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Analysis of failed
polyurethane
Problems with this popular material need to be addressed to help avoid product recalls and
dissatisfied customers returning footwear, explains MIKE GEORGE.
Polyurethane (PU) as a sole material
has established an excellent
reputation over the last three or four
decades. lt offers a desirable
combination of physical durability with
lightness of weight, and is extremely
versatile in its application. II features
as both sole units and direct moulded
soles, and in a wide range of densities
- mainly influenced by the amount of
microcellular expansion . This makes it
suitable for single-density soles, and
also as midsoles and outsoles in dualdensity assemblies.
Applications include rnost types of
footwear, from everyday fashion and
casual items through to heavy-duty
industrial or military-purpose footwear.
II is a popular sole material for
footwear where durable comfort is a

particular selling feature, and it is also
good at mimicking cork and wood. PU
can be stitched to uppers as an
alternative to cementing or moulding
on, and it can easily be moulded
around metal shanks or plastic heel
filler blocks, as required for stability.
However, there is one feature of PU
which is an acknowledged weakness
and may allow it to fail in the long
term, relative to the date of moulding.
This is a chemical vulnerability to
gradual attack and degradation from
various substances including, most
notably, water. When wa ter (even as
airborne moisture) is involved, the
degrad ation is called 'hydrolysis'. This
article reviews and describes the
possible reasons for PU Iaiiure and
what analytical techniques are

available to pinpoint them. The various
test regimes used to predict the
storage life of moulded PU soles is
also covered.
Two chemical variants of PU
II is important to note that there are two
basic chemical varieties of PU, known
as 'polyester polyurethane' and
'polyether polyurethane'. The standard
abbreviations for these versions are 'AU'
or 'PAUR' for polyester PU and 'EU' or
'PEUR' for polyether PU (see the
January 2014 issue of SATRA Bulletin).
The distinction is worth making because
the two versions, which are both very
widely used in shoe solings, have
different responses to two key
substances - namely, water and fuel oil
(this being of interest to the industrial

Figure 1: Soles affected by hydrolysis may disintegrate, flex crack or wear away
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Box 1: Oil resistance
Attack of PU soles by oil is generally
not a major issue, because eilher an
oil-resistant formulation is deliberately
selected (for industrial footwear) or
oily floors are not routinely
encountered (for ordinary, everyday
footwear). Where applicable, oil
resistance is generally tested by
immersing small buttans of sole
material in trimethylpentane (isooctane) for 22 hours at room
temperature and determining the
change in volume by a displacement
technique (for examp le, method EN
ISO 20344:201 1 clause 8.6).
Common industrial footwear norms
re quire a change in volume of not
more than 12 per c ent increase.
As mentioned in the main text,
polyester PU usually passes this
optional requirement. Polyether PU
may not do so, and any regular
exposure to oily floors in daily use
could Iead to sole degradation and
most p robably an associated oily
odour to help reveal its cause. Nonindustrial sole types are not expected
or required to be oil-resistant.
Figure 2: More humid climates aceeierate hydrolysis

footwear sector). Generally speaking,
the polyester AU version has the better
fuel oil resistance (generally passing the
standard lest with ease), although the
polyether EU version has the better
water (hydrolysis) resistance. Any Iack
of resistance to agents such as these
shows itself in the test Iabaratory as one
or both of the following :
• swelling in volume - a potential effect
of oil (see box 1)
• loss of physical strength (a potential
effect of oil or water).
ln service as shoe soles, the latter
mechanism is the most evident. This
manifests itself as wearin g away,
crumbling, flex c racking, sole bond
failure or general disintegration when
the deterioration becomes advanced
(figure 1). Generally, both types of PU
have good resistance towards
vegetable oils and animal fats, but a low
resistance towards acids and alkalis.
Hydrolysis
As mentioned above, hydrolysis is the
gradual breakdown of the molecular
structure of the PU caused by the
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chemical attack from water. The water
need not be p resent in liquid form; air of
normal humidity contains a large
amount of water in vapour form (many
grams of water per cubic metre of air)
and this is sufficient to react with the PU
during norm al 'dry' storage and use.
There is no visible sign that attack is
occurring until the sole is eventually so
weakened that it fails in some manner
as p reviously outlined. The hydrolysis
p rocess commences as soon as the PU
is exposed to humid air alter the
moulding operation, and continues
during shipment. warehousing,
distribution and eventually into service
with the end-user. The Storage
conditions determine the rate of
hydrolysis, not the service conditions
during a wear session, unless the
wearer is somehow almost constantly in
wet conditions. The only way to arrest
the hydrolysis p rocess once the PU is
moulded is to store the footwear in
conditions of extremely low humidity.
Because PU starts its life as a very
tough material with a good margin of
performance, it takes quite a while
before any change in behaviour

