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Investigation of Ageing Mechanisms in
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Summary: Within the present study FTIR and Raman spectroscopy are evaluated as
to specific strengths in terms of analysing deterioration in TPU induced by UV
radiation or thermal load. A conventional ester based TPU grade formulated from
4,4-methylene diphenyl diisocyanate, 1,4-butanediol and polycaprolactone was
investigated. Exposure to UV was done in a Suntest CPS+ at different exposure
times. Thermal treatment was done in an air circulation oven at 180 °C and different
exposure times. Exposed samples were characterized as to changes in molecular
structure with complementary methods ATR and Raman spectroscopy. To establish
interrelationships between structural changes and macroscopic material character-
istics UV/Vis/NIR spectroscopy and DSC were applied.UV/Vis/NIR spectroscopy
clearly indicated yellowing, and thus an increase in absorption in the visible
wavelength range, of TPU after exposure to UV or to thermal load. Yellowing
correlated well with formation of chromophoric groups detected by ATR and Raman
spectroscopy. ATR spectroscopy turned out to be very sensitive in detection of
changes in chemical structure induced by UV radiation. Raman spectroscopy was
found to be very sensitive in detection of changes in chemical structure induced by
thermal load. No distinct effect of UV exposure on morphology of TPU was
ascertained. In contrast, a strong effect of thermal treatment on (para)crystalline
morphology was observed.

Keywords: ageing; infrared spectroscopy; morphology; raman spectroscopy; thermoplastic

polyurethanes; UV-vis spectroscopy

in formation of urethane groups. To form
long and flexible soft segments polyesters

Thermoplastic Polyurethanes (TPU) are
polymeric materials which combine
elastomeric properties and thermoplastic
processability. These exceptional character-
istics are related to a segmented structure
made of physically cross-linked hard seg-
ments, which are connected by flexible soft
segments. To form hard segments diisocya-
nates and chain extenders, such as low
molecular weight diols (glycols), are used.
Reaction of diisocyanates and glycols yields

Materials Science and Testing of Polymers, University
of Leoben, Otto Gloeckel-Strasse 2/I1 8700, Leoben,
Austria

E-mail: Katharina.Bruckmoser@unileoben.ac.at

© 2014 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim

and polyethers are commonly used.'! By
varying formulation and constitution as well
as by adding additives, especially mechani-
cal properties, such as modulus, strength,
hardness, damping characteristics and tri-
bological performance may be tailored. As
a consequence, area of application is wide
for TPU: sealings, hoses, shoe soles, cable
sheaths, films, foams or automotive interior.
In application TPU are frequently exposed
to thermal loads and/or ultraviolet (UV)
radiation, which may induce ageing and
deterioration of performance properties.>
Many authors have investigated ageing of
TPU under UV radiation, elevated temper-
atures, different atmospheres (air, nitrogen,
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ozone), humidity, electron beam irradiation
or combinations thereof using different
mechanical characterization methods such
as Thermogravimetric Analysis (TGA),
Differential Scanning Calorimetry (DSC),
Nuclear Magnetic Resonance spectroscopy
(NMR spectroscopy), UV/Vis/NIR spectros-
copy, and Fourier Transform Infrared
(FTIR) or Attenuated Total Reflectance
(ATR) spectroscopy.>"* Changes in mo-
lecular and supramolecular structure and in
mechanical and optical properties were
observed. Thompson et al. reported decrease
in molecular weight after hydrolytic ageing of
TPU.I4 Additionally, changes in modulus
were found. Several authors studied temper-
ature induced alterations of melting and
recrystallization characteristics in TPU after
thermal exposure.[ls’”] Simultaneously, me-
chanical properties e.g. modulus and stress-
strain behaviour were affected.”! Rosu et al.,
Wilhelm and Gardette and other authors
reported significant yellowing of TPU after
exposure to UV radiation or heat.!'$1%37]

