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Abstract. By combining a trifunctional urethane acrylate synthesized from a hexamethylene diisocyanate trimer and capro-
lactone acrylate with a bifunctional urethane acrylate prepared from hydroxyethyl acrylate and isophorone diisocyanate, a
new reactive resin mixture was prepared, and trimethylolpropane triacrylate was chosen as the thinner to constitute a novel
coating matrix. Different amounts of multi-functionalized carbon nanotubes (CNTs) and graphene oxide (GO) were intro-
duced into the matrix and cured by ultraviolet radiation, producing different coatings. Utilizing the methods of Fourier trans-
form infrared (FTIR) spectroscopy, ultraviolet-visible (UV-VIS) spectroscopy, wide angle X-ray diffraction (WAXS) and
thermogravimetric analysis (TGA), the chemical structures and physical properties of the coatings were analyzed. A series
of ASTM methods, such as pencil hardness classification, RCA abrasion, crosscut adhesion test classification, and chemical
resistance rub testing, were applied to investigate the performances of the coatings. It was found that introducing a small
amount of carbon nanomaterials can improve the thermal stability, surface hardness, adhesion, abrasive resistance, and chem-
ical resistance performance of the UV-curable coatings. The reasons and mechanisms of the performance improvements are
discussed in this work.
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1. Introduction the applications of UV-curing technology have ex-
Along with the continually increasing concerns on  hibited a rapidly growing trend [4]. Currently, UV-
environmental protection, energy consumption and  curable coatings have the biggest share in the entire
occupational health and safety, radiation curing tech- UV curing product market [3].

nologies, including ultraviolet (UV) and electron A typical UV-curable formulation consists of reac-
beam curing, have received increasing attention in  tive resins (oligomers or prepolymers) and reactive
the last several decades. After its invention in the thinners, which are also called monomers. Due to the
1960s [1], the UV curing technology is much better  chemical reaction, the thinner is tightly linked to the
known for its SE characteristics (efficient, enabling,  polymer matrix, thus contributing to the formation of
economical, energy saving and environment friend-  the crosslinked coating film. The power density of the
ly) and has been widely applied in various industries, UV radiation by itself is not sufficient to achieve poly-
including paints, printing, packaging, surface pro- merization. For that reason, photo initiators or photo
tection and finishing, and device manufacturing in  sensitizers are mixed into the coating to initiate the
the form of products such as ink, coatings and adhe-  polymerization process, which is also known as cur-
sives [2, 3]. Even in the rising 3D-printing market, ing the coating [3]. The performances of the resulting
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coatings, such as the surface hardness, adhesion to
substrate, chemical resistance property, gloss and
abrasive resistance, are determined by the particular
formulation of the coating system. The most common
reactive resins include the various multi-functional
acrylates, e.g., the polyurethane acrylates, epoxy
acrylates, polyester or polyether acrylates, and vinyl
resins [3]. The chemical structures and physical prop-
erties of these resins are reflected as the degree of
functionality, molecular weight, flexibility, crystallini-
ty and even the stability, as determined by the struc-
tures and performances of the cured coating. For reac-
tive thinners, dozens of monomers with single, double
and triple reactive groups (e.g., double bonds) in a
molecule are commercially available. The permuta-
tion and combination of the resins and the monomers,
supplemented with various additives, photo initiators
and different process conditions have led to millions
of possible formulations to meet all types of require-
ments in various fields. In 2015, 467.9 kilo-tons of
reactive resins were produced worldwide, with a
value of 2.21 billion US dollars. By 2024, the output
will reach 1000 kilo-tons, with a value of 4.67 bil-
lion US dollars.

However, the requirements for the ingenuous formu-
lation designs and performance improvements in
UV-curable coatings are growing continuously, along
with the expansion of their potential applications. In
this paper, carbon nanotubes (CNTs) and graphene
oxide (GO) were incorporated into polyurethane acry-
late to formulate a UV-curable coating formulation
with a facile synthesis and preparation and improved
performance. It is well known that CNTs and GO are
typical carbon nanomaterials with a 1D fibrous struc-
ture and 2D plate structure, respectively. The intro-
duction of CNTs into a UV-curable polymer matrix
was first reported in microelectromechanical system
applications [5] and then expanded rapidly into UV-
curable coating research [6—13]. At the same time,
various chemical modifications have been applied to
GO [14-23] to ensure the homogeneous dispersion
in organic coating systems and endow the produced
coating with specific properties. In general, it is de-
sirable to provide performance improvements by in-
troducing nanomaterials into various polymers [24]
or the organic coating. Examples of improved prop-
erties include the surface hardness, adhesion, abra-
sive resistance, chemical resistance, etc.

