
1|7

N
G

B 
· A

p
p

lic
at

io
n 

N
ot

e 
38

7 
· E

N
 · 

07
25

 · 
Te

ch
ni

ca
l s

p
ec

ifi
ca

ti
on

s 
ar

e 
su

b
je

ct
 to

 c
ha

ng
e.

No Pain with Payne ... and Mullins
A Practical Guide to Performing Measurements of the Payne and Mullins Effect

with NETZSCH High-Force DMAs
Sascha Sebastian Riegler, Applications Laboratory

Introduction

Elastomers frequently contain active fillers, such as 
carbon black or silica, to enhance their mechanical 
properties and attain the necessary quality for high-per-
formance applications. In the case of high filler contents, 
a three-dimensional (3D) network of aggregated filler 
particles is formed. This results in a substantial increase in 
the sample’s stiffness. However, this microstructural fea-
ture is only stable as long as the applied deformations 
remain small, i.e., within the linear viscoelastic regime. 
Above this threshold, the 3D filler network breaks down 
and the moduli become a function of the applied strain 
or shear to the sample. This regime is referred to as the 
non-linear viscoelastic region.

Two important effects are associated with this phenom-
enon: The Payne and the Mullins effect. While both are 
strain-softening phenomena and both effects depend 
on the deformation history, the former describes the 
decrease in storage modulus upon increasing dynamic 
deformations. The Mullins effect is commonly under-
stood to be the change in the stress-strain curves for 
successive loading and unloading cycles performed in 
quasi-static tensile tests. In this case, the subsequent 
stress-strain curves will be situated below the initial load-
ing cycle’s curve. The stress-strain curve of a sample will 
only match the stress-strain curve of a virgin sample once 
the previous maximum strain of the sample’s deforma-
tion history is exceeded.

It is important to note that these effects are not merely 
scientific curiosities. They are also relevant to real-life 
scenarios. Since elastomers are often exposed to high 

dynamic and static strains during service, this signifi-
cantly impacts their performance in terms of stiffness and 
damping in comparison to the virgin elastomer material. 
To reliably quantify these changes during large deforma-
tions and/or dynamic loading, tests for the determina-
tion of the Payne and Mullins effect must be performed. 
Examples include windshield wiper blades, engine 
mounts and tires. Accurate quantification of the strain-
induced changes in the (dynamic)-mechanical properties 
enables reliable feedback during the research & develop-
ment of new rubber compounds as well as simulation of 
the performance of the product in service.

APPLICATIONNOTE
Elastomers – DMA

NETZSCH-Gerätebau GmbH
Wittelsbacherstraße 42 ∙ 95100 Selb ∙ Germany
Phone: +49 9287/881-0 ∙ Fax: +49 9287/881505 
at@netzsch.com ∙ www.netzsch.com

Payne Effect:
 The Payne effect is the reversible decrease in storage modulus
of filled elastomers with increasing dynamic strain amplitude.

Mullins-Effekt:
   The Mullins effect is the irreversible stress softening in elasto-

mers after the first loading–unloading cycle.

General Aspects of Payne and Mullins Effect 
Measurements

In most cases, the Payne effect is usually performed as 
a strain sweep using a (double) shear sample holder. 
It should be noted that these experiments can also be 
taken in tensile mode [1] (typically only small dynamic 
amplitudes are possible, depending on the initial sample 
length) or compression mode [2].

Shear mode is the preferred option in dynamic-mechani-
cal analyzers due to the realization of larger strain/shear 
amplitudes than those in tensile or compression set-ups. 
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To ensure precise determination of the shear moduli, the 
ISO 6721-6 standard stipulates the use of samples with 
a diameter (cylindrical shape) or height (cuboidal shape) 
of at least 4 times the thickness of the sample. This 
approach eliminates any potential bending effects, thus 
removing the need for any corrections. A second reason 
for shear mode is the idea of applying load conditions 
which are similar to the real application: Windshield wip-
ers will show deformations caused by a combined shear-
bending load of up ±90°. Tread compounds on the top 
surface of passenger tires as well as on truck tires will be 
sheared against the next layer located below the tread 
layer (“underground layer”) up to 200% or more.