Nevertheless, degradation mechanisms
in TPU have not been fully understood yet.
Due to the high chemical diversity in
composition of TPU and complex interre-
lationships with environment (e.g. irradia-
tion, temperature, atmosphere, ambient
media) numerous degradation mechanisms
and products may occur,[6:8:10-13.18-26]
Today, especially FTIR and ATR spectros-
copy are well established to study ageing,
phase separation, stress relaxation, or
formation of hydrogen bonds in
TPU.I6:10-13.18-2123-2527311 Raman  spec-
troscopy is another important technique
to characterize molecular and supramolec-
ular structure of polymeric materials.
However, only few studies dealing with
characterization of TPU applying Raman
spectroscopy exist. Polymerization kinetics
were characterized and principle compo-
nent regression was performed to predict
mole fraction of hard segements in
TPU using Raman spectroscopy.[32’33]
Futhermore, Ferry et al. investigated
the influence of lithium coordination
in TPU by FT Raman and FTIR
spectroscopy.[le
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Raman and IR spectroscopy are com-
plementary methods and provide supple-
mentary information. Especially combining
both methods gives a deeper insight in TPU
structure and thus in ageing mechanisms
(e.g. B%33%) However, studies applying
both, Raman and IR spectroscopy, for
analysis of ageing in TPU are not reported
so far to the state of knowledge of the
authors. Hence, the overall objective of the
present study is to apply FTIR and Raman
spectroscopy in order to characterize struc-
tural changes in TPU caused by UV
radiation or thermal load. On the one hand
focus is on evaluating and combining
information provided by both techniques
such as to gain detailed insight in ageing
mechanisms. On the other hand specific
strengths of each method in terms of
analysing deterioration in TPU shall be
revealed. To establish interrelationships
between structural changes and macroscop-
ic material characteristics UV/Vis/NIR
spectroscopy and DSC are applied
additionally.

Experimental Part

Material

An ester based TPU grade formulated from
4,4'-methylene  diphenyl diisocyanate
(MDI), 1,4-butanediol (BD) and polycap-
rolactone (PCL) was investigated. Injection
moulded rectangular technical specimens
with an average thickness of 2.3 mm, width
of 100 mm and a length of 80 mm were used.
Annealing of as-produced samples for 24 h
at 100°C in an air circulation oven resulted
in a melting temperature of 156°C and a
melting temperature range from 120°C to
194°C.

Exposure to UV Radiation

Exposure to UV was done using a xenon arc
lamp in a Suntest CPS+ (Atlas Material
Testing Technology LLC, Chicago, USA).
Wavelength of radiation ranged from
300nm to 800nm. Intensity was 600 W/
m?. Black-standard temperature (BST) was
50°C. Applied exposure times were 10h,
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50h,100h, 500 h, 750 h and 1000 h. One side
of specimen was deposed on a metallic
underlay. Specimens were only exposed
from one side.

Thermal Treatment

Thermal treatment of TPU was performed
using a Heraeus UT6060 circulation air
oven (Kendro Laboratory Products, Lan-
genselbold, GER). One side of specimen
was deposed on an aluminium underlay.
Applied exposure temperature was 180°C.
Exposure times were 5 min, 30 min, 60 min,
120 min and 180 min.

Spectroscopic Investigations

Fourier Transform Infrared spectroscopy
(FITR spectroscopy) was performed in
Attenuated Total Reflectance (ATR) mode
using a Spectrum GX FTIR spectrometer
(Perkin Elmer Instruments GmbH, Uber-
lingen, GER) within a wavenumber range
from 400 cm ™! to 4000 cm " at a resolution
of 4cm™! using a diamond crystal (Gladi-
ATR Vision, Pike Technologies, Madison,
USA). Depending on wavenumber, pene-
tration depth of ATR measurements was
approximately between 1pum and 7 pm.
After a background correction one ATR
spectrum of each sample surface was
measured by wusing 16 iterations. An
automatic baseline correction was per-
formed with Spectrum v.5.3.1 (Perkin
Elmer Instruments GmbH, Uberlingen,
GER). Exposure to UV induced significant
changes in ATR spectra of TPU. Thus no
normalization was performed for samples
exposed to UV radiation. However, ATR
spectra of TPU exposed to heat were
normalized. The intensity of ATR band
at 1596cm™!, which can be ascribed to
aromatic —C=C-— stretching vibrations,
was used for normalization.

