Compression and Recovery Behaviour of Polyamide-6 Based Foams

V.G. Izzard’, H. Hadavinia™, V.J. Morris®, P.J.S. Foot", L. Wilson™ and K. Hewson™

*Materials Research Centre, Kingston University, London, UK

*Zotefoams plc, Croydon, UK

Received: 30 August 2011, Accepted: 21 December 2011

SUMMARY

This paper presents experimentally determined compression sets and compression behaviour of two closed-cell,
crosslinked foam materials; ZOTEK N B50 (Nylon 6) and ZOTEK N A30 (nylon/polyolefin alloy). This work
forms the basis of future investigations into the post-impact behaviour of these foams.

Compression set performance was measured at 25.0, 37.5 and 50.0% strain at nine temperatures ranging from
-5t0 90 °C. Compression tests at constant strain rates were conducted at four temperatures between 23 to 90 °C.
Finally compression tests at 23 °C were repeated at four strain rates between 0.3 and 550 hr' to determine strain
rate dependency. The Nagy and Williams-Landel-Ferry scaling factor for strain rate and temperature were applied
to the experimental results and equations were derived which allowed the performance of the two polyamide
based foams to be interpolated over the strain rate and temperature range of study. The required material
properties of interest of the base polymers have been assessed and are presented and discussed in relation to the
performance of the foam materials.

Keywords: Cellular solid, Polyamide, Nylon-6, Polyolefin, Compression set, Stress-strain, Scanning
electron microscope, Glass transition temperature, Strain rate, Foam

1. INTRODUCTION

Polymer foams are multi-phase
materials made of a matrix material
(polymer) and cells (gas). Depending
on the matrix material as well as the
cell microstructure, foams exhibit
dramatically different properties.
In the majority of polymer foam
applications such as automotive, sport
and packaging, foams are subjected to
stresses. Recovery afterrelaxation of an
applied stress is an important property
in the subsequent behaviour of the
foams. In addition, one of the primary
uses for polymer based cellular solids
is to act as energy-absorbing materials
during impact. Inreality, impacts occur
over a wide range of temperatures and
at velocities that may vary over many
orders of magnitude and at angles
of incidence that are unpredictable.
Understanding the behaviour of the

foamrequires detailed characterisation
of the foam material’s response. Many
authors, including Mills', Gibson and
Ashby?, have reported on work that
characterises cellular solids at the
micro level using structural mechanics
modelling based on assumed lattice
structures. As stated by Kraynik and
Warren?®, the mechanical behaviour
of cellular solids is dependent on
the mechanical behaviour of its
components. That is to say, in order
to predict foam performance, the
models developed must be based
on an accurate description of the
base polymer behaviour. However,
many of these models assume that
variations in base polymer properties
are either simply characterised or
linearly dependent with regard to
environmental conditions*’, and
therefore cannot be applied to a range
of foams® or situations.
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As given by Mills et al. and
Rodriguez-Perez et al’, it is well
established that the driving forces
for recovery of closed cell foams
are related to (i) the compressed gas
inside the cells and (ii) the viscoelastic
recovery of the deformed cell walls.
Additionally, it is also widely known
that the mechanical properties of
the base polymers are sensitive to
both temperature and strain rate,
especially at or near to their glass
transition temperatures (Tg)%. It is
therefore crucial that any cellular
solid performance predictions are
based, not only on the understanding
of the micro structure, but also on
a detailed knowledge of the base
polymer behaviour. For any model
to be truly useful it must consistently
and realistically predict the foam
performance over a wide range of
conditions. Of equal importance is
the foam behaviour during post-
compression recovery. A robust
model should be consistent over a
range of temperatures with regard
to these parameters. This study
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provides a range of experimental
measurements fitted by scaling
and empirical equations to allow
predictive interpolation of static
compressive behaviour as a precursor
for future studies into the dynamic
performance of these materials.

Zotefoams plc is a world leader in
the manufacture and distribution
of speciality foam materials,
manufactured using a unique,
proprietary technology®. The
technology uses nitrogen gas as a
Physical Blowing Agent (PBA) which
is dissolved into the base polymer
in a high pressure/temperature
process. Once equilibrium is
achieved, thermodynamic instability
is introduced to initiate nucleation
of the foam structure. This method
of production minimises impurities
in the product whilst also optimising
properties and performance. It is also
considered environmentally friendly
since nitrogen is the only major
by-product of the process. A further
advantage of this technology is the
wide range of materials to which it
can be applied.