becomes apparent as a result of the
gradual weakening. However, once a
critical Ihreshold is crossed, failures can
occur quite suddenly. This can take a
number of years - P,erhaps six or more
in temperate climates - but possibly half
that time or less in tropical climates
which are, of course, much warm er and
more humid (figure 2). Most shoes enjoy
a full wear life and wear out normally
within these periods without customer
dissatisfaction. Nevertheless, there is
always a small percentage that is
retained Ionger by the customersparticularly styles that are of classic
design and not subject to the whims of
fashion. These will eventually fail. To
minimise these returns, the PU chemical
companies aim to for mulate their
materials to provide the end-user with at
least a three-year storage life in
temperate clima tes. The use of
stabilising additives can extend this
considerably. Much then depends on
the age of the footwear when it is
eventually sold to the end-user, the
geographical climate and how the enduser stores the footwear between uses
(particularly if it has become damp in
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use). Good user advice is to allow
footwear to dry naturally in cool, wellventilated conditions, and to avoid
storing in confined spaces such as
lockers or cupboards- especially those
in warm or humid areas like sports
changing rooms or drying room s. II has
sometimes been suggested that PUsoled footwear should carry 'sell-by'
and 'use-by' dates to advise retailers
and end-users, but we have seen no
examples of this.

Testing ageing resistance
For verifying fitness for purpose and to
judge the effectiveness of hydrolysis
resisting additives. it is essential to have
a tes t regime. Test specimens. usually
for tensile strength , are subjec ted to
accelerated ageing by exposure to high
temperatures and maximum relative
humidity (air saturated with water
vapour). Most chemical reactions,
including hydrolysis, are accelerated
by raising the temperature. This is
largely why service failures occur more
rapidly in the tropics. ln testing, we
choose 70°C because this gives
enough acceleration to enable testing
to be completed in a few weeks but
without introducing unfair thermal
breakdown mechanisms.
Sampies are suspended by thread in
the air space above a few centimetres
depth of water in a closed polythene
con tainer, of the type used for food
Storage (figure 3). The air contained and
surrounding the specimens is effectively
at 100 per relative humidity (rh)
although this is sometimes written as
'>95 per cent rh'. The whole container is
placed in a Iabaratory oven sei at 70°C
as outlined in the SATRA TM344
method , and enough specimens are
aged to enable periodic removal and
testing of groups ot them, typically alter
peri ods of 7, 10, 14 or 21 days. Of
course, there is also a control test on
specimens which have not been aged the '0 day' test.
Clearly, it is desirable to l est recently
moulded material which has not already
aged naturally to any significant degree.
The tensile strength and associated
extension at break of the material are
monitared during the ageing process,
and the time Iaken for one or both of
these properlies to drop below the usual
minimum performance standard is
noted or determined by interpolation if

Figure 3: Preparing specimens for hydrolysis ageing test
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Figure 4: Predicting storage life from ageing test data
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not occurring exactly at one of the
testing Iimes. A slightly different
approach is to determine how many
days it takes for the tensile strength to
drop to a specified percentage (such as
60 per cent) of its initial value, but we
p refer to see how strength holds up
against absolute rather than relative
values. Specially moulded test p lates
are ideal, although sometimes test
samples are moulded soles from which
tensile specimens cannot always be
prepared. ln those cases, button-sized
abrasion resistance specimens can be
prepared or whole sole Ioreparts can be
aged for flex testing. Any relevant
physical property that relates to
Serviceability can be used to monitor
performance during hydrolysis ageing.
Predicting storage life
lt is then necessary to translate the lest
result, given in days. into a predicted
storage life expressed in years. There is

