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Preparation and Properties of Paint Prepared with
Nanofibrillated Cellulose and Waterborne Epoxy Resin

Xin Wang,* *# Xi Wang,**# Yanfei Pan,*® Bingbing Zhao,*" and Zhanpeng Liang P

A new type of water-based paint was prepared with Salix nanofibrillated
cellulose (NFC), epoxy resin (E-51), and emulsified curing agent as raw
materials. The mechanical blending of coated films was characterized.
The mechanical properties and friction and wear properties of the coated
film were tested. Microstructure was studied by scanning electron and
transmission electron microscopies, thermogravimetric analysis, and other
methods. The results showed that when the amount of NFC was 1.0%, the
overall performance of the coated film was improved. Herein, the flexibility
was 1 mm, the adhesion was 0, the hardness was 4 H, the wear value was
15 mg/100 r, the impact resistance was 49 cm, and the gloss was 85 Gs.
The friction and wear coefficient of the composite coated film after the
addition of cellulose nanofibers was reduced to 0.171, which was 58.5%
lower than that before the addition of cellulose nanofibers. The surface
observation after abrasion indicated that the composite coated film mainly
experienced abrasive wear.
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INTRODUCTION

Due to the high cross-linking density of epoxy resin (EP) after curing, it is brittle,
easily fractured, and has poor friction and wear performance (Shi et al. 2003; Arjmand and
Shojaei 2011; Tian et al. 2020). Therefore, it is necessary to add reinforced materials to
improve its performance. Natural fibers have the advantages being degradable and having
a low cost and therefore are helpful for obtaining high-performance materials (Mohan and
Kanny 2011; Sujan et al. 2014; Negi et al. 2019). Among these materials, nanocellulose
(NC) is characterized by a large aspect ratio and a large specific surface area (Rahimi et al.
2011). It was combined with water-based EP to prepare a new type of water-based paint.
It can improve the comprehensive performance of water-based coatings. The purpose of
this work was to evaluate the effects of adding reinforcing materials on the friction and
wear properties of EP, thus expanding its application range.

Epoxy resin refers to a thermosetting polymer that contains two or more epoxy
groups in its molecular structure and can be cured in a solvent to form a three-dimensional
network polymer (Azeez et al. 2013; Jin et al. 2015). The common epoxy resins are oily,
and the solvent is an easily volatile alcohol, acetone, etc. Aqueous EP generally refers to
the presence of hydrophilic segments in the EP structure, which renders it water soluble.
Water is non-toxic, non-flammable, and renewable (Shikha et al. 2003), so it is widely used

Wang et al. (2022). “Nanocellulose-epoxy paint film,” BioResources 17(1), 802-825. 802



PEER-REVIEWED ARTICLE b | oresources.com

in the field of coatings. The water-borne methods for EP include the following: the
mechanical method, chemical modification method, reverse transformation method, and
curing agent emulsification method (Chengyin et al. 2007). Sun et al. (2013) used E-51 as
a raw material and poly (ethylene glycol) (PEG) in the synthesis of a waterborne epoxy
curing agent. Lu et al. (2007) used triethylenetetraamine and E-51 to synthesize a
waterborne epoxy hardener. Zhang et al. (2016) synthesized a diglycidyl carboxylate
water-based epoxy curing agent using e-44 and triethylene tetramine. Kostrzewa et al.
(2011) synthesized a bisphenol A diglycidyl ether modifier using diphenylmethane
diisocyanate and polyethylene glycol as raw materials. Liu et al. (2013) synthesized an
epoxy resin emulsion with acrylic acid as emulsifier; the formulation was found to have
good stability. According to different introduction groups, epoxy curing agents can be
divided into ionic curing agents and non-ionic curing agents (Koshevar et al. 2009). Zhang
et al. (2017) prepared an epoxy curing agent with E-51 and PEG400 as the raw materials,
and its reaction with triethylene tetramine had good water dispersion performance.

Introducing flexible hydrophilic segments into the EP structure not only can
improve the shortcomings of EP, such as high brittleness and large internal stress, but it
also can reduce the release of VOC:s. It has the characteristics of good safety and convenient
construction. The epoxy resin structure introduces flexible hydrophilic segments, which
makes its friction and wear performance poor (Li et al. 2001; Sanes et al. 2010).
Accordingly, improving the wear resistance of waterborne epoxy resins has become a
problem that needs to be solved. The wear types of waterborne coatings mainly include
fatigue wear, abrasive wear, adhesive wear, and chemical wear (Findik 2014). Wear rate
and friction coefficient are important parameters that determine the friction and wear
performance of composite water-based coatings (Burris et al. 2010). The composite water-
based coating has excellent mechanical strength and chemical properties after modification
(Chandran and Radhika 2019). Chang and Zhang (2006) added TiO2 nanoparticles into the
EP, and the friction coefficient and wear rate of the composites were considerably reduced.
Kang et al. (2012) reduced the friction coefficient of a composite coating after adding
modified SiO2 nanoparticles to an EP. Diizciikoglu et al. (2015) added multi-walled carbon
nanotubes and boron nitriding into EP and found that the friction temperature and friction
coefficient of the EP decreased. Zhao and Tao (2019) added polytetrafluoroethylene
(PTFE) and modified graphene into an EP and the friction coefficient and wear rate of the
EP considerably decreased. Raghavendra et al. (2013) prepared EP composites using either
natural jute fiber and or glass fiber, and the results showed that the composites with jute
fiber had better friction and wear performance.

