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aracterization of hydroxyl-
terminated polybutadiene modified low
temperature adaptive self-matting waterborne
polyurethane

Jiaran Liu, Desheng Yang, Shengnan Li, Chaofei Bai, Chengzhao Tu, Fengdan Zhu,
Wei Xin, Guoping Li * and Yunjun Luo

Hydroxyl-terminated polybutadiene (HTPB) is a flexible telechelic compound with a main chain containing

a slightly cross-linked activated carbon–carbon double bond and a hydroxyl group at the end. Therefore, in

this paper, HTPB was used as a terminal diol prepolymer, and sulfonate AAS and carboxylic acid DMPA were

used as hydrophilic chain extenders to prepare low-temperature adaptive self-matting waterborne

polyurethane (WPU). Due to the fact that the non-polar butene chain in the HTPB prepolymer cannot

form a hydrogen bond with the urethane group, and the solubility parameter difference between the

hard segment formed by the urethane group is large, the gap of Tg between the soft and hard segments

of the WPU increases by nearly 10 °C, with more obvious microphase separation. At the same time, by

adjusting the HTPB content, WPU emulsions with different particle sizes can be obtained, thereby

obtaining WPU emulsions with good extinction properties and mechanical properties. The results show

that HTPB-based WPU with a certain degree of microphase separation and roughness obtained by

introducing a large number of non-polar carbon chains has good extinction ability, and the 60°

glossiness can be as low as 0.4 GU. Meanwhile, the introduction of HTPB can improve the mechanical

properties and low temperature flexibility of WPU. The Tg,s (the glass transition temperature of soft

segment) of WPU modified by the HTPB block decreased by 5.82 °C, and the DTg increased by 21.04 °C,

indicating that the degree of microphase separation increased. At −50 °C, the elongation at break and

tensile strength of WPU modified by HTPB can still maintain 785.2% and 76.7 MPa, which are 1.82 times

and 2.91 times those of WPU with only PTMG as soft segment, respectively. The self-matting WPU

coating prepared in this paper can meet the requirements of severe cold weather and has potential

application prospects in the field of finishing.
1. Introduction

With the change of people's aesthetic concepts, low gloss
coatings are becoming more and more popular in surface
decoration and architectural design.1 Compared with high gloss
coatings, low gloss coatings are suitable for hiding minor
scratches and defects, reducing dust and ngerprint
aggregation.2–6 They can also reduce visual distraction and
make people more focused, such as reducing surface glare in
schools and hospitals. Therefore, matt coatings are widely used
on the surfaces of wood and furniture, leather accessories,
automotive parts, aircra shells, electronic equipment shells,
school and hospital wall surfaces and so on.2,7–11 With the global
emphasis on environmental protection concepts, volatile
organic solvent (VOC) emission standards are becoming more
and more stringent.12–16 Waterborne polyurethane (WPU) is
il: girlping3114@bit.edu.cn

29
a polyurethane resin with water as dispersion medium.11 WPU
not only has the advantages of traditional solvent-based poly-
urethane, such as excellent wear resistance and mechanical
properties, but also is environmentally friendly, safe and reli-
able.10,12,17 Therefore, it is widely used in coatings, adhesives,
leather nishing agents and inks.9,18,19

The principle of obtaining low gloss coating is that the rough
surface has microscopic protrusions and depressions. When
the light is irradiated, the light will be reected in different
directions at different reection angles to form a diffuse
reection, giving the impression of low gloss. For WPU resins,
the change in refractive index is negligibly small and has
a limited effect on gloss. Therefore, the method of reducing the
gloss of different types of coatings depends on the control of
surface morphology to a large extent. The fabricated rough
morphology can scatter the incident light to multiple directions
to achieve the extinction effect.5 Traditional matting agents
(silica, diatomite, etc.) are incompatible with WPU emulsions
© 2023 The Author(s). Published by the Royal Society of Chemistry
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Fig. 1 Schematic diagram of extinction mechanism of HTPB modified
waterborne polyurethane extinction resin.
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and cannot be completely dispersed, forming a rough surface
during lm formation. The disadvantage of the external matting
agent is that the matting agent particles are not xed rmly and
are easily detached from the surface. The rough structure will
disappear over time, and the extinction effect will decrease. In
addition, the added matting agent will reduce the stability of
the emulsion and the bending resistance of the coating.3,20–23