Figure 5: A cubic metre of air at Jo•CfBO per
cent rh holds this much water
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an approximate rule in chemistry that
the rate of a chemical reaction roughly
halves for each 10°C reduction in the
temperature at which it occurs. lt might,
therefore, be expected that a similar
amount of hydrolytic degradation that
occurs alter one week in a Iabaratory
test at 70°C might occur alter about 16
weeks at 30°C. However, SATRA studies
have shown that typically in fact it takes
about 52 weeks at 30°C and maximum
rh. This suggests that, in the 30-70°C
temperature range, the multiplying
factor for the rate of hydrolysis reaction
(per 10°C) is closer to 2.7 than to 2,
judging on the basis of loss of strength.
Furthermore, the darnage noted alter
two weeks at 70°C was similar to that
alter two years at 30°C.
Average service temperatures of
30°C relate to the tropics, and 20°C is
more appropriate to temperate clima tes.
Therefore, in extending the prediction
based on a 70°C test from a 30°C
service environment to a 20°C service
environment involves a further factor of,
potentially, 2.7. ln actual practice, we
only further double the time but stress
that the service life will be at least the
time based on a simple doubling.
So, based on the lest time at 70°C for
the tensile strength to fall to an
unserviceable Ievei, we equate each
week in the lest to one year in a tropical
c limate and to at least two years in a
temperate c limate (figure 4). This
approach has been used over a period
of many years withou t any evidence
being found to refute its broad
accuracy.
Effect of humidity
ln the above work, the humidity was
kept constant at a maximum Ievei and
only the temperature was varied. A
limited study was made which
attempted to isolate the effect of relative
humidity. The two materials from a dualdensity PU sole were exposed to 70°C
tests at 0 per cent. 50 per cent or 100
per cent rh, for 10 and 14 days. The
midsole suffered virtually no loss of
tensile strength alter eilher period at 0
per cent rh. The outsole suffered some
loss of abrasion resistance, but thiswas
tiny compared to the Iosses at 50 per
cent rh and 100 per cent rh. This is
confirmation, if any were needed, that it
is humidity that drives hydrolysis.
Temperature only serves to aceeierate

