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ARTICLE INFO ABSTRACT

Keywords:
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Polyurethane (PU) has numerous applications in daily life, such as coating, cushions, and insulation materials. It
is also used as an encapsulation material for sensors. In the case of PU used as an encapsulant, PU elastomer
containing an ether-based polyol is generally used and has a long lifespan in a general environment. However, it

izce(l)i}r’;i d agin is challenging to predict its lifespan when used as an encapsulation material for sonar sensors because PU is
D R exposed to the filling liquid. It is required to accurately predict the encapsulation material’s lifespan to ensure the
epolymerization

sensor’s safety. For the exact estimation of PU lifespan, an accelerated aging experiment was conducted on PU
elastomer in a filling solution at various temperatures. Fourier transform infrared spectroscopy was used to track
the chemical changes in the PU elastomer, and it was observed that both urethane and urea bonds were
degraded. Modulated differential scanning calorimetry and thermogravimetric analysis were also used to study
changes in the structure of PU elastomer by heat aging. The tensile strength, elongation, and hardness of the
heat-aged elastomer at various temperatures were obtained, and the Arrhenius plots were constructed. Finally,
the lifespan was considered when the tensile strength was 70% of the initial state by using the ASTM D2000
standard. Thus, the lifespan of PU at 25 °C was calculated to be 12.2 years.

1. Introduction speed of the sound waves in the encapsulation materials should be the

same as that in seawater. Second, the mechanical properties should be

Polyurethane (PU) was developed by Otto Bayer in 1937 to compete
with nylon. It is produced using two raw materials: polyol and diiso-
cyanate. This polymer is characterized by its versatility. Its physical
properties can be freely controlled via the type of raw material. It can
have high tensile strength and rigidity or, conversely, high flexibility
and ductility. In addition, PU has a wide range of applications and
reliability owing to its excellent physical properties. A low-density PU
elastomer is used for footwear, and a rigid PU elastomer is used for
electronic instrument bezels [1-5].

PU elastomer has also been used as an encapsulation material for
sonar sensors [6-8]. For encapsulation, the speed of the sound waves
before and after transmission should not be changed. In other words, the

reliable. The encapsulation materials protect the inside of the sensor
from other impacts, such as sloshing and sea waves. Additionally, ma-
terials should have less degradation or loss of properties by seawater or
container solution by their high physical and chemical resistance. PU is a
suitable material that satisfies these requirements [9]. In addition, the
versatile properties of PU also serve as a significant advantage in this
application. In the military field, a sonar sensor with PU elastomer
encapsulation is generally located on the head of missiles, and the
missiles are placed in the filling liquid and stored in a container before
launching. The filling solution can be varied by mixing different solu-
tions and additives, depending on the specific purpose. Among the
different types of mixtures, they should have anti-freezing properties to
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minimize damage from icing. Therefore, similar to automobiles, glycol
and water are used as filling solutions [10,11].

However, PU is also sensitive to hydrolysis and glycolysis [12-14].
For example, the sole of a shoe produced of urethane crumbles owing to
decomposition by hydrolysis. Therefore, for the encapsulation applica-
tion of the sonar sensor, the hydrolysis and glycolysis of the PU layers
under storage solution conditions should be accurately studied. It is
particularly important to calculate the rate and mechanism of heat aging
via glycolysis. The lifespan of PU elastomer must be precisely calculated
to determine when to replace the molding material. If PU elastomer is
used after a proper lifespan, cracks may occur and damage the internal
sensor or cause a change in the sound wave transmission speed, resulting
in negative results.

Regarding the chemical structure of PU, there are three main types of
PU, which are polymerized using ester, ether, and carbonate-based
polyols. When PU elastomer is manufactured using an ester-based pol-
yol, the mechanical properties are sufficiently favorable, but the ester
group is weak for hydrolysis, and most of the physical properties are lost
in a short period [14-18]. Although PU comprising carbonate units are
more resistant to decomposition under water conditions, their use is
limited by the high price and complex synthesis methods. Therefore, it is
preferable to use ether polyols to make PU elastomers. This is because
the ether unit has a higher chemical resistance than the ester owing to
dipole-dipole interactions.

