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This study prepared a series of fluorinated polyurethane (FPU) with different fluorine content via changing the
content of hydroxy-terminated liquid fluorine elastomer (LFH) for achieving good cavitation erosion resistance.
The results showed that the FPU samples had much superior hydrophobicity, thermal stability, mechanical
properties, and cavitation erosion resistance compared to the polyurethane (PU). The FPU synthesised from 20 %

LFH exhibited the best properties, and its erosion rate during cavitation erosion was only 26.3 % of the PU. In
addition, the simulation results suggest that the fluorine-containing soft segments in FPU were responsible for the
improved properties because these soft segments would not be subjected to hydrolysis and exhibited good sta-

bility at a high temperature.

1. Introduction

Ship propellers are susceptible to cavitation erosion, corrosion, and
biofouling, which result in reduced propulsion efficiency [1-5]. As the
international maritime shipping consumes a considerable portion of the
global transportation energy [6] and gives off a great deal of hazardous
gases such as CO9, NOy, and SOy [7], a slight reduction in the propulsion
efficiency can lead to significant extra costs of fuel and emission of
hazardous gases. Therefore, researchers have been developing coatings
with effective resistance to cavitation erosion, corrosion, and fouling for
decades.

Polymer and polymer-based coatings have been extensively used for
corrosion-resistant and antifouling purposes [8,9]. Meanwhile, the
polymer and polymer-based coatings are also very feasible to protect
ship propellers due to the low cost and the simplicity for large-scale
preparation. The degradation of these coatings due to the corrosion
and the fouling processes is relatively slow. Nevertheless, the physical
erosion can cause severe wear, compromising the corrosion-resistant
and antifouling properties. For the coating applied to a propeller, the

physical wear is mainly caused by cavitation erosion [2]. Hence, many
studies have put great effort into developing polymer-based coatings
with effective cavitation erosion resistance [10-14].

Although various polymer and polymer-based coatings have been
verified their effective cavitation erosion resistance, the commercial
products for resisting cavitation erosion are mainly based on poly-
urethane (PU), such as Belzona®— 2141 (Belzona Polymerics Ltd.). PU
has high elasticity, tear resistance, dynamic mechanical properties, and
good thermal stability [15,16], which are beneficial to mitigating the
mechanical impact from the cavitation jets and shock waves and
resisting the thermal shock during cavitation erosion. Meanwhile, PU
also exhibits good wear and corrosion resistance [17,18]. However, the
existence of the -CH;OH hydrophilic group on its molecular chain leads
to poor water resistance, which seriously reduces the service life of PU
coating [19]. The introduction of the fluorine-containing and the
silicon-containing groups with low surface energy into PU can improve
the hydrophobicity of PU [20-23], thereby extending its service life.
Among these modified PU-based materials, most of the traditional
fluorinated polyurethanes (FPU) introduce fluorine-containing groups
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in PU by end group grafting or soft chain modification [19,24-26].
However, the content of fluorine-containing small molecules introduced
by these methods is limited [27], which cannot further improve the
hydrophobic properties of PU.

Hydroxy-terminated liquid fluorine elastomer (LFH) has low mo-
lecular weight and good fluidity [28]. Most hydrogen atoms on the main
and the side chains are replaced by fluorine, providing a material with
good processing performance [29]. However, only a few kinds of LFH
have been reported until now. Fluoroelastomer (VDF-co-HFP), which is
copolymerised with vinylidene fluoride (VDF) and hexafluoropropylene
(HFP), has excellent properties. The molecular chain contains a large
number of fluorine atoms, so it has excellent hydrophobicity, heat
resistance, oxidation resistance and corrosion resistance [30]. However,
the application of this synthetic rubber also has some shortcomings,
such as high molecular weight leading to poor processing performance
and difficulty in moulding, which limit the application [30,31]. Ac-
cording to the reports, the VDF-co-HFP can be transformed into LFH
with high fluorine content by functional group conversion technology
[32]. The FPU with high fluorine content is expected to be obtained by
using this fluorinated diol instead of some soft segments in the synthesis
process of PU.

