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Abstract Newly synthesized polycarbonate diols con-
taining hindered urea (PCD-HUs) were employed to
modify the scratch-healing properties of conventional
two-component clearcoats. To elucidate their contri-
butions to the crosslinking properties of the coatings
under conventional thermal curing (150°C), the real-
time rheological properties of the clearcoat mixtures
were measured using a rotational rheometer in the
small-amplitude oscillatory shear mode. A dynamic
mechanical analysis was carried out to compare the
thermomechanical properties of the cured clearcoat
free films. PCD-HU, a key component for the tuning of
the scratch-healing, was further identified by analyzing
the clearcoat layer cured over a phosphated metal
substrate with undercoats such as primer and basecoat
as a precoated metal (PCM) sheet. Elastic recovery
and scratch profiles of the outermost clearcoat layer in
the PCM sheet were acquired through nano-indenta-
tion and nano-scratch tests by gradually increasing the
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quantitative normal force. Finally, the healing patterns
of the scratches on various clearcoat layers at a certain
normal force were visualized by three-dimensional and
one-dimensional cross-cut images using atomic force
microscopy under specified temperature and healing
time conditions. The surface durability provided by the
PCD-HU in the clearcoat layer was confirmed by
repeated scratching and healing tests on the same
surface positions. Therefore, the coating layer contain-
ing HU, which possessed similar surface mechanical
properties to those of conventional references, exhib-
ited better scratch-healing performance.

Keywords Polyurethane-based clearcoat,
Polycarbonate diol with hindered urea, Real-time
rheological properties, Nano-scratch test,
Scratch-healingDong Geun Lee and Sujin Sung have
contributed equally to this study.

Introduction

The clearcoat, the outermost layer in automotive
coatings, is inevitably exposed to various external
harmful stress conditions. The clearcoat generally has
two functions. The first is to protect the undercoats
(primer, basecoat, and e-coat) and car body from
external detrimental factors such as acid rain, stone
chips, bird droppings, and marring. A high surface
hardness is required for this functionality. By regulat-
ing the crosslink density'~ or introducing nanoparticles
or nano-fillers,””’ several studies have been performed
to improve the hardness of the clearcoat with respect
to external stresses. The clearcoat layer actually
consisted of various organic-inorganic hybrid ingredi-
ents, in contrast to the undercoat layers.® The second
main function of the clearcoat is to sustainably display
aesthetic colors with a high gloss. To effectively reflect
this function, a material composition and curing
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conditions that are suited to the specified application
are required. As the appearance of the cured coating
surface is directly related to the gloss, the scratch-
healing property is the crucial factor to retain the high-
gloss feature. Considering the above functionalities,
the clearcoat layer should guarantee a high hardness
and good scratch-healing feature against external
mechanical stresses and chemicals. However, these
requirements lead to a trade-off relationship and thus
should be properly compensated according to the
application.

The properties can be adequately balanced by
introducing two-component (2 K) polyurethane
(PUR) coatings, exhibiting good abrasion resistance,
increased hardness, good flexibility, and high resistance
to chemicals and solvents,”! which have been widely
used in the automotive coating processes. The
urethane reaction between the hydroxyl functional
group of a polyol resin and isocyanate group of a
crosslinker forms densely crosslinked networks under
normal heating conditions (120-150°C for 30 min). The
2 K PUR coatings could be easily modified by chang-
ing the chemical structure and composition of the main
polyol resin and/or isocyanate crosslinker, depending
on the target application. In general, a higher ratio of
the aliphatic group in the polyol resin and crosslinker
provides a more flexible polymer network. On the
contrary, a higher portion of the cyclic or aromatic
group leads to more rigid crosslinked networks. The
proper ratio of aliphatic or aromatic groups should be
determined for the balanced flexible and hard charac-
teristics of the clearcoat layer.