Examples of such materials are the
newly developed closed cell foams
based on Polyamide-6 (PA6) under
study here. For materials such as
PA6, foaming has traditionally
been technically challenging with
limitations on any possible reduction
in density. ZOTEK N B50 and
ZOTEK N A30 grade foams have
nominal densities of 50 kg/m?
and 30 kg/m?, respectively. The
characteristics of these foams
reflect the general properties of
this class of polymer with good
high temperature performance,
resistance to hydrocarbon fuels
and oils combined with impact
performance, buoyancy and low
thermal conductivity which derive
from the cellular structure. These
foams are considered ideal for shock
and impact absorption, acoustic
dampers and cushioning applications
in extreme environmental conditions.

2. BASE POLYMER
PROPERTIES

The fundamental behaviour of any
cellular solid is influenced by the
properties of the base polymer. To
predict the mechanical performance
and possible responses of the foam, it
is important to gain an understanding
of the polymer properties matrix. These
properties are essential for further
numerical studies for modelling of
the foams under general multiaxial
loading.

2.1 Experimental Procedure

Tensile tests were undertaken on
base polymer samples of both
foam materials to determine the
ultimate tensile stress, elongation at
break, elastic modulus in tension and
Poisson’s ratio.

For each base polymer, three tensile
tests were carried out with reference
to BS 2782-3 standard'. Strain
measurements were made using two
VISHAY general purpose strain gauges
CEA-06-240UZ-120. A third strain
gauge was used to determine Poisson’s
ratio of the material, Figure 1a. These
gauges have a stated accuracy of 0.1%
which far exceeds the accuracy of 2%
in measurements, as required by BS
2782-3. Load and strain data were
recorded using VISHAY data logging
system 5000 operating at 10Hz.

All dimensional measurements were
carried out using a MID-F125/150
Mitutoyo Digimatic digital micrometer
with an accuracy of +0.006 mm
fitted with an 8 mm flat anvil. For
mass determination, a Mettler AJ150
balance with an accuracy of +0.001 g
was used. Prior to testing, all samples
were conditioned at 23 °C and 50%
RH for a minimum of 24 hours, but
no control of humidity was applied
during the testing.

The glass transition temperature (Tg)
was measured on the base polymers
using differential scanning calorimetry

(DSC). A small amount of material
(circa5 mg) was sealed in an aluminium
DSC crucible using a pierced lid.
The samples were heated in turn
from -100 to 180 °C, and then cooled
back to -100 °C before reheating the
sample back to 180 °C. Heating and
cooling rates of 10 °C/min were used
throughout.

2.2 Results of Base Polymer
Investigation

The mechanical properties of both base
polymers are shown in Table 1. These
are based on the mean of three separate
measurements for each material. The
tensile stress-strain curves of N A30
and N B50 are shown in Figure 1b. The
elongation to break and elastic modulus
for the N A30 base polymer show it is
significantly more ductile than N B50
but has lower stiffness. It would be
expected that the foam materials would
also demonstrate similar differences
at equivalent density. The properties
presented in Table 1 are consistent with
previously published data''-'2,

3. FOAM PERFORMANCE

3.1 Compression Set

Compression set is a standard test
procedure applied to foams. It provides
data on one of the basic mechanical
responses of foams: recovery after
fixed compressive strain loading. In
literature, there are many instances
where compression set tests have been
used to monitor the effects on foams
following chemical or mechanical
ageing or when process/formulation
variations were being investigated.
For example, the effects of blending
two or more polymers'*'4, the effect of
the addition of fillers'>'®, the effect of
the level of crosslinking!” and aspects
of foam ageing'®'. Little however
has been reported on the data from
the compression set test itself, or on
compression set data outside the scope
defined by the most commonly used
ISO* and ASTM?! standards. Often
compression set data are recorded at
only a few points of recovery time,
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and no predictive interpretation of the
foam performance outside of the range
of these measurements is available.

Literature does contain studies on
recovery rates after loading for
crosslinked, closed-cell foams.
Mills and Gilchrist** investigated
the recovery rates of low density
polyethylene (LDPE) and ethylene
vinyl acetate copolymer (EVA) foams
on completion of 7 day creep tests.
Their work shows that at relatively high
strains, the majority of the gas in the
cells escapes. For low density foams,
viscoelastic recovery is hindered by
the pressure drop in the cells, making
recovery a slow process. This study
does not investigate the permeability
of cell walls to air but it is a likely
contributing factor to the recovery of
the foams studied in this work.

3.1.1 Compression Set
Experimental Procedure

In order to reduce equipment-
dependent uncertainties, all
dimensional measurements were
carried out in accordance with
ISO 1923% using a MID-F125/150
Mitutoyo Digimaticdigital micrometer
with an accuracy of £0.006 mm fitted
with an 8 mm flat anvil. For mass
determination, a Mettler AJ150
balance with an accuracy of £0.001 g
was used. The density of the foam
sheet was calculated according to
ISO 845%. To minimise the effects
of density variation upon the results,
all samples were taken from two
foam sheets manufactured in the
same batch. These samples were
conditioned for aminimum of 6 days at
23°C(£2°C)and 50% (+5%) relative
humidity prior to testing.

