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Analyzing properties of rubber compounds
By Bryan A. Crawford
Johns Hopkins University

and
Sudharshan Phani
Nanomechanics Inc.

The most common and accurate technique for characterizing viscoelastic
properties of rubber compounds using a
nanoindenter has been conducted with
cylindrical flat punch tip geometries.1, 2, 3, 4
These indentation punches have the
distinct advantage of having a known
contact area. During testing, a nanoindenter engages the surface of a viscoelastic sample and increases the force
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Edited by Harold Herzlich
on the tip until full contact between tip
and sample has been established.
After time, dependent creep mechanisms have been allowed to subside. The
system super-imposes a frequency specific dynamic force oscillation and measures the dynamic displacement response
along with any phase lag that exists between the two signals.
The nanoindenter system is modeled
as a single degree of freedom forced,
damped oscillator in contact with a viscoelastic solid, modeled with a single
spring and dashpot, using a Vigot model,
as shown in Fig. 1; where Kinst is spring
stiffness of the instrument; Cinst. is the
damping of the instrument; Ksample is the
stiffness of the sample; Csample is the
Fig. 1. Single degree of freedom forced,
damped oscillator model, used to represent the nanoindenter, combined with a
Vigot model representing the viscoelastic solid.

Executive summary

The authors

Nanoindentation is a powerful technique for characterizing small volumes of
material for the mechanical properties of viscoelasticity, including storage modulus, loss modulus, and tan delta. The primary advantage of this technique for
polymers is the ability to resolve these properties with spatial resolutions on the
micro- and nano-scales.
In this report, details of the contact dynamic mechanical analysis (CDMA) technique using a nanoindenter platform are covered and a comparison of these results to traditional dynamic mechanical analysis (DMA) results are made.
The primary advantages of the CDMA technique are the ability to evaluate gradients in laminate layers of rubber compounds and the ability to map material
degradation zones. In addition, sample preparation methods for tire cross-sections
are described.
The combination of these powerful techniques allows tire samples to be tested
in cross-section without the difficulty of dissecting the individual laminate layers.
CDMA provides a new measurement technique for obtaining viscoelastic properties on volumes previously considered too small for characterization through the
dissection technique.
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damping of the sample; t is time; m is the
oscillation mass; w is the oscillating frequency;  is the measured phase angle
between the dynamic force application
and the harmonic displacement response; F is the applied dynamic force;
and z is the resulting measured dynamic
displacement.
Modeling the sample in such a manner allows the response of the sample to
be measured directly under the test conditions imposed, but it provides no predictive capability for time-temperature
superposition. The measured contact
stiffness (1) and damping (2) are combined measurements of the instruments
Fig. 2. Simple harmonic oscillator used
to model the instrument’s response out
of contact.

and sample response given as:

and

To isolate the sample response, the instrument is characterized out of contact—modeled as a simple harmonic oscillator, as shown in Fig. 2—and the
instrument response is removed.
Nanomechanics Inc. has gone to great
lengths to ensure that the iNano
nanoindenter system is well represented
as a single degree of freedom damped,
forced oscillator over a wide frequency
range—it is not at all evident that other
commercially available nanoindenter
systems meet this requirement over this
frequency range.
Fig. 3 displays the modeled compliance response (ratio of measured displacement response to the force excitation) of a single degree of freedom
harmonic oscillator with a mass of 200
mg and damping of 0.12 Ns/m. Overlaid
on this figure are the actual experimental data from the iNano system showing
near perfect agreement with the model.
The stiffness and damping of the sample can now be written in terms of the
measured combined response and the
measured instrument response in equations 3 and 4.

Fig. 3. Dynamic compliance for the iNano system versus frequency compared to
the modeled results of a single degree of freedom harmonic oscillator.