A methodology to remedy scratches in the PUR
clearcoat layer at ambient temperature has been
developed. Reversible intrinsic-bondage-based materi-
als could be inserted in clearcoat systems to achieve
scratch-healing. This technique seems to be advanta-
geous over the extrinsic methods, which typically
involve a one-time healing materlal capsule, refillable
capillary, or hollow channel,'" since it can be applied to
multiple healing treatments in contrast to the one-time
method. Various studies have been carried out to heal
cracked or scratched polymeric layers using chemical
or phys1ca1 bond-based methods such as disulfide
bondmg, * hydrogen bonding,">'® and Diels—Alder
reaction.'” Despite their features, these methods still
cannot be directly applied to hard coating types
including the clearcoat, owing to the restriction to
coatings with relatively low moduli. Therefore, ad-
vanced techniques should be further developed to
realize the healing mechanism in more highly cross-
linked clearcoat layers. Recently, several studies have
dealt with intrinsic self heahng methods, e ?loylng the
Diels—Alder reaction'®!? and hindered urea®” (HU) for
applying to highly dense coatings. The HU group has
been recently introduced by Ying et al.?! The advan-
tage of the coating system containing HU is the
reversible attachment and detachment of the urea
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group even under catalyst-free and ambient room-
temperature conditions, whereas the Diels—Alder
bonds require a relatively high temperature over
130°C for their reversibility. Therefore, in this study,
we focus on the newly synthesized polycarbonate diol
(PCD) with the HU group combined with conventional
clearcoat resin to improve the repeated scratch-healing
characteristics of the clearcoat systems.

To analyze the scratch-healing behaviors of the
clearcoats in detail, it is essential to acquire reliable
quantitative scratches and actual profiles of fractured
surfaces on cured films. Micro- or nano-scratch tests
would be mare appropnate for this purpose than their
alternatives.””>* The best results could be achieved if
visualization techniques are introduced to correctlzy
observe the accurate scratch transition. Noh et al.?
reported the effects of blocked polyisocyanate
crosslinkers in automotive clearcoats on scratch char-
acteristics based on three-dimensional (3D) scratch
profiles using atomlc force microscopy (AFM).
Kutschera et al.”’ correlated the scratch resistances
and structural factors of clearcoat samples produced
through various curing modes [i.e., thermal, ultraviolet
(UV), and dual-curing] using an AMTEC car wash
simulator and AFM. The detailed observation of the
healing process under specified temperature conditions
can finely reveal the scratch-healing dynamics of the
clearcoat layer during the time evolution.”*"

In this study, we synthesized polycarbonate diols
containing the hindered urea group (PCD-HUs) with
tunable flexibility to enhance the scratch-healing per-
formance of the clearcoat layer. The synthesized
polyols were mixed with conventional clearcoat resins
and thermal crosslinker to fabricate thermally cured
coatings and form a polyacrylate-graft-poly(carbonate
urea urethane) network. The real-time curing behav-
iors of the reactive clearcoat mixtures were analyzed
using the small-amplitude oscillatory shear (SAOS)
mode of a rotational rheometer. The thermomechan-
ical properties of the cured free films were measured
using a dynamic mechanical analysis (DMA). The
clearcoat mixtures were deposited and cured over
precoated metal (PCM) sheets with primer and base-
coat sub-layers to evaluate the elastic recovery and
scratch characteristics of the realistic automotive coat-
ing layers using nano-indentation and nano-scratch
testers (NST). In particular, the NST could offer
reliable scratch patterns on the coating surface corre-
sponding to the specific normal force. The temporal
scratch patterns under various temperatures and dura-
tions were envisioned by AFM. In addition, scratching
and thermally driven healing procedures were repeated
several times to evaluate the durability of the coating
surface against repetitive external stresses applied at
the same positions. Therefore, the real-time curing
behaviors and film scratch-healing properties of the
clearcoats containing the newly synthesized PCD-HUs
were correlated for possible clearcoat applications.
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Experimental methods
Preparation of PCD-HUs
Synthesis