In this study, a series of FPU samples with different fluorine content
were prepared by using 4,4-diphenylmethane diisocyanate (MDI) as the
hard segment and LFH and poly-tetrahydrofuran glycol (PTMG) as the
soft segment. The effects of fluorine content on the hydrophobicity and
water repellency of the FPU in deionised water (DW) and artificial
seawater (ASW) were studied. Meanwhile, considering the high local
temperature at the cavitation erosion site [33] and the repeated impacts
of micro-jets or shock waves [34], the effect of fluorine content on the
thermal stability and mechanical properties of the FPU was also inves-
tigated. Finally, the cavitation erosion resistance of PU/FPU in DW was
evaluated.
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2. Materials and experiments
2.1. Materials

The preparation of the LFH was reported in this work [35]. LFH,
poly-tetrahydrofuran glycol (PTMG, Mn=1000) and 4,4-diphenylme-
thane diisocyanate (MDI) were used as the raw materials for the syn-
thesis of polyurethanes. Ethyl acetate (EA), N, N-dimethylformamide
(DMF), and PTMG were purchased from Shanghai Aladdin Biochemical
Technology (China). MDI was supplied by Alfa Aesar Chemical (China).
The above solvents were dried through a molecular sieve (4 A, 2-3 mm,
Shanghai Aladdin Biochemical Technology, China). Dibutyltin dilaurate
(DBTDL), as catalysts, was supplied by Sinopharm Chemical Reagent
(China). The substrate material for the coatings was 316 L stainless steel
(316 L SS, Zechanglong Ltd., China).

2.2. Synthesis of the FPU

The synthesis process of the FPU was demonstrated as follows
(Fig. 1). MDI was added into a 500-ml three-necked reaction flask pro-
vided with a condenser tube and a stirring device in the argon atmo-
sphere. The temperature was raised to 50 °C and was kept for 1 h to
evaporate the water in MDI. PTMG and LFH were desiccated in a vac-
uum oven at 50 °C for 2 h. Then, the dry PTMG were dissolved into the
dry EA and slowly dripped into the flask. The stirring speed of the
mixture was maintained at 150 rpm for 1 h. Next, the dry EA solution
with LFH was added dropwise to the flask. The stirring speed was raised
to 200 rpm, and the temperature was slowly increased to 80 °C and was
hold for 2.5 h. Finally, the reaction device was cooled to room tem-
perature, and the light yellow PreFPU was obtained.

The prepared PreFPU was dissolved in DMF in a ratio of 1: 3. Then,
the solution was directly dripped onto a clean glass surface, naturally
levelled, and dried at 60 °C. This process was repeated five times, and
then an FPU-10 sample with a thickness of 0.5 mm was obtained.

HO—R—OH + HO—{- CH,CH,CH,CH,0}; H+ OCN—R;—NCO

LFH PTMG MDI
&EA/DBTDL
H O O H H O
| || |
OCN—RZ—N—C—Rl—o—c—N—Rz—N—c—o{CHZCH2CHZCHo%cho

PreFPU

DMF,
Cured at 60 °C

FPU

M Soft segment ———— Hard segment VMV Fluorinated soft segment

R, is composed of the following units:
"WCH,CF,W "WCF,CFw

CF;

Fig. 1. Schematic diagram of the preparation process for the FPU.
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Meanwhile, the other three FPU samples with different dosages of LFH
were synthesised according to the formulation of materials in Table 1.
The samples with the LFH content of 0, 10, 20, and 30 wt % are denoted
as the PU, the FPU-10, the FPU-20, and the FPU-30, respectively.

2.3. Characterisation

Fourier transform infrared spectroscopy (ATR-FTIR) was performed
using an infrared spectrometer (Nicolet iS50, Thermo Scientific, Amer-
ica). The spectra were recorded from 400 to 4000 cm ! at a resolution of
4 cm™L. X-ray diffraction (XRD) patterns of the samples were acquired
by an X-ray diffractometer (D8 ADVANCE, Bruker, Germany). A copper
anode was used at 40 kV and 40 mA, and the scanning range of 20 was
from 10° to 50° at a rate of 5°/min.

Water contact angle (WCA) measurement was carried out using a
goniometer (DSA 25, KRUSS, Germany). The volume of the DW drop
was 4 pL. Three samples were taken from each material, and each
sample was tested three times. The water resistance of the polymers was
characterised by the water absorption test. The samples were cut into
25 x 25 x 0.5 mm and soaked in DW and ASW, respectively. The water
absorption rate (M) was calculated according to the formula below,
where my and m; are the mass of the sample before and after the
soaking, respectively.