Compression set tests were conducted
in accordance with ISO 1856%. Three
samples were tested for each test
condition and the mean value reported.
Nominal test sample size was 50 mm
x 50 mm x 25 mm. The dimensions of
the ZOTEK N B50 and ZOTEK N A30
samples were recorded and compressed

Figure 1. (a) Tensile test specimen of base materials, (b) Stress-strain behaviour of
N B50 and N A30 base polymer

(a)
Strain gauges 1 2 31 strain gauge fitted at
fitted to each side of o .
) ) 90° to strain gauges 1
polymer sample & 2 for Poisson’s ratio
measurement
(b)

Stress, MPa

Strain

Table 1. Base polymer properties at 23°C

Property* Nylon-6 Nylon /Polyolefin Alloy
N B50 N A30
Standard Standard
Deviation Deviation
Density (kg/m?) 1143 38 1099 0.4
Elastic Modulus E_(GPa) 3.19 0.02 2.11 0.01
Max Stress s_(MPa) 739 0.9 472 0.4
Poisson’s Ratio 0.398 0.001 0.319 0.012
Elongation % 34 N/A 66 N/A
Glass Transition Temperature (°C) 45-51
*Based on the mean of 3 samples
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to a fixed strain (25.0, 37.5 and 50.0%
of original thickness) and acclimatised
at experimental temperature (-5, 10,
23, 30, 40, 50, 60, 70 and 90 °C) for a
duration of 22 hours.

On release of the strain, the samples
were maintained at the relevant
experimental temperature during
recovery. The dimensions of the
samples were re-measured at various
time intervals from 30 minutes through
to 24 hours post release. Recovery at
temperature is beyond the scope of
ISO 1856%.

All compression set (c.s.) data are
reported according to ISO 18562,
using Eq. (1)

cS.= d"d_ d, x100
° (1)

where d_is the original thickness of
the sample and d_is the thickness after
recovery at times of interest.

3.2 Results of Compression Set
Testing

Table 2 provides a comparison of the
compression set results for both N
B50 and N A30 at the temperature and
recovery times specified in ISO 18562,

The N B50 results from Table 2 show
good agreement with published data®.
This confirms that the methods adopted
are transferable to additional test
conditions and to other polyamide-6
based foams.

Table 2 also shows that the N B50 foam
recovers atapproximately the samerate
for the first 30 minutes of the recovery.
Thisrate is notaffected significantly by
the level of initial fixed strain.

Figure 2 shows the experimental
compression sets as a function of
recovery time at various temperatures
after initial fixed 50% compression
strain for N B50 and N A30. The
curves represent the best fit for each

Figure 2. Compression set results of N B50 and N A30 at temperatures between

-5°C and 90 °C at c.s. 50.0%
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Table 2. Comparison of compression set tests results

Parameter N B50 N A30
Density 47.96 kg/m® 31.62 kg/m?
c.s. (25.0%, 30 min, 23 °C) 14.7% 7.0%
c.s. (25.0%, 1440 min, 23 °C) 10.9% 3.4%
c.s. (37.5%, 30 min, 23 °C)* 22.7% 10.9%
c.s. (37.5%, 1440 min, 23 °C)* 19.3% 7.6%
c.s. (50.0%, 30 min, 23 °C) 28.6% 10.9%
c.s. (50.0%, 1440 min, 23 °C) 23.4% 6.9%

* Initial fixed strain characteristic not explicitly included in ISO 1856
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temperature studied. The results show
that N B50 has a lower recovery rate
than the N A30 across all measured
temperatures. A wider spread of data
is also noticeable with respect to
temperature for N A30. This would
suggest that the N A30 recovery is
more sensitive to temperature than
that of N B50. In addition, the results
indicate that neither material returns to
a zero compression set state (i.e. full
recovery) after 24 h. This is expected,
giventhe shorttimescale and the closed
cell nature of these materials.

As previously reported by Izzard et
al®; Eq. (2) below is an empirical,
predictive equation for recovery after
compression set as a function of time
for N B50. The present study has
extended the temperature range and
it also includes 37.5% initial strain.

cs. (%)=aln(t) +b
(30 < t < 1440) 2)

where tis the recovery time in minutes
and ‘a’ and ‘b’ are temperature
dependent coefficients as presented
in Table 3.

