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ABSTRACT: This study presents the development of high-performance, solvent-free polyurethane-urea (PU) elas-
tomeric coatings engineered for rapid curing and precise sprayability. Utilizing polyoxytetramethylene glycol (PTMG)
as the primary polyol and a static-mixing spraying technique, the formulations were systematically optimized. It was
found that a soft-segment content of 64% yields optimal mechanical properties, achieving a remarkable tensile strength
exceeding 30 MPa. Crucially, the incorporation of an ultra-low concentration (0.002 wt%) of dibutyltin dilaurate
catalyst was sufficient to enhance curing completeness and mechanical performance while effectively eliminating
moisture-induced foaming, a common challenge in solvent-free spray applications. The gel and tack-free times were
successfully reduced to the order of minutes through strategic formulation with the chain extender dimethylsulfide-
toluene diamine, minimizing reliance on high catalyst loadings. The resultant PTMG-based coatings exhibit exceptional
comprehensive properties, including a tensile strength >30 MPa, elongation at break >400%, and a tear strength of
66 N/mm, significantly surpassing conventional polypropylene-diamine-based polyurea systems. Furthermore, the
coatings demonstrated superior low-temperature flexibility, evidenced by a glass transition temperature of —53°C, and
suppressed soft-segment crystallinity. The solvent-free nature and tunable curing kinetics of this system enable precise
spraying on complex geometries, effectively overcoming thickness-control limitations for small-object applications.
This work establishes a sustainable and high-performance coating solution ideal for demanding impact- and corrosion-
resistant protective layers.
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1 Introduction

Spray polyurea (PUA) elastomer is a high-performance material developed from polyurethane, and
exhibits unique properties such as rapid curing without any solvent, insensitivity to humidity, exceptional
physical properties such as high hardness, flexibility, tear strength, tensile strength, chemical and water
resistance [1-3]. Due to the aforementioned specific performance, spray PUA elastomeric coatings have
attracted great interest in various fields, such as corrosion protection [4], impact resistance [5-7], and
building protection [8], and anti-fouling [9]. Amine-terminated polyoxypropylene diamine is one of the
most important components for polyurea, and the curing reaction between polyether diamine and isocyanate
is as fast as several seconds [10-12]. Because of the above fast-curing properties, a special two-component
airless sprayer is usually essential to prepare PUA, which delivers two components to the spray gun in a
specific ratio and mixes the two components homogeneously by quick head-on collision [13]. The equipment
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has a high output rate of 1 to 20 kg per minute, making it ideal for efficiently spraying buildings, reservoirs,
and other large-scale engineering projects [14].

However, there is also significant demand for applying spray elastomeric coatings to smaller objects.
But the large output quantity of PUA derived from polyoxypropylene diamine suffers from difficult control
of coating thickness and spray area for small objects, which results in great wastes of raw materials and
extremely uneven coating thickness for complicated shapes of small objects [15,16]. In addition, some
specific application areas, such as anti-impact protection and anti-blast shield, have a pressing demand for
excellent mechanical strength and elongation for elastomers. Usually, the tensile strength and elongation
of polyoxypropylene diamine-based PUA are 10~20 MPa and 300%~500%, respectively [6], which may be
insufficient for the above specific applications.

It has been widely reported that poly (tetramethylene ether glycol) (PTMG) based polyurethane
elastomer is much stronger in mechanics than polyoxypropylene [17-19]. The curing rate of hydroxy-
terminated PTMG with isocyanate is much gentler than amine-terminated polyoxypropylene diamine, and is
able to be adjusted by the content of the catalyst. Due to the lower curing rate, the PTMG-based polyurethane
is likely able to be sprayed by traditional premix methods with an adjustable output flow rate. Therefore,
PTMG seems to have greater potential for the above applications of high performance and smaller objects.
However, different from other applications of PU such as casting, injection molding and adhesive, spray of
polyurethane suffers from the dramatic effect of moisture in the atmosphere [20,21]. The moisture could
react with -NCO to produce CO,, and further lead to foaming and degradation of the mechanical strength of
polyurethane elastomeric coatings [22]. Therefore, it is still a huge challenge to prepare elastomeric coatings
based on hydroxy-terminated PTMG with high mechanical performance.