Raman spectroscopy of was performed
on a Labram confocal Raman spectrometer
(Horiba Jobin Yvon GmbH, Bensheim,
GER) equipped with a helium neon laser.
The line at 632.8 nm with a power of 6 mW
on the sample surface was used for excita-
tion. Furthermore, a diffraction grating with
1800 grooves/mm was applied. Positions of
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hole and slit were 500 um and 200 pm,
respectively. One Raman spectrum was
recorded on each sample surface in the
range of 400cm™! to 3500cm ! using an
integration time of 20s with 10 iterations
and a 100x objective. Due to fluorescence,
Raman spectra of some UV exposed TPU
were measured with different parameters.
Raman spectra of the directly exposed
surface after exposure to UV for 500h
were measured with an integration time of
5s and 31 iterations. Raman spectra of the
directly exposed surface after exposure to
UV for 750h were measured with an
integration time of 1s and 201 iterations.
Due to high fluorescence measuring the
Raman spectra of the directly exposed
surface after exposure to UV for 1000h
was not possible. Spectral resolution of
1cm ™! was achieved. Raman spectra were
measured within a penetration depth of
approximately 3 pm. A baseline correction
of Raman spectra was applied using
the software LabSpec V.5 (Horiba Jobin
Yvon GmbH, Bensheim, GER). Raman
spectra were normalized to the intensity of
aromatic —C=C— stretching vibration at
1617 cm™". Smoothing of Raman spectra
was performed in Origin 9.0 using a
Savitzky-Golay-Filter.

UV/Vis/NIR spectroscopy was per-
formed on a UV/Vis/NIR spectrophotome-
ter (Lambda 950, Perkin Elmer Instruments
GmbH, Uberlingen, GER) equipped with
an Ulbricht sphere (diameter 150 mm).
Direct hemispheric transmittance and
direct hemispheric reflectance spectra were
recorded in the spectral region between
380nm and 780 nm. Obtained spectra were
weighted by the irradiance source function
of average daylight (standard illuminant C)
in order to obtain integral hemispheric
transmittance and integral hemispheric
reflectance. Finally, absorption was calcu-
lated by subtracting integral hemispheric
transmittance and integral hemispheric
reflectance from total sum of 1.

Thermal Analysis
Melting characteristics were determined

using a differential scanning calorimeter
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DSC 821e (Mettler-Toledo AG, Schwer-
zenbach, CH). Thermograms were
recorded under nitrogen atmosphere in a
temperature range from 23°C to 250°C
applying a heating rate of 10 K/min. Two
heating cycles were performed for each
sample. Sample mass was 6mg=+1mg.
Melting temperature and melting enthalpy
were evaluated according to ISO11357-3.
The presented data were averaged over
three measurements.

Results and Discussion

Exposure to UV radiation

In Figure 1la the direct hemispheric trans-
mittance spectra of TPU exposed to UV for
different times are presented. In general,
the direct hemispheric transmittance
decreases with increasing exposure time
up to exposure times of 500h. The direct
hemispheric transmittance spectra of 500 h
and 1000h of exposure to UV differ only
slightly. The strongest reduction in direct
hemispheric transmittance occurs in wave-
length region between 400 nm and 500 nm.
As this spectral region covers mainly violet
and blue light, this indicates significant
yellowing of the samples. The loss in direct
hemispheric transmittance between 300 nm
and 500 nm is attributable to formation of
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Figure 1.

chromophoric groups, which cause absorp-
tion.l*”8) Interestingly, the spectrum of the
unaged TPU does not fit the spectra of the
UV exposed samples. However, a continu-
ous change in curve slope with increasing
exposure time is observable starting at the
spectrum of the unaged sample.

In Figure 1b absorption of TPU is
plotted as a function of UV exposure time.
In general, the increase in absorption is
correlating with direct hemispheric trans-
mittance spectra. Absorption decreases
from 9.8% for the untreated sample to
8.0% for the sample exposed to UV
radiation for 10 hours (different shape of
spectrum of unaged sample). Afterwards a
continuous increase in absorption from
8.0% to 26.4% with increasing exposure
time is detectable. Again, absorption barely
changes between 500h and 1000h of UV
exposure. In general, these results indicate
significant ageing of TPU due to UV
exposure.