_my —my
=

M

The mechanical properties of the PU and the FPU were tested by an
electronic universal testing machine (CMT500, SUST, China) according
to ISO 527-2:2012. The test sample was machined into a dumbbell
shape with a width of 2 mm, a span of 12 mm, a thickness of about
1 mm, and the strain rate was 30 mm/min. The glass transition tem-
perature of the PU and the FPU was investigated via differential scan-
ning calorimetry (DSC 214, NETZSCH, Germany), and the test
temperature ranged from 100 to 200 °C at a heating rate of 10 °C/min.
The thermal stability of the samples was measured by a thermal gravi-
metric analyser (Diamond TG/DTA, PerkinElmer, America). The sam-
ples were heated from 30 to 800 °C at 10 °C/min in a nitrogen ambience.
The mechanical properties of the samples with respect to the tempera-
ture change were measured by a dynamic thermal mechanical analyser
(DMAQ800m, TA, America). The samples were heated from
— 80-100 °C at 10 °C/min.

2.4. Cavitation erosion

The cavitation erosion test of the PU and the FPU was performed
using an ultrasonic vibration device (GBS-SCT 20 A, Guobiao Ultrasonic
Equipment Co., Ltd., Hangzhou, China) as per ASTM G32-16. Before the
test, the PU and the FPU coatings were applied to 316 L SS substrates
with a dimension of 20 mm in diameter and 10 mm in thickness. The
coated sample was placed on a fixed bracket with a distance of 1 mm to
the vibratory horn tip. During the test, the horn vibrated at a frequency
of 20 + 0.2 kHz and at a peak-to-peak amplitude of 50 um. The mass of
the sample was weighed by an electronic analytical balance (METTLER
220, TOLEDO Instruments Co., Ltd., Shanghai, China) after every test
interval of 1 h, and each group of the samples was tested three times.
Scanning electron microscopy (SEM, Regulus 8230, HITACHI, Japan)
was used to analyse the surface morphology.

Table 1

Synthetic formulation of the FPU.
Samples MDI (g) LFH (g) PTMG (g)
PU 10.8 0 20
FPU-10 10.8 3.08 16.92
FPU-20 10.8 6.16 13.84
FPU-30 10.8 9.24 10.76
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2.5. Numerical simulation

The change in Gibbs free energy (AG) of the hydrolysis reaction at a
high temperature for the PU and the FPU was calculated by the open-
source software Shermo 2.3.4 [36], indicating the trend towards hy-
drolysis reaction for the carbamate group and the hard/soft segments.
The values of the lowest unoccupied molecular orbital (LUMO) and the
highest occupied molecular orbital (HOMO) of the PU and the FPU
models were calculated by the open-source software Multiwfn 3.8 [37],
indicating the stability of the carbamate group and the hard/soft seg-
ments in the PU and the FPU.

3. Results and discussion
3.1. ATR-FTIR analysis

The ATR-FTIR spectra of the PU and the three FPU samples are dis-
played in Fig. 2. All the samples exhibited the peaks at 2850 cm ™! and
2941 cm™! identifying the asymmetrical stretching vibration caused by
—CHjs, -CHj, —CH, the peak at 1596 cm™ ! attributed to the vibration of
benzene ring skeleton [18]. The stretching vibration of N-H at
3312 cm™}, the stretching vibration of C=0 at 1730 cm™}, the
stretching vibration of C-O at 1221 em ™}, and the stretching vibration of
C-O-C at 1108 cm ™! proving the existence of -NHCOO- [38]. Mean-
while, there was no absorption peak at 2262 cm™!, suggesting that
—NCO group has been completely consumed [21]. For the spectra of the
FPU, the absorption peaks at 880 and 1178 cm ™! were ascribed to the
stretching vibration of C-F bond, evidencing the successful synthesis of
the FPU.

3.2. XRD analysis

XRD were used to investigate the crystallinity of the PU and the FPU
samples, and the XRD spectra are shown in Fig. 3. The peaks at 19.4° and
21.0° correspond to (110) and (200), respectively. The intensity of the
peaks in the FPU was higher than those in the PU, suggesting the pro-
moted crystallisation during the synthesis. The degree of crystallinity
(X) of these samples was quantified according to the equation below
[39], where A119, A200, and Ay, are the areas under the (110) peak, the
(200) peak, and the amorphous halo, respectively. The results were
tabulated in Table 2, showing the highest X, was achieved by the FPU-20
sample. Since the addition of fluorine can promote the microphase
separation in the molecules of FPU [40], and the microphase-separated
structures can provide the space-restricted domains for crystal growths
of the crystallizable blocks [41,42], the FPU showed higher X, the PU.
However, the exceeded fluorine content may inhibit the mobility of the
segments due to the increased hydrogen bonds and the strengthened
intermolecular interaction force [28], possibly resulting in the decreased
Xe.