In the process of modifying water-based coatings, the addition of modifiers will
increase the volatilization of organic matter in the coatings. Therefore, this experiment
considered the use of plant cellulose as the main material to enhance the water-based epoxy
resin, and the effect of the addition of nanocellulose on the material properties was studied.
Cellulose widely exists in nature, and its structure contains multiple $-1,4 glucoside bonds,
which are insoluble in organic solvents, e.g., ethanol and acetone (Roy et al. 2009; Dieter
et al. 2010; Ribeiro et al. 2019). Nanocellulose, which was subdivided into mainly
nanofibrillated cellulose (NFC) and cellulose nanocrystals (CNC). These are isolated from
natural fibers and have diameters in the range 1 nm to 100 nm (Isogai et al. 2011; Espinosa
et al. 2013). In the case of CNC, after the cellulose is hydrolyzed by strong acid, the
amorphous area in its structure is destroyed to a greater extent, so that the crystalline
domains of the original fine fiber are retained in a large proportion (Bondeson et al. 2006).
Compared with CNC, NFC is characterized by a wider size range and a larger aspect ratio,
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presenting a filamentous nanofiber material with a radial nanometer level and an axial
micrometer level, and its specific surface area is at least 10 larger than that of cellulose
fibers. The length and width of NFC are in micron and nanometer scale, respectively. When
they are dispersed in water and other media, it is easy to form networks and structures
(Salas et al. 2014), which can improve the properties of composites. Saba et al. (2017)
showed that the mechanical properties of composites were considerably enhanced when
NFC was added to an EP. Tan et al. (2016) added modified nanocellulose to acrylic
coatings, and the Young's modulus, hardness, and wear resistance of the composite
coatings were all improved. Cao et al. (2007) added flax nanocellulose to waterborne
polyurethane coatings, and the results showed that the Young's modulus and tensile
strength were greatly improved.

The cellulose nanofibers composite coated film prepared in this study is mainly
used to protect wooden furniture. Considering the external factors in the use process, the
hardness, abrasion resistance, and other properties of the prepared composite coated film
were studied. Salix NFC and epoxy resin were selected as raw materials. Salix is a natural
renewable resource. In this study, Salix NFC was selected as the reinforcing phase of water-
based coatings, since it has low cost and low pollution. In this experiment, six coated film
films with different content of NFC were prepared for performance testing. Through
comparative analysis, the effect of different contents of NFC on the performance of the
coated film was studied, and the optimal amount of NFC added was determined. Through
the determination of the friction and wear coefficient, the improvement of NFC on the
friction and wear performance of the coated film was studied. The work provides a
foundation for the research and application of water-based EP coatings in the protection of
wooden furniture.

EXPERIMENTAL

Materials and Instrument

Salix nanofibrillated cellulose (NFC, content 1.4%, diameter of 1 to 100 nm, length
> 20 um, length to diameter ratio >200, and crystallinity 61.9%), was purchased from the
laboratory of Nanjing Forestry University (Nanjing, China). Epoxy resin (E-51) was
purchased from Kunshan Jiurimei Electronic Materials Co., Ltd. commercial grade
(Shanghai, China). The emulsifying curing agent was a self-made, propylene glycol methyl
ether (PM), while the leveling agent and defoaming agent were purchased from Tianjin
Fengcheng Chemical Reagent Technology Co., Ltd (Fengcheng, China). Polyethylene
glycol diglycidyl ether (DGEPG), triethylene tetraamine (TETA), and phenyl diglycidyl
ether (PGE) were all purchased from the Shanghai Maclean Biochemical Technology Co.,
Ltd (Shanghai, China). Acetone, analytically pure, was purchased from Li'an Longbohua
Pharmaceutical Chemical Co., Ltd. (Shanghai, China).

Methods
Preparation of the emulsifying curing agent

A suitable amount of TETA was added into three flasks, and the condenser tube
and stirrer were connected. The speed was adjusted to 250 r/min. A water bath was heated
to a temperature of 65 °C, and an appropriate amount of DGEPG was dropped into a three-
mouth flask at a uniform rate. The addition product was obtained after a 3 h reaction, which
was followed by further heating. When the temperature reached 75 °C, an appropriate
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amount of E-51 dissolved by PM was added and reacted for 3 h to obtain the synthetic
product. Appropriate amount of E-51 dissolved by PM was added at 75 °C and reacted for
3 h. The emulsifying curing agent was formed when the temperature reached 70 °C, and
an appropriate amount of end sealing agent (PGE) was added while spinning at 300 r/min.

250 r/min

PGE
/‘ ‘h 300 r/min |

PM dissolved E-51

Emulsifying
curing agent

Fig. 1. Flowchart of preparation of the emulsifying curing agent

Salix Preparation of NFC acetone solution

An appropriate amount of Salix nanocellulose was added into a 250 mL beaker, and
200 mL of distilled water was added. While remaining in an ice bath, ultrasonic treatment
was performed on the cellulose with an ultrasonic processor until the nanocellulose was
evenly dispersed in the aqueous solution. After allowing the aqueous solution to stand, the
distilled water was replaced and removed with acetone to obtain the NFC acetone solution.