Hexamethylene diisocyanate (HDI), isophorone diiso-
cyanate (IPDI), dibutyltin dilaurate (DBTDL), N,N’-
di-tert-butylethylenediamine, and 2-butanone were
purchased from Sigma-Aldrich and used as received.
An acryl polyol binder, HDI trimer (Desmodur®
N3300A), and PCD (DURANOL" T56507,
M, = 800, OH value = 130-150) were supplied from
Noroo Bee Chemicals and Asahi Kasei Corporation.
The synthesis starting from the diisocyanate monomers
(HUI-DI and HUH-DI) to obtain PCD-HUs (PCD-
HUI and PCD-HUH) is illustrated in Fig. 1. To
synthesize the HU diisocyanates based on the IPDI
structure (HUI-DI) (Fig. 1a), an N,N’-di-tert-butyl
ethylene diamine (3.00 g, 17.4 mmol) solution in 2-
butanone (20 mL) was slowly added into an IPDI
(7.74 g, 34.8 mmol) solution in 2-butanone (10 mL)
through a dropping funnel under stirring for 2 h at
35°C. The HUI-DI solution was mixed into a PCD
solution in 2-butanone (27.8 g of PCD and catalytic
amount of DBTDL in 50 mL of 2-butanone) under
stirring at 70°C for 1 h and subsequently at 150°C for
30 min to obtain PCD-HU based on the IPDI structure
(PCD-HUI, Fig. 1b). After the completion of the
urethane reaction between HUI-DI and PCD, the

(a)

HU (Hindered urea) diisocyanates
2 (IPDI)

2 (HDI)

(b)
PCD (polycarbonate diol) containing HU

N
nco TN —— oo i
OCN /}\ o

reaction mixture was concentrated using a rotary
evaporator under a reduced pressure. Finally, PCD-
HUI was obtained in the form of a colorless viscous
liquid with quantitative yield. The synthesis of the
PCD-HU based on the HDI structure (PCD-HUH)
was generally identical to that for PCD-HUI, except
that HDI was used instead of IPDI.

Fourier-transform infrared (FTIR) analysis

FTIR spectra of HUI-DI, HUH-DI, PCD-HUI, and
PCD-HUH were recorded in the region of 4000—
500 cm ™" using a FTIR spectrometer (Nicolet 6700/
Nicolet Continuum FTIR spectrometer, Thermo Fish-
er Scientific Inc., USA) in the transmittance mode
under ambient conditions. The urethane reactions
between the PCD and diisocyanates (HUI-DI and
HUH-DI) with the HU group, yielding PCD-HUI and
PCD-HUH, respectively, were confirmed by the dis-
appearance of the isocyanate unit (-NCO) band at
2250 cm™! observed for HUI and HUH, and by the
intensity of the methylene unit (-CH,—) band at 2950—
2850 cm ' (Fig. 2).

Molecular weights

The number-average and weight-average molecular
weights (M,, M) and molecular weight distributions
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Fig. 1: Synthesis procedures of (a) hindered urea containing diisocyanates (HUI-DI and HUH-DI) and (b) polycarbonate diol

containing HU (PCD-HUI and PCD-HUH)
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(Dm) of the synthesized PCD-HUI and PCD-HUH
were determined using a size-exclusion chromatogra-
phy apparatus (SEC Agilent Tech 1260, Agilent, USA)
equipped with a set of gel columns (Agilent PLgel
5 pm MIXED-D column). The system was equilibrated
at 25°C in anhydrous tetrahydrofuran, which was used
as the polymer solvent and eluent with a flow rate of
1 mL min ', and calibrated with polystyrene standards
(My,: 650-6,375,000). Their properties including their
OH values are presented in Table 1.
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Fig. 2: FTIR spectra of (a) IPDI, HUI-DI, and PCD-HUI and
(b) HDI, HUH-DI, and PCD-HUH

Preparation of clearcoat coatings and their
property measurements

Reference clearcoats

Commercial 2 K clearcoats produced by Noroo Bee
Chemical (Cheonan, Korea) were selected as the
reference samples in this study. The resin mainly
consisted of acryl polyol or PCD. The acryl polyol with
an OH value of 95-100 (M,, = 10,000-20,000, T, =50°
C) was originally designed by Noroo Bee Chemical.
TS50 denotes the clearcoat sample having only acryl
polyol resin, while T30 is the clearcoat consisting of
mixed resins with acryl polyol and PCD in a weight
ratio of 3:1. Their formulations are presented in
Table 2. Swasol 1500 (Maruzen Chemical, Japan),
xylene, and butyl acetate were used as solvents. To
improve the light resistance of the clearcoat, UV
absorber and light stabilizer were added and the
DBTDL catalyst was used to accelerate the curing
reaction. The final OH values of T50 and T30 were 64.7
and 69.0 mg KOH/g, respectively. The HDI trimer
(NCO content = 22-24%) was supplied from Asahi
Kasei Corporation and used as a thermal crosslinker to
cure the coating film.

