, gives a more realistic 
description of the stress relax-
ation behavior of a material. Un-
der isothermal conditions (T = 
const.) the relaxation modulus Eiso 

is a function of time t and given 
by Equation 1 for this model.5

                    ∞   ˜          -t Eiso (t)=E∞ + ∫ H(τ).eτ d1nτ      (1)                                
-∞

The relaxation modulus also is 
directly related to the experi-
mentally observable stress σ(t) 
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structure of crosslinks, as well as 
crosslink density of filled elasto-
mers.12-14 However, in many practi-
cal cases the apparent value of 
crosslink density based on the 
simple neo-Hookean model is suffi-
cient for comparison purposes. 

Relaxation behavior of SSBR/sil-
ica vulcanizates

Filler reinforcement of elasto-
mers is of immense technological 
significance with nearly all tech-
nical elastomer applications 
making use of it. Besides carbon 
black, silica plays an important 
role as a reinforcing filler for 
rubber, in particular in modern 
tire tread compounds. But the 
silica filler is only able to unfold 
its optimum effect through the 
chemical coupling with the poly-
mer matrix with the help of sila-
nes. The silanization of the silica 
occurs here mainly in the inter-
nal mixer and, accordingly, can 
be strongly influenced by the 
compounding process.

To this day, there are only a few 
methods for characterizing the si-
lanization of the filler and the 
subsequent coupling reaction with 
the polymer matrix. Recently, it 
has been shown that TSSR is a 
suitable method to obtain mean-
ingful information about the si-
lanization process and the poly-
mer–filler coupling in this system.14 

In Fig. 8, the TSSR results ob-
tained from a solution SBR 
(SSBR) compound filled with 30 
phr silica is represented. The 
stress–temperature curve looks 
similar as the curves of the un-
filled SBR compound shown in 
Fig. 6. However, a slight deviation 
of the linearity of the stress curve 
is observable at about 60°C.

In the corresponding relax-
ation spectrum, two peaks are 
observable. A major peak appears 
in the temperature range be-
tween 160° and 200°C and a mi-
nor peak is recognizable in the 
range of 40° to 80°C. The major 
peak can be attributed to the 
chemical-induced relaxation pro-
cesses related to the scission of 
the crosslinks and degradation of 
the polymer network, whereas 
the minor peak reflects the poly-

mer-filler interactions. Accord-
ing to existing theories of rein-
forcement of rubbers by fillers, 
polymer segments tend to adsorb 
at the filler surface by physical 
interactions.15,16

During TSSR tests, the sample 
is heated up continuously and 
thus, the adsorbed polymer seg-
ments gain higher mobility due to 
thermal energy and are released 
from the filler surface. This de-
sorption process leads to a slight  
decrease of stress—for example, 
stress relaxation—and is recog-
nizable by a change of slope of the 
stress–temperature curve. The 
relaxation spectrum reflects this 
physical-induced relaxation pro-
cess even better by a small peak, 
because due to the derivation of 
the stress curve, small differenc-
es become intensified.

By means of a suitable coupling 
agent, it is possible to reduce the 
desorption of polymer segments 
off the silica surface. The most 
prominent coupling agent for sili-
ca is a bi-functional organosilane 
with the chemical designation 
bis(triethoxysilylpropyl)tetrasul-
fide, also commercially available 
from Evonik Industries under the 
trade name Si69.

In Fig. 9 the TSSR results ob-
tained from a silanized SSBR 
compound are depicted for com-
parison. This compound has the 
same composition as the com-
pound of Fig. 8, but additionally 
contains 2.4 phr of Si69. Silaniza-
tion of the silica was performed in 
a special two-step mixing process. 
During mixing the silane coupled 
via a chemical reaction to the sili-
ca surface. The coupling reaction 
between the silane and the SSBR 
matrix occurred during the vul-
canization process.

It is seen that the level of the 
stress curve for the silanized sam-
ple (Fig. 9) is significantly higher 
than for the sample without silane 
(Fig. 8). Furthermore, the slope of 
the stress curve in Fig. 9 is higher 

than of the stress curve in Fig. 8. 
Both effects are indications of the 
differences in crosslink density. 
Due to the coupling reaction, the 
filler particles act as multifunc-
tional crosslinks and significantly 
contribute to the total crosslink 
density of the compound.

Comparison of the relaxation 
spectra of both samples clearly 
shows that the minor peak in the 
range of 40° to 80°C is almost 
vanished in case of the silanized 
sample (Fig. 9). This indicates in-
directly that desorption of polymer 
segments in the vicinity of the sili-
ca surface is hindered due to the 
silanization process. Thus, it has 
been shown that TSSR measure-
ments reveal meaningful informa-
tion of the silanization process 
that can be utilized for process 
control and material development. 