In the case where the contact between
indenter tip and sample is representative
of linear viscoelasticity, Sneddon’s elastic
solution can be used to relate the measured stiffness and damping to the storage
and loss modulus, respectively, as:

where E’ is the storage modulus, E’’ is the
loss modulus, v is Poisson’s ratio, B is a
geometric factor based on the shape of the
indenter tip—B is 1.0 for a circular flat
punch, and A is the area of the flat punch.
It is important to recognize the assumptions that are being made when
completing this analysis using a nanoindenter instrument. The three primary
assumptions are:
1. the test instrument is representaSee Rubber, page 16

Fig. 4. iNano Nanoindenter system developed by Nanomechanics Inc.
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tive of a single degree of freedom harmonic oscillator,
2. the contact measurements must be
made in the linear-viscoelastic regime—
small strain assumption, and
3. measurements are made under
steady-state harmonic motion.
A comprehensive analysis for verification of these assumptions is provided by
Herbert, et al.1

Test instrument, protocol and
comparison to traditional DMA
The iNano nanoindenter system, developed by Nanomechanics Inc., was
used to conduct Contact Dynamics Mechanical Analysis (CDMA) tests on a variety of bulk polymers and tire samples.
A primary advantage of performing indentation testing to measure dynamic
properties is that only a flat exposed surface is required for performing the test—
no further specific specimen geometries
are required; this allows access to sample volumes that are too small for traditional DMA techniques.
The test instrument brings a cylindrical flat punch tip into contact with the
sample, increases the force until full
contact between tip and sample is established (rarely is the surface of the sam-

ple in perfect alignment with the surface
of the flat punch tip), waits for creep to
subside in the contact, and performs a
frequency sweep to characterize the
sample. A picture of the iNano nanoindenter system is provided in Fig. 4.
To determine the point of full contact
between the flat punch tip and the sample, a dynamic force is superimposed on
the tip during loading and the stiffness
is continuously monitored.
During loading, the stiffness continuously increases until the full “face” of
the tip comes into contact with the sample; at this point the stiffness of the contact plateaus.
Fig. 5 shows the evolution of the stiffness after initial contact with the sample
has been made through to full contact.
Low-density polyethylene, high-density polyethylene, highly plasticized
polyvinyl chloride, and two Sorbothane
materials were tested and compared to
traditional DMA measurements.
The instrument used for DMA analysis was a TA Instruments Q800 DMA
configured with a double cantilever
holder—a picture of the traditional
DMA tester is provided in Fig. 6.
Samples for the DMA tester were cut
to the manufacturers recommendations
that required that the length of the sample to be at least 10 times the thickness.
For the CDMA tests on the nanoindenter, a small section of the DMA samples
were clipped—after DMA testing was

Fig. 5. Evolution of stiffness from initial contact with the sample to full contact between tip and sample.

completed—and mounted directly to a
sample stub. The DMA and CDMA samples are shown in Fig. 7.
Results for storage modulus and loss
modulus on the samples are provided in
Figs. 8 and 9, respectively. Good agreement is observed for all results comparing
the traditional DMA tests to the contact
tests performed with the iNano system.
Agreement between the two techniques was easily within 10 percent for
the measured storage modulus and also,
in most cases, for the loss modulus. At
higher frequencies, the traditional DMA
tester was approaching resonance and
this is most likely the cause for the
“kinks” in the loss modulus curves for
the HDPE and LDPE samples.
Discrepancies in the results may be
due to differences in the primary directions of stress when testing with a double cantilever configuration as compared
to a contact compression test in nanoindentation.
Herbert et al. has shown nearly exact
agreement between uniaxial compression DMA and contact DMA with a
nanoindenter system.2 It is apparent
from the data that the higher resonant
frequency of the iNano system provides
a larger range for characterization of
materials in the frequency domain.
In addition to the advantages in the
expanded frequency domain, performing
contact DMA with a nanoindenter also:
1. allows access to volumes of material
that are not feasible for testing in traditional DMA testers,

2. provides a mechanism for auto sampling multiple laminate layers, and
3. provides test results with high spatial resolution for mapping gradients.