The same conditions are applied to the
lower density, N A30 foam material,
and results showed a similar pattern
to those as previously reported®.
Eq. (2) can therefore apply to N A30
foam with the temperature-dependent
coefficients given in Table 4. In both
cases the data, when plotted, exhibits
a high logarithmic dependency as a
function of recovery time.

Eq. (3) predicts the compression set as
afunction of recovery time at a specific
temperature. Although Figure 2 would
indicate a very limited temperature
effect on the compression set behaviour
for N B50, it shows a definite upward
trend for N A30, indicating that a
temperature dependent function is
required. A surface modelling package,
3D table curve?®, was used to derive a
surface fit. Equation (3) uses a 3@ order
polynomial for temperature which
includes alogarithmic time component.

Figure 3. Comparison of experimental compression set data at 30 and 1440
minutes with empirical curve fit- N A30
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Table 3. Coefficients of logarithmic empirical fitting to compression set data for

ZOTEK N B50

Test Compressive Strain | Compressive Strain | Compressive Strain
Temperature =25.0% =37.5% =50.0%

0 a b a b a b

-5 -0.934 16.511 -0.812 21.246 -1.208 32.092
10 -1.340 18.744 -0.619 19.596 -1.497 35.509
23 -1.004 18.339 -0.870 25.699 -1.323 32.884
30 -0.936 20.644 -1.242 25.410 -1.798 36.023
40 -1.224 19.359 -1.827 31.347 -1.855 32.000
50 -1.275 22.352 -1.662 31.238 -3.314 44.367
60 -1.266 22.138 -1.431 29.447 -1.745 33.623
70 -1.050 19.644 -1.200 27.012 -2.334 37.426
90 -1.360 21.431 -1.591 29.680 -1.265 32.904

Table 4. Coefficients of logarithmic empirical fitting to compression set data for

ZOTEK N A30

Test Compressive Strain | Compressive Strain | Compressive Strain
Temperature =25.0% =37.5% =50.0%

0 a b a b a b

-5 -0.373 4.997 -0.578 8.857 -0.900 11.986
10 -0.632 7.583 -0.660 8.439 -0.460 8.268
23 -0.961 10.221 -0.827 13.612 -1.093 14.743
30 -1.448 16.435 -1.063 13.043 -1.629 20.955
40 -1.101 11.524 -1.279 15.559 -1.137 16.649
50 -1.215 14.100 -1.417 18.000 -1.548 22.333
60 -1.082 11.427 -1.098 16.148 -1.447 20.754
70 -1.282 14.067 -1.392 19.370 -1.434 22.969
90 -1.326 16911 -1.598 24.060 -1.731 30.159
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This function is an empirical surface
fit which predicts the compression
set performance of these foams as a
function of both temperature and time.

cs. ()y=a+bT+cT2+dT3+
eln(t) (-5<T<90,30<t< 1440)

3)

where tis the recovery time in minutes,
T is the recovery temperature in °C
and ‘a’ to ‘e’ are the foam dependent
constant coefficients presented in
Tables 5 and 6 for N B50 and N A30,
respectively.

Compression set at any given time
for N B50 is almost independent
of temperature but for N A30 the
compression set increases as the
temperature rise as shown in Figure 3.

3.3 Compression Testing

The compressive stress-strain
performance of the foam is a
characteristic of its energy-absorbing
capabilities, and can be determined by
the methods described in BS3386-1%.
It should be noted that the level of
accuracy for force and displacement
used in this study far exceeds those
specified in the standard. Further
to this, BS3386-1 does not include
investigation at varying strain rates or
environmental temperature. This study
used BS3386-1 asaguide and develops
the method to study the effect of these
parameters.

3.3.1 Experimental Procedure -
Effect of Temperature at Constant
Strain Rate

All samples were 50 mm diameter
25 mm thick foam cylinders which
were conditioned and measured as per
Section 3.1.1. Cylinder diameter was
measured using Engineer’s stainless
steel Vernier Calliper to an accuracy
of £0.02 mm.

A sample was placed on an aluminium
discof aslightly larger diameter held by
an aluminium rod in the lower jaw of
the universal testing machine. A brass

tube of length 300 mm was positioned
over the sample and located on a
preinstalled base cap. A second 50 mm
aluminium disc and rod arrangement
was placed in the tube and held above
the foam sample by the upper jaw of the
universal testing machine. The brass
tube was capped using a second brass
plate. A heating jacket was wrapped
around the assembly and set to the
required temperature (see Figure 4).
The brass tube served as aheat sink and

dampened the temperature fluctuations
of the heating jacket. Temperature was
monitored and controlled by the use
of thermocouples; one on the foam
sample and one in the brass tube. Once
thermal equilibrium had been achieved,
the sample was left to condition for a
further 2 hours.