Self-matting WPU does not contain any additional matting
agent, but generates emulsion particles with similar effects to
matting agent during the synthesis process. When lm-forming
these emulsion particles mutually accumulate to form micro-
rough surfaces, to achieve extinction effect. When the solvent
evaporates, these emulsion particles accumulate with each
other to form a microscopically rough surface, achieving
a matting effect. Therefore, self-matting WPU has better emul-
sion stability. At the same time, it eliminates the defects caused
by the use of matting agent, and also improves the mechanical
properties and water resistance of WPUmatte coating. It has the
advantages of environmental protection and low cost.3,20–23

The particle size of WPU can be easily adjusted through
formula adjustment.7 In order to obtain a stable WPU lotion,
hydrophilic groups (carboxylic acid and sulfonic acid, amine)
are usually added to the main chain or side chain of the poly-
mer.8 Li et al.21 prepared WPU using amino sulfonate chain
extender (A95) and hydrazine hydrate as both chain extender
and emulsier. The WPU lotion particles obtained were formed
regular microspheres. The 60° gloss of the coating lm was as
low as 1.5 GU. Yong et al.1 synthesized a new solvent-free WPU
dispersion using AAS and DMPA as hydrophilic chain
extenders. AAS can provide better hydrolysis stability and
thermal stability of the coating than DMPA. It avoids the
excessive use of DMPA in the process of improving the glossi-
ness and water resistance of WPU coating. At the same time,
AAS is instrumental in the formation of many regular spherical
particles inWPU lotion. Moreover, the increase of the content of
sulfonic acid hydrophilic chain extender or the initial molecular
weight of the so segment is benecial to the improvement of
thermal stability. Cao et al.20 introduced trimethylolpropane
(TMP) and AAS salt into the polyurethane prepolymer as the
post chain extender. TMP has the function of improving the
micro phase separation and reducing the loss factor. By
increasing the micro phase separation between the hard
segment and the so segment of polyurethane, it can form relief
to increase the roughness of the coating. Yong et al.2 precisely
adjusted the surface roughness of the lm by changing the
weight ratio of the hard/so monomer of the acrylic monomer,
and the gloss of the WPU acrylate (WPUA) hybrid lotion coating
obtained can be as low as 3 GU. Some researchers are also
working on more complex technologies. Bauer et al.24 used
a dual ultraviolet lamp device (consisting of 172 nm excimer
lamp and mercury arc lamp) to irradiate the acrylate formula to
form a micro texture morphology, resulting in a low gloss or
matte effect of the lm.

However, the research on self extinctionWPUmainly focuses
on improving the extinction ability at present, and the research
on the mechanical properties and water resistance of WPU,
especially the mechanical properties at low temperature, is rare.
© 2023 The Author(s). Published by the Royal Society of Chemistry
HTPB is one of the liquid rubbers, which has a long non-polar
carbon chain. Because of its low glass transition temperature,
high elasticity, high water resistance and hydrophobicity, HTPB
is widely used in adhesives, foam, rocket propellant and other
elds.25,26 The low surface energy and exibility at low temper-
ature of HTPB based polyurethane elastomers have been
extensively studied,27,28 however, there are few studies on HTPB
based WPU resins. Ding et al.3 proposed a method to exfoliate
organic montmorillonite into single-layer nanosheets in HTPB,
and then reacted with isocyanate to synthesize a multifunc-
tional matte WPU coating. The nanosheets promoted the
crosslinking and cyclization of HTPB at high temperature,
making the surface morphology of the coating rougher. In the
matte range, the 60° gloss is reduced to 4.6 GU.