Nanofibrillated cellulose
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Fig. 2. Flowchart of preparation of Salix preparation of NFC acetone solution
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Fig. 3. Flowchart of preparation of the water-based coated film of NFC composite epoxy resin
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Preparation of NFC composite epoxy resin water-based paint

The NFC acetone solution prepared above was added to the epoxy resin (E-51) and
evenly stirred until the acetone was volatilized. Then, the emulsifying curing agent,
distilled water, defoaming agent, and leveling agent were added and emulsified via high-
speed dispersion homogenizer. Afterwards, the NFC composite EP water-based coating
was evenly stirred. The coating was applied to the tinplate or wood material, and the
coating thickness was controlled at 20 to 40 um. The waterborne coated film that was
evaluated in the experiment was obtained after natural air drying.

Testing and characterization film performance test

The surface drying and hard drying time were tested according to GB/T standard
1728 (1989). The water resistance was tested according to GB/T standard 9274(1988). The
adhesion was tested according to GB/T standard 5210 (2006). The flexibility was tested
according to GB/T standard 1731 (1993). The hardness was tested according to GB/T
standard 6773 (1996). The wear resistance was tested according to GB/T standard 4893.8
(2013). The impact resistance was tested according to GB/T standard 4893.8 (2013). The
gloss was tested according to GB/T standard 9754 (2007). The gloss was tested by the
measurement of 20°, 60° and 85° specular gloss of color paints and varnishes without to
GB/T standard 9754 (2007).

Characterization of Salix cellulose nanofibers

The morphology of Salix NFC was evaluated using SEM. The specific surface area
and pore size analyzer (BSD-PSI) was used to test the specific surface area of NFC after
ultrasonication. The Malvern 3000 laser particle size analyzer was used for DLS tests. The
test range was 0 to 2000 um. Each sample was tested three times, and the average value
was taken.

Reciprocating friction and wear test

Before the test, the samples were polished with 800# sandpaper and cleaned with
aqueous ethanol. The test conditions were as follows: the friction frequency was 1 Hz, the
load was 0.5 N, the travel distance was 10 mm, and a normal temperature environment was
worked for 30 min. A curve diagram of the friction time and friction coefficient was
obtained.

Scanning electron microscopy (SEM) test

A small amount of each of the samples were placed on the instrument base, and
after being vacuumizing and gold sputtered, the surface and section morphology of the
sample were tested to obtain the sample morphology.

Thermal stability test

The samples were placed in a N2 environment with a gas flow rate of 20 mL/min, a
heating rate of 10 °C/min, and a temperature range of 20 to 800 °C. The thermogravimetric
curves of the samples were obtained to analyze their thermal stability.

Contact angle analysis

The contact angles of the samples were measured via fixation titration using a jY-
PHA interfacial tension meter. The droplet stabilization time of each sample was controlled
tobe 3to4s.
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X-ray diffraction (XRD) analysis

An X-ray diffractometer was used to scan the coated film samples. The test
conditions were as follows: a tube pressure of 40 KV, a tube flow of 200 pA, a Cu target,
a diffraction width of DS (Divergence slit) = SS (Anti-scatter slit) = 1°, a RS (Receiving
slit) = 0.3 mm, a scanning speed of 2.000 (d-min), and a scanning ranging of 5° to 90°.
The XRD patterns were obtained and compared.

Dynamic Mechanical Thermal Analysis (DMA) test

Through the DMA-Q800 dynamic mechanical analyzer, the tensile mode was used
for testing. The initial condition of all samples in the DMA is 0 °C, and the test temperature
was 0 to 150 °C. The dynamic heating scan was carried out in the range of 2 °C/min and
10 Hz.

Transmission electron microscopy (TEM) test

After diluting the sample with ethanol to a concentration of approximately 1%, the
sample was evenly dispersed in the solution via ultrasonic treatment, and then it was
dropped on the copper net and dried. The apparent structure of the samples was tested via
transmission electron microscopy at an accelerating voltage of 200 kV.

Scratch friction and wear test

Using MTF-5000 multifunctional friction and wear tester from Atech Instrument
Technology Co., Ltd., the scribe head was a steel ball, the material was GCr15, the diameter
was 2 mm, and the load was 0.2 to 10 N. The load rate was 5 N/min, with a stroke of 20
mm, at room temperature. The scribe head works at a speed of 0.1667 mm/s for 120 s. With
these settings, the topography of the scratch was obtained.

RESULTS AND DISCUSSION

The Characterization of NFC from Salix

Dynamic Light Scattering (DLS) is a widely used method to obtain the statistical
size distribution of cellulose nanoparticles in suspension. However, it is important to
highlight that DLS measurements consider that all the particles are spherical, and the size
values depend on the orientation of the fibers in suspension (Carvalho Benini et al. 2018).
NFC has micro-level and nano-level components. After being diluted, micro-level NFC is
easy to settle and agglomerate during the test. The average particle size tested is relatively
large. It can be seen from Table 2 that the more NFC content, the larger the average particle
size and the lower the uniformity. Since the sample was diluted before the test, the
difference in particle size distribution and uniformity was not obvious. A trend could still
be obtained, that the more NFC content, the lower the uniformity of its distribution, which
indicates that the increase in NFC content leads to agglomeration.