Clearcoat mixtures containing PCD-HUs

The synthesized PCD-HUI and PCD-HUH polyols
with the same nonvolatile values as references were
mixed with T50 to obtain possible clearcoats (10 and
30 wt% of TS50, see Table 3). The sample names
defined to distinguish the coatings are presented in
Table 3. For example, the coating sample having a
PCD-HUI content of 10 wt% (with respect to T50) is
denoted as HI-10. The mixing between the main resin
and crosslinker was carried out under equivalent
amounts of NCO (in crosslinker) and OH (in main
resin) groups, as presented in Table 3.

Real-time rheological measurement of reactive
clearcoats

The thermal curing behaviors of various clearcoat
samples in Table 3 could be effectively characterized
based on the real-time rheological properties [e.g.,
elastic (G”) modulus] using a rotational rheometer
(MCR-301, Anton Paar, Austria) equipped with a
temperature-controllable convection-heating chamber.

Table 1: Material and physical properties of PCD-HUI and PCD-HUH

M, (g/mol) M, (g/mol) Pwm T, (°C) OH value (mg KOH/g)
PCD-HUI 25Kk 55k 2.20 -30.6 44.9
PCD-HUH 25k 6.6 k 2.84 —44.5 40.0
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Each clearcoat mixture was prepared using a vortex
mixer (MX-S, Scilogex, USA) for 1 min before the test
and maintained on the lower plate during the flash-off
period of 5 min to sufficiently evaporate the volatile
components. To simulate realistic thermal curing
conditions, the measurement temperature was in-
creased from 30 to 150°C at a heating rate of 10°C/
min and maintained at 150°C for 20 min. The SAOS
mode was employed to elucidate the real-time thermal
crosslinking dynamics of the clearcoats, under a strain
of 1% (of gap) and frequency of 1 Hz. A disposable
plate with an 8 mm diameter was used in this test.
During the measurement, the gap between the upper
and lower plates was 300 pm.

Thermal properties of the clearcoat free films

The thermal properties of the cured clearcoat free films
were evaluated by differential scanning calorimetry
(DSC Q2000, TA Instruments, USA) and thermo-
gravimetric analysis (TGA Q500, TA Instruments,
USA). The glass transition temperatures (7,) of the
free films were determined using the first DSC heatin§
ramp between 0 and 170°C at a rate of 10°C min~
under a nitrogen atmosphere. The thermal degradation
temperature (74) was measured by a TGA in the range
of 25-600°C at a rate of 10°C min~' under a nitrogen
atmosphere to check the thermal stability at high
temperatures. HI-30 exhibited a slightly higher T,

Table 2: Formulation of reference clearcoats

Component T30 T50
Acryl polyol 34.1 45.5
Polycarbonate diol 11.4 0
UV absorber 4 4
UV HALS 2 2
SWASOL 1500 23 23
Butyl acetate 20 20
Ethyl acetate 5.2 5.2
DBTDL 0.1 0.1
Leveling agent 0.2 0.2
Total 100 100

(43.5°C) than that of HH-30 (38.9°C) owing to its rigid
ring structure. The T, values of the two free films were
found to be very similar (348.3°C for HI-30 and
349.5°C for HH-30).

DMA of the clearcoat free films

The thermomechanical properties of the cured clear-
coat free films were measured using a DMA tester
(DMA Q800, TA Instruments, USA). The rectangular
cured films clamped in a film mode unit were vibrated
at a frequency of 1 Hz and strain of 0.01 % in the range
of —80 to 140°C at a heating rate of 5°C min .