In this paper, a trifunctional urethane acrylate com-
posed of a hexamethylene diisocyanate trimer ((HDI)3)

and caprolactone acrylate (HECLA) mixed with a
bifunctional urethane acrylate synthesized from hy-
droxyethyl acrylate (HEA) and isophorone diiso-
cyanate (IPDI) was used as the reactive resin. Tri-
methylolpropane triacrylate (TMPTA) was chosen
as a thinner to constitute a novel matrix of UV-cur-
able coatings. The carbon nanomaterials, CNTs and
GO, were functionalized by an acrylate reaction with
IPDI and HEA and were introduced into the matrix
at various quantities.

It was expected that the unsymmetrical 1D fibrous
structure of CNTs and 2D plate structure of GO may
introduce special performance. Also the huge spe-
cific surface area of carbon nanomaterial are also ex-
pectable to enhance the interactions between the
nano-fillers and polymer matrix thus improve the
performances of the final compositions. The chemi-
cal structures, physical properties and performances
of the obtained coating were characterized, analyzed
and investigated. In particular, the coating perform-
ance was a focus, and the effects of the type and
amount of carbon nanomaterials are discussed.

2. Experiments

2.1. Materials

Hexamethylene diisocyanate trimer ((HDI)3) is an
industrial product (trade name Wannate HT-100 with
NCO content of 21.7-22.2%) of the Wanhua Chem-
ical Group Co., Ltd. (Yantai, China). Caprolactone
acrylate (HECLA) was provided by KPX Green
Chemical Co., Ltd. (Seoul, Korea), with a trade name
of Komerate-C021. Isophorone diisocyanate (IPDI)
was purchased from China Branch of Evonik Indus-
tries AG (Shanghai, China), with a trade name of Ves-
tanat IPDI and a purity >99.5%. Hydroxyethyl acry-
late (HEA) was provided by Anhui Renxin Environ-
mental Protection Materials Co., Ltd. (Xuancheng,
China) as an industrial product (purity >97%).
Graphene (KNG-G5) was purchased from Xiamen
Knano Graphene Technology Co. Ltd. (Xiamen,
China), with a diameter ranging from 5 to 20 pm and
a thickness of 1-5 graphene layers. Multi-walled CNTs
with diameters of 10—30 nm and lengths of 5-15 pm
were purchased from Shenzhen Nano-Technologies
Port Co., Ltd. (Shenzhen, China) and were prepared
via chemical vapor deposition (CVD) with a La—Ni
catalyst and a purity no less than 95% with 3—5%
amorphous carbon. The chemicals, such as dibutyltin
dilaurate (DBTL), 2,6-Di-tert-butyl-4-methylphenol
(BHT) and trimethylolpropane triacrylate (TMPTA),
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were kindly provided by Guangzhou Wraio Chemi-
cals (Guangzhou, China) as industrial products. The
photoinitiator Irgacure 184 ((1-hydroxycyclohexyl)
phenyl-methanone) and Irgacure TPO (diphenyl-
2,4,6-trimethylbenzoyl-phosphine oxide) are prod-
ucts of Ciba-Geigy (a subsidiary corporation of the
BASF) and were provided by Guangzhou Wraio
Chemicals. The silicone-containing surface additive
BYK-333 is a product of BYK Additives & Instru-
ments (German) and provided by Guangzhou Wraio
Chemicals. The other chemicals, such as KMnO4,
NaNOj3, H,SO4 (Purity > 98%), H,0O, (30%), and
Hydrochloric acid (HCI, 38%) were purchased from
Nanjing Reagent Co. Ltd. (Nanjing, China) and used
as received. N,N-dimethylformamide (DMF, purity >
99.5%) was purchased from Nanjing Reagent Co. Ltd.
(Nanjing, China), dried with a molecular sieve and
distilled under a reduced pressure.