Commonly, polyurethanes containing
MDI are susceptible to UV induced yellow-
ing.[z]’zz] Figure 2 illustrates photooxidative
degradation mechanisms which are pro-
posed in literature. According to mecha-
nism a, the central methylene unit yields in
formation of highly conjugated mono- and
diquinone structures. Mechanism b sug-
gests a Photo-Fries rearrangement. Both

30

25 «

20+

Absorption [%]

0 200 400 600 800 1000

Time [h]

(a) Direct hemispheric transmittance spectra of TPU exposed to UV for different times (b) Absorption of TPU

exposed to UV for different times.
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Figure 2.

(a) Formation of mono- and diquinone structures (b) Formation of chromophores via Photo-Fries

rearrangement.

photooxidative degradation mechanisms
result in the formation of chromophoric
groups.[193921]

In Figure 3 ATR spectra of TPU
exposed to UV for various times are
compared. At the top ATR spectra of the
directly exposed surface are shown. At the
bottom ATR spectra of the samples bottom
side (not directly exposed) are presented.
The ATR spectra of the directly exposed
surface (top) change systematically with
increasing exposure time, indicating UV
induced degradation of TPU. Most signifi-
cant changes in ATR spectra can be
recorded between 100h and 500h of
exposure to UV radiation, which is in
agreement with results from UV/Vis/NIR
spectroscopy (cf. Figure 1). The band at
3328cm™ is caused by the stretching
vibration of the N-H bond of the urethane

© 2014 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim

unit. The intensity decreases with increas-
ing exposure time. This can be ascribed to a
reduction of the urethane structures due to
UV radiation."®??! In the surroundings of
the stretching vibration of the N-H group a
broad ATR band superimposes after 750 h
and 1000h of exposure. Rosu et al. also
found a broadening around 3328cm™' in
the FTIR spectra of UV aged polyure-
thane.[*8] However, deconvoluted bands
differ from those observed within this study.
According to Rosu et al. the emerging
broadening could be attributed to the
formation of primary amines as suggested
in Figure 2b.'® The asymmetric and
symmetric N-H stretching vibration of
primary amines is located between
3550 cm ™! and 3250 cm ™~ *.[*% Similar broad-
ening of the ATR spectrum between
3580cm ! and 3200cm ™! can be observed
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ATR spectra of TPU exposed to UV for different times.

after formation of hydroxyl groups.[*4041]

The ATR bands between 3000cm ' and
2800cm™! can be ascribed to CH, stretch-
ing vibrations. A loss in band intensity with
increasing exposure time is observable.
Thus, CH, groups of the TPU might also
be affected by degradation. The ATR
bands at 1728 cm 'and 1699 cm ! represent
stretching vibrations of the carbonyl
groups, whereas the bands can be attributed
to the ester and to urethane carbonyls,
respectively.['>18411 Both carbonyl bands
are getting weaker with increasing exposure
time along with formation of new bands
between 1835cm ™! and 1745cm ', These
changes indicate degradation of the ure-
thane and ester groups and formation of
new carbonyl groups. Formation of new
carbonyl groups along with hydroxyl
groups, which are observable between
3580cm ! and 3200cm™!, suggests the
formation of carboxyl groups induced by
UV radiation. The increasing band intensity
at approximately 1639 cm ™! indicates N-H
deformation vibrations of primary amines
which are typically found between
1650cm™ and 1580cm™'. Additionally,
alkene groups occur in spectral region
between 1680cm™' and 1620 cm L1040

© 2014 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim

Furthermore, C=0 stretching vibrations
of oxidized methylene bridge show ATR
bands between 1652 cm™! and
1638cm 1" Also the ATR band at
1596cm™!, which can be ascribed to
—C=C- stretching vibration of aromatic
ring, loses intensity with increasing expo-
sure time. Similar loss of intensity is
detectable for the aromatic =C—H out of
plane deformation vibration at 848cm .
This implies chemical changes and
degradation of aromatic structure. This is
probably attributable to photooxidation

of central methylene unit according
Figure 2a'® The ATR band at
1526cm™" represents a combination of