In this paper, HTPB was introduced into the main chain,
together with PTMG as so segment. At the same time, DMPA
and AAS containing hydrophilic groups were introduced as
chain extender and emulsier, and then EDA was used to extend
the chain. And the low gloss WPU with low temperature
adaptability was successfully prepared. By adjusting the HTPB
content to adjust the particle size of the emulsion, the extinc-
tion performance is greatly improved. At the same time, aer
HTPB was introduced into the WPU segment, the longer non-
polar carbon chain in the HTPB structure will cause obvious
microphase separation in the so and hard segment regions,14

thereby roughening the WPU lm surface to achieve the effect
of extinction. The extinction principle is shown in Fig. 1. In
addition, the strong hydrophobic olen bonds in HTPB can
improve the water resistance of WPU. Due to the excellent
elasticity and exibility of HTPB, the mechanical properties and
low temperature exibility of WPU can be well improved, so that
the self-matting WPU coating can meet the requirements of
cold weather.
2. Materials and methods
2.1 Materials

The raw materials used in this study include poly(tetra-
methylene glycol) ðPTMG; ðMnÞ ¼ 2000 g mol�1Þ, hydroxyl
terminated polybutadiene ðHTPB; ðMnÞ ¼ 2000;
hydroxyl group content : 0:71� 0:80 mmol g�1Þ, neopentyl
glycol (NPG), isophorone diisocyanate (IPDI, used as received),
RSC Adv., 2023, 13, 7020–7029 | 7021
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Scheme 1 Synthesis route of self-matting waterborne polyurethane.
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2,2-bis(hydroxymethyl)propionic acid (DMPA), N-methyl-
pyrrolidone (NMP), sodium 2-[(2-amino ethyl)amino]ethane
sulfonate (AAS salt), ethylenediamine (EDA), trimethylamine
(TEA), neodecanoic acid bismuth(3+) salt. All these raw mate-
rials were analytical reagents and purchased from Macklin
Chemical Reagent Co. Ltd. (Shanghai, China).
2.2 Preparation of WPU

A certain amount of PTMG and HTPB were placed to a three
neck ask and dehydrated in vacuum at 120 °C for 2 h. Aer
cooling to 80 °C, NPG and IPDI were added by stirring for 2 h.
The mixture was cooled to 70 °C and DMPA diluted with NMP
was added to it for 1 h. Two drops of neodecanoic acid
bismuth(3+) salt were added to the reaction system and the
reaction was carried out for 3.5 h at 70 °C. The viscosity was
adjusted with an appropriate amount of acetone. Aer the
temperature of the reactor was maintained under 40 °C, AAS
and EDA diluted with water were slowly added dropwise to the
ask under vigorous stirring. Aer cooling to 29 °C, TEA was
added to neutralize the carboxyl group for 5 min. Transfer the
above prepolymer to a plastic beaker and set the speed to
1500 rpm to emulsify for 10 minutes. Aer standing overnight,
acetone was removed by vacuum distillation. The emulsion was
7022 | RSC Adv., 2023, 13, 7020–7029
aged at 60 °C for 2–3 days to obtain the low-glossed WPU
emulsion. The above reaction procedure is presented in Scheme
1. The formulations used are shown in Table 1 (WPU-B0%
means the amount of HTPB added is 0%, and the meaning of
WPU-B10–50% is the same).
2.3 Characterization

2.3.1 FTIR-ATR. The infrared absorption of waterborne
polyurethane was tested by the 8700 Fourier transform infrared
spectrometer (ATR-FTIR, Nicolet, USA). The sample was scan-
ned 48 times at a resolution of 4 cm−1 over the frequency range
of 4000–400 cm−1.

2.3.2 Particle size and zeta potential test. Aer emulsi-
cation, the particle size of WPU emulsion was carried out via
a Zetasizer Nano ZS90 laser particle size tester from Malvern
(Malvern, UK). The emulsion was diluted with deionized water
to a mass fraction of 0.01% andmeasured at room temperature.

2.3.3 Gloss test of self-matting WPU leather coatings. 10 g
WPU emulsion and 0.1 g wetting agent (BYK381) were mixed for
10 min, coated on the PVC leather using a 40 mm wire rod, and
subsequently placed in an oven at 120 °C. Aer drying for 2 min,
the leather samples were taken out for gloss test. According to
GB/T9754-2007 “paints and varnishes – determination of 20°,
© 2023 The Author(s). Published by the Royal Society of Chemistry
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Table 1 Formulation of self-matting waterborne polyurethane

Sample Block ratio (PTMG:HTPB) PTMG:HTPB
Content of
DMPA

Content of
AAS

Hard segment
content

Chain extension
ratio

R
value

WPU-B0% — 10 : 00 0.50% 0.50% 36% 0.62 1
WPU-B10% 22.1 : 1 9 : 1
WPU-B20% 9.8 : 1 8 : 2
WPU-B30% 5.7 : 1 7 : 3
WPU-B40% 3.7 : 1 6 : 4
WPU-B50% 2.5 : 1 5 : 5
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60° and 85° specular gloss of paint lms without metallic
pigments”, the 60° gloss was determined using the Ref 101N
photometer from Sheen (Essex, UK). The average value of three
tests was used as the nal result.