Mounting and polishing
Tire samples are easily prepared for
testing in the nanoindenter system using a variety of techniques. The
Nanomechanics’ service laboratory uses
cold grinding techniques or standard
metallographic preparation techniques
for cross sectioning tire samples; preparation using cold grinding techniques
were previously presented.3
Advances in sample preparation have
allowed easier access to testing of belt
skim coats and interfaces of laminate
layers. The standard metallographic
mounting techniques include sawing a
sample plug from the tire section of interest, potting it in an epoxy mount, and
using sand papers of various grit size to
Fig. 7. DMA samples (left) and CDMA
samples (right) ready for testing.

Fig. 6. TA Instruments Inc. Q800 DMA tester configured with double cantilever sample holder.

Fig. 8. Comparison of traditional DMA to iNano nontact DMA measurements of storage modulus.

Fig. 9. Comparison of traditional DMA to iNano contact DMA measurements of loss
modulus.

P017_RPN_20150309.qxp

3/5/2015

3:45 PM

Page 1

www.rubbernews.com

Rubber & Plastics News

●

March 9, 2015

17

Technical
polish the rubber sample while maintaining a stream of water on the polishing wheel to eliminate build-up and remove heat.
As a final polishing step, it has been
found that vibratory polishing is a highly effective way to gently remove surface
roughness.
In vibratory polishing, samples sit on
a polishing plate with dead weights on
the sample holder while the plate vibrates and polishes the sample; an example of a vibratory polisher is provided
in Fig. 10.
While originally used for metals and
ceramics to generate defect free, highly
polished surfaces, the polishing technique also polishes rubbers and plastics
without damage to the surfaces. Samples in this study were polished using
sandpaper and vibratory polishing down
to 0.05 m alumina slurry. Fig. 11
shows a mounted and polished tire
cross-section ready for testing.

CDMA test results
Two tire samples that had undergone
aging and load testing with different inflation gasses were analyzed on the iNano
nanoindenter system. The tires were aged
and load tested by Herzlich Consulting
Inc., and sections of the tires were supplied to Nanomechanics Inc. for analysis.

Aging was completed at 140°F for 7
weeks, and the load tests were completed according to DOT 139 (modified);
Table 1 provides the aging and load test
parameters for the two tires examined
in this report.
Failure in these tires occurred at very
different points in testing. The first
tire—which had 21 percent oxygen fill
gas—failed prematurely at 4,359 miles
due to a blister and only withstood a 60
percent overload.
In comparison, the second tire—with
95 percent nitrogen fill gas—failed due
to a sidewall failure after 5,883 miles
and was subjected to a 110 percent overload.
CDMA tests were conducted across
both samples starting at the outer edge
of the tread layer and across the laminate layers to the butyl liner.
The results of storage modulus and
loss modulus measured at 100 Hz. are
displayed as a function of Profile Distance for the tire samples in Figs. 12
and 13, respectively.
It is observed that the two tires have
similar results across the cross-section,
but the tire that failed at the higher
mileage consistently had elevated storage moduli results over the belt skim
compound region and the butyl liner—
suggesting that increased degradation

Table 1. Aging and load test parameters with failure specifications.

Fig. 11. Tire section (sample was cut from the region circled in red) and the mounted and polished tire sample ready for testing. The mount has a 1.25” diameter;
sections up to 4” long can be easily accommodated in the iNano instrument.

Fig. 10. Vibratory polisher, provided by
Pace Technologies.

may have occurred due to the higher
overload.
Large variation in the spatially resolved storage modulus of both tire samples in the belt skim compound suggests
that stress concentration may be leading to accelerated degradation in localized areas of this laminate layer.
The lost moduli results were nearly
identical for both cross-sectioned tire
samples in each of the laminate layers.
Again, a systematic variation of loss
modulus across the belt skim compound
is observed in both samples.
Individual laminate layers of the tires
were tested at discrete locations and frequency sweeps were used to characterize the frequency dependence of the tire
components.
Figs. 14 and 15 display the storage
and loss modulus results of the laminate
layers as a function of excitation frequency. Once again, similar results are
observed for both tire samples.
These results would be comparable to
room temperature DMA testing if the
laminate layers were dissected from the
tire and tested using traditional DMA.
However, the dissection technique
and traditional DMA testing would not
provide critical information on the gradients of mechanical properties across
the laminate layers, as are shown in
Figs. 12 and 13.