N-H deformation and C—N stretching
vibration (amide IT band) of the urethane
group.[40] A decrease in intensity with
increasing exposure time is also detectable
for this peak. This is correlating with
degradation mechanisms given in Figure 2.
Moreover, strong reduction of intensity of
ATR bands in the region between 1300 cm !
and 1100cm ™! are observable with increas-
ing exposure time. This spectral region is
assigned in literature to C—O stretching
vibrations of urethane units or C—O stretch-
ing vibrations of esters.'>*!! Identical, but
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Raman spectra of TPU exposed to UV for different times.

less pronounced changes are discernible at  between 3150cm ™' and 1680cm ™" are not
the bottom of the specimens (Figure 3 significantly affected by exposure time. The
bottom). Intensity of radiation decreases intense band between 1660cm~' and
with increasing sample thickness, due to 1570cm™' with a maximum at 1617 cm™"
absorption and scattering according to can be ascribed to —C=C-— stretching
Lambert Beer law. Therefore, the bottom vibrations of aromatic ring.[32’33] Figure 5
surface is less susceptible to UV induced shows this peak for various exposure times in
ageing. In Figure 4 Raman spectra of TPU  detail for the directly exposed surface. A
exposed to UV for various times are broadening with increasing exposure time is
compared. At the top Raman spectra of observable. This indicates chemical degrada-
the directly exposed surface are shown. At tion of aromatic rings. The Raman spectra of
the bottom Raman spectra of the samples the back side of the TPU specimen don’t
bottom side (not directly exposed) are
presented. The weak Raman band at
3337cm ! can be attributed to urethane

N—H stretching vibrations.*” Due to weak 121 unaged g top side
intensity of this broad bond and increasing 1.04 —10h s dirctly exposed
noise of Raman spectrum with increasing 0.8~

exposure time, this bond was excluded from = -

interpretation. The Raman band at %‘ 061=

3065cm™! represents =C—H stretching é 0.4

vibrations of the aromatic ring.*” The 02

Raman bands with a maximum at Tl

2928cm ! and 2875ecm ™! can be attributed 0.0 : ‘ : : :

to asymmetric and symmetric C—H stretch- 1680 1660 1640 1620 1600 1580 1560
ing vibrations of CH, groups.*) C=0 Raman Shift [om’']

stretching vibrations of ester and urethane Figure 5.

-1
groups can be seen at 1730cm and  petail of Raman spectra of TPU exposed to UV for

1702 cm 113231 However, Raman spectra different times between 1680 cm™" and 1560 cm ™.
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show the broadening around 1617 cm™'

(Figure 4). Combined N—H deformation
and C—N stretching vibrations (amid II
band) are ascribable to the Raman band at
1539cm 13341 The band  between
1400cm ™' and 1500cm ™" with a maximum
at 1439cm™' can be ascribed to C—H
deformation vibrations of CH, groups.?*>
None of these bands is affected by UV
exposure. Around 1251 cm ™! coupled C—N
and C—O vibrations of urethane group
(urethane amid IV band) are discernible.*"!
The Raman band at 1185cm™' may be
attributed to aromatic =C—H in plane
deformation vibrations. ") Generally, inten-
sities of different bands detected by Raman
spectroscopy  between 3100cm™! and
2810cm™' and between 1400cm™' and
700 cm ! varied with varying exposure time.
Nevertheless, no distinct correlations be-
tween band intensity and exposure time are
discernible.

In general, ATR and Raman spectra
were measured at TPU surface including a
volume with few microns penetration
depth. Although depth of measurement is
similar, compared to ATR spectroscopy,
Raman spectroscopy is less sensitive to UV
induced changes in TPU structure under
investigated conditions. ATR spectroscopy
indicates formation of chromophores. This
is consistent with increasing yellowing
detected by UV/Vis/NIR spectroscopy
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Figure 6.