Finally, measurements taken under shear load condi-
tions offer the distinct benefit of eliminating the need 
for static components. Therefore, the Payne effect mea-
sured in this case is solely a function of the rising dynamic 
shear amplitudes. No static load is required to analyze 
the Payne effect.

On the other hand, the Mullins effect is caused by static 
loading processes at different deformation levels. The 
Mullins effect is typically examined in tensile mode. It is 
also possible to measure this effect in the same manner 
using compression or (double) shear sample holders.

In the following, a step-by-step guide to setting up a 
measurement of the Payne effect with the (double) 
shear sample holder is presented.

Step-by-Step Guide to Performing Payne Effect 
Measurements with the Double Shear Sample Holder

Customers can choose from among different options for 
shear sample holders: Double shear sample holders are 
available for samples with a maximum diameter/height 
of 8 mm, 10 mm, or 20 mm, and a specialized shear sam-
ple holder is available for thin strip-like samples. The lat-
ter does not require attachment of the samples to the 
steel cylinders. 

In the following, the focus lies only on the preparation 
of a shear sample holder with a 10-mm diameter for the 
purpose of a Payne effect measurement. For this case, 
sample preparation kits (the insertion and the alignment 
tool) are also available to ease the sample preparation 
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process when using an adhesive. Sample preparation 
is also possible via directly vulcanizing un-vulcanized 
“green” rubber to the steel cylinders using a heating 
press. To accomplish this, the non-crosslinked rubber 
must be poured between the prepared steel cylinders 
and subsequently vulcanized at the desired tempera-
ture. This provides the advantage of higher repeatability 
of the measurement results, due to the highest possible 
adhesion strength between the elastomer and metal, a 
more precise positioning of the elastomer between the 
cylinders, and a lack of adhesive residue.

a) Preparation of the elastomer disks

I.	 A cast rubber sheet of the desired thickness should 
be available.
II.	 A hand drilling machine with an appropriate cylin-
drical die tool is necessary for the next step.
III.	 Dip the lower part of the cylindrical die tool in 
a water soap solution. This helps reduce the friction 
between the tool and the rubber sheet during drilling, 
thus enabling a better cutting process.
IV.	 Slowly lower the can drill tool (recommended speed 
is only 20 to 40 revolutions per minute) until the rub-
ber sample has been cut out. Repeat the process for the 
required number of samples.
V.	 Dry the remaining soap left on the samples.
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b) Assembly of the entire shear sample

For preparation of the complete shear sample holder 
setup, it is necessary to have the following tools: An 
adhesive for gluing metal to the rubber material, e.g., a 
cyanoacrylate adhesive; three steel cylinders of 10-mm 
diameter; the cut-out elastomer disks; and the insertion 
tool kit that is shown in figure 1. Depending on the rub-
ber material, a different adhesive may need to be chosen.

Furthermore, the rubber sample surfaces can be rough-
ened with fine-grained sandpaper before the first 
assembly step. This might provide better adhesion dur-
ing bonding

Subsequently, the elastomer sample surfaces need to be 
cleaned with a substance that does not alter the proper-
ties of the material and does volatilize quickly. A poten-
tial cleaner for this purpose is Loctite 7063.

I.	 First, measure the sample thickness and diameter of 
the two elastomer disks to be adhered with a caliper and 
write down the average value of both.
II.	 An elastomer sample disk needs to be adhered to 
one of the outer steel cylinders. To do this, place a steel 
cylinder into the depression of the insertion tool kit, as 
shown in figure 2, and tighten it with the grub screw.
III.	 Place an elastomer disk
IV. on the protruding cylindrical part of the lower portion 
of the insertion tool kit.

V. Apply a small drop of adhesive to the center of the rub-
ber disc to be bonded to the steel cylinder. Spread the 
adhesive evenly over the surface. Bond the rubber disc 
to the clamped steel cylinder. Ensure the edges of the 
cylinder and disc are flush. Next, insert the entire assem-
bly from figure 2 into the recesses in the steel block from 
figure 1. At this stage, the rubber disc will be in contact 
with the cylindrical elevation (the yellow ellipse in figure 
1). Press down on the assembly in figure 2 from above 
with moderate force for 2–3 minutes. The adhesive bond 
should then be stable enough for the next step.
VI. Repeat these steps until the entire setup of steel cylin-
der – elastomer disk – steel cylinder – elastomer disk – steel 
cylinder is fabricated. Keep in mind to always apply the ad-
hesive on the metallic surface to avoid fast curing of it on 
the elastomer surface.
VII. Let the adhesive cure for 24 h for the interfacial strength 
to reach its maximum. The curing process can be accelera-
ted by placing the finished shear sample holder setup in an 
oven at temperatures ranging from 30°C to 70°C.
VIII. Any excess adhesive left on the outer surface should 
be removed by grinding with fine-grained sandpaper. This 
guarantees that no adhesive residue will influence the stiff-
ness of the elastomer sample part during the shear expe-
riment.