Compressive loading was applied
to the sample at a constant strain
rate of 0.01 s until a strain of 80%

Table 5. Coefficients of surface fitting to compression set data at various

temperatures N B50
Compressive Coefficient
Strain a b ¢ d e
25.0% 17.7925 | 8.2464 x 102 |-1.0413 x 10*|-5.7929 x 10-6 | -1.1572
37.5% 23.5808 | 1.1710 x 10" |-1.5032 x 10| -8.9340 x 10° | -1.2686
50.0% 35.7303 | 4.2558 x 10 |-2.0852 x 10| -1.7781 x 10~ | -1.7773
Table 6. Coefficients of surface fitting to compression set data at various
temperatures N A30
Compressive Coefficient
Strain a b ¢ d e
25.0% 9.1989 | 1.8785x 10" | -4.0553 x10-3 | 3.0341 x 10° | -1.0598
37.5% 11.4089 |8.2848 x 10-2|-4.2795 x 10| 8.1484 x 10° | -1.0745
50.0% 13.5568 | 1.0628 x 107! | -2.0541 x10* | 8.0655 x 10° | -1.2642
Figure 4. High temperature compression test set up

Direction of loading
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was reached. Compression in the
sample was measured using a LVDT
branched from the loading arm (see
Figure 4). Both load and compressive
displacement were logged using a
Vishay Measurements Group System
5100 (data logger) set at I0Hz sample
rate. The foams were tested at four
different temperatures of 23, 50, 70
and 90 °C.

3.3.2 Results of Compression Tests
- Effect of Temperature at Constant
Strain Rate

The compression tests results at
different temperatures are shown in
Figure 5. The elastic modulus of the
foam shows atemperature dependency;
the higher the temperature, the lower
the elastic modulus. The elastic
modulus will vary both above and
below Tg. Proportional change is lower
below Tg than it is above.

The observed temperature dependent
compressive stress-strain behaviour
of the foams can be described using
the Williams-Landel-Ferry (WLF)*
shift factor:

-C,(T-T)

T

C,+(T-T)

T

L(T) = EXP

“4)

where C, and C, are material
dependentconstants, T isthe reference
temperature (often taken as the polymer
glass transition temperature Tg) and T
is the temperature of interest.

The compressive behaviour of N A30
does not exhibit the behaviour as
predicted by using the shift factor in
Eq. (4). It is thought that the change in
cell gas pressure due to temperature is
the dominating effect, rather than any
characteristic of the polymer behaviour.
At increasing strain increments,
the volume of the cells decreases.
Raising the temperature at those strain
increments also results in the cell gas
pressure being higher. This effect
counteracts the temperature ‘softening’
of the polymer that would normally be

Figure 5. Experimental and fitted stress-strain curves over the temperature range

50 °C to 90 °C. (a) N B50 (b) NA 30
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expected. For higher density foams,
where there is more polymer in the cell
walls or struts, and foams made with
stiffer polymers, the gas pressure has a
less dominating effect on their buckling
capability. Therefore the convergence
at higher strains seen in Figure 5b is
not observed in higher density/stiffer
foams. In order to understand the
polymer performance in low density

and more ductile foams, the gas
pressure effect must be extracted from
the data prior to the application of the
WLF shifting factor.

From the ideal gas law, assuming
the number of moles is constant and
Poisson’sratiois zero, the gas pressure
curves for given temperatures can be
determined from Eq. (5):
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Cell Gas Pressure (MPa gauge)=
T
—1x
|: TO jl

where T is the temperature of interest,
T is the temperature at which the
foam cell pressure is in equilibrium
with atmospheric pressure, € is strain,
Pponn AN Ppoymer AT€ the foam and base
polymer densities, respectively.

€ x0.1013
| (ppoam /pPolymcr)

(&)

In this case, T is taken to be 23 °C
as the foam is conditioned at this
temperature. This is to achieve gas
equilibrium within the foam.

If the effect of gas pressure within the
cellis added to the WLF shifting factor,
the stress strain performance of N A30
canbe accurately predicted as shownin
Figure 5 using the following equation:

GT(S) =

0,(e)L(T) + Cell Gas Pressure (6)

wheress_(¢)is the stress at temperatures
of interestbetween 50and 90 °C, o ()
is the stress at the lowest temperature
studied above Tg, in this case 50 °C.

Eq. (6) was fitted to N BS0 and N A30
experimental data. Therelative density
is based on foam densities as given in
Table 2. Constants C, and C, given
in Table 7 obtained using iterative
methods.