Elastic recovery and scratch-healing properties
of the clearcoat layers

Fabrication of the PCM sheet

To compare the elastic recovery and scratch-healing
properties of the clearcoat layers in the PCM sheets for
possible automotive coating applications, a phosphated
metal steel (70 mm x 30 mm x 1 mm) was covered
with a 20-pm-thick epoxy amine layer by electrical
deposition. Waterborne primer and waterborne Blasé
basecoat layers with thicknesses of 30 and 15 pm,
respectively, were deposited in series using the con-
ventional draw-down bar coating method and cured at
150°C for 30 min. Subsequently, the outmost clearcoat
layer with a thickness of 40-50 pm was coated over the
basecoat and cured at 150°C for 30 min.

Nano-indentation test

The elastic recovery characterization®' of the PCM
sheets was done using a nano-indentation tester
(NHT3, Anton Paar Tritec SA, Switzerland) with a
diamond Berkovich-type indenter. The indentation
properties, which are related to the viscoelastic recov-
ery of the clearcoat layer in the PCM, were interpreted
under the conditions of maximum force (e.g., 10 mN),
loading—unloading rates (20 mN/min), and holding
(pause) time (10 s).*

Table 3: OH values (OHV) and mixing ratios of clearcoats used in this study

Sample name T50 T30 T50-PCD-HUI T50-PCD-HUH T50-PCD-HUI T50-PCD-HUH
10 wt% 10 wt% 30 wt% 30 wt%
R-1 R-2 HI-10 HH-10 HI-30 HH-30
OHV (mg KOH/g) 64.7 69.0 62.9 62.4 60.1 59.0
Resin/crosslinker® 3.21 3.01 3.31 3.33 3.46 3.52

@HDI-trimer NCO value = 207.9 mg/g, PCD-IPDI = 44.9 mg KOH/g, PCD-HDI = 40.0 mg KOH/g
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Nano-scratch test

An NST (NST?, Anton Paar Tritec SA, Switzerland)
was employed to observe the quantitative changes in
the scratches over the clearcoat layer in the PCM. A
sphero-conical 90° indenter probe with a 2 pum radius
was horizontally scanned over a length of 1 mm with a
scratching speed of 2 mm/min on the coating surface
with a progressive vertical load force (F,). To measure
the scratch penetration depth (Py) and residual depth
(R4), the scratch tip under the progressive loading
mode followed three procedures: (1) scanning of the
initial profile of the coating surface with F,, of 0.1 mN,
(2) linear increase in F, along the scanned line up to
the assigned maximum F,, for Py, and (3) rescannin§ of
the scratched surface with F,, of 0.1 mN for Ry.*"* In
addition, an optical microscope (50 x) was used to
determine the first scratch fracture point (critical load,
L)% based on the scratch profiles. In particular, the
replicable healing feature of the scratches on the
clearcoat layer in the PCM was elucidated by the
repeated scratching and thermally driven healing
procedures. Also, these scratching procedures were
carried out using the progressive mode with a linear
increase in the normal force along the same scratch
trails.

Atomic force microscopy

The surface scratch-healing patterns after the scratch
test conducted at constant normal force of 20 mN were
characterized using AFM (AFM Wide Scan, Anton
Paar Tritec SA, Switzerland) under various tempera-
tures and durations.”> The images were recorded with
256 scan lines for 256 s (i.e., single line scan per 1 s) in
a total squared-scan area of 77.1 um x 77.1 um. The
thermally driven scratch-healing patterns, temporally
changing with the temperature (50 or 75°C) and time
(until 12 h), were compared using 1D cross-cuts and
3D images. The 3D images were also utilized for the
meticulous observation of the final (3rd) healed coat-
ing surface in the repeated scratch-healing operations
on the same scratch positions.