the process (in the presence of
moisture) as has been mentioned . ln the
tests at moderate humidity (50 per cent
rh), the initial rate of reduction of
properties, alterten days' ageing, was
about half the rate of the high humidity
test (100 per cent rh). This was true of
both the tensile strength of the midsole
and the abrasion resis tance of the
outsole. However, alter this, at 14 days'
ageing, the rates of deterioration were
much more similar between the medium
and high humidities. The explanation
affered for this is that hydrolysis of
polyester PUs is 'autocatalytic',
meaning that the reaction feeds oft
itself, being accelerated by its own
breakdown products. As the reaction
proceeds, the Ievei of humidity (medium
or high) may become less important.
Deciding on different particular
humidity Ieveis in testing for different
service climates would not be simple.
The relative humidity (defined as 'the
proportion of maisture present in the air
relative to the maximum it can carry at
!hat temperature') is not necessarily
lower in temperate c limates than in
tropical ones - both are frequently
araund 80 per cent. However, warm air
can hold more maisture than cool air, so
30°C air at 80 per cent rh holds more
maisture- at 24 g/m3 (figure 5)- than
20°C air at 80 per cent rh (13.6 g/m3 ).
Furthermore, in a temperate winter such
as in the UK, the cool outdoor air has an
extremely high rh, perhaps 90 per cent.
By contrast, the same air indoors - but
warmed up to room temperature - has
very low rh, perhaps 30 per cent.
Therefore, in any further studies of the
effect of humidity on hydrolysis, it may
be more useful to consider absolute
humidity in terms of grams of water per
cubic metre of air, rather than relative
humidity. 1t may weil be that the
additional maisture saturated air can
carry as it gets warmer might partly
explain why the rate of hydrolysis
b reakdown increases by about 2.7
Iimes for each 10°C increase, instead of
simply doubling , as discussed earlier. ln
other words, the additional maisture
present in the air could be adding to the
effect of temperature increase.
Checking whether hydrolysis has
occurred
lf hydrolysis degradation is suspected
with a polyester (AU) PU, a further
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method, (SATRA TM332- 'Chemical
analysis of polyurethanes') can provide
valuable information. The first stage of
this involves measuring the proportion
of low molecular weight polymer present
in the material, which might have arisen
from molecular chain b reakdown. This is
done by repeated washing of the
material with hot acetone using a
Soxhlet extractor (figure 6). The low
molecular weight material is extracted
by the acetone and then isolated from it
by drying. The dried weight is
compared to the original weight of the
whole PU from which it came, and
expressed as a percentage.
For any given compound, there is an
optimum value of this acetone
extrac table material. Even PU in good
condition will contain some low
molecular weigh t polymer, and this
amount varies a little between
materials. We generally expect to see
results in the range of 5-9 per cent for
correctl y constituted polyester PU in
undegraded condition. lf the value is
much less than this, it could signify
over-polymerisation, which may affec t
the flexing endurance (or account for a
flexing failure). lf the value is above this
range. it could signify, as mentioned.
breakdown of the PU molecules by
hydrolysis or other degradation.
However, it could also indicate underpolymerisation in the first p lace (at
moulding). Such under-polymerisation
can be identified by a secend stage of
the lest, to determine the 'acid value' o f
the extracted material. This is done by
redissolving it in fresh and neutralised
acetone and lilrating with sodium
hydroxide solution until the acidity of
the extract solution is re turned to
neutral. The result is converted to the
number of milligrams of potassium
hydroxide which would have achieved
the same neutralisation. and is a
measure of the acidity of the extracted
(low molecular weight) material. The
expected value for material in good
condi tion is less than two.
A raised value tends to signify
hydrolysis degradation, because this
breaks the long molecular chains at
ester linkages, so c reating acidity. Thus,
a high acetone extract value in
association with a raised acid value
indicates hydrolysis breakdown. On the
other hand, a high acetone extract with
a normal acid value points towards

I

Figure 6: Extracting low molecular weight polymer from PU

und er-polymerisation. This could be due
to insufficient isocyanate curing agent
being p resent when the liquid
chemieals are mixed at the moulding
machine. Finally, if the acetone extract
value is unusually low. there could be
an excess of isocyanate curing ag ent at
mixing and moulding. lt is generally

helpful to make an analysis of failed or
suspect material alongside
corresponding material which is
believed to be correclly cured and
undamaged, so that a true baseline for
proper comparison is established.
Oepending on the circumstances, this
might be from another sample or
SATRABullelin March Z01 4
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another batch, or from an undamaged
area of the same sample.
Microbiological attack
Microbiological attack is sometimes
suggested to be a mechanism for PU
breakdown. lt is difficultto be definite
one way or the other, but SATRA is yet
to see convincing evidence that such
an attack contributes significantly to PU
breakdown. This is because, while
hydrolysis can take place in the
absence of microorganisms, microbial
action cannot occur in the absence ot
moisture. Any observed effects in
microbiologicaltests (such as soil
burial, which is described in the next
paragraph) may, therefore, be chemical
rather than microbiological.
A common method for assessing
microbiological resistance of PU and
other materials is to bury samples in
damp soil and incubate this for several
months (in the case of PU) before
assessing change in strength or other
relevant property. The method is SATRA
TM309- 'Soil burial deterioration'. This
lest method recommends the use ot a
particular potting compost as fulfilling
ihe various requiremenls. A standard
cotton control c loth is buried, along
with the physical lest specimens of the
lest material. II the soil is suffi ciently
biologically active, the c loth will
degrade (rot) so that its tensile strength
has reduced by at least 80 per cent
after seven days. ln this case, the test
is valid to continue with the test
material. Humidity is maintained at 100
per cent and the soil is loose enough to
allow good aeration , as required for
microbial growth.
The lest is unavoidably lengthy,
taking at least three months and
possibly Ionger for PU materials. 1t is
accelerated as much as possible by
incubating at 37°C, but cannot be
significantly accelerated by additional
heating as this would inhib it or kill the
microorganisms. On the occasions that
we have carried this test out on PU sole
materials, we have not observed
appreciably more degradation than
would have been expected for chemical
hydrolysis at the same temperature,
assuming sterile hydrolysis conditions.
Density and design
Not all PU sole fau lts are due to taulty
material constitution or degradation.
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Box 2: Case study