2.3.4 Stability test of WPU emulsion. The stability of WPU
emulsion was determined according to GB/T6753.3-1986 “test
method for storage stability of coatings”. Centrifuge emulsion
of the same mass in a high-speed centrifuge (HC-3018) at
a speed of 3000 rpm for 15 min. Observe the state of the
emulsion. If there is no precipitation, it can be considered that
the emulsion has a storage stability period of 6 months or more.

2.3.5 Water contact angle of self-matting WPU leather
coatings. The static water contact angle of leather coating
samples was measured at 25 °C with OCA20 contact angle tester
(Dataphysics, Germany).

2.3.6 Thermogravimetry (TG). In a N2 atmosphere, the
thermal decomposition of the lm was tested by a TGA/DSC1
type weight loss analyzer (Mettler Toledo, Switzerland) from
30 to 600 °C at a heating rate of 10 °C min−1. Weight loss was
recorded as a function of temperature.

2.3.7 Differential scanning calorimetry (DSC). Under the
protection of N2, the glass transition temperature (Tg) of the
lm was obtained by using a DSC1 differential scanning calo-
rimeter from Mettler Toledo. The test range was −150 to 150 °C
and the heating rate was 10 K min−1.

2.3.8 SEM. A SU8020 scanning electron microscope (TES-
CAN MIRA LMS) was used to observe the surface morphology of
the polyurethane coating lm on the leather. The operating
voltage was 3 kV, and gold was sprayed before the sample test to
improve the conductivity.

2.3.9 Tensile properties. According to “GBT 528-1998
determination of tensile stress–strain properties of vulcanized
rubber or thermoplastic rubber”, cut the waterborne poly-
urethane lm to a size of 2 mm × 12 mm dumbbell shaped
standard spline. The tensile properties of the standard spline
are tested by AGS-J electronic universal testing machine. The
test temperature is 25 °C and −50 °C, and the tensile rate is 100
mm min−1.
Fig. 2 ATR-FTIR spectra of raw materials and WPU.
3. Results and discussion
3.1 Structural characterization of HTPB-based WPU

The ATR-FTIR spectra of rawmaterials andWPU lm are shown
in Fig. 2. Fig. 2 shows that the three raw materials have their
own exclusive infrared characteristic absorption peaks. The
peaks at 3470 cm−1 and 1112 cm−1 was caused by the stretching
© 2023 The Author(s). Published by the Royal Society of Chemistry
vibration of –OH and C–O–C in PTMG, respectively. The broad
absorption peaks at 3200–3600 cm−1 were attributed to the –OH
of HTPB. The weak absorption peak at 726 cm−1 was corre-
sponding to the carbon–carbon double bond in the cis-1,4
conformation of HTPB. While there was a strong absorption
peak of the bending vibration absorption peaks of carbon–
carbon double bond in trans-1,4 conformation and 1,2-vinyl
conformation of HTPB at 967 cm−1 and 909 cm−1. The
stretching vibration of –NCO of IPDI located at 2264 cm−1.

The peak at 1716 cm−1 was attributed to the carbonyl
absorption peak of carbamate bond. The peak at 3332 cm−1 and
1548 cm−1 was caused by the stretching vibration and bending
vibration of N–H. And there was no characteristic absorption
peak of –NCO of isocyanate at 2264 cm−1, indicating that the
isocyanate had been fully involved in the reaction. At the same
time, the absorption peaks of carbon–carbon double bonds of
HTPB can be seen at 726 cm−1, 967 cm−1 and 909 cm−1, which
shows that HTPB has been inserted into the WPU main chain
successfully.29,30 In addition, the absorption peaks at 2854–
2941 cm−1 were attributed to the C–H stretching vibration of –
CH3 and –CH2. The IR spectrum demonstrated the aqueous
polyurethane was synthesized.
3.2 Stability and particle size analysis of self-matting WPU
dispersions