When a tetrahydrofuran (THF)-based polyol is used, elastomer has
excellent mechanical properties, elasticity, and hydrolysis resistance
[19,20]. In this work, an ether-based polyol obtained from THF was used
to synthesize PU elastomer, and an accelerated aging experiment was
designed to characterize the physical properties and analyze the chem-
ical decomposition mechanism [21-25]. The result of the mechanical
test showed a decrease in tensile strength by increasing the heat-aging
time. However, unlike in the case of general elastomer, the value of
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the elongation at the break initially showed an upward trend before a
decrease. This study emphasizes the reason for this trend which is not
discussed before. Through this accelerated heat-aging test, it is possible
to predict the lifespan of PU elastomer at room temperature using
Arrhenius plots [26].

2. Experiment
2.1. Preparation of PU elastomer

PU elastomer was synthesized using a prepolymer and curing agent.
Poly(tetramethylene ether) glycol glycol (PTMEG, M, ~2000) and
toluene diisocyanate (TDI) were purchased from Sigma-Aldrich and
used to prepare the prepolymers. The curing agent mainly consisted of
4,4'-methylene-bis-2-chloroaniline (MBOCA). The prepolymer and
MBOCA were reacted at 110 °C for 1.5 h in a mold. Afterward, the
synthesized elastomer was post-cured at 110 °C for 1.5 h to obtain a
urethane elastomer with Shore A hardness of 85 or more (weight dis-
tribution of pristine PU elastomers is shown in Fig. S1, and the hardness
of the PU elastomers is shown in Fig. S2).

2.2. Preparation of heat-aging and filling solution

A polypropylene mold was designed and fabricated via computer
numerical control machining. Pristine PU standard samples (86 x 86 x
6 mm®) were placed in a mold. Then, the mold containing the PU
samples and filling solution were placed into a reaction flask (beaker flat
bottom type) order-made, as shown in Fig. 1. The chamber was placed in
a silicon oil bath to minimize the temperature gradient. For the accel-
erating aging test, four reaction flasks were heated to 50, 60, 70, and
80 °C. The specimen was obtained every 32, 16, 8, and 4 days, respec-
tively. The obtained PU elastomers were wiped with polyester fabric and

Fig. 1. Schematic of heat-aging test and Mechanical test of PU elastomer: (a) mold and PU elastomers, (b) PU elastomers in the heat-aging chamber, (c) PU elas-
tomers in filling solution, (d) PU elastomer after dog-bone fabrication, (e) UTM grip, (f) PU elastomer loading into the grip, (g) PU elastomer during the tension test.
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ethanol to clean the specimen surface. PU elastomers were stored in
plastic bags. The filling solution consisted of ethylene glycol and water.
Because freezing temperature is directly related to the reliability of the
filling solution, the volume ratio of ethylene glycol:water is 2:1, because
the freezing temperature of the solution reaches under —50 °C at that
ratio [27].

2.3. Condition of experiment

The elongation at the break and the tensile strength were used as
factors to predict the lifetime of the PU elastomers. The threshold point
of the fracture was determined according to ASTM D2000. Dog-bone
specimens were prepared after heat aging. The thickness of the dog-
bone specimen was 6 mm and was processed following ISO 37-2017,
with type 2 test specimens, but only grip parts were made larger than
normal to prevent the slip of the specimen during the mechanical test.

2.4. FT-IR characterization

The chemical degradation of the pristine and heat-aged PU elastomer
was studied using Fourier transform infrared (FT-IR) spectroscopy. The
agglomerates of the decomposed PU elastomer were also inspected. FT-
IR spectra were obtained using a Nicolet iS10 spectrometer (Thermo
Fisher Scientific Inc., USA). The elastomers were dried in a vacuum oven
before the inspection. The spectra were recorded in the range of
600-4000 cm ! with 4 cm ™ resolution over 32 scans.

2.5. Thermogravimetric analysis (TGA)

Discovery TGA 55 (TA Instruments, DE) was used to analyze the
onset decomposition temperature of the heat-aged PU elastomer. The
TGA curve was obtained using a sample mass of about 20 mg, from 30 to
600 °C at a heating rate of 5 °C/min, under air condition.

2.6. Modulated differential scanning calorimetry (MDSC)

Discovery DSC 25 (TA Instruments, DE) was used to study about the
effect of heat aging on mechanical properties. Cell constant and tem-
perature were previously calibrated using indium. The data was ob-
tained with oscillation amplitude of £0.5 °C within a period of 120 s.
Heating rate were 2 °C/min. The weight of specimen was in a range of
4.5-5.5 mg.