Ao+ A
© Ajio + Asgo + Auy

3.3. Hydrophobicity and water absorption

Since it may be positively correlated to the corrosion and fouling
resistance [43,44], the hydrophobicity of the PU and the FPU samples
was characterised in terms of WCA, and the results were given in Fig. 4.
Apart from the original samples, the WCA of the samples immersed in
DW and ASW for 150 days were also measured. According to Fig. 4, the
introduction of fluorine to PU could significantly change the wettability.
Specifically, the increase in the fluorine content within a certain limit
could result in the increase in the WCA of the samples because the
enriched fluorinated alkanes on the fiber surface reduced the surface
energy of the samples and hence promoted the hydrophobicity [28].
However, the exceeded fluorine content on the surface of the FPU will
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Fig. 3. The XRD spectra of the PU, FPU-10, FPU-20, and FPU-30.

Table 2

The degree of crystallinity of the PU and the FPU samples.
Samples PU FPU-10 FPU-20 FPU-30
Degree of crystallinity (%) 19.30 19.92 24.65 20.45

increase the nucleation rate and the fiber morphology on the surface of
the FPU changed [45,46], which resulted in a relatively smooth surface,
and thus the WCA of the FPU-30 was lower than the FPU-20. The WCA of
the soaked samples was reduced but also followed the same order.
Meanwhile, the WCA of the soaked FPU-20 was still greater than 100°,
and the reduction was the lowest among all the samples, indicating that
the FPU-20 may have good resistance to cavitation erosion even after
long-time immersion in DW and ASW.

The water absorption test was performed on the PU and the FPU
samples after soaked in DW and ASW for different times to further
investigate whether these materials were applicable in the underwater
environment for a long term, and the results are shown in Fig. 5. The
water absorption of the samples gradually decreased with the extension
of immersion time. This is because the PU and the FPU exhibited a
network structure [21,47]. At the early stage of immersion, water

Wavenumber (cm™)

g. 2. The ATR-FTIR spectra of the PU, FPU-10, FPU-20, and FPU-30. a, Full scope of the spectra; b, Zoomed spectra showing the unique peaks in FPU.
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Fig. 4. The WCA of the PU and the FPU samples before and after soaked in DW
and ASW.

molecules can quickly enter the network chain structure. However, in
the later stage of immersion, water molecules in the system are almost
saturated, and thus it is difficult for the subsequent water molecules to
be absorbed by the samples. The results (Fig. 5) also show that the
increased fluorine content could reduce the water absorption. The pro-
moted water resistance was due to the proportion of the hydrophobic
fluorine-containing groups increasing with the fluorine content, which
can effectively reduce the surface energy of the materials [47]. In
addition, the water absorption of samples soaked in DW (0.93 %, 0.69
%, 0.63 %, and 0.57 % for the PU, FPU-10, FPU-20, and FPU-30 samples,
respectively) and ASW (1.01 %, 0.78 %, 0.73 %, 0.65 %, for the PU,
FPU-10, FPU-20, and FPU-30 samples, respectively) was similar, but
that of the samples soaked in ASW was slightly greater. This may be due
to the corrosive ions in ASW entering into the polymers, resulting in a
slight decrease in the water resistance of the samples. Therefore, the
introduction of fluorine can effectively improve the water resistance of
the PU, which provides the possibility for the long-term underwater
application.

3.4. Thermal stability

Bubble collapse during cavitation erosion can produce instantaneous
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high temperature [33]. Thermal energy cannot be released effectively
from the impact site during cavitation erosion due to the low thermal
conductivity of polymers, resulting in the temperature increase at the
impacted site [13]. Since the mechanical properties of the polymers are
susceptible to the temperature change and are usually negatively
correlated to the increased temperature, it is necessary to investigate the
thermal stability of the polymers.

Thermal gravimetric analysis (TGA) is an important approach to
studying the thermal stability of polymers [48], and the TGA results of
the PU and the FPU samples are presented in Fig. 6, where Ts and Tio
denote the temperature when the polymer loses 5 % and 10 % of its
initial weight, respectively. The values of the Ts, the Ty, and the carbon
residue yields (Y.) at 800 °C of the FPU samples were tabulated in
Table 3. It was found that the introduction of fluorine enhanced the
thermal stability of the PU. This is because the fluorine atoms with
stronger electronegativity and bond energy could protect the carbon
structure of the polymer [28]. However, the decreased portion of the
PTMG with the increased LFH content during the synthesis process could
decrease the thermal stability of the FPU [49]. As a result, the Ts and the
Ty of the FPU-30 were less than the FPU-20, and the most optimised
LFH content to provide the best thermal stability was 20 %.