3.3.3 Experimental Procedure -
Effect of Strain Rate at Constant
Temperature

All samples were measured and
conditioned as per Section3.1.1. Foam
breadth and width were measured using
an engineer’s stainless steel Vernier
Calliper to an accuracy of +0.02 mm.

Table 7. WLF coefficients for
temperature shifting factor in Eq. (4)

A single sample, whose nominal
dimensions were 25 mm x 140 mm
x 140 mm, was tested at each test
condition. The load and linear variable
differential transducers (LVDTs)
outputs were digitally logged using
VISHAY data logging system 5000.

The foam sample remained unloaded
during this process through the use of
26 mm spacers (see Figure 6). The rig
was installed into a Mayes, 2 column
universal testing machine with a S0 kN
load cell. Four LVDTs were fitted to
each corner of the test rig and zeroed.
The spacers were removed and the
sample compressed to approximately
80% of its original thickness. An
average displacement from the LVDTs
was calculated and used to determine
strain. Samples were tested at strain
rates between 0.300 to 550 h' at 23 °C
for both N B50 and N A30.

3.3.4 Results of Compression Tests
- Effect of Strain Rate at Constant
Temperature

The foam elastic moduli E* at 23 °C
for NB50 and N A30 at different strain
rates are given in Table 8 and shown
graphically in Figure 7. The lines
indicate that there was a near linear
variation of elastic moduli with log
of strain rate over the ranges studied.

Nagy et al.” stated that based on quasi-
static test data, it is possible to model
stress as afunction of strain and strainrate
using the following constitutive equation:

n(e)
o(e)=0, (E] (7

¢
o
where:

0, = Nominal stress at quasi-static
strain rate €,

€ = Strain rate
¢, = Strain rate at quasi-static test

n(e) = Rate dependency coefficient
where n(g) = a + be.

The material rate dependency
coefficientn(e) was derived by plotting
the stress ratio against strain rate ratio
on a log-log scale at specific strain
levels. As shown in Figure 8a for N
A30, a family of straight lines with
tangent n was formed for both foams.
A regression was then used to fit the
tangents of these lines, n, against strain.
From this the functional form of n is
derived as shown in Figure 8b for N
A30. The results of n(¢) for N A30 and
N B50 are:

n(e) =
0.0052 -0.07424 log(e) N A30
0.0785 -0.0674¢ N B50
@)

Although the test results scaled
accurately for N B50, they did not scale
so well for N A30. It was found that
N A30 foam softened with increasing
strain. This behaviour was not observed
for N B50 and therefore no softening
at higher strains occurred.

Figure 6. Compression test set up at different strain rates

215x 150 x 20 mm
steel top and bottom plate

Foam Material C, C, 0 x 140 x 25 mm
N B50 11.0 880 foam sample
N A30 34 180 LDVT
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In order to improve the scaling for low
stiffness foams, the Nagy equation
was modified to include an additional
strain-dependent term as follows:

n(e)
o(e) = A(e)o,

o .| on.

©)

where A(¢) is a linear strain dependent
function for low stiffness materials.
By using iterative methods it was
found that:

Afe)=]13-042  NA30
1 N B50

(10)

4. SCANNING ELECTRON
MICROSCOPY STUDY OF
FOAM

The reliability of Eq. (3) can be
supported to some extent through
the analysis of Scanning Electron
Microscope (SEM) images of the
foam structure before and after
testing to investigate any potential
damage. Since SEM operates at low
pressure and high energy levels,
initial tests were conducted at
prolonged exposure to determine
any detrimental effects; none were
observed. Nonetheless, the SEM
images shown represent a small part
of the total bulk foam structure and
the extent of any damage observed
may not be representative of the
whole sample. Samples were cut
using a surgical knife.

As reported by Mills and Gilchrist®
and discussed in Section 3.1, recovery
would be slowed by loss of gas
pressure within the foam cells and
plastic damage in the cell walls.
While diffusion of the gas through
the cell window membranes is one
mechanism, it may also be expected
that, depending on strain levels and
polymer matrix, evidence of ruptured
cell walls could also be observed in
the SEM images.

Table 8. Variance in elastic Young’s modulus at different strain rate at 23 °C

N B50 N A30
Strain Rate Elastic Modulus Strain Rate Elastic Modulus E*
(hr") E* (MPa) (hr?) (MPa)
0.3044 6.52 0.308 0.97
3.020 7.79 3.050 1.29
54.64 10.08 30.5 2.04
540.7 10.81 305.0 2.78

Figure 7. Foam Young’s modulus at various strain rates at 23 °C

12

Foam modulus E*, MPa
N

E* (MPa) = 1.1607 + 0.6131 log()

b E* (MPa) = 7.2665 + 1.3841 log(é)

4 o E ,,,,,,,,,,,,,,,,,,,, —]
Lo
P S S NA30 o770 |
demeT T :
Q.- s
0 | | i
0.1 1 10 100 100(

Strain rate, hr!