2.2. Synthesis and preparation

The tri-functional polyurethane acrylate (HDI-
HECLA); was synthesized as Figure 1 and used as
the main matrix of the UV-curable coating. In detail,
167 g of (0.33 mol) (HDI); was allowed to react with
333 g of (1 mol) HECLA with 0.05% of DBTL as
the catalyst and 0.2% BHT as the inhibitor. The resid-
ual isocyanate groups (NCO value) in the products
were determined as having a value lower than 0.2%.
The graphene powder (KNG-GS5) and carbon nan-
otubes were first oxidized following the modified
method of Hummers [25] using KMnO4 H>SOy4, and
H,0,, which brought the carboxy and hydroxy groups
onto the carbon nanomaterials and made it reactive
with the isocyanate groups.

C,H,,NCO

|
(0] N (0]
Y + 3HO
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OCNCHL™ ™C,H,,NCO
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Figure 1. Synthesis of trifunctional polyurethane acrylate.

To homogenously disperse the nanomaterials into the
UV-curable coating system, modified GO and CNTs
were reacted with the acrylate system according to
Figure 2. First, 22.2 g of (0.1 mol) IPDI mixed with
0.01 g DBTL and 0.04 g of BHT were added to a
four-neck flask equipped with a magnetic stirring and
a thermometer. With continuous stirring, 11.6 g of
(0.1 mol) HEA was added dropwise, and the temper-
ature of the reaction system was consistently kept
lower than 50 °C by controlling the feeding rate of
the HEA. This process took approximately 1 hour to
add the HEA, after which the reactions were stirred
continually to allow the reaction to continue for 1 more
hour at 45-50 °C. The reaction resulted in the mono-
functional urethane acrylate resin (IPDI-HEA) for
future reactions. Then, 2 g of GO pre-dispersed in
52.6 g of dried DMF by ultrasonication was added
to the mixture and continual stirring for 12 hours at
45-50°C. Finally, an additional 11.6 g (0.1 mol) HEA
were added and reacted for 3 more hours at the same
temperature, resulting in a GO-HEA dispersion with
a concentration of 2% by weight in HEA-IPDI-HEA/
DMEF solution. In an analogous manner, CNT-HEA,
dispersed in DMF using the same concentration
were also synthesized. The same synthesis procedure
was carried out, but no carbon nanomaterials were
added, which resulted in the bifunctional urethane
acrylate HEA-IPDI-HEA.

Based on Table 1, various amounts of trifunctional
(HDI-HECLA)j; acrylate resin, HEA-IPDI-HEA bi-
functional acrylate resin, 2% GO-HEA in DMF or
2% CNT-HEA, in DMF, photoinitiator Irgacure 184
and Irgacure TPO, reactive diluents TMPTA and lev-
eling agent BYK-333 were mixed with a high-speed
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Figure 2. Synthesis and preparation route of modified carbon nanomaterials and coating samples.

Table 1. Mixture formulations for spray coatings.

Samp:e ACC;‘J‘;: fg':;i“g:::ﬁ’g‘ ;’:Ig’se‘s’r (HDI-HECLA); | HEA-IPDI-HEA | 2% GO-HEA, in DMF| 2% CNT-HEA, in DMF
code [calculated % in mass] le] L2l le] l2]
0.2Ctl / 90 10 / /
0.4Ctrl / 80 20 / /
0.6Ctrl / 70 30 / /
0.8Ctrl / 60 40 / /
1.0Ctrl / 50 50 / /
0.2GO 0.168 90 / 10 /
0.4GO 0.351 80 / 20 /
0.6GO 0.552 70 / 30 /
0.8GO 0.774 60 / 40 /
1.0GO 1.019 50 / 50 /
0.2CNT 0.168 90 / / 10
0.4CNT 0.351 80 / / 20
0.6CNT 0.552 70 / / 30
0.8CNT 0.774 60 / / 40
1.OCNT 1.019 50 / / 50

n every sample, 20 g of TMPTA, 2 g of Irgacure 184, 2 g of Irgacure TPO and 0.4 g of BYK-333 were also included.

mixer, followed by adding a suitable amount of a UV lamp with an exposure energy of 800 mJ/cm?.
DMEF to regulate the viscosity of the mixtures. The  The final coatings on the PC sheets were approxi-
mixtures were then sprayed onto polycarbonate (PC)  mately 20 pm thick and stored at room temperature
sheets, dried at 60 °C for 5 minutes, and cured under  for further studies.
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2.3. Characterization and performance testing