Differential scanning calorimetry (DSC) is used to evaluate the
thermal transition behaviours of polymer, and it is important to inves-
tigate the glass transition temperature (Tg) and the melting point (Ty,) of
the FPU [50]. The DSC curves of the PU and the FPU samples were given
in Fig. 7 and Table 3. The T of the samples increased with the increased

200 300 400 500 600 700

Temperature (°C)

100 800

Fig. 6. TGA curves of the PU and the FPU samples.

Table 3
Thermal properties of the PU and the FPU samples.

Samples Ts (°C) T1o (°C) Y, at 800 °C, % T, (C) Tm (°C)
PU 265.5 279.3 3.96 -51.3 93.2
FPU-10 317.6 3319 18.22 -49.7 143.0
FPU-20 328.9 343.4 22.06 -43.9 157.3
FPU-30 324.0 341.8 28.56 -40.2 135.1

1.0 1
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) 0.8
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£
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Fig. 7. DSC curves of the PU and the FPU samples.

fluorine content. This is because the LFH was introduced into the PU as a
second soft segment, resulting in a cross-linking effect, and the thermal
movements of the FPU chain segments were restricted [51]. Meanwhile,
the melting peak of the FPU was very sharp, while that of the PU was not
obvious (Fig. 7). Furthermore, the T, of the FPU was greater than the
PU. This is attributed to the introduction of fluorine increases the
number of H---F hydrogen bonds, which make the AH larger [28]. Ac-
cording to the formula: T, = AH/AS, Ty, becomes larger [52]. Mean-
while, the FPU-20 had the highest Ty,. The results of the TGA and the
DSC tests were also in agreement with the X of the samples (Table 2),
showing that the thermal stability of the FPU was positively correlated
to the X..

Dynamic mechanical thermal analysis (DMTA) is an important
method for evaluating the viscoelastic behaviour of polymers [53]. The
storage modulus and the dissipation factor (Tan §) with respect to the
temperature for the PU and the FPU samples are shown in Fig. 8.
Obviously, the storage modulus of the FPU was above 10> MPa between
— 80 and — 60 °C (Fig. 8a). This is because there is no stress relaxation
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Fig. 8. Dynamic mechanical thermal analysis (DMTA) of the PU and the FPU samples. a, Storage modulus; b, Tan 5.

due to the temperature below Tg, and thus flexible chain could not move
freely [28,54]. Moreover, the storage modulus increased with the
introduction of fluorine and was raised significantly with the increase of
the LFH content, since the introduction of the fluorine could increase the
number of the hydrogen bonds in the PU, enhancing the intermolecular
forces [28]. Hence, the FPU possessed excellent elasticity and can
decrease the damage of energy impact to the substrate. As shown in
Fig. 8b, the Tan 6 of the FPU-10, the FPU-20, and the FPU-30 was smaller
than the PU. Generally, the value of Tan § represents the viscoelastic
property of the material [21,55]. Tan § is positively correlated with the
viscosity of the material and negatively correlated with the elasticity of
the material. Therefore, the FPU samples had lower viscosity and higher
elasticity compared to the PU, which would give them excellent impact
resistance.
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3.5. Mechanical properties

The mechanical properties of the materials were investigated since
they can be corrected to the cavitation erosion performance [17,34].
The tensile test was performed on the PU and the FPU samples, and the
results are given in Fig. 9a and Table 4. The ultimate tensile strain (eyr)
of the PU was 932 %, but the eyr of the FPU reduced and continuously
decreased with the increase of the fluorine content (Fig. 9a and Table 4).
However, the FPU-20 exhibited the best ultimate tensile strength (6yr)
and elastic modulus (E). This could be attributed to the high X, of the
FPU-20 (Table 2) because the mechanical properties of polymers can be
positively correlated to X. [56]. Meanwhile, the fracture energy (W) of
the FPU-20 was also the greatest (Fig. 9d).