3.2.1 Effect of HTPB addition on particle size of WPU. The
changes of particle size of WPU with different HTPB content are
shown in Fig. 3. WPU emulsion without HTPBmodication had
RSC Adv., 2023, 13, 7020–7029 | 7023
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Fig. 3 The particle sizes of WPU dispersions with different HTPB
content.
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a particle size of 3158 nm. Aer HTPB was added, the particle
size of the WPU emulsion decreased slightly and then increased
gradually. When the amount of HTPB added was small, the
hydrophobic segments in the emulsion will be agglomerated
and wrapped in the interior of the ball by hydrophilic groups. At
this time, the hydrophobic properties were not dominant.
Therefore, the particle size didn't increase when the HTPB
content was below 20%. There was an ether oxygen bond
between each monomer in the molecular structure of PTMG,
while the molecular structure of HTPB was a double bond but
no ether oxygen bond. The ether oxygen bond in the product
synthesized by PTMG can form intermolecular hydrogen bonds.
When PTMG was replaced by a small part of HTPB, the ether
oxygen bond was reduced. Therefore, the intermolecular force
was weakened to a certain extent, and the physical crosslinking
points in and between the macromolecular chains were
reduced. Due to the low speed of emulsication, the intermo-
lecular force was difficult to be broken when the amount of
HTPB was small. In consequence, it is easy to be sheared and
dispersed when emulsied in water, and the particle size of the
emulsion is slightly reduced.

When the addition of HTPB continues to increase, the
average particle size of WPU emulsions was signicantly
affected by the hydrophilicity of WPU. The block ratio of the
sample with HTPB content of 50% is 2.5 : 1, and the average
particle size of the emulsion reached a maximum of 6866 nm.
HTPB structure is composed of full carbon chain, which is not
hydrophilic. Therefore, as the HTPB content increased, the
hydrophilicity of the whole system decreased, although the
content of the hydrophilic chain extender (DMPA, AAS) of the
Table 2 Appearance and stability of WPU dispersions with different HTP

Sample Appearance of emulsion Centr

WPU-B0% Opaque, milky white Small
WPU-B10% Opaque, milky white Small
WPU-B20% Opaque, milky white Small
WPU-B30% Opaque, milky white Small
WPU-B40% Opaque, milky white Large
WPU-B50% Opaque, milky white Large

7024 | RSC Adv., 2023, 13, 7020–7029
system remained constant. Consequently, the water dis-
persibility of the emulsion became worse, which led to an
increase in the average particle size of the emulsion. In addi-
tion, the carbon–carbon double bonds in HTPB molecules
existed in three forms, namely cis-1,4 structure, trans-1,4
structure and 1,2-vinyl structure. These irregular structures
made it unable to be closely arranged to form a relatively large
spatial structure.31 These two factors led to the increase of the
average particle size of the emulsion when the HTPB content
increased.

3.2.2 Appearance and stability of WPU dispersions. The
appearance, centrifugal stability and zeta potential of WPU
emulsions with different HTPB contents are shown in Table 2.
The emulsion looked opaque and milky white. The emulsion
was centrifuged with only a few re-dispersed precipitates when
the HTPB content was 0–30%. And the absolute value of the zeta
potential is greater than 30 mV, so there was a good storage
stability of the emulsion. When the HTPB content reached 40%
or more, a large amount of precipitation occurred aer centri-
fugation, indicating that the emulsion couldn't be stably stored.
The reason for the change of emulsion appearance and stability
was that the hydrophobicity of molecular structure in HTPB
structure made the hydrophilicity of WPU worse.
3.3 Room and low-temperature mechanical tensile
properties of self-matting WPU lm

The stress–strain curves of WPU with different HTPB content at
room temperature are shown in Fig. 4. The data of tensile
strength and elongation at break of WPU lms with different
HTPB content are shown in Table 3. It can be seen that with the
increase of HTPB content, the tensile strength and elongation at
break of WPU lm increased rst and then decreased. The
tensile strength of WPU-B0% spline without HTPB was
20.6 MPa and the elongation at break was 1473.6%. When the
HTPB content was 20%, the elongation at break of WPU-B20%
was up to 1768.8%, and the tensile strength was 22.3 MPa.
WPU-B40% had the highest tensile strength of 26.6 MPa and the
elongation at break was 1354.9%.