Characterization of TPEs based 
on SBC

Commercially available TPE 
materials are generally a com-
pound of a styrene block copoly-
mer, commonly poly(tyrene-b-eth-
ylene/butylene-b-styrene) (SEBS) 
or poly(styrene-b-butadiene-b-sty-
rene), and a thermoplastic poly-
mer, mostly polypropylene. Addi-
tionally, plasticizers, mineral 
fillers and other components are 
used to achieve the demanded 
properties.

In Fig. 10, normalized force-tem-
perature curves and the corre-
sponding relaxation spectra of two 
different types of SBC compounds 
are represented. Up to 11°C, both 
materials behave almost identical, 
but at higher temperatures the 
force of the SEBS/PE compound 
drops down to zero close to 120°C, 
whereas the force of the SEBS/PP 
compound decreases more or less 
slightly until the base line is ap-
proached at about 165°C.

In the relaxation spectrum of 
both materials, a significant peak 
at about 100°C is observable which 
corresponds to the glass transition 

temperature of the styrene hard 
phase of the SEBS. At higher tem-
peratures (120°C or 160°C), an ad-
ditional peak appears which is 
caused by the melting of the ther-
moplastic component, i.e. polyeth-
ylene or polypropylene, respective-
ly.

From these measurements it be-
comes clearly obvious that the up-
per service temperature range of 
SBC compounds is limited by the 
glass transition of the polystyrene 
hard phase. An increased upper 
service temperature limit may re-
sult from the existence of a co-con-
tinous phase of a thermoplastic 
component having a higher melting 
temperature. In the case of polyeth-
ylene as the thermoplastic compo-
nent, an improvement up to 120°C 
can be achieved, whereas by the 
use of polypropylene, a higher tem-
perature, up to a maximum value 
of 160°C, is possible. However, the 
latter values have to be considered 
as theoretical maximum values. 
For obvious reasons, the upper 
limits of the service temperature 
have to be significantly lower than 
those maximum values.

Because the melting tempera-
ture of polypropylene is consider-
ably higher than of polyethylene, 
PP is favored as the thermoplastic 
component for commercial TPE 
materials. Normally, it is hardly 
possible to detect the glass transi-
tion temperature of the PS hard 
phase of commercial SBC com-
pounds by means of traditional 
DSC and DMA measurements, 
because of the complex compound 
composition and the limited sensi-
tivity of the instruments. In con-
trast, TSSR measurements are 
very sensitive with respect to re-
laxation processes of the hard 
phase, and therefore more suit-
able to characterize and improve 
those materials. 

Characterization of thermoplas-
tic polyolefin blends and thermo-
plastic vulcanizates

Most of the commercially avail-
able TPVs are produced from poly-
olefin blends, in particular EPDM/
PP, by the process of dynamic vul-
canization. TPVs exhibit several 
advantages over simple thermo-
plastic polyolefin blends (TPOs). 
Due to selective crosslinking of the 
EPDM rubber phase, almost all 
material properties are improved.

Compression set, creep, stress 
relaxation and swell behavior 
are particularly important for 
automotive applications, such as 
all kinds of sealing systems. As 
shown in Fig. 11 for different 
types of commercial TPOs and 
TPVs, dynamic vulcanization 
has strong impact on relaxation 
behavior. Whereas the stress- 
temperature curve of a simple 
TPO blend exhibits, a strong de-
crease of stress with increasing 
temperature, the decrease of 
stress of a TPV material of com-
parable hardness is significantly 
lower. In contrast to the TPE 
based on SBC, only one signifi-
cant peak is observable in the 
relaxation spectra of the TPV, 
which is assigned to the melting 
of the PP matrix. 

Determination of the crosslink 
density of TPVs

Because crosslink density is 
one of the most important param-
eters of elastomers and thermo-
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Fig. 9: TSSR stress–temperature curve and relaxation spectrum of an 
SSBR–compound filled with 30 phr silica and silanized with Si69.14

Fig. 10: Normalized force–temperature curves and relaxation spectra ob-
tained from SEBS/PE and SEBS/PP blends.

Fig. 11: Normalized force–temperature curves and relaxation spectra ob-
tained from commercial TPO and TPV of 75 Shore A hardness.

Fig. 12: Selected normalized stress–temperature curves of TPV samples 
obtained from TSSR measurements. TPO (solid line), TPV2 (dashed line), 
TPV4 (dashed dotted line) and TPV6 (dotted line).