The Fourier transform infrared (FTIR) spectra were
recorded on a PE GX spectrometer (Perkin-Elmer,
USA) at room temperature on KBr pellets with sam-
ple concentrations of ~1% from 4000 to 400 cm™ at
aresolution of 4 cm™. In order to investigate the mi-
crostructure of nanomaterials in the coating matrix,
the coating membranes containing 1.0% CNT and
GO were peered off from the PC substrates and frac-
tured in liquid nitrogen. All the section of samples
with gold coating (approx. 40 nm thickness) were
observed by SEM (S-3400 N II, HITACHI, Japan)
at an acceleration voltage of 20 kV. The UV-vis spec-
tra of the coating films were evaluated by MAPADA
UV-1800PC (Shanghai, China) with wavelengths
ranging from 200-600 nm. Wide angle X-ray diffrac-
tion (WAXD) measurements were performed on a
Rigaku ULTIMA-3 setup, with a Mar 345 image plate
used as the detector, Cu Ka as the source (wave-
length of 0.1542 nm), a recorded region of 20 from
5 to 40°, and a scanning speed of 2°-min~'. Thermo-
gravimetric analysis (TGA) results were recorded on
a Netzsch STA409PC (Selb, Germany) in a N, at-
mosphere at a heating rate of 20 °C/min from room
temperature to 600 °C. The pencil hardness of the UV-
cured coating was determined using ASTM D3363-
05. The crosscut adhesion tests were performed ac-
cording to ASTM D3359-08 and the Test Method B
were performed. In detail, a BGD504/2 crosscut ad-
hesion test blade (Biuged Laboratory Instruments,
Guangzhou, China) were used to cut the cross grid
with 1.0 mm spacing and then 3M Scotch transpar-
ent film tape 600 were covered for 90 s and then re-
moved. The results were classified as 0-5B accord-
ing to the percentage of area removed. The RCA
abrasion tests were carried out following ASTM
F2357-10 with a BGD530 RCA abrasion wear tester

(Biuged Laboratory Instruments, Guangzhou, China)
with force of 175 g. The gloss measurements were
performed at 60.2° with a BGD512 Glossmeter (Bi-
uged Laboratory Instruments, Guangzhou, China) ac-
cording to ASTM D523-14. The solvent (ethanol and
butanone) resistance of the coatings was investigated
using solvent rubs (ASTM D5402-15) with a BGD525
alcohol abrasion tester (Biuged Laboratory Instru-
ments, Guangzhou, China). The boiling resistance
tests were carried by boiling multiple samples in
water at 100 °C, one of the samples was taken out and
check by crosscut adhesion tests every 30 min, The
results were recorded as the crosscut adhesion class
after been boiled for few hours.

3. Results and discussion

3.1. Chemical structure analysis by FTIR
Figure 3a showed the FTIR spectra of raw, interme-
diate and final trifunctional polyurethane acrylate of
(HDI-HECLA);. For the spectrum of (HDI)3, the ab-
sorption peak at 2260 cm™! represented the specific
stretching vibration peak of N=C=0 group, which was
also shown in the mixture of (HDI); and HECLA be-
fore the reaction. While the peak at 1680 cm™! was the
absorption peak of C=0 group which was kept in the
mixture and the final PUA resin. For HECLA, the
most obvious peak at 1725 cm™! represented the typ-
ical absorption of acrylate group, which was always
kept in the mixture and the final trifunctional PUA
resin. Comparing the spectra of the mixture and the
final PUA resin, the disappearance of the peak at
2260 cm™' indicated the complete reaction of NCO
group in (HDI); and OH group in HECLA and the suc-
cessfully synthesis of final trifunctional PUA resin.
To confirm the chemical modifications from the car-
bon nanomaterials, the crude GO and CNTs products
that reacted with IPDI and HEA were thoroughly
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Figure 3. FTIR spectra of raw, intermediate and final products of (HDI-HECLA); (a) and modified carbon nanomaterials (b).
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washed with ethanol. The obtained solid products,
GO-HEA, and CNT-HEAy were vacuum dried at
room temperature and scanned with FTIR along with
the raw carbon nanomaterials and intermediate prod-
ucts, as shown in Figure 3b. For the graphene and raw
CNTs, the curves are almost straight lines, except for
a slight absorption that appears at approximately
3500 cm™! for the defects of the multiple-walled struc-
ture. The oxidation of the GO and CNT oxide in sul-
furic acid provides a typical carboxylic group ab-
sorption peak at 1600—1700 cm™! and absorbance at
approximately 1050 cm™', which corresponds to the
other side groups that contain C-O bonds, such as
epoxy and hydroxyl. The relatively large absorption
peak at approximately 3500 cm™! is obviously from
the hydroxyl groups. Further reactions with [PDI and
HEA reduced the absorbances of the hydroxyl groups
at high wavenumbers but generated a series of ab-
sorption peaks from 700-1100 cm™', which are asso-
ciated with the typical organic structures, such as
carbonyl, ester, and ether, and correspond to bonds
such as C-O, C-H, C=0, and C-O-C. The obvious
spectrum changes of the FTIR from the raw carbon
nanomaterials in the final products proved the suc-
cessful modification on the pristine graphene and
nanotubes.