In this work, PTMG and diphenylmethane diisocyanate (MDI) are used to prepare solvent-free
polyurethane-urea (PU) elastomeric spray coatings. The content of the catalyst is carefully adjusted to prevent
PU coatings from moisture-induced foaming. Effects of soft-segment (SS) content, catalyst content, polyether
molecular weight and polyether type on processing properties, mechanical performance, morphology,
density and thermal properties of coatings are studied. Finally, solvent-free coatings with tensile strength
above 30 MPa and 400% elongation at break are acquired.

2 Experimental Section
2.1 Materials

PTMG with a molecular weight of 1000 g/mol (PTMG1000) and 2000 g/mol (PTMG2000), and
polyoxypropylene diamine with molecular weight of 2000 g/mol (D2000) were acquired from Shandong
Haoshun Chemical Industry Co., Ltd., Jinan, Shandong Province, China. The hydroxyl value of PTMG1000
and PTMG2000 are 111.2 mg KOH/gand 56.1 mg KOH/g, respectively. Dimethylsulfide-toluene diamine
(DMTDA) and dibutyltin dilaurate (DB) were obtained from Sinopharm Group Chemical Reagent Co., Ltd.,
Shanghai, China both with a purity of 95%. DMTDA and DB were used as a chain extender and catalyst,
respectively. MDI specified as MDI50 and Carbonized diimide modified MDI (CMDI) were purchased from
Wanhua Industrial Group, Yantai, Shandong Province, China. The chemical structures of these materials are
shown in Scheme 1.
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2.2 Synthesis of Component A and Component B

125 g PTMG2000 was placed into a three-necked flask, and was heated to 120°C. After PTMG2000 was
melted, the flask was vacuumed for two hours to remove the trace water in PTMG2000. Next, the temperature
of the flask was reduced to 60°C, and a calculated amount of MDI was put into the flask. Component A
with a -NCO% value of 13.9% was acquired after a two-hour reaction and denoted as MDI-2000. MDI-1000,
CMDI-2000 and CMDI-1000 were also prepared by the above method. The composition of Component A is
shown in Table 1. Component B was obtained by directly mixing PTMG, DMTDA and the catalyst according
to the calculated proportion. The ratio (R) of -NCO value of Component A to the sum of -OH and -NH, in
Component B was controlled to 1.10.

Table 1: Formulations of component A

Code MDIL,g CMDLg PTMGI000,g PTMG2000,g
MDI-1000 125 / 109 /
MDI-2000 125 / / 135

CMDI-1000 / 125 85 /
CMDI-2000 / 125 / 105

PU coatings with a series of SS contents were prepared by adjusting the PTMG content in Component
A and Component B. For example, 48.1 g MDI and 51.9 g PTMG2000 were used to synthesize component
A, and 76.3 g PTMG2000 and 23.7 g DMTDA were used to prepare Component B. The coating with a SS
content of 64% (PU2-S64) was derived from the above Component A and Component B. PU2-880, PU2-§71,
PU2-853 and PU2-541 were also prepared according to the above method (Table 2). The SS comprises the
PTMG from Component A and the PTMG from Component B, while the hard segment included MDI and
DMTDA. The SS content was defined as the percentage of PTMG in the formulation, which is calculated as
the mass of PTMG divided by the total mass of PTMG, MDI, and DMTDA.
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Table 2: Formulations of PU coatings with a series of SS contents

Code Component A Component B
MDIL,g PTMG2000,g PTMG2000,g DMTDA,g R SS, %
PU2-580 31.6 68.4 92.5 7.5 1.10 80
PU2-§71 41.0 59.0 83.3 16.7 110 71
PU2-564 48.1 51.9 76.3 237 1.10 64
PU2-853 59.5 40.5 65.0 35.0 1.10 53
PU2-541 71.4 28.6 53.1 46.9 1.10 41

PU2-5S64 was chosen to investigate the effect of catalyst concentration on coating properties. 0.0025%,
0.005%, 0.01%, 0.05%, and 0.25% DB were added into Component B of PU2-S64 to prepare PU coatings with
a series of catalyst concentrations and the coatings were denoted as PU2-C0.0025, PU2-C0.005, PU2-C0.01,
PU2-C0.05 and PU2-C0.25, respectively. The formulation PU2-S64 did not contain a catalyst; therefore, it
was equivalent to PU2-CO0.