Table 1. Specific Surface Area and Pore Volume of Salix Nanocellulose

The Sample BET(m?/g) Standard deviation

Salix NFC 8.181 0.0726
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Fig. 4. SEM images Salix NFC after ultrasonic and drying at 500 nm

Table 2. DLS Analysis Results

Uniformity
Volume weighted Surface weighted Uniformity
Sample Name (Standard
mean (Average.um) mean (Average.um) (Average)
deviation)
0.5%NFC 107.531 28.292 1.84 0.0432
1.0%NFC 108.505 28.547 1.78 0.0047
1.5%NFC 109.039 28.792 1.78 0.0125
2.0%NFC 109.734 28.848 1.75 0.0094
2.5%NFC 122.366 29.978 1.73 0.0125

After the ultrasonically dispersed NFC was dried, the SEM test was performed to
obtain the morphology of the NFC. From Fig. 4, it can be seen that after ultrasonic
dispersion, nano-cellulose is decomposed into filaments, and after drying, NFC are cross-
linked to form a network structure. Table 1 can obtain the specific surface area of the NFC.
Perform six BET tests on the NFC, and the average BET value was 8.181 m?/g.

Effect of the Cellulose Nanofibrils (NFC) Dosage on the Mechanical
Properties of the Composite Coated Film

As shown in Fig. 5a, the surface drying time and hard drying time gradually
increased as the NFC dosage increased, while the water resistance time gradually
decreased. According to the properties of coated films, the composite coated films drying
stage consists of surface drying and absolute drying. In addition, the drying process may
be influenced by internal factors, e.g., the nature of the raw materials, water, solvent
volatilization degree, etc. At the same time, the drying process can be influenced by
external factors, e.g., temperature and humidity, illumination, etc., so all the coated films
in the testing process will be in the same environmental conditions. As can be seen from
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Fig. 5a, after adding the NFC, the surface drying and actual drying time increased for the
composite coated films. This is because the NFC surface has a large amount of -OH groups;
with the addition of NFC into the coating system, it may interact with the water molecules
in the air, which may also affect the evaporation of water molecules in water-based
coatings, thus prolonging the coating drying time. At the same time, the presence of NFC
also causes incomplete cross-linking reactions between the epoxy group in the waterborne
EP and the amino group in the waterborne curing agent, resulting in a decrease in the water
resistance of the composite coated films.

Figure 5b, 5c, and 5d show that after the addition of NFC, the flexibility, adhesion,
hardness, wear value, and impact resistance of the composite waterborne coated film were
increased, while the gloss range decreased.

Wear resistance refers to the resistance of a coated film to mechanical wear, which
occurs when the coated film is subjected to a certain frictional force. In this test, the coated
film was placed under a rotating rubber grinding wheel and the coated film mass loss was
used to illustrate the wear resistance of the coated film after 100 turns. Figure 5b shows
that the wear value before the addition of NFC was 32 mg/100r. The wear resistance of the
composite coated film increased considerably after adding NFC; the lowest wear value was
15 mg/100r, which was an increase of 53.13%. In addition, after adding the NFC, the
hardness and impact resistance of the composite coated film also had a major increase,
where the maximum hardness reached 4H, while the maximum impact resistance reached
49 cm. There are a large number of hydroxyl groups on the surface of NFC, which can
form hydrogen bonds with epoxy resin, and the van der Waals force between molecules is
enhanced. The addition of NFC contributes to the bonding strength between the interface
and the fiber in the EP matrix, and the interface force is enhanced, thus showing composite
coated film have high hardness. The large number of hydroxyl groups on the surface of
NFC make the NFC and EP matrix tightly combined. Under the action of external force,
NFC is not easy to break away from the epoxy resin matrix and can transmit external force
well. Then local yield deformation occurs in the surrounding matrix, which increases the
impact resistance (Yu et al. 2013). At the same time, NFC has the characteristics of large
aspect ratio, high mechanical strength, large specific surface area, which can overlap each
other in the coated film to form a network structure, which enhances the wear resistance.
(Zhang et al. 2016).

Adhesion is the force between the coated film and the substrate coated. As shown
in Fig. 5c, after the addition of NFC, the composite coated film rising increased to a level
0 adhesion, and the flexibility simultaneously increased to 1 mm. This is because the NFC
has a high elastic modulus under external force. As such, the NFC, which can withstand
most forces throughout the entire structure, reduces the damage to the coated film. At the
same time, hydrogen bonds are produced between the NFC and the water-based EP
segment, which can absorb most of the energy, and reduce the destruction of chemical
bonds in the compound. Therefore, with the addition of NFC, the adhesion and flexibility
of the composite coated film was improved. As the content of NFC increases, the
proportion of hydrogen bonding by itself increases. When impacted, greater plastic
deformation and development of macroscopic cracking will occur, and the physical and
mechanical properties of the coated film will decrease instead.

Glossiness is a surface characteristic of a substance, which primarily depends on
the reflection degree of light on the surface of the substance. It is also related to the surface
structure of the substance. Figure 5d shows that pure EP had the highest gloss (106 Gs),
and after the addition of NFC, the glossiness value decreased to as low as approximately
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40 Gs. When NFC was added into EP, NFC molecules between forces will lead to
agglomeration, and with more content of NFC, the agglomeration phenomenon more
obvious. Therefore, when light irradiates the composite coated film, the diffuse reflection
of light will occur, and the glossiness will be reduced.

a bs
= —s— Surface dry time |—=— Hardness
S0l = —e— Ctual time 1 L |—e— Abrasion value