0.2Ctrl 0.4Ctrl

b)

0.6Ctrl

Bhe By

04G0 ag@e@a i

3.2. Appearance, microstructure and physical
properties investigation

After HEA-IPDI-HEA or modified carbon nanoma-
terials have been incorporated with (HDI-HECLA);,
TMPTA, BYK333 and the photo initiators, the coat-
ing system exhibited a homogenous state. After di-
lution by DMF, the coating solution was sprayed on
the polycarbonate substrate, dried for 5 minutes, and
cured under a UV lamp with an exposure energy of
800 mJ/cm?.

Figure 4a presents the images of the UV-cured coat-
ings. The control coating films without carbon ma-
terials were transparent, but the samples with carbon
nanomaterials showed an increasing chromaticity
with increasing amounts of CNTs and GO. For the
CNT samples, the coating showed an increasing
grayscale, and the color become darker. For GO, the
coatings became brown, and the color also grew
deeper. Figure 4b and 4c¢ shows the SEM micro-
graphs of the section of the coating incorporated
with 1.0% in mass of CNT and GO respectively. We
tried to observe the distribution of carbon nanoma-
terials in UV-cured matrix by transmission electron
microscopy (TEM), but the coating was too thick to
be penetrated by electrons. Thus, the coating mem-
branes were fractured in liquid nitrogen and the

0.8Ctrl 1.0Ctrl

Figure 4. Images of UV-cured coatings with and without carbon nanomaterials (a), the SEM of section of coating containing
1.0 wt% CNT (b) and GO (c). The bar in (b) and (c) are 1 um and 20 pm respectively.
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cross-sections were observed by SEM. In Figure 4b,
the fibrous structures with the diameter of about
100 nm correspondence to the modified CNT were
observed and the typical images presented the ho-
mogeneous distribution of CNT in the coating ma-
trix. While in Figure 4c, the lamellar structures caused
by modified GO sheets were also observed clearly.
Figure 5a shows the quantitative UV-Visible spectra
of the coating film with 1.0% carbon nanomaterials.
In the visible range from 400 to 600 nm, the coatings
without carbon nanomaterials are nearly colorless
and have a transmittance higher than 90%. For the
coating films containing 1.0% CNT, the transmittance
is approximately 50—60%. For the GO group, the
color is deeper than that of both the Ctrl group and
CNT group, with a transmittance that decreases to 30—
50%. The higher absorbance in the 300—-500 nm range
leads to a brown appearance of the coating films. The
darker chromaticity of the coating containing carbon
nanomaterials is not suitable for situations where
colorlessness and transparency are important. How-
ever, for color coatings, the incorporation of carbon
nanomaterials can potentially be applied.

The introduction of CNTs and GO into UV-curable
coatings changed the microstructure of the coating
matrix. WAXD was used to investigate the crystal-
lization of films, as shown in Figure 5b. From the
curves, it was found that even when the incorporated
carbon nanomaterials were at a weight percent as
high as 1.0%, the WAXD pattern did not present an
obvious change. The UV-cured coatings exhibit a
semi-crystalline state.