Results and discussion

Real-time rheological properties of the clearcoats
during the thermal curing

Real-time storage modulus data for the clearcoat
samples were acquired using the rheometer during
the thermal curing (Fig.3). Under given heating
conditions, they were crosslinked based on the
urethane reaction between the hydroxyl group in the
polyols and isocyanate functional group in the HDI
trimer crosslinker. The different onset temperatures of
the references and HH/HIs could be interpreted by the
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Fig. 3: Real-time rheological properties (G) of reactive
clearcoat mixtures

different chemical reactivities of the primary and
secondary hydroxyl groups. The clearcoat mixture
consisted of a terminal-ended primary hydroxyl group
in the PCD and side-branched secondary hydroxyl
group in the acryl polyol. According to Ionescu,*® a
higher primary hydroxyl content in the clearcoat
mixture leads to a higher overall reaction rate. There-
fore, the clearcoat mixture containing the PCD-HU is
expected to exhibit a rapid modulus growth under the
same curing condition. The storage moduli of HI-30
and HH-30 began to increase immediately at the initial
stage, while those of the references (R-1 and R-2)
started to increase above 90°C. Although the initial
curing reactions of the HI and HH series were faster
than those of the references, the maximum storage
moduli of the former were similar or slightly lower
than those of the latter. Regardless of the content of
PCD-HUI or PCD-HUH, the samples containing
PCD-HUH had slightly faster curing times than those
of the samples with PCD-HUI, considering the more
flexible segmental motion of PCD-HUH with the
linear structure.

Thermomechanical properties of the clearcoat free

Jfilms

To produce clearcoat free films for DMA tests, the
clearcoats were cured at 130°C for 1 h in a vacuum
oven and left at room temperature for 3 days to
completely evaporate the remaining solvents. Figure 4
shows the DMA results of the cured free films in the
range of —80 to 140°C at a heating rate of 5°C min~"'.
With the increase in measurement temperature, the
elastic modulus begins to decrease from approximately
0°C, leading to peaks of tand in the range of 50-70°C.
Compared to R-1, the tand-peak temperatures of the
other samples decreased with the PCD content (in-
cluding R-2, see Table 4), representing the more
flexible crosslinked network structures. In general,
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Fig. 4: DMA results of cured clearcoat free films

Table 4: Comparison of elastic moduli, T,, and Lc;,

results for several clearcoat samples

R-1 R2 HI-30 HH-30
E (MPa) (DMA at 30°C) 786.66 402.61 386.10 403.09
E (MPa) (DMA at 140°C) 1.12 142 531  3.19

T, (°C) (DMA) 67.47 56.03 5292 56.76
Lot (mN) (NST) 1478 1825 2268 28.07

elastic moduli of free films containing the PCD-HUs
were lower at room temperature but higher at 140°C
(Table 4) in comparison with that of R-1 film, which
might be closely related to scratch properties such as
L. This represents that the HU group in the PCD-
HUs was in a more actively reversible state at high
temperature, effectively reinforcing the modulus,
because the bulky urea bond could be dissociated into
isocyanate and amine and then could reversibly return
to itself’’® under the heating.

Indentation and related elastic recovery properties
of the cured clearcoat layers in the PCMs

The nano-indentation tests were carried out to mea-
sure the elastic recovery properties of the clearcoat
layers in the PCM sheets. Figure 5a presents the
indentation penetration depth (P4)-normal force (F,)
curves on various clearcoat layers, confirming the
strong effects of the amount and HU structure of the
PCD-HUs on the indentation profiles. Despite the
small normal force loading (10 mN), HH-30 was more
flexible than the other samples. It could be deduced
that HH-30 exhibited a considerably more flexible
behavior in the scratch-healing, as will be explained
later, owing to its high portion of HU groups and more
flexible urethane network. Figure 5b shows the elastic

penetration depth recovered in the unloading stage
(he), which stands for the elastic recovery property of
the coating surface.” The maximum penetration depth
could be thus divided into elastic and plastic deforma-
tion depths. Elastic portion is generally increased in the
overall penetration depth, as the amount of PCD-HUs
rises.