Considering the long-term use of the material, the mechanical
properties of the polymers immersed in DW and ASW for 30 days were
also studied, and the results are given in Fig. 9b-c and Table 4. Generally,
the oyt and the ey of the samples decreased when the samples were
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Fig. 9. Stress-strain curves and fracture energy of the PU and the FPU. a-c, The stress-strain curves of the original samples, the samples soaked in DW for 30 days, and
the samples soaked in ASW for 30 days, respectively; d, The fracture energy of the materials.
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Table 4
Mechanic properties the PU and the FPU.
Samples our eur ( E W (MJ/
(MPa) %) (MPa) m?)
Original PU 20.75 932 1.55 110
FPU- 18.32 864 1.49 93
10
FPU- 37.64 750 3.58 152
20
FPU- 15.68 522 2.80 52
30
Immersed in DW for 30 PU 13.96 834 1.68 78
days FPU- 17.97 770 2.11 94
10
FPU- 37.54 835 3.20 168
20
FPU- 13.24 519 213 54
30
Immersed in ASW for PU 13.28 709 2.79 67
30 days FPU- 15.64 633 2.89 66
10
FPU- 37.10 792 3.28 162
20
FPU- 13.34 478 2.29 47
30

immersed in DW and ASW, and the decrement was greater in the ASW
than in the DW. However, the E of the DW-immersed and the ASW-
immersed materials increased. Nevertheless, the FPU-20 was an excep-
tion. The oyt and the E were barely changed, and the eyt increased for
the DW-immersed and the ASW-immersed FPU-20 samples. Further-
more, the W of the immersed FPU-20 was still the greatest among all the
samples and increased regardless of the immersion medium. The above
results suggest that the introduction of fluorine with a proper content to
PU may effectively improve the service life.

3.6. Cavitation erosion performance

The cumulative mass loss and the mass loss rate with respect to the
test time of the PU and the FPU coatings subjected to cavitation erosion
are shown in Fig. 10. The total mass loss after cavitation erosion for 10 h
and the average erosion rate from the 8th to the 10th hour are sum-
marised in Fig. 11. According to Fig. 10b, the PU and the FPU coatings
had no obvious incubation period, and the mass loss rate increased first
and then decreased. The large initial cavitation erosion rate of polymers
was also reported in other studies [10,14,21]. For the PU/FPU prepared
in this work, the large initial cavitation erosion rate was possibly
attributed to the removal of some residual unreacted small molecules or
impurities on the surface of the PU/FPU due to the repeated cavitation
impacts. After 4 h, the mass loss rate of the coatings gradually decreased

Tribology International 177 (2023) 107973

20 2.5
|:| Total mass loss (mg)
- Rate of mass loss (mg/h)

-~
164 1376 r20E
o0 &n
= +0.12 £
- 11.38 =4
212 1.31 1087 +0.27 1.5 2

v -1 . - 1.
2 +0.02 031 1.16 S
2 0.89 +0.01 2
< <
E 8 +0.10 L 1.0 E
s +0.26 o
[ 0.35 =
4 1 £0.02 - 0.5 ¢

0 - 0.0
PU FPU-10 FPU-20 FPU-30
Samples

Fig. 11. Total mass loss after exposure to cavitation erosion for 10 h and
the erosion rate from the 8™ to the 10" hour for the PU and the FPU
coatings. a, Total mass loss; b, Erosion rate.

and tended to be stable (approximately at the 8th h) with the extension
of cavitation erosion time. The erosion rate of the FPU coatings also
followed the same pattern as the PU coating, but the FPU coatings
exhibited better cavitation erosion resistance. In addition, the FPU-20
coating exhibited the lowest total mass loss and erosion rate (Fig. 11),
which were 36.7 % and 26.3 % of those of the PU coating, respectively.
The improved cavitation erosion resistance of the FPU coatings sug-
gested that the introduction of the fluorine with a proper content could
significantly promote the cavitation erosion resistance of the PU coating.

The SEM images of the surface of the undamaged coatings (original)
and the coatings subjected to cavitation erosion for 10 h are shown in
Fig. 12 to further study the changes in surface morphology of the coating
after cavitation erosion. The surface of the original PU, FPU-10, and
FPU-20 coatings are very smooth and flat (Fig. 12al, b1, and d1), while
the surface of the FPU-20 coating exhibited many small bumps
(Fig. 12¢1). After 10 h cavitation erosion, many small cracks formed at
the surface of the PU coating (Fig. 12a). The eroded surface of the FPU-
30 coating also exhibited many small cracks, but there were also many
cavitation erosion craters along these cracks (Fig. 12d). On the other
hand, the FPU-10 coating exposed to cavitation erosion had much fewer
cracks than the PU and the FPU-30 coating and only had some craters
along the cracks (Fig. 12b). Surprisingly, the surface of the FPU-20
coating remained almost intact, suggesting its excellent cavitation
resistance (Fig. 12¢).
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Fig. 10. Cavitation erosion results of the PU and the FPU coatings. a, Cumulative mass loss; b, Mass loss rate.
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Fig. 12. SEM images of the surface of the PU and the FPU coatings before and after the exposure to cavitation erosion for 10 h.