Figure 6 shows the thermogravimetry curves of the
UV-coating film samples. As shown in Figure 6, the
degradation process and thermal stability were

100 | UV-vis
1.0Ctrl
—. 80F
&
8 1.0CNT
5 60
k=
E
2
o 40
=
20
D 1 1 1
200 300 400 500 600
a) Wavelength [nm]

dependent on the chemical structures of the samples.
The degradation process of the coating films could
be divided into 3 steps. The thermal degradation of
the polyurethane acrylate films with bifunctional
HEA-IPDI-HEA occurred in the temperature range
of 160280 °C for the first step, at 280—400 °C for the
second step, and at 400450 °C for the third step.
The low degradation temperature, especially for the
HEA-IPDI-HEA, was mainly attributed to fewer sta-
ble urethane groups existing in the aliphatic polyure-
thane acrylates, which could decompose to form al-
cohol and isocyanate groups. The results obtained
here agree with the literature [26, 27]. Additionally,
with the introduction of additional multi-functional
modified CNT and GO, more bifunctional HEA-
IPDI-HEA was injected, which led to a decrease in
the thermal stability. In Figure 6d, the onset main de-
composition temperature of the Ctrl group decreased
by approximately 20 °C when changing from a 10 to
50% mass ratio of bifunctional HEA-IPDI-HEA.
This trend was also investigated in the CNT and GO
groups. However, the addition of multi-functional
modified CNTs and GO reversed the trend to a cer-
tain degree. For every addition, the coating film con-
taining CNTs and GO presented a higher onset de-
composition temperature than did the corresponding
coating film without CNTs and GO. Comparing the
onset decomposition temperatures of the CNT and
GO group where they began decomposing, for every
addition, no significant differences were found. This
result indicates that the introduction of CNTs and
GO can improve the thermal stability of the polyure-
thane acrylate UV-curable coating system.

In general, the thermal degradation of the polyure-
thane acrylate is associated with changes in the C=0

WAXD
S
S,
2
‘B
[=
g 1.0GO
£
(1]
>
© 1.0CNT
[+}]
@
1.0Ctrl
i 1 i 1 i 1 i 1 "
5 12 19 26 33 40
b) 267

Figure 5. UV-visible spectra (a) and WAXD curves (b) for typical coating films.
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Figure 6. Thermogravimetry analysis of UV-cured coatings of the (a) CNT group, (b) GO group, and (c) Ctrl group; and
(d) the onset decomposition temperature analysis results.

and C-N urethane groups. Additionally, some urea
compounds may be formed during the thermal degra-
dation of polyurethane acrylate at a high tempera-
ture. The enhancement of the thermal stability can be
attributed to the higher overall crosslinking density
caused by the multi-functional modified CNTs and
GO. The crosslinking density of the UV-cured films
increased with the increasing functionality of the
modified carbon nanomaterials, which may have in-
duced the higher thermal stability in the coating
films with multi-functional CNT-HEA, and GO-
HEA,. Moreover, the thermal stability of the CNT
and GO themselves was much higher than that of the
polyurethane acrylate, which could also have im-
proved the thermal stability of the coating films, even
with a concentration as low as 0.2% in mass.

3.3. Coating performance testing by ASTM
methods

As a kind of UV-curable coating, various typical per-

formances were investigated in non-controversial

635

ways according to the ASTM standard, as summa-
rized in Table 2.

The pencil hardness class depends mainly on the
chain flexibility of the molecule and crosslinking den-
sity of the coating [28]. Specifically, the improved
flexible structure of the oligomer leads to a reduction
in the hardness of the film, but the improved cross-
linking density of the coating film causes the oppo-
site effect. In general, a curing film with good flex-
ibility and a low crosslinking density produces a poor
pencil hardness, but the properties of good hardness
would be obtained with a poor flexibility and high
crosslinking density. In our system, the content
of the double bond of the system determines the
crosslinking density, and the HECLA moiety dictates
the flexible structure of the film. The structure of the
CNT and GO group coating films were composed
mainly of trifunctional (HEA-HECLA); and bifunc-
tional HEA-IPDI-HEA, with small amounts of
multi-functional carbon nanomaterials. In the Ctrl
group, with an increase in the amount of bifunctional
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Table 2. Performances of UV-cured coatings on polycarbonate sheets.