PTMGI1000, D2000 and PTMG2000 were used to prepare PU coatings with a series of polyether
polyol types. The formulation with 0.0025% DB added to PU2-S64 was designated as PU2-S64C, which
subsequently served as the baseline formulation. In this formulation, D2000 was used to replace PTMG2000
in Component B to study the impact of D2000 on coating performance. Based on the increasing content of
D2000, the coating samples were labeled as PU2-S64C-D1, PU2-S64C-D2, and PU2-S64C-D3, respectively.
The specific composition of Component B is provided in Table 3. Additionally, we prepared PU1-S64C using
MDI-1000 as Component A instead of that of MDI-2000 to study the influence of Component A. The
-NCO% value of Component A was kept at 13.9%, and the coatings were prepared by the formulations shown
in Table 3.

Table 3: Formulations of PU coatings with a series of polyether polyol types

Component B

Code Component A
PTMG2000,g D2000,g DMTDA,g DB, %
PU1-S64C MDI-1000 76.3 / 23.7 0.0025
PU2-S64C MDI-2000 76.3 / 23.7 0.0025
PU2-564C-D1 MDI-2000 40.5 35.8 23.7 0.0025
PU2-564C-D2 MDI-2000 20.3 56 23.7 0.0025
PU2-564C-D3 MDI-2000 / 76.3 23.7 0.0025

2.3 Spray of PU

Coatings were spray-coated onto aluminum plates using an UNIKIS750 in a spray booth. The spray gun
utilized compressed air at 0.5 MPa to atomize the coating into droplets. The spray distance was maintained
at approximately 20-30 cm, with a traversing speed of about 20 cm/s. The flow rate of the coating material
was controlled at around 30 mL/min. The ratio of Component A to Component B was 1:1 by volume. The
relative humidity and temperature during spray and subsequent curing processes were adjusted to 70%~90%
RH and 18°C~25°CRH, respectively. The PU coatings were sprayed to a thickness of approximately 1 mm
and cured for 7 days at room temperature for performance tests.
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2.4 Characterization

Tensile tests were conducted according to GB/T528-1998, and coatings were cut into type 2A for tests.
Tear properties were carried out according to the unnicked angle tear strength of GB/T529-1999. The coating
was sheared to a size of about 2 cm x 1 cm x 1 mm for the density test. At least 5 pieces of sheared samples were
needed for each coating. The samples were weighed and measured to obtain weight and volume. Density
was calculated by averaging the ratio of weight to volume for each piece. The differential thermal scanning
analysis (DSC) test was processed from —70°C to 120°C a heating rate () of 20 K/min with a TA calorimeter
model DSC-QI100 (TA Instruments, Inc., Shanghai, China) using nitrogen (caudal of 50 mL/min) as purge
gas. 1 to 5 mg samples were sealed in aluminum pans. A sealed empty pan was used as the reference. And
the temperature of samples was maintained at —70°C for 5 min before test. The dynamic mechanical analysis
(DMA) was measured on a DMA Q800 (TA Instruments, Inc., Shanghai, China) at a frequency of 2 Hz
with amplitude at 0.02 mm. The sample was maintained at —120°C for 10 min and then heated at a rate of
2°C/min. Rectangular bars of 10 mm x 5 mm x 1 mm were used as specimens for bend testing. Scanning
electron microscopy images were obtained on a LEO 1530 FESEM (Carl Zeiss AG, Shanghai, China) to
survey the cross-sections of the coatings. The coating thickness was measured using the eddy current mode
of the Minitest600 coating thickness gauge. The specific measurement method was as follows: the coating
was sprayed onto a flat aluminum alloy substrate, and the thickness was measured at least 10 times using a
Minitest600 (EPK Instruments GmbH, Qingdao, Shandong Province, China) coating thickness gauge, with
the average value taken as the coating thickness. Fourier-transform infrared spectroscopy (FTIR, Tensor 27
spectrometer, Bruker Corporation, Shanghai, China) was carried out in attenuated total reflectance mode
with scanning range from 4000 to 650 cm™'. The viscosity was measured using a Brookfield DV3THB
viscometer (Brookfield Engineering Laboratories, Inc., Shanghai, China) with a No. 52 rotor. The system was
set to the target temperature and allowed to equilibrate for 15 min after rotor installation. The gap between the
rotor and the plate was then adjusted to 0.001 inch. Following sample loading, the system was maintained at
the set temperature for another 15 min. During measurement, the rotational speed was adjusted to maintain
the torque between 20% and 80%.