3.7. Hydrolysis resistance, thermal stability, and mechanical properties
on cavitation erosion resistance

The intense thermal energy released from the collapse of a cavitation
bubble can cause the increased temperature of polymers during cavi-
tation erosion since polymers cannot effectively dissipate the heat [13,
57]. Temperature rise can result in structural changes or disaggregation
of the polymers with low thermal stability, causing the compromised
mechanical properties and leading to fracture during cavitation erosion
[14]. In this presented study, the ether bond in the PTMG soft segment of
the PU and the carbamate group can be hydrolysed at a high tempera-
ture [58]. Therefore, numerical simulations were conducted to investi-
gate the hydrolysis reaction in the PU and the FPU.

The PU and the FPU models were simplified as OCN-Ph-CH,-Ph-
NHCOO-(CH2)4-O-(CH2)4-OH and OCN-Ph-CH,-Ph-NHCOO-CH,-CF,-
CF,-CF(CF3)-OH, respectively. The PTMG soft segment and the fluorine-
containing soft segment were simplified as HO-(CH3)4-O-(CH3)4-OH and
HO-CH,-CF5-CF,-CF(CF3)-OH, respectively, to save the computational
cost. Hence, the expected reactions for simulation are given in Formula
1-3. Since the local temperature upon the collapse of cavitation bubbles
can reach hundreds of degrees Celsius, these reactions were simulated at
200 °C by the open-source software Shermo 2.3.4 to calculate AG of

each reaction. Meanwhile, the LUMO and the HOMO values of the PU
and the FPU models were calculated by the open-source software Mul-
tiwfn 3.8 (Fig. 13).

According to Table 5, the values of AG for Formula 1-3 were
— 28.82 kJ/mol, — 41.11 kJ/mol, and — 48.44 kJ/mol, respectively.
The negative values of AG indicated that the ether bonds in the carba-
mate group and the soft segment tended to be hydrolysed at a high
temperature. The frontier molecular orbital theory suggests that the
nucleophile (i.e., the water molecules) at HOMO can interact with the
electrophile (i.e., the carbon atoms in the carbamate group) at LUMO,
which results in the reaction (i.e., the hydrolysis of PU). The simulation
results by Multiwfn 3.8 show that the LUMO values of the carbamate
group in the PU and the FPU were 0.63 eV and 0.61 eV, respectively,
suggesting that the chemical reactivity of the carbamate group in the PU
and the FPU during hydrolysis was similar. Meanwhile, the hard seg-
ments of the PU and the FPU also exhibited similar HOMO-LUMO gap
values (Table 6). For similar structures, a low HOMO-LUMO gap value
means high stability [59,60]. Hence, the hard segments in FPU may be
slightly more stable than the hard segments PU.

According to the simulation results above, the chemical reactivity of
the hydrolysis of the carbamate group was expected to behave similarly
in the PU and the FPU, and the stability of hard segments of the PU and
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Fig. 13. Schematics showing the HOMO and LUMO of the PU/FPU (based on the simplified models) and water.

Table 5
The Gibbs free energy (G) of the related chemicals (for the simplified models of
PU and FPU) at 200 °C calculated by Shermo 2.3.4.

Samples G ( kJ/mol )

OCN-Ph-CH,-Ph-NHCOO-(CH2)4-OH -3001763.54
Hy0 -200212.66

OCN-Ph-CH,-Ph-NHCOOH -2393310.48
HO-(CH2)4-O-(CH)4-OH -1417135.31
HO-(CH3)4-OH -808694.54

OCN-Ph-CH,-Ph-NHCOO-CH_-CF5-CF,-CF(CF3)-OH -5185613.34
HO-CH,-CF,-CF,-CF(CF3)-OH -2992563.96

Table 6
The HOMO and LUMO values of the PU/FPU (based on the simplified models)
and water.