between 400 nm and 500 nm and increasing
absorption induced by UV radiation.
Figure 6 shows the melting enthalpy of
TPU exposed to UV for different times
along with melting temperature and corre-
sponding on-set and end-set temperatures.
Samples for DSC measurements covered a
volume including directly exposed and
bottom side of TPU. Therefore, melting
enthalpy presented hereafter reflects a
mean value of the samples. Melting enthal-
py slightly increases with increasing expo-
sure time (Figure 6a). Melting enthalpy
ranges between 17.5 J/g for the as-produced
TPU and 19.9J/g for the TPU exposed to
UV for 1000 hours. The strongest increase
of melting enthalpy from 17.6J/g to 18.5J/g
is found between 0 and 10h of UV
exposure. On the one hand, the increase
in melting enthalpy may be ascribed to
annealing of the samples due to radiation
induced temperature increase within the
suntest instrument. Annealing allows the
crystals to reorganize and to increase or
decrease order.l'! On the other hand,
melting enthalpy may be affected by
photooxidative changes in morphology.
As deducible from Figure 3, photooxidation
is stronger on directly exposed surface than
on bottom side of the samples. Therefore,
the detected changes in melting enthalpy
reflect most likely a superimposition of

annealing effect and changes in
b) 200{ y
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(a) Melting enthalpy of TPU exposed to UV for different times (b) Melting temperature and corresponding on-/
end-set temperature of TPU exposed to UV for different times.
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(a) Direct hemispheric transmittance spectra of TPU exposed to 180 °C for different times (b) Absorption of TPU
exposed to 180 °C for different times weighted by illuminant C.

morphology due to photooxidation. Melt-
ing temperature, on-set and end-set tem-
peratures are not affected by UV exposure
conditions applied within this study
(Figure 6b).

Thermal Treatment
In Figure 7a the direct hemispheric trans-
mittance spectra of TPU exposed to 180°C
for different times are presented. The direct
hemispheric transmittance spectra for ex-
posure times of 120 min and 180 min differ
only slightly. The strongest reduction in the
direct hemispheric transmittance occurs in
the wavelength region between 400 nm and
500 nm. This is an indication for yellowing
of the samples. As already discussed above,
yellowing may be ascribed to the formation
of chromophoric groups. As for the UV
exposed samples (Figure 1a) the spectrum
of the unaged TPU does not fit the spectra
of the exposed samples. This may be caused
by changes in morphology after thermal
treatment. Influence of local thickness and
local chemical structure could also be
possible. However, slope of the spectra of
the unaged and the sample exposed for
5 min show similarities. Further increase in
exposure time yields in a continuous change
in slope of the spectra.

In Figure 7b absorption of TPU is
plotted as a function of treatment time. In
general, absorption characteristics are cor-
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relating with direct hemispheric transmit-
tance spectra. Absorption decreases from
9.8% for the untreated sample to 6.4% for
the sample treated for Smin according to
the different shape of the spectra for both
samples. Afterwards, an increase in absorp-
tion with increasing treatment time is
detectable. For exposure times of 30 min
and 60 min absorption is 9.5% and 10.4%,
respectively. The biggest increase in ab-
sorption from 10.4% to 19.0% occurs for
treatment times between 60min and
120min. After a treatment time of
120 min absorption decreases again slightly
from 19.0% to 18.5%. In general, these
results indicate significant ageing of TPU
due to thermal treatment.

In Figure 8 ATR spectra of TPU
exposed to 180°C for various times are
compared. At the top ATR spectra of
the directly exposed top side are shown. At
the bottom ATR spectra of the samples
bottom side are presented. ATR spectros-
copy reveals only marginal differences
between unaged and heat exposed samples.
Minor differences between the ATR spec-
tra of unaged and heat exposed TPU can be
observed around the asymmetric and
symmetric CH, stretching vibrations be-
tween 3000cm™! and 2800cm™': the un-
treated material shows more pronounced
shoulders at 2918cm™' and 2851cm .
Another difference is a band with weak

www.ms-journal.de



Macromol. Symp. 2014, 339, 70-83

180°C 2 top side|
0.4 unaged - 60min j
03l T Smin -~ 120min
] 30min  ----- 180min
0.2
o
8 &z
=
Y @ &
3 ____J\%J\%,
% 0.0+ = ‘
_s S bottom side|
3 04 8 8 T
© : = - 2
< ! |
0.3
0.2
2] - g
0.1 & & p
1
o.o——A‘”/\\\, . . ’ ; , :
3500 3000 2500 1800 1600 1400 1200 1000 800
Wavenumber [cm™']
Figure 8.