The stress–strain curves of WPU lm with different HTPB
contents at −50 °C are shown in Fig. 5. It can be seen that the
tensile strength of WPU-B0% spline without HTPB was
26.4 MPa and the elongation at break was 430.4% at −50 °C.
Aer the introduction of HTPB, the tensile strength and elon-
gation at break of WPU splines at low temperature were greatly
improved. The elongation at break of WPU-B20% at −50 °C was
B content

ifugal stability Zeta potential/mV

amount of precipitate, re-dispersible −63.5
amount of precipitate, re-dispersible −74.3
amount of precipitate, re-dispersible −50.4
amount of precipitate, re-dispersible −54.5
amount of precipitate, re-dispersible −57.7
amount of precipitate, re-dispersible −51.6

© 2023 The Author(s). Published by the Royal Society of Chemistry
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Fig. 4 The stress–strain curves of WPU films with different HTPB contents at 25 °C.

Table 3 Tensile strength and elongation at break of WPU film with
different HTPB content at 25 °C and 50 °C

u(HTPB)

25 °C −50 °C

Tensile strength
(MPa)

Elongation
(%)

Tensile strength
(MPa)

Elongation
(%)

WPU-B0% 20.6 1473.6 26.4 430.4
WPU-B10% 20.1 1514.6 65.0 699.8
WPU-B20% 22.3 1768.8 76.7 785.2
WPU-B30% 24.2 1443.1 73.5 757.4
WPU-B40% 26.6 1354.9 47.0 667.5
WPU-B50% 20.6 1216.7 48.4 727.6
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785.2% and the tensile strength was 76.7 MPa. The increase of
HTPB content increased the holistic so segment content and
improved the exibility of the molecular chain.

The signicant improvement of mechanical properties aer
adding HTPB was mainly attributed to the structure of HTPB.
Due to the difference in polarity, the so and hard segments in
WPU would aggregate with each other to produce microphase
separation. Themain chain of HTPB was composed of long non-
polar carbon chains. The introduction of HTPB weakened the
hydrogen bonding between so and hard segments, which
aggravated the microphase separation between so and hard
Fig. 5 The stress–strain curves of WPU films with different HTPB conte

© 2023 The Author(s). Published by the Royal Society of Chemistry
segments. The weakening of the interaction between so and
hard segments made the hard segments distribute freely in so
segments, which played the role of physical crosslinking point
and could improve the tensile strength of WPU. The increase of
HTPB content also increased the integral so segment content,
thereby improving the exibility of the molecular chain and
increasing its elongation under stress. Therefore, appropriate
increase of microphase separation was benecial to improve the
tensile strength and elongation at break simultaneously.
However, when the HTPB content was 50%, the further increase
of microphase separation led to a sharp decline in the interac-
tion between the so and hard segments of the WPU-B50%
lm, showing a discontinuous state. This resulted in a decrease
in the tensile strength and elongation at break of the WPU-
B50% lm under stress.
3.4 Thermal analysis of WPU

3.4.1 Microphase separation. The DSC curve of WPU lm
with different HTPB content are shown in Fig. 6. The Tg data of
WPU lms with different HTPB contents are listed in Table 4.
Fig. 6 shows that all WPU samples had two glass transition
temperatures, corresponding to the glass transition tempera-
tures of the so and hard segments of WPU, respectively. It
showed that there was a certain microphase separation in the
whole system. It could be seen from Table 4 that with the
nt at −50 °C.
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Table 4 Tg of WPU films with different HTPB contents

Sample Tg,s/°C Tg,h/°C DTg/°C

WPU-B0% −73.36 114.36 187.72
WPU-B10% −75.52 117.89 193.41
WPU-B20% −76.01 126.07 202.08
WPU-B30% −76.85 128.22 205.07
WPU-B40% −77.03 128.39 205.42
WPU-B50% −79.18 129.58 208.76

Fig. 6 DSC curves of WPU films with different HTPB contents.
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increase of HTPB content, the glass transition temperature of
so segment (Tg,s) decreased and the glass transition temper-
ature of hard segment (Tg,h) increased gradually, indicating that
the degree of microphase separation between so and hard
segments increased. The main chain of HTPB was composed of
non-polar carbon chains and couldn't form hydrogen bonds
with hard segments. Therefore, with the increase of HTPB
content, the restriction effect of hard segment on so segment
was weakened, and the so segment was more likely to move
when the temperature changes. Tg,s moved to the low temper-
ature direction, which improved the low temperature exibility
of WPU.32 At the same time, the interaction between the hard
segments was enhanced by hydrogen bonding, so that the
cohesive energy between the hard segments was increased. It's
Fig. 7 TG, DTG curves of WPU films with different HTPB contents.