2.7. Mechanical properties

The effect of heat aging on the mechanical properties of the PU
elastomer was evaluated using an Instron 5882 universal material
testing machine (UTM) (Instron, UK). Stress-strain curves were
collected at a strain speed of 500 mm/min. As shown in Fig. 1(e),
compatible with UTM equipment, a specially designed grip was manu-
factured to prevent elastomer samples from falling out during tensile
testing. The hardness of the PU elastomers was tested using a TIME®
5430 hardness tester (Beijing Time High Technology Ltd., China) with
an operation stand. Hardness was estimated at eight points for each PU
elastomer and averaged.

3. Result
3.1. Mechanical properties

PU elastomers were heat-aged at 80, 70, 60, and 50 °C. Heat aging
was conducted in the filling solution. The solution was prepared with an
ethylene glycol:water volume ratio of 2:1. Fig. 2(a) shows the increased
weight ratio of the PU elastomer after exposure to the solution. The
weight ratio was calculated by dividing the weight of the heat-aged PU
elastomer by the average weight of the pristine PU elastomer.
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Fig. 2. Weight change in heat-aged PU elastomer in several temperatures: (a)
as a function of heat-aging time, (b) as a function of root of time and inverse of
thickness. (c¢) Arrhenius plotting of temperature and estimated time to reach
saturation point.

The PU elastomer absorbed the filling solution over time and gained
weight. The absorption of the solution at higher temperatures was
greater than that at lower temperatures. At all temperatures, the elas-
tomer largely absorbs the solution first, after which it exhibits a rela-
tively slow absorption. The amount of filling solution saturated in the
elastomer was larger at a higher heat-aging temperature. The large
initial absorption may be ascribable to the diffusion of the solution into
the PU elastomer. The slow absorption may originate from the micro-
voids formed by the dissociation of urethane bonds in the PU elastomer.

Fig. 2(b) shows the Fickian behavior of the solution diffusion. The
absorption of the uptake in the initial phase is proportional to the square
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root of time and inversely proportional to the sample thickness. Subse-
quently, a plateau region is observed. The mass transfer equation from
Fick’s law can be simplified as follows [28,29].

2 2
acﬂ)(ac 0°C ac) S
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where C is the molar concentration (mol/rnB), t is time (s), and D is the
diffusion coefficient (m2/s). As the PU elastomer has a planar shape, the
majority of diffusion occurs in one direction. Thus, a possible model of
solution absorption in PU elastomer is as follows:
ac__FC

=D

o ox2 2

The time required to reach the plateau region is expected to satisfy
the Arrhenius equation. As shown in Fig. 2(a), the 80 and 70 °C heat-
aged PU elastomer were saturated near the 1.06 ratio. Therefore, the
time to reach the saturation point of 60 and 50 °C heat-aged PU elas-
tomer was estimated using a trend line. The estimated times to reach a
saturation point at 60 and 50 °C were 13,471 h and 30,468 h, respec-
tively. The temperature dependence of the PU elastomer saturation is
plotted in Fig. 2(c) and appears to follow Arrhenius plots. Le Gac et al.
[30] emphasized that after heat-aging the PU elastomers in water, all
specimens exhibited a constant value of maximum water uptake at all
heat-aging temperatures. In addition, the kinetics of water uptake and
temperature can be fitted using Arrhenius plots. Because the types of PU
elastomer and filling solution are different, the saturation kinetics may
be distinct. However, in both cases, the Arrhenius plot exhibited a linear
trend, proving the temperature dependence of the diffusion kinetics.

The PU elastomer specimens subjected to heat-aging in the filling
solution at 80, 70, 60, and 50 °C were weighed, processed into five dog-
bone specimens, and then, the mechanical properties were measured.
Fig. 3 shows the tensile strength and elongation at the break of the
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Fig. 3. Mechanical test of PU elastomer: (a) Tensile strength of PU elastomer as
a function of heat-aging. (b) Elongation at the break of PU elastomer as a
function of heat-aging time.
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specimens. The tensile strength value (Fig. 3(a)) shows a rapid decrease
in the initial section and then a tendency to stabilize. In the quick drop in
the initial range, the rate of decline differed depending on the heat-aging
temperature. At the 80 °C heat-aging conditions, the highest decrease in
tensile strength is observed. At the end of the steep drop, the tensile
strength values remain almost the same at 80, 70, and 60 °C heat-aging.
This is attributable to the dissociation of the covalent and hydrogen
bonds in the hard segment of the PU elastomer.