3 Results and Discussion
3.1 Preparation of PU Coatings

Spray PU or PUA elastomeric coatings are usually used as a high-build coating for various applications,
which requires a fast cure rate and solvent-free formulation in order to spray with high efficiency [14]. The
two-component airless sprayer based on head-on collision mixing is a widely used technology, but suffers
from overlarge output flow rate and viscosity constraints of components.

In current studies, a series of solvent-free and fast-curing PU coatings are prepared by air spraying based
on static mixing (Fig. 1a). 134 um thick coatings with a width as small as 4 cm could be obtained by this
method (Fig. 1b, the coating thickness of the samples ranged from 83.1 to 194.5 pm, with an average value of
134.3 um), which is very different for head-on collision mixing-based airless sprayer. A cylinder ®28 cm x
12 cm in size is coated with PU elastomer by spraying, and it is very uniform in terms of the coating thickness
(Fig. 1c). These results show that the static mixing-based air spraying is suitable for coating of small objects,
as a result of adjustable output flow rates for a wide range.

The viscosity of components, particularly component A, is one of the most important parameters for
the above spray technology. MDI and CMDI are used as isocyanates to construct Component A of the
coating. The effect of isocyanate type and molecular weight of PTMG on the viscosity of Component A has
been shown in Fig. 2. The viscosity of CMDI-based Component A is approximately twice as high as that of
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MDI-based Component A, which implies MDI is more appropriate to synthesize component A. Although
PTMG2000 has a greater viscosity than PTMGI000, the viscosity of MDI-2000 is approximately equal to
that of MDI-1000. The viscosity of MDI-2000 decreases from 5.5 to 0.55 Pa-s with temperature increasing
from 15°C to 55°C, and the Component A is suitable for spray coating applicationat room temperature.

a) b) |

SRS

-

Figure 1: (a) a photograph of the air sprayer based on static mixing, (b) several lines of the coating created by separate
one-off spray, (c) a @28 cm x 12 cm cylinder coated with PU elastomer by spraying method
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Figure 2: Viscosity of component a derived from MDI and CMDI

3.2 Effect of SS Content

In PU materials, the SS content has a dramatic effect on mechanical and thermal properties [17]. So,

PU coatings with a series of SS contents were prepared, and processing properties, mechanical performance,
and thermal performance were studied systematically.

The SS content was adjusted from 80% to 41%, and the coatings changed from soft to hard as SS
content decreased (Fig. 3a). Tensile tests indicate that the coatings show a large elongation, and the elongation
decreases from 650% to 200% as SS content is reduced from 80% to 41% (Figs. 3b and 4a). The tensile strength
of PU2-S80, PU2-S71, PU2-S64 and PU2-S53 is 8.1, 14.5, 21.9 and 12.9 MPa, respectively, and PU2-564 shows
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the maximal tensile strength (Fig. 4a). The tensile modulus of PU2-S80, PU2-S71, PU2-S64, and PU2-S53 are
5.8,29.6,47.0, and 115.0 MPa, respectively. The modulus decreases with decreasing SS content. The toughness
values for PU2-S80, PU2-S71, PU2-S64, and PU2-S53 are 20.8, 42.9, 37.2, and 21.7 MJ/m?, respectively. The
toughness initially increases and then decreases as the SS content is reduced, reaching a maximum at a ss
content of 71%. The tear strength of PU2-S80, PU2-S71, PU2-S64 and PU2-S53 are 29, 53, 66 and 77 N/mm,
respectively, and increase with the decrease in SS content (Fig. 4b). PU2-S41 is too fragile to be cut into
specimens for tensile and tear tests, and the corresponding strength is unavailable. Gel time of PU2-S80,
PU2-§71, PU2-5S64, PU2-5§53 and PU2-541 are 24, 7, 2.8, 1.8 and 0.5 min, respectively, and the corresponding
tack-free time are 1 day, 2 h, 17, 14 and 2 min, respectively (Fig. 4c). Fig. 4c demonstrates the gel time and
tack-free time dramatically depend on the ratio of DMTDA to MDI. Density of coatings is 0.95, 1.00, 1.03,
1.05 and 1.08 g/cm3 for PU2-S80, PU2-S71, PU2-S64, PU2-S53 and PU2-541, respectively, and the increase
of the ratio of DMTDA to MDI results in increase of the density (Fig. 4d).