7026 | RSC Adv., 2023, 13, 7020–7029
conducive to the formation of short-range ordered structure,
resulting in Tg,h moving to high temperature. As Tg,s decreased
and Tg,h increased, the difference between DTg increased,
indicating that the degree of microphase separation between
hard and so segments gradually increased. It further explained
that the changes of gloss, surface morphology, transmittance
and mechanical properties of the lm were caused by the
increase of microphase separation.

3.4.2 Thermal stability. It can be seen from Fig. 7 that the
thermal decomposition of WPU lms with different HTPB
contents mainly occurred in the range of 200–500 °C, and the
residual mass of the samples remained basically constant aer
500 °C. The thermal decomposition of WPU-B0% lm without
WPUmodication was divided into three stages, corresponding
to the decomposition of DMPA-TEA salt (200–270 °C), the
decomposition of hard segment carbamate bonds (270–350 °C)
and the decomposition of so segment polyether (350–500 °C).
For WPU modied by HTPB, in addition to the above three
thermal decomposition stages, there was a decomposition stage
between 450–500 °C, which was the thermal decomposition of
HTPB. With the increase of HTPB content, the decomposition
peak of HTPB between 450–500 °C gradually became obvious.

The decomposition temperature and carbon residue of WPU
lm at 5% and 50% weight loss are listed in Table 5. For WPU-
0%, the ambient temperatures at 5% and 50% weight loss were
© 2023 The Author(s). Published by the Royal Society of Chemistry
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Table 5 Decomposition temperature of WPU with different HTPB
content at weight loss of 5% and 50% and carbon residue

Sample T5%/°C T50%/°C Carbon residue/%

WPU-B0% 439.8 398.7 0.9
WPU-B10% 439.1 394.6 0.6
WPU-B20% 458.4 400.0 0.7
WPU-B30% 451.6 401.1 0.4
WPU-B40% 461.7 400.7 0.2
WPU-B50% 469.0 402.8 0.8
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439.8 °C and 398.7 °C. The decomposition temperature of the
samples aer adding HTPB was greatly improved at 5% and
50% weight loss. The ambient temperatures of WPU-50% at 5%
and 50% weight loss were 469.0 °C and 402.8 °C. It shows that
the addition of HTPB can improve the thermal stability of WPU
to a certain extent. In addition, there was only a small amount of
residual carbon (less than 1%) le in all samples at 600 °C.
There are a lot of C]C bonds in the main chain of HTPB
molecular structure, and the bond energy of C]C bonds
(615 kJ mol−1) is much higher than that of C–O bonds
(351 kJ mol−1) and C–C bonds (348 kJ mol−1) in PTMG molec-
ular chain. The greater the bond energy, the greater the energy
released when the chemical bond is formed, meaning that the
chemical bond is more stable. Therefore, HTPB itself has good
thermal stability, and the increase of HTPB content can improve
the overall thermal stability. Moreover, due to the small C–H
Fig. 9 SEM image of WPU coating surface with different HTPB content:
B40% (f) WPU-B50%.

Fig. 8 Leather coating and gloss of WPU with different HTPB content.