Photo of the insertion tool kit.1 Photo of the insertion tool kit with the steel 
cylinder placed in the depression and tigh-
tened with the grub screw.
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c) Preparation of the sample holder for the stiffness 
correction measurement

I.	 The alignment tool can be used to externally pre-
pare the sample holder for the stiffness correction mea-
surement with the steel cylinder (see figure 3).
II.	 Insert the steel cylinder used for the stiffness cor-
rection and tighten the screws with a fastening torque 
screwdriver and at least 1.5 Nm.
III.	 Insert and connect the entire sample holder setup 
to the static and dynamic force axes.

d) Preparation of the sample holder for sample 
measurement

First, unscrew the front parts holding the steel cylinder 
in place and take it out. Subsequently, position the pre-
pared double shear sample as centrally as possible and 
secure it by screwing the front parts again.

e)	 Sample measurement definition with the Eplexor 
9 software

The same pan template file as for the sample holder cor-
rection measurement is chosen in this case, as the Payne 
effect is measured in static/dynamic sweep. Therefore, 
the following setting as shown in figure 4 is suitable. 
Here, the parameters for the dynamic oscillations are 
usually strain-controlled, rather than force-controlled. 
The measurement points distribution is chosen logarith-
mically as the measurement’s data plots are convention-
ally displayed with a logarithmic x-axis.

Note that the higher the maximum dynamic strain, 
the more likely it is that the adhesive at the interface 
between the elastomer and steel may break, thus invali-
dating any further runs. The maximum possible dynamic 
shear applied to the sample is limited by the maximum 
deformation of the carbon fiber-reinforced polymer 
blade spring.

Start the measurement via the “Load & Go” panel in the 
Eplexor 9 software.

Fully assembled sample holder with steel cylinder, inserted using the 
alignment tool.

3 Screenshot of the Expert measurement definition for the sample 
measurement in the Eplexor 9 software.
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Results

In the following, the measurement results performed on 
an EPDM70 elastomer compound are presented. Both 
the Payne and Mullins effects were investigated.

a) Payne effect

The measurement parameters used for the measure-
ment of the Mullins effect are summarized in table 1.

In figure 5, the viscoelastic quantities’ shear storage mod-
ulus, G’, and loss factor, tan δ, are shown as a function of 
the dynamic shear amplitude from 0.04% to 100%.

The tests were performed using different sweep types. 
Sweep type “up” means the dynamic amplitude will be 
swept from ±0.04% up to ±100%; “down” means from 
±100% back to ±0.04%. 

The initial curve represents the measured data for the 
virgin sample. At low shear values, i.e., in the linear vis-
coelastic regime for the undamaged elastomer com-
pound, the shear storage modulus at 30°C is approx. 6 
MPa. The end of the linear viscoelastic regime is already 
at a dynamic shear of 0.1%. From this point onwards, 
the material starts to soften due to the breakup of the 
filler-filler network. At a shear amplitude of 100%, G’ 
decreases to approx. 2 MPa – a value only 1/3 of the vir-
gin state. Similarly, tan δ in the virgin state is approx. 0.1 
and lies at about 0.135 for a dynamic shear of 100%. In 
between, a maximum in tan δ can be observed at approx. 
4% that corresponds to a maximum in heat dissipation 
or damping for this rubber compound.

During the subsequent down-scans, clear hysteresis 
behavior from the initial up-scan can be observed. The 
storage modulus and loss factor are shifted to lower and 
higher values, respectively. Furthermore, the peak value 
in tan δ shifts slightly to lower dynamic shear amplitudes. 
This change is caused by the damage to the filler net-
work incurred by the high dynamic shears imposed on 
the sample during the test.