2 ? i 4.0 -
o —=— Water resistance time = ri
£ 0E 08
= ] 35 » -
B1s E - 7 =)
EN o8 Zao 21 |,
o 0w o 5
= c n ¥ S
) S Q25 : =~
Ewl o 5 rd >
- 20 3 :a 20 3 20 <
E‘ - i i)
S 5 2
[ 15|
g 5 N0 g 5 -S
t | <
= 10
w

O 1 1 1 1 1 1 20 0 5 1 1 1 1 1 1

0.0 05 1.0 15 20 25 0.0 0.5 1.0 1.5 2.0 25
NFC additive amount (%) NFC Addition amount (%)
C a5 d

—=— Flexibility 7 110 |- —a— Glossiness

—e— Adhesion 1 ' +— |mpact resistance
i 3 o 20 100 |-

I
o
T

35| i g
—_ ’q; ‘a‘ 90 15>
€30 = 1,80 8
s § o £

25 - 105
) s § 70 | -
b o - -
820 * »? o
x 2 8o 5 4z
D15t % o %)
- i < = 50 8

10+ L - .\ | ™ wg

05| \ - 40

0.0 1 1 1 1 1 1 30 L It L L 1 L

0.0 05 1.0 15 20 25 0.0 0.5 1.0 1.5 2.0 25
NFC Addition amount (%) NFC Addition amount (%)

Fig. 5. The effect of the addition of NFC on the mechanical properties of the composite coated
film (a: The effect of the addition of NFC on the drying time and the water resistance time of the
composite coated film. b: The effect of the addition of NFC on the hardness and the abrasion
value of the composite coated film. c: The effect of the addition of NFC on the flexibility and the
adhesion of the composite coated film. d: The effect of the addition of NFC on the glossiness and
the impact resistance of the composite coated film.)

Scanning Electron Microscopy (SEM) Analysis of the Nanofibrillated
Cellulose (NFC) Composite Epoxy Resin (EP) Waterborne Coated Film
Epoxy thermosetting materials are relatively brittle, so the use of nanoparticles to
toughen them has become a common method (Domun et al. 2015). SEM analysis was
performed on the cross-section of the sample, and the cross-sectional characteristics of
different samples were analyzed by observing the difference in fracture morphology
(Thomas et al. 2008). Combined with the plan view of the samples, the influence of
different NFC content on the coated film was compared. Two groups of samples were
selected with obvious difference in fracture mode to perform tensile stress test, and the
tensile stress curve was obtained as shown in Fig. 7. The SEM images show the pure EP
and the samples with different NFC contents. Figures 6a and 6b show the plane and cross
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section of the pure EP film sample, respectively. In Fig. 6a, it can be observed that the
surface of the pure EP coated film was quite smooth. However, due to the incomplete
reaction of the epoxy resin colloidal particles in the coating, the evaporation of water makes
the epoxy resin colloidal particles contact and accumulate during the curing and film
forming process, resulting in a few defects. Figure 6b shows the cross-section of the coated
film after impact fracture. The section is smooth, with only a few cracks, and a large stripe
texture, which is a typical brittle fracture feature (Wu et al. 2012). According to the pure
EP tensile-stress curve shown in Fig. 7, the fracture type of the sample can be obtained as
brittle fracture. Figures 6¢ and 6d show the plane and cross section of the 0.5% NFC
sample. It was observed that the plane of the 0.5% NFC composite EP coated film was
smooth and uniform, and white parts can be seen at the edge of the lines on the section.
This phenomenon indicated that when the NFC was added to the EP, the section of cracks
increased when compared to the pure EP coated film, and a few scaly cracks appeared.
Figures 6e and 6f show the plane and cross section images of the 1.0% NFC sample, and
more abundant and obvious white parts can be observed, which indicated that the NFC was
evenly distributed throughout the coated film. In addition, it can be seen from Fig. 6f that
the amount of rough scaly cracks increased, showing an obvious ductile fracture.
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Fig. 6. SEM images of the pure EP sample and the different NFC content composite water-based
paint samples (a and b: SEM of Plane and Section of Pure EP, c and d: SEM of Plane and
Section of 0.5%NFC, e and f: SEM of Plane and Section of 1.0%NFC, g and h: SEM of Plane and
Section of 1.5%NFC sample, i and j: SEM of Plane and Section of 2.0%NFC, k and I: SEM of
Plane and Section of 2.5%NFC)

The tensile stress curve shown in Fig. 7 also shows that the fracture mode of the
coated with the addition of 1.0% NFC was a ductile fracture, indicating that the NFC
content resulted in a certain improvement on the mechanical properties of the composite
waterborne coated film. Figures 6g and 6h show the plane and cross section images of the
1.5% NFC sample. There were a large number of scaly cracks and a uniform distribution,
while the fold of the section was rough and compact. Figures 6i and 6j show the plane and
cross section images of the 2.0% NFC sample. It can be seen that the surface of the coated
film was not uniform and had spiral lines. As shown in Fig. 6], the size and distribution of
the scaly cracks were not uniform. Figures 6k and 61 show the SEM images of the plane
and cross section of the 2.5% NFC sample. Figure 6k shows obvious white spiral parts,
which indicated the agglomeration of a large number of NFC particles. Figure 6l was
observed that the distribution of the NFC was very uneven, with considerable
agglomeration.
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Fig. 7. Tensile stress curve image of the pure EP and the 1.0% NFC composite water-based
coated film (a: Tensile stress curve image of the pure EP, b: S Tensile stress curve image of the
1.0% NFC composite water-based coated film)