© 2023 The Author(s). Published by the Royal Society of Chemistry
bond energy on HTPB allyl groups, allyl hydrogen was easily
attacked by oxygen to form hydroperoxide and decompose into
free radicals. Then further crosslinking reaction occurred
between free radicals, resulting in a certain crosslinking in the
WPU system. This crosslinking effect made the overall structure
more compact, which limited and hindered the movement of
WPU molecular chain segments to a certain extent and
improved heat resistance.
3.5 Gloss analysis of self-matting WPU leather coating

The WPU leather coatings with different HTPB content and
their 60° gloss with HTPB content are shown in Fig. 8. The
extinction effect was excellent when the addition amount of
HTPB was 0–20%. The gloss of WPU lm was less than 1 GU,
and the minimum was 0.4 GU. Since the addition of non-polar
HTPB would increase the microphase separation between the
so and hard segments in WPU, the so and hard segments
were aggregated during the lm formation process, changing
the structure of the WPU lm surface and resulting in changes
in gloss. When the amount of HTPB was further increased, the
microphase separation was too large to destroy the original
surface structure, and thus the glossiness adversely increased to
3.3 GU.

The SEM images of WPU lms with different HTPB additions
are shown in Fig. 9. With the increase of HTPB content, the
surface roughness of WPU lm increased gradually and then
tended to be smooth. The change of surface morphology of
(a) WPU-B0% (b) WPU-B10% (c) WPU-B20% (d) WPU-B30% (e) WPU-

RSC Adv., 2023, 13, 7020–7029 | 7027
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Fig. 10 Contact angle of WPU leather coating with different HTPB content.
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WPU lm was essentially determined by the degree of micro-
phase separation in the system. The introduction of non-polar
HTPB promoted the microphase separation between the so
and hard segments in WPU, resulting in the aggregation of the
so and hard segments in the WPU emulsion during the lm
forming process. Aer the emulsion was completely dried,
incompatible two phases appeared on the surface of the lm,
forming different degrees of rough structure. When the degree
of microphase separation was too small, it was not conducive to
the formation of microspheres, such as WPU-B0% and WPU-
B10%. Proper microphase separation produced more regular
microsphere bulges, such asWPU-B20% andWPU-B30%.When
the amount of HTPB continued to increase, the degree of
microphase separation was too large, so that the hard segment
was completely wrapped in the so segment and the bulge
couldn't be formed. Moreover, due to the large particle size,
WPU couldn't be completely coated on the leather surface,
resulting in increased gloss.
3.6 Water contact angle of self-matting WPU leather coating

Contact angle is a manifestation of the wetting phenomenon,
which can directly reect the hydrophilicity of the lm surface
and further support the water resistance of the lm. The
change of contact angle of WPU lm with different HTPB
content are shown in Fig. 10. When HTPB was not introduced
into the so segment, the contact angle of WPU-B0% was
75.85°. With the increase of HTPB content, the contact angle
increased rst and then decreased. This phenomenon indi-
cated that the introduction of HTPB decreased the surface
tension of WPU lm and the surface hydrophobicity of WPU
lm was enhanced. Due to the existence of a large number of
strong hydrophobic structures in the HTPB molecular chain,
the more hydrophobic structures in the lm will more effec-
tively hinder the entry of water molecules. However, as shown
in Fig. 9(f), when the addition amount of HTPB increased to
50%, the waterborne polyurethane emulsion could not be
completely coated on the leather surface due to the large
particle size. Since the uncoated part of the leather has not
been hydrophobically modied, the contact angle value was
slightly reduced.
7028 | RSC Adv., 2023, 13, 7020–7029
4. Conclusion

In this paper, HTPB and PTMG were introduced as so
segments, and a combination of sulfonate and carboxyl
hydrophilic chain extender was used to prepare a self-extinction
WPU with excellent low temperature performance. Aer HTPB
was introduced into the WPU segment, the longer non-polar
carbon chain in the HTPB structure would cause obvious
microphase separation in the so and hard segment regions,
resulting in a rough surface of theWPU lm to achieve the effect
of extinction. When the addition amount of HTPB was 20%, the
particle size of the emulsion was about 2542 nm, and the gloss
was as low as 0.4 GU. It had excellent extinction effect without
additional matting agent. HTPB has excellent elasticity and
exibility, which can improve the mechanical properties and
low temperature exibility of WPU. The elongation at break at
room temperature was up to 1768.8%, and the tensile strength
was 22.3 MPa. The elongation at break could still be maintained
at 785.2% at −50 °C, and the tensile strength was 76.7 MPa. So
that the WPU coating meets the requirements of cold weather.
At the same time, the self-matting WPU coating has excellent
water resistance and good thermal stability. The prepared self-
matting WPU has potential application prospects in the eld
of low gloss leather nishing.
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