4.1 SEM Images Experimental
Procedure

Compression set samples for 50%
initial compressive strains were
selected from the extremes of the
temperature range. For comparative
purposes, an uncompressed sample
(zero compression) was also analysed
as a control.

Three 10 mm X 10 mm X 5 mm (5 mm
in direction of observation) test pieces
were cut, from each of the compression
setsamples. The magnification settings
are approximately 200x and 100x
for the N B50 and N A30 images,
respectively.

4.2 Interpretation and
Discussion of SEM Images

SEM images of N A30 and N
B50 at 50% strain are presented
in Figure 9a,c,d and f for each
of the compression set samples at
both high (90 °C) and low (-5 °C)
temperature. Figures 9b and 9e
show control samples which have
experienced no compression testing.
Figure 9a-f reveals no obvious
damage in the form of burst cells.
These images represent the extremes
of test temperature and compressive
strain for the compression set tests.
Assuming these to be representative
of the foam structure, it is reasonable

Polymers & Polymer Composites, Vol. 20, No. 5, 2012
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Figure 8. Experimental and fitted stress over the strain range 0.05 to 0.8 at 23 °C for the strain rates studied (a, b and ¢) N

A30, (d) N B50
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to assume no observable rupture of the
cell windows would have been caused
by the application of the lower strain
levels and intermediate temperatures
of the other compression set tests.

Figure 9a shows slightly more
buckling and wrinkling within the
polymer film than is observed in the
control, Figure 9b. It is therefore
possible that the N B50 foam will not
recover its original thickness as some
plastic damage may have occurred due
to buckling in which the material has
significantly exceeded the elastic limit
of the polymer.

Figure 10a-d shows SEM images
of the samples which have been
compressed to 80% of the initial
thickness during the compression
tests for both foams. N B50 sample
images show significant plastic damage
resulting, in some cases, in rupture
of the cell windows, Figure 10a
and 10b. This characteristic is also
evident in the N A30 sample images
with increased plastic damage but no
observed bursting cell wall. These
images confirm that the base polymer
of N A30 foam has greater ductility
than that of the more brittle N B50
polymer base, aresultalso indicated by

Strain

the base polymer mechanical properties
presented in Figure 1b.

S. DISCUSSION

The compression set data show that
over a 24 hour period neither of the
foam materials returned to its original
thickness. This is expected behaviour
of closed cell polymer foams, and
suggests that mechanisms of plastic
damage due to cell wall buckling
and gas loss through diffusion have
contributed to irrecoverable set in
the bulk cellular structure. SEM
images have identified that there is no
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Figure 9. SEM results- 50% compression set tests (a) N B50 at 90 °C, (b) N B50
no compression at 23 °C, (c¢) N B50 at -5 °C, (d) N A30 at 90 °C, (e) N A30 no
compression at 23 °C, (f) N A30 at -5 °C

WO = 11.0 mm
(a) N B50 50% compression @ 90 °C

10.00 kv SE1
WD = 10.6 mm

(c) N B50 50% compression @ -5 °C

consistent cell window rupture evident
within the structure of the materials at
strain up to 50%, but there are cell wall
buckling effects visible in a number
of the high strain samples. This is
indicative of plastic damage caused
by the initial compressive stage of
the compression set test contributing
to irrecoverable strain. Furthermore,
the same behaviour was observed
when additional N A30 samples
were compressed to 80%. However,
in N B50 samples under the same
compression there was evidence of

L 10.00 KV SE1
WD =12 § mm

(d) N A30 50% compression @ 90 °C

% ""l 10.00 K SE
WD=115mm

(f) N A30 50% compression @ -5 °C

cell wall rupture which suggests that at
strains greater than 50% compression
cell walls did fail by this mechanism.
This contributed to a reduction in the
mechanical performance of the bulk
foam. There is no evidence in this
study to suggest that the foam material
will not continue to recover beyond
24 hours since the base polymers are
viscoelastic. Itis reasonable to assume
that, the foam would recover to, and
then plateau, at some lower level of
compression set, but that time frame
far exceeds the limits of this study.

Figure 10. SEM results- 80 %
compression set tests (a) N B50 at

90 °C, (b) N B50 at -5 °C, (c) N A30 at
90 °C, (d) NA30 at -5 °C

p : 10,00 M sE1
WO = 11.6mm

(b) N B350 80% compression @ -5 °C

15.00 kv
WD =12.0 mm

(¢) N A30 80% compression @ 90 °C |

WD =16.0 mm
(d) N A30 80% compression @ -5 °C
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Theoretically on application of the
empirical Eq. (3), and assuming no
plastic damage occurs, it could be
predicted that the time required for
the material to achieve a near zero
compression set is measured in years.