a) b)

—— PU2-580
201 —pu2-s71
—— PU2-564
——PU2-853

-
(3]
1

Stress (MPa)
=

0 100 200 300 400 500 600 700
Strain (%)

Figure 3: PU coatings with a series of content of SS. (a) a digital photo and (b) curves of tensile stress vs. strain

The results indicate that a SS content of 64% optimizes mechanical properties. DMTDA is an amine-
based chain extender, and the reaction rate between amine and MDI is much larger than that of the hydroxy
groups of PTMG and MDI. As a result of faster reaction rate, DMTDA dominates the gel time and tack-
free time to a large extent. The decrease in coating density is mainly caused by carbon dioxide gas from the
reaction between moisture in the atmosphere and -NCO. So, lower DMTDA concentration leads to longer
gel time, and further results in the decrease in coating density.

DSC was used to investigate the glass transition and SS crystallization process of the PU coatings (Fig. 5).
It is obvious that PU2-S80 shows a glass transition point (Tg) at —59.8°C and a SS crystallization process at
16.1°Cand 36.4°C (Fig. 5a). The effect of SS content on Tg is negligible in DSC data, and the PU coatings with
different SS content show an approximate Tg value of —60°C. The SS crystallization enthalpies of PU2-S80,
PU2-871, PU2-S64, PU2-S53, and PU2-S41 are determined to be 15.59, 7.78, 3.51,1.47,and 0.83 J/g, respectively
(Fig. 5b). The crystallization enthalpy decreases with the reduction in SS content, and the reduction in
crystallization enthalpy is markedly more rapid than the decrease in SS content. This indicates that the
presence of hard segments significantly restricts the crystallization behavior of the SS.
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Figure 4: Effect of SS content on (a) tensile strength and extensibility at break, (b) tear strength, (c) gel time and
tack-free time and (d) density of coatings
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Figure 5: (a) the DSC curve of PU2-S80, (b) effect of SS content on temperature of glass transition point and SS
crystallization. The crystalline peak of PTMG is indicated by the gray shaded area
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The dynamic mechanical performances of the coatings are evaluated by DMA (Fig. 6). Regarding
the storage modulus of the PU coatings, as shown in Fig. 6a, the values for PU2-S80, PU2-S71, PU2-564,
PU2-S53, and PU2-541 increase progressively within the temperature range from —40°C to 150°C. A lower
SS content implies a higher hard-segment content. Above the glass transition temperature (Tg), the hard
segments act as physical cross-links, resulting in an increase in the modulus of the coatings as the SS content
decreases. However, below —80°C, the storage modulus of PU2-S80 increases significantly. Although PU2-
S80 has the lowest hard-segment content, DSC data indicates that its SS possesses the highest degree of
crystallinity. In this low-temperature region, the SS has already crystallized, causing the storage modulus
to be influenced by both the SS crystallinity and the molecular chain structure. As for the loss modulus,
the values for PU2-S80, PU2-S71, PU2-S64, PU2-S53, and PU2-541 decrease sequentially with the reduction
in SS content (Fig. 6b). This suggests that the hard segments are the primary contributors to the increased
internal friction within the coating. Furthermore, the Tg, identified from the peak of the loss modulus curve,
exhibits a slight shift from -59°C to —67°C as the SS content decreases. The Tg values obtained from DSC
studies differ from those determined by DMA, which can be attributed to the different properties measured
by each technique—specifically, the change in specific heat capacity in DSC and that in mechanical properties
in DMA. The loss factor (tan §) curve displays a distinct peak at approximately —53.5°C for the PU coatings
upon heating, which is attributed to the glass transition (Fig. 6¢). Notably, PU2-S80 exhibits two additional
tan § peaks at 4.3°C and 33.6°C, which are associated with the crystallization of the SS. Regarding the shape
of the tan 8 curve, the absence of a single peak and the very slow decay of tan 6 above the Tg indicate that
the coatings are not ideal rubber-like elastomers but rather complex multi-phase systems.