Samples HOMO (eV) LUMO (eV) HOMO-LUMO gaps (eV)
Hard segment (PU) -6.93 0.63 7.56
Hard segment (FPU) -6.98 0.61 7.59
Soft segment (PU) -8.86 2.33 11.19
Soft segment (FPU) -10.175 2.17 12.34
H,0 -10.91 2.29 13.20

the FPU may not exhibited a significant difference. Hence, it can be
confirmed that the difference between the PU and the FPU in the soft
segment resulted in the difference in cavitation erosion behaviour. The
intense thermal energy by cavitation can cause hydrolysis of the soft
segment in the PU (Formula 2), resulting in disaggregation. Hence, the
mechanical properties of the PU can be compromised, resulting in poor
resistance to cavitation erosion. However, the fluorine-containing soft
segment cannot undergo hydrolysis due to the absence of the ether bond.
On the other hand, as the HOMO-LUMO gap value of the fluorine-
containing soft segment in FPU was lower than that of the soft
segment in PU (Table 6), the fluorine-containing soft segment in FPU
was much more stable than the soft segment in PU.

Since 10-30 % of the original soft segment with PTMG was replaced

by the fluorine-containing soft segment segments in the FPU, the
simulation results indicated that FPU was more resistant to hydrolysis.
Meanwhile, the simulation results agree with the experimental results
that the introduction of F improved the thermal stability of PU because
the strong electronegativity, high bond energy, and shorter atomic
radius of the F atoms can protect the carbon framework of the FPU [28].
Specifically, the Ty, Ts, and T1¢ of the FPU were much higher than those
of the PU (Table 3). In addition, the DMTA result also indicated that the
FPU might keep the mechanical properties at a high temperature
(Fig. 8.). Hence, the FPU showed better cavitation erosion resistance
than the original PU.

OCN-Ph-CH,-Ph-NHCOO-(CH,)4-OH + H,0 — OCN-Ph-CH,-Ph-
NHCOOH -+ HO-(CH,)4-OH 1)

HO-(CH;)4-O-(CHy)4-OH + H,0 — 2 HO-(CH,)4-OH (2)

OCN-Ph-CH,-Ph-NHCOO-CH,-CF,-CF,-CF(CF3)-OH + H,0 — OCN-Ph-
CH,-Ph-NHCOOH -+ HO-CH,-CF,-CF,-CF(CF3)-OH 3)

On the other hand, the differences in the cavitation erosion resis-
tance of the FPU with different content of F could be attributed to the
different mechanical properties. According to Fig. 9d, the fracture en-
ergy of the original FPU followed an ascending order of the FPU-20, the
FPU-10, and the FPU-30, which was in agreement with the cavitation
erosion test results given in Fig. 11. As the energy generated during
cavitation erosion was absorbed and converted into deformation [61],
higher fracture energy meant more cavitation energy was needed to
cause erosion. Therefore, the fracture energy may be positively corre-
lated to the cavitation erosion resistance of the FPU samples. However,
the PU sample had the greater fracture energy than the FPU-10 and the
FPU-30 samples, but its cavitation erosion resistance was inferior.
However, the cavitation erosion resistance of the FPU was more domi-
nated by the fracture energy as the thermal stability of the FPU was
similar. In addition, other mechanical properties may be correlated to
the behaviour of the FPU in response to cavitation impact. According to
Table 4, the FPU-30 exhibited the lowest ey and the second-highest E.
Therefore, the eroded surface of the FPU-30 looked much more ‘brittle’
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compared to the eroded surface of other samples (Fig. 12).
4. Conclusions

Various fluorinated polyurethane (FPU) with different fluorine
contents were successfully prepared by altering the dosage of the
hydroxy-terminated liquid fluorine elastomer (LFH) during the synthesis
process. The introduction of fluorine to the polyurethane (PU) reduced
the surface energy, and thus the FPU showed good hydrophobicity.
Meanwhile, as the degree of crystallinity increased, the FPU also
exhibited much better thermal stability and mechanical properties
compared to the PU. Therefore, the cavitation erosion resistance of these
FPU samples was also promoted, and the FPU synthesised from the 20 %
LFH was the best. Furthermore, the simulation results suggest that the
fluorine-containing soft segments in FPU were responsible for the
improved properties because these soft segments would not be subjected
to hydrolysis and exhibited good stability at a high temperature. In
addition, the tests on the FPU samples immersed in deionised water and
artificial seawater showed that the hydrophobicity and the mechanical
properties were only slightly compromised, suggesting that the FPU had
the capability for long-term underwater service.
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