Similar results were obtained in the elongation and tensile strength
tests. As shown in Fig. 3(b), the most rapid change occurs at 80 °C, and
similar final values are acquired in all cases, except the 50 °C test.
However, notably, unlike in the case of general elastomer, the elonga-
tion at the break initially showed an upward trend before a sharp
decrease. For example, during heat-aging at 80 °C, the value of elon-
gation at the break reaches a maximum at 336 h and decreases sharply
when the heat-aging time passes from 336 to 456 h. Moreover, the
tensile strength also reached the almost minimum value. This behavior
may be due to changes in the hydrogen bonds between the hard seg-
ments and the cleavage of covalent bonds in the PU elastomer.

Fig. 4 shows how the hydrogen bonds between the hard segments are
interrupted by a heat-aging time. In the case of pristine elastomer, the
hard segment is well-packed by hydrogen bonding among the urethane
bonds. It initially has sufficient hydrogen bonds between the hard seg-
ments. Thus, the elastomer has moderately low elongation. Addition-
ally, because no cleavage of covalent bonds occurs because heat-aging is
not performed, the tensile strength is the highest. However, during heat-
aging up to 336 h, hydrogen bonds between hard segments are disrupted
by water and ethylene glycol molecules. Thus, the number of hydrogen
bonds between hard segments decreased. Moreover, water and ethylene
glycol molecules enter between the hard segments and widen the dis-
tance and weaken the hydrogen bonds between them. The cleavage of
covalent bonds in the hard segment is also another reason for changes in
mechanical properties. With a small amount of cleavage, it provides
additional chain flexibility by giving extra space for the polymer chain
to move as well as additional elongation at the break [31,32].

However, when the covalent bond in the hard segments is further
reduced, the tensile strength begins to decrease. After heat aging for 456
h, the urethane decomposition reaction broke more covalent bonds, so
the network structure inside the PU elastomer could not be maintained.
Therefore, the elongation at the break decreased sharply and the tensile
strength reached a minimum value.

3.2. FT-IR, TGA and MDSC characterization

FT-IR measurements were performed to ensure that the above
interpretation was accurate. Because the urethane bond with hydrogen
bonding had a lower wavenumber than the urethane bond without
hydrogen bonding, the interpretation could be verified through IR
inspection.

The peak at 1732 cm ™! of the urethane bond shifted to 1712 cm ™!
owing to hydrogen bonding [33]. As shown in Fig. 4(b), pristine elas-
tomer without heat aging shows a relatively high-intensity peak at 1712
cm L. For the sample heat-aged at 80 °C for 336 h, before the elongation
at the break sharply decreases, the peak intensity at 1712 cm ™! appears
relatively small because the urethane bond inside the hard segment is
less disturbed by the hydrogen bond. In the case of the specimen
heat-aged for 456 h, almost no peak is observed at 1712 cm ™. Similar or
smaller peaks at 1712 cm™! appear in samples with longer heat-aging
times (744, 1224, and 1608 h).

Therefore, at the initial stage of heat-aging, hydrogen bonding be-
tween hard segments, which can also act as a cross-linking point, is
disturbed; thus, elongation at the break increases and tensile strength
decreases. However, after the phase, both the elongation at the break
and tensile strength appeared to decrease owing to the cleavage of
numerous covalent bonds.

However, in Fig. 4(c), the FT-IR spectrum of a sample after 1608 h of
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Fig. 4. (a) Diagram of hard segment and hydrogen bond in PU elastomer in different heat-aged hours. (b) FT-IR spectra of PU elastomer after 80 °C heat aging.
Spectra show different intensities around 1712 cm ™!, which indicates that hydrogen bonds hindered the urethane bond between hard segments. (c) FTIR spectra of

pristine PU elastomer and after 80 °C heat-aging (456, 1608 h).

heat-aging in the 80 °C filling solution shows that the intensity of the
urethane C=0 peak at 1732 cm ™! is almost the same as that of pristine.
Moreover, the intensity of the urea C=0 peak at 1640 cm™! by the
curing agent also does not show a significant difference between the
aged and clean samples, which could explain the decrease in mechanical
properties. To elucidate the results, the mechanism of the degradation
reaction was investigated.