140
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Figure 6: Effect of SS content on (a) storage modulus, (b) loss modulus and (c) loss factor (tan §) vs. temperature. The
dash vertical line in figure (c) indicates Tg acquired from DSC
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3.3 Effect of Catalyst Concentration

Generally, the catalysts are essential in PU system to promote the reaction between polyether polyol and
-NCO, especially for solvent-free PU coatings. To prevent PU coatings from sagging and reduce curing time,
solvent-free PU elastomeric coatings should be gelled in a short time, and the organotin catalyst at above 0.1%
is usually added into Component B [23]. However, organotin catalyst will also accelerate the reaction rate
between H, O in the atmosphere and -NCO, and further leads to foaming and degradation of the mechanical
strength of PU elastomeric coatings. The effect of catalyst on the properties of solvent-free and fast-curing
related PU coatings has received little attention in the past.

In the current studies, DB was used as the catalyst, and the DB concentration in Component B was
adjusted from 0% to 0.25%. The tensile strength of PU2-CO0 (i.e., PU2-S64), PU2-C0.0025, PU2-C0.005, PU2-
C0.01, PU2-C0.05 and PU2-C0.25 is 19.9, 31.5, 27.6, 24.1, 23.4 and 12.1 MPa, respectively, and PU2-C0.0025
shows the maximum tensile strength (Fig. 7a). In comparison with PU2-CO0, 0.0025% DB increases the tensile
strength of coatings from 19.9 to 31.5 MPa. As for the tear strength of PU coatings, PU2-C0.005 is also
greatly strengthened by 0.005% DB (Fig. 7b). However, the tensile strength and tear strength are obviously
decreased when the DB concentration exceeds 0.005%. The density of the coatings slightly increases from
1.03 to 1.08 g/cm® with DB concentration increasing from 0% to 0.005%, but dramatically decreases for
further increase of DB concentration (Fig. 7c). The above analysis indicates that DB of extremely low
concentration less than 0.005% will promote the curing reaction completely and result in enhancement of
mechanical performance. However, the foaming and degradation of the mechanical strength occur when
DB concentration exceeds 0.005%. The standard deviation (SD) of tensile strength and elongation at break
was investigated to gain a better insight into the effect of the catalyst (Fig. 7d). DB of concentration less than
0.0025% or in excess of 0.05% shows lower SD of tensile strength and elongation at break, while there is a peak
of SD at DB concentration between 0.0025% and 0.05%. The above findings indicate that the coatings are
homogeneous in structure at DB concentration less than 0.0025% or in excess of 0.05% but asymmetrical in
structure at DB concentration between 0.0025% and 0.05%. By combining SD analysis with results of density,
itis able to be inferred that the coatings show a high-density uniform structure at DB concentration less than
0.0025%, homogeneous foam structure at DB concentration in excess of 0.05% and foam-hybrid structure
at DB concentration of 0.01%. As shown in Fig. 7a,b, the tensile strength indeed decreased from 31.5 to 27.6
MPa when the DB concentration increased from 0.0025% to 0.005%, while the tear strength increased from
77 to 91 N/mm. From this perspective, both 0.0025% and 0.005% DB concentrations perform relatively well.
However, as can be seen from Fig. 7d, when the concentration increases to 0.005%, the standard deviations
of both tensile strength and elongation at break significantly increase. This indicates a higher probability of
internal defects in the samples. Therefore, at a catalyst concentration of 0.0025%, the overall performance
is better.