Scratch properties of the cured clearcoat layers
in the PCMs

The intrinsic surface hardness values of the coating
layers could be estimated using the scratch penetration
depth (P4) profiles upon the gradual load on the
sphero-conical tip of 2 pm radius in the NST test.
Figure 6a shows the scratch profiles including the
scratch penetration (P4) and residual (R4) depths on
the various coating layers under the progressive mode.
The maximum normal force was set to 50 mN in this
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Fig. 5: Nano-indentation results of cured clearcoat layers.
(a) Py—F, profiles and (b) the elastic penetration depth
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experiment to analyze in detail two scratch depths (Py
and Ry). R-1 exhibited the smallest Pq, followed by R-
2. In the HI/HH series, those of HI-10 and HH-10 did
not significantly differ. However, compared to that of
HI-30, HH-30 with the slightly more flexible network
generated a larger Py, owing to the high PCD-HUH
portion with the pliable linear structure.

In general, both urethane and urea groups in the
PCD-HUs contribute to the formation of the flexible
network,*® considering their low T, values, below
-30°C (Table 1; note that the acryl polyol has 7, of
approximately 50°C). A softer coating surface gives
rise to a larger Py at the same normal force load. This
implies that the HI and HH series produced larger Py
values than those of the references. Despite the
different P4 profiles of the various clearcoats, the
residual Ry patterns were similar for all samples. Fast
recoveries of the scratches in the HI-30 and HH-30
layers were observed due to their good elastic recovery
properties. According to Vega et al.,*’ the healing of a
scratched coating layer is divided into viscoelastic
recovery (from P4 to R4) and viscoplastic healing,
which are thermally driven. Consequently, it is
expected that a larger difference between Ry and Py
corresponds to a better recovery property. HH-30
offered the best scratch recovery, inversely related to
the surface hardness. It is identified that HH-30 could
show better scratch-healing properties through a
proper thermal treatment than those of the other
samples.

As depicted in Figs. 6b and 6c, the critical loads and
final scratch shapes of the clearcoat layers were
compared by observing their scratch patterns in the
progressive mode via panoramic optical microscopic
(50 x) and enlarged images for residual depth profiles,
respectively. The first scratch fracture points (critical
load, L) of the samples showed the same trend as the
P4 patterns in Fig. 6a, indicating that the coatings with
the relatively soft surfaces gave higher L., values. As
displayed in Fig. 6c, the crack patterns were similar to
each other, but at the end of the NST test, the scratch
size (width) was found to increase slightly with the
increase of the portion of PCD-HUs in clearcoats.
These results also demonstrate that the PCD-HUs
could more flexibly cope with these external stresses
than the reference samples.

Scratch-healing pattern analysis by AFM

The transition of the scratch patterns engraved on the
clearcoat layers was analyzed using 3D (Fig. 7) and 1D
cross-cut (Fig. 8) images by AFM during the duration
time at heated states (50 and 75°C). As shown in
Figs. 7a and 7b, R-2 and HH-10 with initially similar
surface properties displayed slightly different scratch-
healing patterns at the same healing temperature and
time (50°C for 12 h). In other words, R-2 and HH-10

had similar scratch patterns in the nano-scratch tests
and the scratches on HH-10 were a little more
remedied under given healing conditions, compared
to those on R-2. Notably, HH-30 illustrated consider-
able changes (Fig. 7c) during the healing procedure;
the peak and valley in its scratch quickly disappeared
even after 1 h at 50°C, clearly reflecting the enhanced
viscoelastic recovery and reversible attachment/de-
tachment feature by the addition of PCD-HUs with
urea group in clearcoats.

Figure 8 compares 1D cross-cut AFM images of the
scratches on the clearcoat layers at the specific posi-
tions where the load of 20 mN was applied. The total
scratch-healing rate based on the 1D cross-cut area was
evaluated by equation (1), where R is the removal rate
of scratched area, A is the initial scratch cross-cut
area, and A, is the temporal scratch cross-cut area at
the specified keeping time.