According to the SEM image, it can be concluded that adding an appropriate
amount of NFC can improve the flexibility of EP water-based coated film. Since NFC has
good mechanical properties, the mechanical properties of the composite coated film were
improved. The high length-width ratio and larger specific surface area of the NFC can
enhance the interfacial adhesion between the NFC and EP matrix. This effectively
combines the NFC with the EP system, so as to realize the stress transfer from the matrix
to the reinforcing phase. When the coated film breaks, the stress can be buffered, and the
force can be dispersed through the crack produced by the fracture, so the flexibility of the
coated film is improved. The NFC content determines the extent of the crack, which also
determines the area of the fracture surface. The larger the area, the more energy that can
be dissipated, thus improving the fracture toughness. However, due to the increase in NFC
content, the NFC easily agglomerates in the EP waterborne coated film, making the NFC
distribution uneven. This results in the concentration of stress, and the mechanical
properties of the coated film portions without NFC are reduced, forming weak parts. When
the coated film is acted on by external forces, the weak parts can be destroyed very easily,
which makes the overall mechanical strength and flexibility of the coated film decrease.
Therefore, the key to improving the mechanical properties of the coated film is to control
the amount of NFC added. In conclusion, the mechanical properties of the samples coated
with 1.0% NFC and 1.5% NFC were the highest, so these two amounts of NFC should be
the first choices for composite EP waterborne coatings.

Thermal Stability Analysis of the Cellulose Nanofibrils (NFC) Composite
Epoxy Resin (EP) Waterborne Coated Film

Thermogravimetric analysis was performed on the coated film samples with
different contents of NFC, analyze the effect of adding NFC on the thermal stability of
coated film. Adding polymer in the preparation of composite materials can change the
thermal stability of the material (Giorcelli et al. 2019). For most natural fibers
approximately 60% of the thermal decomposition occurred within a temperature range
between 215 and 310 °C (Fei et al. 2008). The maximum thermal decomposition peak of
Salix cellulose reaches 353 °C (Zhong et al. 2021). Figure 8a shows the TG curves of the
pure EP coated film and the coated film with five different NFC contents.
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Fig. 8. Thermogravimetric curve (a: The TG curve of the pure EP sample and the different NFC
content composite water-based paint samples. b: The TG and DTA curves of NFC.)

Table. 3 Thermogravimetric Analysis Results

S;—rrT]l(:)Ie Ts% (°C) T1o0% (°C) Twmax (°C) Tso% (°C) IPDT(°C)
EP 145.8 305.5 358.2 352.5 427.58
0.5% NFC 202.9 319.1 3715 364.3 438.88
1.0% NFC 283.1 324.3 371.7 364.7 441.52
1.5% NFC 284.6 3225 372.3 365.3 445.88
2.0% NFC 310.1 326.9 373.1 364.4 448.51
2.5% NFC 309.3 332.1 380.9 364.5 451.13

Figure 8b shows the TG and DTA curves of NFC. It can be seen from Fig. 8b that
Salix NFC ended the initial pyrolysis process at 338.0 °C and entered the rapid pyrolysis
process, with the maximum weight loss peak at 361.7 °C. Therefore, NFC had higher
thermal stability than EP. As can be seen from Fig. 8a, the initial pyrolysis reaction of the
sample occurred at temperatures between 104.5 and 146.9 °C, while the weight loss rate
within unit temperature of the pure EP sample was the highest (5%). This was because the
EP system was unstable at this temperature, and the water and organic solvents in the
waterborne coated film evaporated. The other samples also showed weight loss at
temperatures between 104.5 and 146.9 °C. The curves of the 2.0% NFC and 2.5% NFC
samples were the gentlest, and the weight loss rate was only 0.93%, which indicated that
the 2.0% NFC and 2.5% NFC samples showed good stability at this temperature. The pure
EP sample entered the rapid weight loss stage after reaching a temperature of 303.8 °C,
and the TG curve was gentle at a temperature of 424.2 °C. The rapid weight loss stage of
the samples containing NFC ranged occurred at a temperature range of 335.1 to 446.3 °C.
As can be seen from Table 3, when the weight loss rate was 5%, the corresponding
temperature of the pure EP sample was 145.8 °C, and the corresponding temperature of the
0.5% NFC sample and the other coated films containing NFC ranged from 202.9 to
309.3 °C. As the NFC content increased, the corresponding temperature also increased.
According to the corresponding temperature changes of the other pyrolysis reaction
processes shown in Table 3, the pyrolysis temperature of the EP water-based coated film
with the addition of NFC was higher the pyrolysis temperature of the pure EP sample, and
its thermal stability is improved.
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The integral program decomposition temperature method (IPDT) was used for
analysis (Doyle 1961). The area under the thermogravimetric curve was used to analyze
the thermal stability of the polymer. The area (A) under the TG curve was expressed as a
fraction of the total area of the figure and calculated as A* = X, and then A* was converted
to the temperature Ta* by the equation (Ta* = 875 A* +25), where TA is a hypothetical
temperature, whereby if one puts A = X into the calculation, the results is Ta =Y. It can be
seen from the Table 3 that as the temperature continues to increase, the IPDT value
gradually increases.