Fig. 13: Crosslink density of thermoset rubber samples E1–E6 (•) and 
TPV1–TPV6 samples (■) as obtained from TSSR measurements.

Technical Technical
plastic vulcanizates, it is interest-
ing to investigate the crosslink 
density of a peroxide-cured TPV 
based on EPDM/PP by means of 
TSSR measurements. The suit-
ability of this method was exam-
ined at the example of polyolefinic 
model compounds, which were 
dynamically vulcanized by means 
of a peroxide cure system.17

Until now, there are only a few 
methods available for the deter-
mination of crosslink density. 
Most of these methods require 
high effort and are not suitable 
for daily use in product develop-
ment or quality control. 

In Fig. 12 selected normalized 
force-temperature curves ob-
tained from TSSR tests are pre-
sented. The influence of dynamic 
vulcanization is clearly recogniz-
able from the shape of the curves. 
Whereas the uncrosslinked TPO 
sample exhibits the strongest 
stress decrease, this is signifi-
cantly reduced in the case of the 
TPV samples and, thus, higher 
values of T10 and T50 are obtained. 
This behavior was expected, be-
cause dynamic vulcanization is 
well known as a process to im-
prove the stress relaxation prop-
erties of polyolefin blends.

Due to the reduced stress relax-
ation, the area below the normal-
ized force–temperature curve in-
creases. Consequently, the rubber 
index RI also increases and is in-
dicating an improvement of “rub-
ber like” behavior. From Fig. 12, 
it can also be seen that rupture of 

TSSR
Continued from page 15
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temperature of the styrene hard 
phase of the SEBS. At higher tem-
peratures (120°C or 160°C), an ad-
ditional peak appears which is 
caused by the melting of the ther-
moplastic component, i.e. polyeth-
ylene or polypropylene, respective-
ly.
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comes clearly obvious that the up-
per service temperature range of 
SBC compounds is limited by the 
glass transition of the polystyrene 
hard phase. An increased upper 
service temperature limit may re-
sult from the existence of a co-con-
tinous phase of a thermoplastic 
component having a higher melting 
temperature. In the case of polyeth-
ylene as the thermoplastic compo-
nent, an improvement up to 120°C 
can be achieved, whereas by the 
use of polypropylene, a higher tem-
perature, up to a maximum value 
of 160°C, is possible. However, the 
latter values have to be considered 
as theoretical maximum values. 
For obvious reasons, the upper 
limits of the service temperature 
have to be significantly lower than 
those maximum values.

Because the melting tempera-
ture of polypropylene is consider-
ably higher than of polyethylene, 
PP is favored as the thermoplastic 
component for commercial TPE 
materials. Normally, it is hardly 
possible to detect the glass transi-
tion temperature of the PS hard 
phase of commercial SBC com-
pounds by means of traditional 
DSC and DMA measurements, 
because of the complex compound 
composition and the limited sensi-
tivity of the instruments. In con-
trast, TSSR measurements are 
very sensitive with respect to re-
laxation processes of the hard 
phase, and therefore more suit-
able to characterize and improve 
those materials. 

Characterization of thermoplas-
tic polyolefin blends and thermo-
plastic vulcanizates

Most of the commercially avail-
able TPVs are produced from poly-
olefin blends, in particular EPDM/
PP, by the process of dynamic vul-
canization. TPVs exhibit several 
advantages over simple thermo-
plastic polyolefin blends (TPOs). 
Due to selective crosslinking of the 
EPDM rubber phase, almost all 
material properties are improved.

Compression set, creep, stress 
relaxation and swell behavior 
are particularly important for 
automotive applications, such as 
all kinds of sealing systems. As 
shown in Fig. 11 for different 
types of commercial TPOs and 
TPVs, dynamic vulcanization 
has strong impact on relaxation 
behavior. Whereas the stress- 
temperature curve of a simple 
TPO blend exhibits, a strong de-
crease of stress with increasing 
temperature, the decrease of 
stress of a TPV material of com-
parable hardness is significantly 
lower. In contrast to the TPE 
based on SBC, only one signifi-
cant peak is observable in the 
relaxation spectra of the TPV, 
which is assigned to the melting 
of the PP matrix. 

Determination of the crosslink 
density of TPVs

Because crosslink density is 
one of the most important param-
eters of elastomers and thermo-
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plastic vulcanizates, it is interest-
ing to investigate the crosslink 
density of a peroxide-cured TPV 
based on EPDM/PP by means of 
TSSR measurements. The suit-
ability of this method was exam-
ined at the example of polyolefinic 
model compounds, which were 
dynamically vulcanized by means 
of a peroxide cure system.17

Until now, there are only a few 
methods available for the deter-
mination of crosslink density. 
Most of these methods require 
high effort and are not suitable 
for daily use in product develop-
ment or quality control. 