Ay — Ay

R =
Ao

x 100. (1)

Figure 9 shows the removal rates of scratched area
of the samples. At 50°C (Fig. 8a—8e), with the increase
in keeping time, the scratches on all samples were
steadily relaxed up to 12 h. For example, the scratch on
HH-10 was healed to 62.8%, that on HI-10 to 50%, and
that on R-2 to 47% after 12 h. Remarkably, HI-30 and
HH-30 exhibited outstanding removal rates (96.4% for
HH-30 and 94% for HI-30), owing to their flexible
structures featured by the PCD-HUs. Note that the
further increase in healing temperature (75°C) led to
considerable changes in the scratches even at a heating
time of 10 min (Fig. 8f). HI-10, HH-10, and R-2 had
removal rates of scratched area of approximately 97 %
in this case. It can be concluded that the PCD-HUs in
the coating system could provide enhanced scratch-
healing performances under the given healing condi-
tions.

Durability features through repeated scratching
and healing procedures

The progressive-mode scratching (0.1-40 mN) and
thermally driven healing (75°C, 12 h) procedures were
repeated three times to investigate the durable abilities
of the healed coating surfaces against the external
stresses. The penetration and residual depth profiles of
the scratches for R-2, HH-10, and HH-30 clearcoat
layers during three-times scratch-healing procedures
are portrayed in Fig. 10. The final healed scratch
profiles (blue line) on the coating layers were obtained
after the third scratching and subsequent healing. Even
though the residual depth level was similar in each
scratch stage, the fracture size in the residual scratch
image steadily increased with the number of repeating
cycles in the scratch test, implying that there exists a
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Height (um)

40 um

Height (um)

40 um

Fig. 7: Changes of 3D scratch patterns (at F, = 20 mN) on several clearcoat layers under different duration times at 50°C for
(a) R-2 (0 h and 12 h), (b) HH-10 (0 h and 12 h), and (c) HH-30 (0 h and 1 h)

little mass loss on scratched space during the repeated
scratch-healing tests. Additionally, with the increase in
the PCD-HU content, both fracture number and size
considerably decreased due to its flexible feature and
reversible exchange. Figure 11 shows panoramic
images of the scratched surfaces for several clearcoat
layers shown in Fig. 10 and their AFM 3D images at
specific positions after the third scratch-healing test.
The critical load point (L.;) gradually decreased with
the number of scratch test cycles. R-2 had a scratch
fracture size of approximately 3 um after the third
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healing stage. The fracture effectively disappeared with
the increase in the PCD-HU content. HH-30 had
superior recovery and durability characteristics against
perpetual external stresses.

Conclusions

The newly designed PCD-HUs for the 2 K clearcoats
were systematically verified by rheological, thermal,
and surface mechanical tests. Clearcoat mixtures with
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«Fig. 8: Changes of 1D scratch patterns (at F,, = 20 mN) on
several clearcoat layers under different duration times at
50°C for (a) HI-10, (b) HH-10, (c) HI-30, (d) HH-30, and (e) R-2.
(f) Comparison of scratch patterns for several clearcoats
for 10 min of 70°C
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Fig. 9: Removal rates of scratched area of various
clearcoats

the PCD-HUs (HI/HHs) exhibited similar or slightly
lower maximum elastic moduli than those of the
references but had lower curing onsets owing to their
high reactivity in the real-time rheological measure-
ment during the thermal curing. In addition, the HI/
HH series bestowed thermomechanical properties
favorable to scratch-healing at high temperature in
the DMA test, compared to those of the references.
Tests of the surface mechanical properties, including
the nano-indentation and nano-scratch tests, clarified
that HH-10 and R-2 with initially similar surface
properties nevertheless showed different scratch
shapes through the repeated scratching and thermally
driven healing procedures. In addition, HI-30 and HH-
30 exhibited better healing properties than those of the
other samples at the same temperature and duration in
the nano-indentation and single/repeated scratch tests.
Results demonstrated that the clearcoat mixtures
containing the PCD-HUs provided better scratch-
healing characteristics at a given temperature and
duration, capable of optimally tuning the healing
properties as well as the rheological and surface
mechanical properties of the clearcoat layers.
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Fig. 11: Panoramic scratch views of (a) R-2, (b) HH-10, and (c¢) HH-30 clearcoats through repeated scratch-healing

procedures and their AFM images after the third healing stage
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