Importantly, this damage and its consequences are also 
detected during the remaining up- and down-scans. 
The storage modulus and the loss factor remain at the 
same level from the first down-scan after the sample was 
dynamically loaded up to 100% shear for the first time.

Shear storage modulus, G’, and the loss factor, tan δ, as a function of 
the applied dynamic shear amplitude. The up- and down-scans are 
displayed in yellow, orange, and red or turquoise, blue, and purple 
colors, respectively.

5

Overview of the parameters used for the Payne effect measure-
ments with the High-Force DMA.

Table 1  

Parameter Value

Instrument DMA 503 Eplexor® 500 N

Sample holder Double shear sample holder 
Ø10 mm

Measurement mode Shear

Active spring blades Only CFRP spring blade

Sample dimensions
Ø10 mm × 1,6 mm
(thcikness up to 2.4 mm possible)

Atmosphere Static air

Static/Dynamic Sweep

Temperature 30°C

Frequency 10 Hz

Contact force 0 N

Static load type Force-controlled

Target values 0 N

Limit value 30%

Dynamic load type Strain-controlled

Target values 0.04 ...100% (logarithmisc dstribution,

5 steps per decade)

Limit value 500 N
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b) Mullins effect

The measurement parameters used for the measure-
ment of the Mullins effect are summarized in Table 2.

In Figure 6, the stress-strain diagrams of two different 
EPDM70 samples with all five load and unload cycles are 
shown. During these cycles, the non-linear viscoelastic 
and strain-softening behavior of the filled elastomer is 
apparent.

When the sample is loaded to a certain maximum strain 
value for the first time, it follows the initial curve. Upon 
unloading, there is a significant reduction in the stress 
level for the same previous strain, leading to hysteresis 
in the stress-strain diagram. At this point, it is not pos-
sible to distinguish between a purely viscoelastic phe-
nomenon, as demonstrated in a previous Application 
Note [3] for a carbon-based aerogel, and additional 
damaging effects, such as the Mullins effect. The differ-
ence only becomes apparent with the second load cycle 
up to the same maximum strain value as in the previous 
cycle. If the stress levels are lower for the second cycle 
than for the first cycle, then damage occurred. Once the 
maximum strain from the previous cycle is exceeded, the 
stress-strain curve again follows the initial curve up to 
the new maximum strain of the current cycle.

Static stress-strain diagrams of two separate EPDM70 samples measured in tensile mode with the tension 
sample holder. During the tensile test, the maximum static strain was increased by 30% with each load and 
unload cycle. The load cycles are displayed in orange to red colors, the unload cycles in light to dark blue colors.

6

Overview of the parameters used for the Mullins effect measure-
ments with the high-force DMA.

Table 2  

Parameter Value

Instrument DMA 503 Eplexor® 500 N

Sample holder Tension sample holder up to 700 N

Measurement mode Tension

Active spring blades All three spring blades

Sample dimensions 2.34 mm × 2.58 mm × 20.67 mm
2.35 mm × 3.47 mm × 23.52 mm

Atmosphere Static air

Tensile Test

Temperature 30°C

Contact force 2 N

Static load type Strain-controlled

Target values 30...0...60…0…90…0…120…0…1
50…0…180 %

Strain rate 100%/min

Limit value 150 N
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Relevance of the Payne and Mullins Effects in the 
Rubber Industry

Filled elastomers, regardless of whether with carbon 
black or silica, play a fundamental role in the rubber 
industry. As the Payne and Mullins effects manifest 
themselves as a change in the (dynamic) mechanical 
properties of filled elastomer materials, it is paramount 
to understand the implications on the properties of the 
product during service.

In multiple real-life applications, high dynamic defor-
mations or multiple loading and unloading cycles occur 
during a product’s lifetime – this is the case, for exam-
ple, with windshield wipers after several cycles, tires after 
several corners, or rubber dampers. These are hence 
subject to the consequences of the Payne and Mullins 
effects. This change in viscoelastic properties relates to 
different relevant properties such as the rolling resis-
tance of tires via a change in the loss factor or the damp-
ing capability of bushings.

NETZSCH High-Force DMAs allow you to accurately 
quantify the extent of the Payne and Mullins effects in 
your material and thus to manufacture higher quality 
rubbers and better predict the performance of your final 
products.
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