SATRA was recen tl y asked to examine
some footwear with cemented-on PU
midsoles (polyester type), which were
showing disastraus adhesion Iaiiure of
the PU midsole from the leather upper
prior to sale. This was apparently due
to surface breakdown of the PU
midsole. Some quite recent p roduction
had been badly affected , whereas
others had not been affected at all .
Firstly, a selection of footwear was
sole bond tested to confirm which
were affected and how seriously. Then,
one of the affected midsoles was
analysed using the SATRA TM332
method. Material trom the affected
bond line was compared with
apparently sound material from weil
within the midsole. At the affected
surface, the acetone extractable
material was ten times higher than in
the interior, and the acid value was
very highly raised. These two facts
indicated a hydrolysis-type of
breakdown.
A theory was ollered that perhaps
the midsole surface had mistakenly
been given the wrong type of adhesion

primer. perhaps halogenation - which
is acidic and would promote hydrolysis
- instead of a normal solvent wipe. A
Beilstein lest was carried out on the
affected surface of the midsole, but
failed to show positive for halogenation,
unlike a known halogenated surface on
a control material.
Finally, the unusual possibility of the
leather itself being too acidic was
investigated. This showed that the
upper leathers from two samples wi th
good bonds had normal acidities (pH
above 4), whereas the upper leathers
from two other samples with badly
affected bonds did indeed have
abnormally high acidities (pH 2.6 and
2.7). Furthermore, the 'difference
figures' - which show the strength of
the acid type- were 0.90 and 0.95
against a maximum guideline of 0. 7
and a maximum theoretical Iimit of 1.0.
This provided very firm evidence that
t11e leather was excessively and
strongly acidic. Thus, the cause ot this
particular problern appeared to be
faulty upper leather, rather than faulty
PU or poor priming.

One of the most basic physical
properlies - density - can have an
important bearing on the str~ngth of the
material. Density is the weight ot the
material per unit ot volume (g/cm3), and
depends mainly on how much
microcellular expansion has been
allowed to take place in the mould. For
outsoles, there is a critical minimum
value ol 0.50 g/cm3, even slightly below
which the ri sk of poor wear and Ilex
cracking is signilicantly raised. For
midsoles, values lower than this, down
to 0.40 g/cm3 are appropriate belore the
material may become too weak.
Therelore, density is one ol the l irst tests
to consider in any troubleshooting
exercise. The relevant test methods are
SATRA TM68, SATRA TM1 34 and
SATRA TM138.
Flexing lailures are ollen attributable
to the sole design, where some care
needs to be taken to avoid problems.
The best Screening lest at the sole
development phase is the bell Ilex
method (SATRA TM133). This is
conducted on sole units (including any
midsole) or on direct moulded soles

stripped lrom the upper. Failures are
often associated with soles which have
poor radiussing ol cleat bases or
unbroken Iransverse tread leatures,
which allow the flexing strains to line up
together in a concentrated manner.
Over-thick soles can be at risk, as the
outer surface ol a thicker sole must
streich more than that ol a thinner sole.
Alignment ol lootside coring leatures
with tread pattern edges can also
p roduce unintended strain
concentrations when the sole flexes, anc
this tends to p romote lailure.
Box 2 leatures a recent interesting
case study involving a PU midsole whict
produced a positive outcome - at least
as lar as the PU midsole was
concerned.

Members interested in
Iaiiure analysis ol soles
of all types are invited to
email
footwear@satra.co.uk lor
further information.