Literature reports that the Tg of
Nylon is approximately 50 °C'"'2. It
is noteworthy that on or around the
Tg region, the mechanical properties
of a polymer exhibited discontinuity
in performance particularly in elastic
modulus. Compression setresults show
anomalies at or around a temperature
of 50 °C; compressive stress-strain
data on the same foam indicate a local
maximum around this point.

At temperatures near Tg the modulus
of elasticity is sensitive to strain rate.
In order to investigate this further, it
would be necessary to measure the
change in the elastic modulus as a
function of strain rate at a constant
temperature. This experimentation
was carried out at four different strain
rates, as discussed in Section 3. Over
the strain rate range studied, the elastic
modulus increases by approximately
100% and 200% for the N B50 and N
A30 foams, respectively.

Stress-strain data were fitted as a
function of strain rate using Nagy
constitutive equation® for both N A30
and NB50. The fit for N B50 was found
to be good. However, the fit for N A30
was not so good. Nagy’s constitutive
equation has been modified by
including astrain dependent coefficient
and the fit was much improved.

The modulus of elasticity and stress
at particular strain values are sensitive
to temperatures close to the glass
transition®. Since polyamides are
thermoplastics, literature indicates
that the modulus of elasticity of the
base polymer, and foams made from
this polymer, may vary by 3 orders
of magnitude dependent upon either
change in temperature and or strain
rate?. This study found that the elastic
modulus tripled for NA30 and doubled

for N B50 over the strain rate range
studied, as shown in Table 8.

The manufacturing process of these
foams incorporates a process by
which the polymer base material is
crosslinked®. Tt is reported® that the
level of crosslinking vastly reduces
the change in elastic modulus that can
occurover the Tgregion. Itis postulated
that the crosslinking characteristic
may have limited the change observed
in elastic modulus to approximately
200% over the ranges studied. This
is beneficial in creating a consistent
performance of such materials when
operating at or above the Tg region,
where otherwise performance may
be highly variable. The sensitivity to
compressive performance based on
the level of crosslinking may vary
depending on the polymer type.

In addition to crosslinking, this
investigation has found that cell
structure, polymer volume and the
effect of gas pressure on these
characteristics were also governing
factors when predicting stress-strain
performance of low density foams.
This investigation found that the
performance of low density foams
was sensitive to temperature. WLF
temperature shifting factors do not
take into account the effect of the gas
pressure-temperature dependency
within the cell. In low density foam,
the cell gas pressure can account for
approximately 75% of the material’s
performance. For this reason any
describing equation must include an
additional term, based on the ideal gas
law, which accounts for the effect of
temperature on the gas within the cell.
This then allows for the prediction of
the combined behaviour of the polymer
and gas within the cells, thus giving an
accurate determination of bulk material
stress-strain properties without the
need for additional experimentation.

As stated by Zhang et al.?®, the Nagy
and WLF equations can be linked
to derive a combined strain rate and
temperature equation for each material.

Although, this theory has not been
investigated in this work, it may be
applicable using the developed Eq. (6)
and (8) for each material. It should be
noted that this must be supported with
additional experimentation.

6. CONCLUSIONS

In this paper, time and temperature
dependent predictive functions have
been developed to approximate
the compression set and recovery
performance of two types of closed cell
crosslinked polyamide-6 based foams.
These equations are limited to the
ranges studied, and any extrapolation
beyond these limits would need to be
supported by further experimentation.

The Nagy constitutive equation and
WLF scaling factor have been applied
to derive accurate strain rate and
temperature dependent functions for
both foams. The coefficients for the
scaling equations are dependent on
the temperature and strain rates and
they are determined in this study for
two foams.

From SEM studies, it was observed that
atall temperatures samples compressed
up to 50% strain do not show cell walls
rupture. This confirms that all results
for the 50% or less compression set
tests are unaffected by temperature
and therefore supports the application
of empirical equation (Eq. 3).

SEM images of the N A30 foam
samples show no significant damage
in the form of cell wall rupture; even
after 80% compression strain is
achieved. However, buckling of the
cell walls is evident. SEM images of
the N B50 foam samples show evidence
of cell wall rupture (approximately
10%) when 80% compression strain
is achieved. This is consistent with
differences in the ductility of the base
polymers.

Both experimental and direct
measurement has determined that for
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the base polymers, the Tgis 48 +3 °C.
This value is in agreement within the
ranges given in literature for Nylon 6.
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