Sample codes Pencil Cr(_)sscut RCA abrasion r?stilslil;nocle re:?:t:‘lilc(:&n:ub B.oiling Gloss
hardness class | adhesion class (counts)? rub (counts)” (counts)” resistance® [°]
0.2Ctrl 1B 5B 320 4 5 5B/2.5h; 4B/3 h 91.0
0.4Ctrl 1B 5B 350 6 7 5B/2 h; 3B/2.5h 91.9
0.6Ctrl HB 5B 390 7 10 5B/2 h; 2B/2.5h 91.6
0.8Ctrl HB 5B 410 8 >10 SB/1.5h; 4B/2 h 91.2
1.0Ctrl HB 5B 450 >10 >10 SB/1.5h; 3B/2 h 92.0
0.2GO HB 5B 470 2 3 5B/2.5h; 4B/3 h 89.3
0.4GO HB 5B 530 1 4 5B/4 h; 3B/4.5h 88.2
0.6GO HB 5B 560 3 7 5B/5h 87.4
0.8GO F 5B 570 3 7 5B/5h 81.3
1.0GO F 5B 460 3 6 5B/4 h; 4B/4.5 h 67.3
0.2CNT HB 5B 490 1 3 5B/2.5h;4B/3 h 89.0
0.4CNT HB 5B 520 1 4 5B/4 h; 4B/4.5 h 87.6
0.6CNT HB 5B 550 2 5 5B/5h 87.2
0.8CNT F 5B 600 5 9 5B/5h 84.0
1.0CNT F 5B 440 2 7 5B/4 h; 2B/4.5 h 61.0

#Recorded as the number of rubs when the coating wears out.

"None of samples presented the phenomena of whitening and blistering. The number is the count of scratches after the solvent resistance

rub testing.

“The results recorded as the crosscut adhesion class after been boiled for few hours. For example, 5B/2.5 h represents that the coating’s

crosscut adhesion class is 5B after boiling for 2.5 h.

HEA-IPDI-HEA, the crosslinking density was de-
creased, but the flexible HECLA moieties were re-
placed by short and rigid HEA-IPDI-HEA segments.
Thus, the pencil hardness class increased from 1B to
HB. By introducing multi-functional modified nano-
materials, the crosslinking density increased further,
leading to the further improvement of the hardness.
The pencil hardness class was found to begin from
HB and ultimately reached F. Between the CNT and
GO groups, there was no significant difference in the
pencil hardness found, which indicates that the fi-
broid CNT and sheet GO can both improve the hard-
ness performance of the coating film.

The crosscut adhesion class expressed the adhesive
performance of the UV-cured coating. The resulting
5B class represented the highest class of adhesion,
which means that no area was removed by the tape
and no flaking occurred. These results indicate that
all of the samples in our system presented excellent
adhesive performance on the PC substrate and that
the limited increase (from 1B to F) of the surface
hardness did not lead to the complete hardening of
the coating film, which often leads to a decrease in
the adhesive performance.

The abrasive test is an accurate and repeatable way
to determine the abrasion wear characteristics of inks
and coatings [27]. The RCA abrasion test presents

the combined properties of surface hardness, rigidity
and adhesion of the surface coating and is typically
used in the 3C (Computer, Communication and Con-
sumer Electronics) industry to the test surface for re-
sistance to abrasion and wear. In general, the RCA
abrasion in every group shows improvement with an
increasing amount of rigid HEA-IPDI-HEA seg-
ments. In the Ctrl group, the highest increase reached
40%. Comparing the samples in different groups, the
RCA abrasion was markedly increased when the
modified multi-functional carbon nanomaterials were
introduced, which can be attributed to the increased
crosslinking density and, equally importantly, to the
rigidity of the carbon nanomaterials themselves. In
addition, the CNTs and GO show no significant dif-
ference in improving the RCA abrasion of our sys-
tem. However, when the carbon nanomaterials were
introduced with as much as 1.0% in mass, the RCA
abrasion of the CNT and GO groups decreased dra-
matically, to the same level expressed by the corre-
sponding sample in the Ctrl group. These phenome-
na are attributed to the phase separation caused by the
aggregation of the nanomaterials. When the amounts
of nanomaterials exceeded 1%, the interface energy
accompanied by the huge surface area of the nano-
materials made it difficult to homogeneously distrib-
ute and separate in liquid organic coatings. This led
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to an obvious aggregation during curing and phase
separation in the resulting film, thus decreasing the
RCA abrasion performance of the coating films.
The organic solvent resistance rub testing reflected
the chemical-resistance performance of the UV-cured
coating, with ethanol and butanone being two typical
solvents of concern in the 3C industry. Table 2 lists
the testing results for every sample in different groups,
with the number of scratches after the solvent resist-
ance rub testing. No sample showed the phenomena
of whitening and blistering, but the number of scratch-
es increased with the loading of the bifunctional
HEA-IPDI-HEA segments. Although the introduc-
tion of multi-functional modified CNTs and GO may
increase the crosslinking density compared to the
corresponding sample in the Ctrl group, the enhance-
ment in the crosslinking density cannot match the
density decrease caused by the increasing bifunction-
al HEA-IPDI-HEA segments. However, the CNT and
GO themselves cannot improve the solvent-resis-
tance property, so the results of the number of scratch-
es increased following the loading of modified CNTs
and GO in the cured coating film. Between ethanol
and butanone, the coating in our system exhibited
higher ethanol-resistance than did butanone. This is
in agreement with the majority of polyurethane acry-
late UV-curable coatings [3].