Based on the analysis of the above TG curves and IPDT, it can be concluded that
the addition of NFC can improve the thermal stability of EP waterborne coated film. The
thermal stability of a material depends on the chemical bond inside the molecule, and NFC
primarily forms hydrogen bonds and other ways to promote crystallization. Therefore, the
addition of NFC to an EP waterborne coated film increases the number of hydrogen bonds,
thus enhancing the chemical bonds, and improving the stability is improved. In addition,
as the NFC is dispersed throughout the EP waterborne coated film, the hydroxyl groups on
the surface form a three-dimensional network structure with the EP matrix via hydrogen
bonding, which improves its thermodynamic performance. At the same time, due to the
low thermal expansion coefficient of NFC, and its own structure being stable, the addition
of NFC can improve thermal stability of composite waterborne coated film to some extent.

Contact Angle Analysis of the Cellulose Nanofibrils (NFC) Composite
Epoxy Resin (EP) Waterborne Coated Film

NFC has a hydrophilic nature, which can be the main drawback for its use (Fahma
et al. 2014). Using NFC as composite materials, attention should be paid to the
hydrophobicity of the composite materials. Figure 9 shows the contact angle images of the
pure EP and NFC/EP water-based coated film. Figure 9a shows the contact angle image of
the pure EP, which is a hydrophobic material. After adding 0.5% content of NFC, the
contact angle shows that the composite waterborne coated film was still hydrophobic, but
the contact angle became smaller, indicating that the hydrophobicity had changed (as
shown in Fig. 9b). Figure 9c shows the contact angle of the coating with 1.0% content of
NFC, and the coated film was still hydrophobic. Figure 9d, 9e, and 9f are the contact angle
images of the waterborne coated film with 1.5%, 2.0%, and 2.5% NFC content. As the
NFC content increased, the number of hydrophilic groups in the coated film increased;
therefore, the coated film gradually changed from hydrophobic to hydrophilic. As such,
under the premise of ensuring the hydrophobicity of the coated film, the addition of 1.0%
NFC is the best choice for this composite coated film.

Table 4. Contact Angle Results

NC Content Contact Angle (°) Standard Deviation
0% 105.8 0.939
0.5% 95.0 0.849
1.0% 90.0 0.124
1.5% 84.5 0.648
2.0% 80.7 0.286
2.5% 78.6 0.895
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Fig. 9. The contact angle of the pure EP sample and the different NFC content composite water-
based coated film

X-ray Diffraction (XRD) Analysis of the Cellulose Nanofibrils (NFC)
Composite Epoxy Resin (EP) Waterborne Coated Film

Figure 10 shows the XRD images of the pure EP sample and the NFC/EP
waterborne coated film.
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Fig. 10. The X-ray diffraction image of the pure EP sample and the 1.0% NFC composite water-
based coated film
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According to the above analysis, when the NFC content was 1.0%, the performance
of the coating was improved; therefore, the 1.0% NFC EP water-based coating and pure
EP were analyzed via XRD in order to compare the structure change of the coated film
after adding NFC. As can be seen in Fig. 10, the pure EP film had only one bump peak in
the region of 26 = 20°, reflecting the unique structure of an EP amorphous polymer. The
diffraction peak from the 1.0% NFC content sample is similar to the shape and position of
the pure EP coated film, and because the NFC content is low, there is no special peak for
NFC. The results showed that the mechanical properties and thermal stability of the 1.0%
NFC EP waterborne coated film were improved, and the state and structure of coating were
not affected.

Dynamic Mechanical Thermal Analysis (DMA) Analysis of the Cellulose
Nanofibrils (NFC) Composite Epoxy Resin (EP) Waterborne Coated Film

Through the above analysis, the better content of NFC is 1.0%, so the DMA test
(Lopez-Suevos et al. 2010) for NFC/EP coated film with this content was carried out. It
can be seen from the Fig. 11 that the storage modulus of EP film was 2096 MPa and the
storage modulus of 1.0% NFC sample was 1515 MPa. When the addition amount of NFC
was 1.0%, the storage modulus of the EP/NFC water-based coating system decreased. This
is because NFC is effectively integrated into the three-dimensional and highly cross-linked
rigid network of EP, which reduces the rigidity of the EP system and makes it flexible. Its
storage modulus decreases, and the results show that the addition of NFC to EP increases
the toughness of the system, indicating that the composite material has better impact
performance. The result was consistent with the characteristics and the characterization
results of its mechanical properties.
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Fig. 11. DMA curve of EP and 1.0% NFC coated film

Transmission Electron Microscopy (TEM) Analysis of the Cellulose
Nanofibrils (NFC) Composite Epoxy Resin (EP) Waterborne Coating

Figure 12 shows the TEM images of the EP composite waterborne coating with 1.0%
NFC added. Figures 12a and 12b show the enlarged images at 200 nm, and Fig. 12c and
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12d show the enlarged images at 100 nm. NFC has large specific surface area, high aspect
ratio, strong surface activity, and interaction between nano-molecules. It can be clearly
seen from the figure that the 1.0% content of NFC was distributed in the water-based paint.
The NFC was in the form of filaments, and the molecules were closely intertwined and
entangled to form a network structure.

R

Fig. 12. TEM images of the 1.0%NFC composite coating (a and b: The enlarged images at 200
nm. ¢ and d: The enlarged images at 100 nm.