Under atmospheric pressure, hydrolysis requires significantly more
energy, that is, in significantly harsher conditions, than glycolysis
[34-37]. Therefore, PU elastomer undergoes more glycolysis than hy-
drolysis in the presence of both water and ethylene glycol. Moreover, the
urea bond is easier to dissociate than the urethane bond by hydrolysis
[38,39]. Therefore, it can be concluded that the urea bond is more
degraded than the urethane bond via glycolysis because both hydrolysis
and glycolysis have similar degradation mechanisms.

Fig. 5(a) shows the chemical degradation mechanism of the urethane
and urea bonds via glycolysis. It is challenging to distinguish them using
FT-IR spectroscopy because the urethane bonds remain intact after
glycolysis. However, the urethane chain dissociated via glycolysis be-
comes shorter and has a structure that easily releases into the filling
solution. When the urea bond is dissociated, it can be distinguished
using FT-IR spectroscopy because the product of glycolysis is a primary
amine.

As shown in Fig. 5(b), after 1608 h of heat-aging with the 80 °C
filling solution, the filling solution was collected and centrifuged to
obtain agglomerates of degraded PU elastomer. From the FT-IR mea-
surements of the agglomerates, it can be inferred that there are -NHj
peaks at 3442 and 3360 cm . Because the peak of the urea bond at
1640 cm ! disappears in the spectrum of the agglomerate, it is expected

that -NH,, is generated as the urea bond disappeared. In addition, the
urethane peak of the agglomerate at 1732 cm ™! proves that the degra-
dation of urea in the PU elastomer results in another urethane bond. This
result indicates that the degradation of the PU elastomer is mainly
attributed to the glycolysis of the urea bond, as shown in Fig. 5(a).

Thermogravimetric analyses were performed to study the effect of
heat aging on thermal properties. Fig. 6 shows the changes in the onset
decomposition temperature of PU elastomer, which was heat-aged at
80 °C, as a function of heat-aging time. The onset decomposition tem-
perature is decreased as the heat-aging time increases at 80 °C. In a
decreasing trend, there is an additional sharp drop between 336 and
456 h. Because this phase is a section where the rapid reduction in co-
valent bonds starts, this result is in accord with the FT-IR results.

The MDSC was used to study the effect of heat aging on mechanical
properties in Fig. 7. Thermograms were analyzed to verify the effect of
heat-aging on intermolecular interaction between hard segments. Non-
reversing heat flow is related to kinetic events (degradation, crystalli-
zation, crystal perfection, recrystallization), and reversing heat flow is
related to heat capacity events (glass transition and melting).

%‘ —¢,(T) ‘g (T, 1) 3)
Where dH/dt is total heat flow rate and Cj, is the measured specific heat
capacity related to the reversing heat flow and f (T, t) is related to the
kinetic (non-reversing) component of the total heat flow. Non-reversing
heat flow of aged PU elastomer shows an endothermic peak at around
193 °C. Dickie et al. [40] emphasized that this peak is not a melting peak
but a breakup of the crystalline phase by depolymerization. Therefore,
the 2nd cycle of DSC shows no endothermic peak at around 193 °C
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(Fig. S3). The area of the peak made by depolymerization is calculated in
Fig. 7(f). The enthalpy of depolymerization is decreased by the time of
heat aging. It can be inferred that as the heat-aging time increases, the
amount of the crystalline phase which can be broken in PU elastomer is
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decreased. This may attribute to dissociation of the covalent bond of a
hard segment which is a highly crystalline area. Furthermore, the
decrease of slope in Fig. 7(f) is largest between 336 h and 456 h. This
result is in accord with the mechanical properties data.

3.3. Calculated lifetime prediction of PU elastomer

ASTM D 2000 is the standard for classifying the lifespan of elastomer
products. For the tensile strength and elongation, the lifespan is the time
required to reach 70% and 50% of the initial values, respectively. As the
tensile strength of pristine PU elastomer is 35.71 + 3.61 MPa and the
elongation at the break is 385.7% =+ 16.4%, the threshold of fractures is
25.00 MPa and 192.85%, respectively.