ATR spectra of TPU exposed to 180 °C for different times.

intensity at 1638cm™', which is only
discernible for the untreated sample. This
ATR band is located in spectral region
where typically N-H deformation vibrations
of primary amines (between 1650 cm ™' and
1580cm™") and alkene C=C stretching
vibrations occur (between 1680cm ' and
1620cm ). Servay et al., who investi-
gated heat ageing of an ester based TPU by
NMR and ATR spectroscopy, found a new
band formed after heat exposure at
1645cm ™!, which was not present in the
unaged material.l'?! According to Servay
et al., ATR bands between 1652 cm ™! and
1638cm™ can be attributed to C=O
stretching vibration of oxidized methylene
bridge. The presented ATR spectra show
the opposite trend: a band at 1638cm™!
decomposes after heat exposure. No differ-
ences between top and bottom surface are
observable.

In Figure 9 Raman spectra of TPU
exposed to 180°C for various times are
compared. At the top Raman spectra of the
directly exposed top side are shown. At
the bottom Raman spectra of the samples
bottom side are presented. The weak
Raman band at 3337 cm ™" can be attributed
to hydrogen bonded urethane N-H stretch-

© 2014 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim

ing vibrations. As already discussed above,
the Raman bands between 2800cm ' and
3150cm™  with peaks at 3065cm™!,
2926cm™" and 2875cm™! can be ascribed
to =C—H stretching vibrations of the
aromatic ring and asymmetric and symmet-
ric C-H stretching vibrations of CH,
groups.[40] For none of these bands system-
atic correlations between peak intensity and
exposure time are discernible. Similar
observations can be made for C=0 stretch-
ing vibrations of ester and urethane groups
at 1730cm™' and 1703cm™'. Significant
changes in Raman spectra as a function of
exposure time occur in the region between
1680 cm *and 1560 cm ™, which is mainly
determined by aromatic —C=C- stretching
vibration with a peak at 1617 cm 132331
Thus in Figure 10a this spectral region is
zoomed out. With increasing exposure time
increasing broadening of the Raman band
around 1617cm™" can be observed. The
asymmetric broadening of this band is
caused by an emerging hidden band around
1605cm~'. The Raman band at 1605 cm ™!
can be assigned to aromatic —C=C—
stretching vibrations.**! This additional
Raman band indicates modifications of
aromates, which yield in a slight decrease

www.ms-journal.de
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Figure 9.

Raman spectra of TPU exposed to 180 °C for different times.

of wavenumber. Further significant changes
in Raman spectra with increasing exposure
time can be detected at 1154cm™". A new
band emerges after an exposure time of
30min. This is presented in Figure 10b in
more detail. Currently, the chemical identi-
ty of this band is not clear. However, these
results clearly indicate temperature induced
changes in chemical structure in TPU. Most
likely aromatic structure is affected. Servay
et al. reported similar findings."?! Interest-

a) 124 180°C
top side
1.0+ unaged
— 5min
— 084 —— 30min
= s 60MN
2 06 120min
§ 0] ---- 180min
E !
0.2
0.0=
1680 1660 1640 1620 1600 1580 1560
Raman Shift [cm™]
Figure 10.

(a) Detail of Raman spectra of TPU exposed to 180 °C for different times between 1680cm ™" and 1560 cm™".
(b) Detail of Raman spectra of TPU exposed to 180 °C for different times between 11770cm ™" and 1130cm ™

© 2014 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim

ingly, the observed changes are less pro-
nounced at the bottom side of specimen,
though TPU was equally tempered on both
sides (Figure 9). Experiments conducted in
nitrogen atmosphere yielded similar results.
Thus, this phenomenon may not be as-
cribed to effects induced by oxygen.
Although depth of measurements is
similar, compared to ATR spectroscopy,
Raman spectroscopy is more sensitive to
changes in TPU structure induced by
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w
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Figure 11.

Exemplary thermogram of heat exposed TPU.

thermal loads investigated within the pres-
ent study. Diversifications in Raman spec-
tra indicate formation of heat induced
degradation products. Results are correlat-
ing with results from UV/Vis/NIR spectros-
copy, indicating the formation of
chromophoric degradation products.