The CDMA technique, using the
iNano system, provides understanding
of how these laminate layers accommodate wear over the life cycle of the tire.

Conclusions
In this report, results from traditional
dynamic mechanical analysis were compared to contact tests performed using a
nanoindenter system to measure viscoelastic properties of storage and loss
modulus.
The two techniques showed good
agreement on a wide range of bulk polymer samples, including high density
polyethylene, low density polyethylene,
highly plasticized polyvinyl chloride, and
high damping Sorbothane materials.
Techniques for mounting and polishing tire cross-sections were discussed,
and vibratory polishing was shown to
generate smooth, flat surfaces that were
ideal for testing.
The CDMA technique, using the
nanoindenter system, was then used to
map the gradients of viscoelastic properties across laminate layers in cross-sectioned tires.
Results clearly showed strong gradients in the belt skim compounds and localized areas of increased degradation.
Understanding how these laminate layers accommodate wear over the life cycle
See Rubber, page 18
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Former Firestone President Brodeur dies at 87
PALM SPRINGS, Calif.—Leon R.
Brodeur, former Firestone Tire & Rubber Co. president and vice chairman,
died Jan. 29 at his home in Palm
Springs. He was 87.
Brodeur was born in Manchester,
N.H., and after serving in the Army from
1945-47, he graduated from St. Anselm’s
College with a bachelor’s degree with a
focus on chemistry and math.
He started his career with Firestone
in 1951 as a processing control chemist
at the firm’s synthetic rubber plant in
Akron. He became Firestone Tire Co.
president in 1979, a group vice president in 1980 and later an executive vice
president.
In 1982 Brodeur was named president
and chief operating officer of Firestone
Tire & Rubber Co. and a board member.
He was elected vice chairman in 1984,
before retiring in 1985. During his career he served on the board of the Rub-

ber Manufacturers Association.
During his tenure as president and
COO at Firestone, Brodeur worked under John Nevin, hired in 1979 as CEO
and chairman. Nevin was brought in to
do a massive restructuring on Firestone,
making the decision to close many
plants and exit numerous businesses.
His moves led to Firestone being sold to
Bridgestone Corp. in 1988.
During a 1996 interview, Brodeur said
he supported most of Nevin’s decisions.
“What he did made him very unpopular,
but he had to do it,” he said. “You’ve got
to separate the man from the job.”
But Brodeur also cautiously spoke of
what he saw as one of Nevin’s flaws: a
lack of sensitivity at times.
Brodeur remembered a time when
Nevin told a reporter that Firestone’s
management team consisted of a bunch
of clones. Nevin, who died in 2006, admitted he had said it and recalled how

Brodeur and the other Firestone officials made him aware of his blunder. At
the next board meeting, the officials all
dressed exactly the same—in blue suits,
white shirts and red Firestone ties.
After retirement, Brodeur did consulting work, particularly on the board of a
local chemical company that went international and became known as OMG.
He was an avid golfer, and until 2012
he held the third oldest membership at
Firestone Country Club in Akron.
Brodeur also was a horse lover, having
co-owned race horses with Thomas J.
Reese, another former Firestone executive.
He is survived by his wife of 58 years,
Helen; sons Ken and Steve; daughter
Michelle; and two granddaughters.
A memorial mass will be celebrated
on March 20 at his home parish of St.
Hilary Catholic Church in Fairlawn,
Ohio, a suburb of Akron.

Leon Brodeur
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of the tire can now be probed and used
to improve performance.
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Fig. 12. Storage modulus results across the laminate layers of the tire samples.

Fig. 13. Loss modulus results across the laminate layers of the tire samples.

Fig. 14. Frequency specific storage modulus of the laminate layers of tire samples.

Fig. 15: Frequency specific loss modulus of the laminate layers of the tire samples.