Effect of the Addition of Cellulose Nanofibrils (NFC) on the Friction and
Wear Properties of Composite Coated Film

Figure 13 shows that the friction coefficient fluctuated greatly in the initial stage of
the test. After about a few minutes, the friction coefficient stabilized. Without the addition
of NFC, the friction coefficient increased faster. When the friction time was 30 minutes,
the friction coefficient was 0.412 and it continued to rise. When the amount of NFC was
1.0%, the friction coefficient was 0.171, which is the same as the friction coefficient
without NFC. Compared with EP water-based paint, it was reduced by 58.5%. Comparing
the two curves at the same time, it can be seen that the friction coefficient of the composite
paint after adding NFC decreased. When the friction time gradually increased, the friction
coefficient curve gradually became flat and basically remained unchanged.

During the test process, due to the addition of NFC, the surface roughness of the
waterborne composite coated film increased, and the combination of the EP waterborne
coated film and NFC was better. At the same time, due to the addition of NFC, the thermal
stability of the composite system increased, and the composite system was not easily
deformed when subjected to the same friction and action temperature. When the steel ball
applied friction to the composite coated film, the actual contact area between the steel ball
and the composite coated film decreased, since the surface roughness of the composite
coated film increased. As such, the friction force acting on the coated film also decreased
correspondingly, and the phenomenon of deformation and adhesion of the coating was
greatly reduced. This is because NFC has the advantages of a large specific surface area
and a high mechanical strength. When friction and wear force are applied to the composite
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coated film, the NFC can bear most of the force, which protects the composite system from
damage. At the same time, since the hardness of the EP is lower than the hardness of the
NFC, plastic deformation will occur when friction is applied due to the low hardness of the
EP, which has a solid lubrication effect on the coated film. According to the above data
analysis, the composite coating with NFC was better than the pure EP water-based coated
film in terms of friction and wear performance.
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Fig. 13. The friction coefficient curve of the coated film of pure EP and the composite water-
based coated film of 1.0% NFC

Wear Surface and Mechanism Analysis

The pure EP SEM images (Figs. 14a and 14b) show the samples after coated film
wear. Because EP coated film was brittle and easy to fracture and had poor wear resistance,
figures labeled with red circles showed the coated film surface with deep wear marks. Such
specimens were rough and uneven after wear. The surface of the groove after wear mainly
was in the form of a fracture crack and falling off block, resulting in a furrow effect. What’s
more, a large number of cracks appeared in the severely worn area, resulting in flake
peeling of the EP coated film on the worn surface. The primary wear types were fatigue
wear and adhesive wear. This is primarily because the temperature of the pure EP coating
will gradually rise when subjected to friction and wear, and its thermal stability is low.
Therefore, when the pure EP coated film reaches a certain temperature, plastic deformation
will occur, as well as the plastic flow phenomenon. When the friction is greater than the
shear strength, it will lead to EP molecular chain fracture, resulting in wear off. Adhesive
wear occurs when it is attached to a frictional object.

As shown in Figs. 14c and 14d, after the addition of NFC to the EP coating, the
wear surface was relatively smooth, the wear after the crack was greatly reduced, only a
small amount of wear loss occurred, and the wear type was primarily abrasive wear. This
shows that the pure EP coated film with NFC enhanced the complex flexibility system.
Therefore, the friction and wear performance were improved. Combining Fig. 10 and Fig.
15, one can see the action mechanism of NFC in the composite water-based coated film.
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Fig. 14. SEM image of the pure EP sample and the 1.0% NFC composite water-based coated
film after abrasion (a and b: SEM image of the pure EP coated film. ¢ and d: 1.0% NFC
composite water-based coated film)

Fig. 15. Schematic diagram of NFC in coated films

NFC is a fine filamentous structure, with a large aspect ratio; when it is added to an
EP waterborne coating, it can penetrate the whole system, and the NFC can overlap to form
a network structure, improving the cross-linking effect between the EP molecules and the
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curing agent. In addition, NFC has a high mechanical strength and elastic modulus, and
large specific surface area characteristics. These attributes, when combined with EP, can
increase the hardness of the composite system after mixing. Therefore, when friction and
wear effects occur, the addition of NFC can enhance the bearing capacity of the EP,
shouldering the bulk of the force. At the same time, when friction and wear are applied,
debris stripping becomes difficulty, and crack extension does not occur as easily. The
addition of NFC can improve the brittleness, fracture, and plastic deformation properties
of the coated film, and reduce the generation of wear debris.

CONCLUSIONS

1. The addition of nanofibrillated cellulose (NFC) can improve the comprehensive
properties of epoxy resin (EP) waterborne coated film. When the NFC content was
controlled at 1.0%, the flexibility was 1 mm, the adhesion was 0, the hardness was 4
H, the wear value was 15 mg/100r, the impact resistance was 49 cm, and the gloss was
85 Gs. The NFC molecules were closely intertwined, forming a network structure in
EP matrix, not affecting the structure and state of the coated film. SEM micrographs
revealed rough scaly cracks, which showed obvious ductile fracture. The thermal
stability of the EP waterborne coated film was improved by the addition of NFC.

2. According to the friction and wear test, the friction coefficient of pure EP was 0.412,
and the friction curve kept increasing. The friction coefficient of EP was 0.171 when
the amount of NFC was 1.0%, which was 58.50% lower than the friction coefficient of
the EP waterborne coated film without NFC, and the friction curve was gentle. The
surface after undergoing wear showed that the surface of the pure EP coated film was
rough and had a large number of cracks, with the primary wear types being fatigue wear
and adhesive wear. After the addition of NFC, the wear surface of the composite coated
film was relatively smooth, with only a small amount of wear off, and the primary wear
type was abrasive wear.
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