The Arrhenius equation is often used to evaluate the tensile strength
and elongation at the break of elastomers over a long period [41-44].
This equation is often used to determine the effects of aging. Therefore,
the lifespan was predicted in this study using the Arrhenius equation.
The aging rate of the PU elastomer can be expressed using the Arrhenius
equation:

—Eq E
K(T)=Aee™ orIn(K(T))=B - <—“) “@
RT

where A is a pre-exponential factor, E, is the activation energy, R is the
gas constant, T is the absolute temperature, and K(T) is the time required
to reach a specific physical property. Here, it was the time required to
reach a tensile strength of 25.00 MPa and an elongation at the break of
192.85%. If a graph is drawn using the temperature and time required
for tensile strength and elongation to reach a specific point, a straight
line is plotted. As shown in Fig. 8, and the lifespan of elastomer at room
temperature can be predicted using this straight line.

A straight line is observed by plotting the logarithm of the lifetime at
a specific temperature against the reciprocal temperature. The lifespan
at room temperature can be predicted via the straight-line trend. Table 1
lists the predicted lifespans of the heat-aged PU elastomer at 20 and
25 °C. In addition, the activation energy of degradation can be calcu-
lated using the slopes of the graphs. Activation energies calculated from
tensile strength and elongation at the break graph are 118.0 and 124.1
kJ mol 'K}, respectively.

The calculated lifetimes showed significantly different values,
depending on the threshold. For lifespan estimation by elongation at the
break, the lifespan is > 100 years at room temperature. However, the
elongation at the break increased in the initial stage of heat-aging.
Therefore, it is challenging to apply the elongation at the break stan-
dard to the PU elastomer. However, the lifespan determined using the
tensile strength was >10 years at room temperature. When solution
absorption and chemical degradation were considered, lifetime esti-
mation based on tensile strength was more appropriate for practical use
to prevent severe damage.

4. Conclusion

PU elastomer was fabricated and subjected to the accelerated heat-
aging at different temperatures from 50 to 80 °C to determine the life-
span of elastomer in a water-glycol mixture at room temperature. The
mechanical properties were obtained using a specially designed grip tool
with UTM. In addition, chemical and thermal analyses were conducted.
The tensile strength was decreased with the different rates depending on
the temperature. In the case of elongation, it showed a tendency to in-
crease initially, and then showed a rapid decrease. To explain these
changes in tensile strength and elongation, FT-IR analysis was con-
ducted for PU elastomer and agglomerates in the solution. Through this,
it was possible to suggest the hydrogen bond change and decomposition
mechanism in the hard segment region according to the aging time. The
change in tensile strength was also correlated with the thermal analysis
results. In the TGA results, the decomposition onset temperature
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Fig. 7. MDSC data of heat aged elastomer: (a) pristine, (b) 336 h, (c) 456 h, (d) 744 h, (e) 1608 h, and (f) calculated enthalpy of non-reversing heat flow at

around 193 °C.

Fig. 8. Arrhenius plotting of temperature and time to reach fracture threshold: (a) tensile strength value of 25.00 MPa, (b) elongation at break value of 192.85%. At
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50 °C heat-aging, elongation of PU elastomer did not reach 192.85% because of slow reaction.
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Table 1
Calculated lifetime prediction of PU elastomer at room temperature.

Temperature Lifetime prediction by tensile Lifetime prediction by

[§O) strength 25.00 MPa (year) Elongation 192.85% (year)
20 28.7 273.9

25 12.2 116.6

significantly decreased from 336 to 465 h, and in the MDSC data,
depolymerization of the crystalline region occurred rapidly at the same
time section. Finally, the lifetime of PU elastomer at room temperature
was calculated using the Arrhenius equation based on the time required
to reach the fracture threshold during thermal aging. Failure thresholds
were determined according to ASTM D2000 specifications. The esti-
mated lifetime based on the tensile strength standard is 12.2 years at
room temperature. These results can suggest a certificate and inspection
period for PU elastomer applications. In addition, we can make a new PU
more durable and reliable for specific fields by understanding their
molecular structure and functional units related to depolymerization.
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