In Fig. 12 selected normalized 
force-temperature curves ob-
tained from TSSR tests are pre-
sented. The influence of dynamic 
vulcanization is clearly recogniz-
able from the shape of the curves. 
Whereas the uncrosslinked TPO 
sample exhibits the strongest 
stress decrease, this is signifi-
cantly reduced in the case of the 
TPV samples and, thus, higher 
values of T10 and T50 are obtained. 
This behavior was expected, be-
cause dynamic vulcanization is 
well known as a process to im-
prove the stress relaxation prop-
erties of polyolefin blends.

Due to the reduced stress relax-
ation, the area below the normal-
ized force–temperature curve in-
creases. Consequently, the rubber 
index RI also increases and is in-
dicating an improvement of “rub-
ber like” behavior. From Fig. 12, 
it can also be seen that rupture of 

the samples occurs if the perox-
ide content of the TPV increases. 
This is accompanied with a de-
crease of the TSSR T90 values.

Unlike this, the force-tempera-
ture curve of the TPO sample ap-
proached zero, without rupture of 
the sample. The rupture of the 
samples can be explained with 
the degradation of the polypropyl-
ene matrix by peroxide, which is 
also a well-known phenomenon. 
Due to the consumption of perox-
ide by the PP matrix, the cross-
link density of the dispersed 
EPDM particles is reduced. 

As described before, tempera-
ture coefficient values K were de-
termined from the initial part of 
stress–temperature curves, which 
were obtained from TSSR mea-
surements of TPV (Fig. 12) and 
thermoset rubber samples of 
identical composition as the rub-
ber phase of the TPV. The cross-
link densities of all samples were 
calculated according to Equation 
6 and are plotted against the total 
amount of curatives in Fig. 13.

It should be noted that the 
compositions of the thermoset 
rubber samples E1 to E6 are 
identical with the rubber phase of 
the corresponding TPV samples. 
Thus, the crosslink density of 
TPV1 can be directly compared 
with sample E1, TPV2 can be 
compared with E2, and so on. 
Fig. 13 clarifies that with the 
same amount of curatives a high-
er crosslink density is achieved in 
the thermoset rubber than in the 

rubber phase of the correspond-
ing TPV compound. This result 
confirms the assumption that the 
crosslink density in the rubber 
phase of the TPV is reduced due 
to partial consumption of the 
peroxide by the PP matrix.

By comparison of the number of 
moles of curatives used in the 
recipe, the crosslink of efficiency 
of the cure system also can be 
verified. The obtained results of 
crosslink density correlate well 
with the reciprocal swell ratio of 
traditional swelling measure-
ments. More application examples 
are described in reference 18. 

Conclusions
TSSR is a new test method and 

offers many opportunities in char-
acterizing the behavior of any soft 
materials, in particular rubber, 
vulcanized and thermoplastic. In 
contrast to conventional stress re-
laxation measurements and relat-
ed methods (e.g. compression set), 
the TSSR test method is less time 
consuming and requires only a 
minimum on manual effort.

The versatility of TSSR mea-
surements has been demonstrated 
at several application examples. 
Apart from conventional stress re-
laxation measurements according 
to international standards (ISO 
6914), non-isothermal stress relax-
ation measurements can be per-
formed according to a newly intro-
duced standard (ASTM-D8363-20) 
to rapidly scan materials with re-
spect to their thermal-mechanical 

properties. In contrast to traditional 
thermo-mechanical analysis (TMA) 
and dynamic mechanical analysis 
(DMA), the measurements are not 
performed in the linear viscoelastic 
region but under conditions of high 
strain, such as 50 percent. This 
makes a big difference, and thereby 
structural changes in the network 
structure of rubber, vulcanized or 
thermoplastic, can be detected with 
high sensitivity.

Moreover, other changes of in-
teractions between polymer chains 
and other ingredients in a soft 
polymer composite may signifi-
cantly modify the measuring sig-
nal. This becomes even more obvi-
ous from the automatically 
recorded relaxation spectrum. Ad-
ditionally, it is possible to deter-
mine the crosslink density of un-
filled and even of filled elastomers 
based on the well-known theory of 
rubber elasticity. In total, the 
newly developed TSSR instrument 
is a powerful tool in the testing of 
elastomers and TPEs, which can 
be used for research and develop-
ment as well as for quality control.
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