To investigate whether the catalyst content affects the final curing degree of the coatings and further
clarify the reasons for the differences in mechanical properties with varying catalyst concentrations, we
conducted FTIR analysis (Fig. 8). The peak at 2242 cm™! corresponds to the stretching vibration of -N=C=0
in MDI, while the peaks at 3588-3324 and 996 cm ™' represent the stretching vibrations of CO-H and C-OH
in PTMG, respectively. In the spectrum of PU2-564, all three characteristic peaks disappear, and a new peak
emerges at 1726 cm™!, attributed to the stretching vibration of RNH(C=0)OR. This indicates that in PU2-
S64, despite the absence of a catalyst, all -NCO groups in Component A and -OH groups in PTMG from
Component B have fully reacted. The FTIR spectra of PU2-C0.0025 to PU2-C0.25 show almost no differences
compared to PU2-S64. These results demonstrate that the catalyst content has no significant impact on the
final curing extent, and all coatings achieved sufficient curing. However, this does not necessarily imply
that the curing degree of PU2-S64 is entirely equivalent to that of PU2-C0.0025. When the curing degree
approaches 100%, even minimal differences can lead to substantial variations in the mechanical strength,
and such subtle differences are difficult to detect by FTIR. Therefore, we can only infer that the superior
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mechanical strength of PU2-C0.0025 compared to PU2-S64 may be attributed to the presence of a catalyst,
which potentially facilitates a more complete curing reaction.
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Figure 7: Effect of catalyst concentration on (a) tensile strength and extensibility at break, (b) tear strength, (c) density
of coatings and (d) mean square deviation of tensile strength and extensibility at break
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Figure 8: FTIR spectra of coatings with different catalyst contents, including those of MDI and PTMG for reference.
The blue dashed lines and purple dashed boxes indicate the main characteristic peaks
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The microstructure of PU coatings with different DB concentrations was investigated by SEM (Fig. 9).
SEM images show that foam cell sizes of PU2-C0, PU2-C0.0025, PU2-C0.005 range from 20 to 60 um. The
average foam cell size and number of foam cells decrease with an increase in catalyst concentration for PU2-
C0, PU2-C0.0025, PU2-C0.005. However, foam cells in excess of 100 pm are observed for PU2-C0.01, and
PU2-C0.01 shows a hybrid structure with foam cells of 20-60 pm and foam cells of 140 um. The number of
100-140 pum foam cells increases as increase of catalyst concentration for PU2-C0.01, PU2-C0.05 and PU2-
C0.25. As expected, the microstructure of PU coatings matches the SDs of tensile strength and elongation at
break shown in Fig. 7d.

SU3500 5.00kV 5.9mm x200 SE

Figure 9: SEM images of PU coatings derived from component B with different DB concentrations, (a) PU2-CO0, (b)
PU2-C0.0025, (c) PU2-C0.005, (d) PU2-C0.01, (¢) PU2-C0.05 and (f) PU2-C0.25
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The gel times of PU2-C0, PU2-C0.0025, PU2-C0.005, PU2-C0.01, PU2-C0.05 and PU2-C0.25 are 170,
170, 170, 170, 120 and 60 s, respectively. DB concentration less than 0.01% has no effect on gel time, and the
coatings show the same gel time for PU2-C0, PU2-C0.0025, PU2-C0.005 and PU2-C0.01. Gel times of PU2-
C0.05 and PU2-C0.25 are dramatically reduced by DB (Fig. 10). By combining the results of mechanical tests
with the microstructure of coatings, it can be concluded that DB concentrations below 0.01% in Component
B are beneficial for PU elastomeric coatings. A minimum DB concentration of 0.05% is essential to shorten
the gel time of coatings to within 2 min, which meanwhile, results in foam and degradation of mechanical
strength. Fig. 4c shows gel time of coatings is dramatically affected by the ratio of DMTDA to MDI, so gel
time is dominated by not only catalyst, but also chain extender. And it is more practical to adjust the gel time
of the coatings by chain extender rather than excess catalyst.

180

¢
p
p
b

0 0.0025  0.005  0.01 0.05 0.25
Concentration of catalyst (%)

Figure 10: Effect of DB concentration in component B on gel time of the coatings

3.4 Effect of Polyether Polyol Type

The effect of polyether polyol type on the performance of coatings is shown in Table 4. The molecular
weight of PTMG in Component A has no effect on the density and gel time of the coatings. As the molecular
weight of PTMG in Component A is decreased from 2000 to 1000 g/mol, PU1 presents higher tensile strength,
higher peel strength and lower elongation at break (Table 4 and Fig. 11). Compared to PU2-S64C, PU1-S64C
exhibits a slight increase in both modulus and toughness, which can be attributed to the smaller molecular
weight of PTMGI1000, resulting in a shorter distance between the cross-linking points. In contrast, an increase
in D2000 content leads to a reduction in modulus, as PTMG2000 is more prone to crystallize. Among the
samples, PU2-S64C-D2 demonstrates the highest toughness. Meanwhile, the decrease in molecular weight
of PTMG leads to Tg increasing from —53.1°C to —39.4°C, implying PU2-S64C is better in terms of low-
temperature performance (Fig. 12).