A typical thermogram of TPU after heat
ageing at 180°C for 180 min is presented in
Figure 11. A melting peak with melting
temperature of 200 °C and melting enthalpy
of 11.5J/g is discernible. Moreover, a small
endotherm peak with a peak temperature
of 71°C and an enthalpy of 1.4J/g is
observable. This weak endotherm peak
stays nearly unaffected by thermal expo-
sure. Therefore, it is probably not associat-

QO
~
8]
(=)

N

Melting Enthalpy [J/g]

<« unaged
<« 180°C

. |

0 30 60 90 120 150
Time [min]

180 210

Figure 12.

ed with changes in degree of crystallinity.
Thus, for the following discussion only the
main peak at higher temperatures is
evaluated.

In Figure 12 melting enthalpy of heat
exposed TPU is presented along with
melting temperature and corresponding
on-set and end-set temperatures. Com-
pared to melting enthalpy of 17.5J/g of
unaged TPU, the melting enthalpy is
reduced after heat exposure (Fig. 13a).
Melting enthalpy of thermally treated
samples ranges from 4.8J/g (S5min) to
11.5J/g (180 min). From exposure times of
Smin to 120min a continuous increase in
melting enthalpy is detectable, which can be
attributed to crystallisation. Afterwards the
melting enthalpy remains nearly constant.
As it can be seen in Figure 12b, on-set
and end-set temperatures of heat exposed
samples are higher than those of unaged
TPU. The unaged TPU exhibits a melting
temperature of 156°C with an on-set and
end-set temperature of 120°C and 194°C,
respectively. TPU exposed to 180°C for
Smin exhibits two melting regions: a first
broad melting peak between 100°C and
175°C and a second more pronounced
and narrow melting peak between 175°C
and 196°C (on-set and end-set temper-
atures). Sum enthalpy of 4.8J/g was mea-
sured. Further rising of exposure time yields
in a narrow single melting peak indicated by
on-set and end-set temperatures. Similar

b) 220
200+ 5, < i
O 1801 ¢
<
E 1601 |
g 1401 melting temperature
=9 < unaged
5 120l . < 180°C
= on-set temperature end-set temperature
| & unaged v unaged
100 - 180°C 180°C
0 30 60 90 120 150 180 210
Time [min]

(a) Melting enthalpy of TPU exposed to 180 °C for different times (b) Melting temperature and corresponding
on-/end-set temperature of TPU exposed to 180 °C for different times.
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observations were made in literature and
can be ascribed to a higher order of (para)
crystalline structure after heat exposure.[!)
These results clearly indicate a strong
influence of time and temperature on
morphology in TPU.

Conclusion

Within this paper the effects of exposure to
UV radiation and thermal load on chemical
and supramolecular structure of TPU were
studied applying UV/Vis/NIR spectrosco-
py, ATR spectroscopy, Raman spectrosco-
py and DSC. UV/Vis/NIR spectroscopy
clearly indicated yellowing and thus an
increase in absorption in the visible wave-
length range, of TPU after exposure to UV
or to thermal load. A distinct correlation
between degree of yellowing and exposure
time was ascertained.

For samples exposed to UV, yellowing
was in good agreement with results from
ATR spectroscopy. ATR spectra showed
systematic formation of chromophores,
such as quinones and coloured products
formed after Photo-Fries rearrangement,
with increasing exposure time. Additional-
ly, formation of carboxyl groups, alkene
groups and primary amines was indicated.
In general, changes in chemical structure
were more pronounced on the sample
surface exposed to UV directly. In contrast
to ATR spectroscopy, Raman spectroscopy
did not reveal any significant differences
between TPU exposed to UV for various
times. DSC did not reveal any distinct effect
of UV exposure on morphology of TPU.

For samples exposed to thermal load,
yellowing was in good agreement with
results from Raman spectroscopy. Interest-
ingly, ATR spectroscopy turned out to be
less sensitive in detection of chemical
changes induced by the thermal loads
investigated within in this study. However,
Raman spectra showed systematic forma-
tion of chromophores with increasing
exposure time. Changes in Raman spectra
were detectable around the aromatic
—C=C- stretching vibration at

© 2014 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim

1617cm~!. Moreover, formation of an

additional Raman band at 1154 cm ™! was

observed. DSC revealed a strong effect of
thermal treatment on (para)crystalline
morphology.
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