The boiling water resistance of the cured films is
also shown in Table 2. It is observed that the cured
films incorporated with carbon nanomaterials show
an obvious improvement in boiling water resistance
among the tested films. To our knowledge, the boil-
ing water resistance mainly depends on the adhesion
and the crosslinking density of the film. A good boil-
ing water resistance can be obtained from films with
good adhesion and high crosslinking density, which
can be supplied by the trifunctional (HDI-HECLA);
and multi-functional modified carbon nanomaterials.
Even an increase in the bifunctional HEA-IPDI-
HEA segments decreased the crosslinking density in
the Ctrl group. The introduction of a small amount of
multi-functional carbon nanomaterials reversed the
performance and dramatically improved the boiling
water resistance of the samples in CNT and GO
groups. Analogous to the RCA abrasion testing, a per-
formance decrease was observed again in the sam-
ples that contained 1.0% CNT and GO, which was
caused by the aggregation of nanomaterials and the
phase separation phenomenon. In addition, it is be-
lieved that the hydrophobic property of CNTs and

GO is contributory to the boiling resistance perform-
ance of our coating.

The gloss of samples containing carbon nanomate-
rials was lower because of the existence of the black
CNTs and brown GO. The gloss suppression was in-
creasingly heavy with increasing amounts of CNTs
and GO in the film. For the Ctrl group without car-
bon nanomaterials, the samples kept nearly the same
gloss value. The result agrees with the physical ap-
pearance shown in Figure 4a. Furthermore, when the
concentration of carbon nanomaterials reached 1.0%,
the gloss of the corresponding samples decreased
dramatically, which was also caused by the aggrega-
tion of carbon nanomaterials.

Combining the property variations and the perform-
ance transformation, it was found that the introduc-
tion of modified CNTs and GO can improve the per-
formance of UV-cured coatings to various degrees,
depending on the exact concentration. The increased
loading of these carbon nanomaterials causes a high-
er crosslinking density, resulting in an improved sur-
face hardness, abrasion resistance, chemical-resis-
tance performance and boiling water resistance.
However, when too many CNTs and GO are intro-
duced, the aggregations caused by the relatively large
specific surface area of the nanomaterials have ob-
vious effects, thus reducing these performances. Fur-
thermore, the UV-curable coating exhibits a lower
light transmissivity when more carbon nanomaterials
are introduced, which influences the ultraviolet light
absorbance and thus hinders the photopolymeriza-
tion of the acrylates. This downgrade the perform-
ance of the UV-cured coatings. Therefore, it is very
important to formulate a balanced content of carbon
nanomaterials in a UV-curable coating to achieve the
best performance.

4. Conclusions

With the combination of the trifunctional (HDI-
HECLA); with the bifunctional HEA-IPDI-HEA ure-
thane acrylates as the reactive resin mixture and co-
ordinated with TMPTA as the thinner, a novel UV-
curable coating matrix was designed and prepared.
The obtained coating system can be cured success-
fully under UV radiation to achieve excellent coat-
ings on a PC substrate with good performances. By
further introducing a relatively small amount of mod-
ified CNT and GO nanomaterials into the coating
system, the performances, such as thermal stability,
surface hardness, adhesion, abrasive resistance, and
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chemical resistance, can be dramatically improved,
and the composite coating can be potentially applied
in the 3C industry as an excellent surface coating.
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