In addition, part of PTMG in Component B is replaced by D2000 to assess the effect of polyether
polyol types on properties of the coatings. Seen from Table 2, the density of coatings decreases from 1.03 to
0.95 g/cm® with an increase in D2000 content. The reaction rate between D2000 and -NCO is much faster
than that between PTMG and -NCO, which is beneficial for protecting coatings from moisture foaming.
However, the increase of D2000 results in dramatic decrease of gel time. It is inevitable that some bubbles are
generated by the air flow and sealed into the coatings in the spraying process. These bubbles are fixed into
the coatings as a result of dramatic decrease in gel time, and further lead to decrease in coating density. The
coating of formulation PU2-S64C-D3 fails to be sprayed because the viscosity increases much faster.
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Table 4: Effect of polyether polyol types on the performance of coatings

. Tensile Elongation Tensile Tear
. Density,  Gel Toughness,
Serial number Jem®  tim strength, atbreak, modulus, M/ strength,
&/c % Mpa % MPa N/mm
PU2-564C 1.03 170 313 430 67.8 54.6 66
PU1-S64C 1.03 170 31.0 375 69.7 48.9 74
PU2-S64C-D1 0.96 170 31.2 470 673 61.3 74
PU2-564C-D2 0.95 80 15.4 520 58.4 49.2 69
PU2-564C-D3 - 50 - - - - -
30{ ——Pu2-se4c
——PU1-S64C
——PU2-564C-D1
251 ——pu2-s64C-D2
T
%20-
(71
815-
73

100

200

300

Strain (%)

400 500

Figure 11: Curves of tensile stress vs. strain for coatings with different polyether polyol types
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Figure 12: Curves of loss factor (tan §) against temperature for coatings with different polyether polyol types

PU2-S64C-D1 is roughly equivalent to PU2-S64C in terms of tensile strength and tear strength,
indicating a replacement of D2000 for 47% PTMG has little effect on the mechanical strength. However,
an obvious decrease of the mechanical strength occurs when 74% of PTMG2000 was replaced by D2000 in
Component B (Table 4 and Fig. 11). And Fig. 11 indicates that D2000 dramatically weakens tensile modulus
of coatings. As the content of D2000 is increased from 0 g to 166 g, Tg increases from —53.1°C to —36.9°C

(Fig. 12).
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The above results indicate that PTMG-based PU coatings show superior mechanical properties and low-
temperature performance to polyoxypropylene-based PUA coatings, and the coatings derived from PTMG
show a tensile strength above 30 MPa and an elongation at break of 400%. To date, it is about 10-20 MPa
in terms of tensile strength for PUA coatings with large elongation and elasticity in most reports [24-27].
Although PUA coatings have received phenomenal success in wide applications, the PU coatings in the
current research present abundant and large application potential for precision coating and high-tech areas.

4 Conclusion

A series of solvent-free polyurethane elastomeric coatings based on PTMG were successfully prepared
via a spray method, demonstrating rapid curing and highly tunable mechanical properties. In the synthesis
of Component A, MDI was selected over CMDI due to its lower viscosity, allowing the component to
remain applicable at room temperature. Systematic investigation revealed the significant influence of several
factors—including SS content, catalyst dosage, polyether molecular weight, and polyether type—on the
processing behavior, mechanical performance, morphology, density, and thermal properties of the coatings.
Increasing the SS content from 53% to 80% led to a notable rise in breaking elongation from 200% to 650%,
along with an increase in SS crystallinity and a reduction in modulus. While the glass transition temperature
remained consistently around —60°C with little dependence on SS content, the coating with approximately
64% SS exhibited the highest tensile strength. The gel time and tack-free time were effectively reduced
to several minutes through chain-extender optimization rather than merely increasing catalyst content.
A catalyst content as low as 0.0025% was sufficient to achieve optimal mechanical properties, whereas
exceeding 0.05% caused foaming and a decline in the mechanical strength. Compared to polyoxypropylene
diamine, PTMG-based elastomers displayed superior mechanical performance, yielding coatings with
tensile strength above 30 MPa and elongation at break exceeding 400%. This work establishes a robust
strategy for precision coating of small-scale industrial components, effectively addressing a key limitation in
conventional polyurea technologies.
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