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Abstract Scratch characteristics and self-recovery
behaviors of automotive clearcoats including newly
designed silane-modified blocked polyisocyanate
(SMBI)' as an organic—inorganic hybrid crosslinker
were compared with those with the commercially well-
known crosslinkers such as blocked HDI-based and
blocked IPDI-based polyisocyanates. To extensively
scrutinize the effects of various crosslinkers with
different chemical structures on the chemical and
mechanical properties of clearcoats themselves, rigid-
body pendulum tester analysis, creep-recovery ana-
lysis, and FTIR analysis were performed, resulting in a
noticeable variation in curing features and crosslinking
networks. Employing the overall coating systems by
depositing clearcoats with different crosslinkers above
the same undercoats on galvanized steel, the scratch
behaviors on the surface of the outermost clearcoat
layer were examined via the nano-scratch tester for
scratch depth profiles and atomic force microscopy for
three-dimensional scratch images, under various self-
reflow temperatures and duration time periods. The
results demonstrated that the SMBI crosslinker in-
duced a considerably higher degree of crosslinked
networks, through the reaction of urethane bonds and
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silanol bonds in clearcoats, in comparison with the
blocked HDI and IPDI polyisocyanates. Also, the
recoverable behaviors of scratched clearcoats contain-
ing different blocked polyisocyanates were affected by
the intrinsic chemical structures of crosslinkers, as well
as scratch-recovery conditions such as external tem-
peratures and duration times.
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Introduction

Today’s automotive clearcoats, with their splendid
appearances, are expected to undergo a variety of
severe environmental stresses without exhibiting per-
manent damage. One intensive environmental stress is
the dynamic mechanical force that causes significant
scratch and mar damage on a clearcoat surface,
deteriorating the high-gloss appearance of clearcoats.
Marring is a kind of physical damage that occurs within
a few micrometers of the surface, and a scratch is a
severe kind of marring that can be more obtrusive,
owing to the wet-look exterior of automotive coatings.
These minute scratches, in particular, are significantly
detrimental to a glossy visual effect. Recently, both
scratch and mar damages have been recognized as
serious environmentally related coating defects, induc-
ing not only major concerns for consumers but also
warranty issues for automotive industries.”"*

Thus, extensive research studies have been explored
to formulate clearcoats with better scratch-resistant
properties and also to develop ingenious technologies
for the characterization of scratch and mar resistance.
Most previous works have focused on trying to
optimally design clearcoat formulations in terms of
the improvement of scratch resistance by increasing
crosslink density within polymer networks,'>'” the
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prepared in the same way, using the same acrylic polyols
(Setalux 1756 VV-65 with 90 mg KOH/g and Setalux
91772 SS-60 with 150 mg KOH/g from Nuplex) and
butylated melamine (Setamine US 138 BB-70, Nuplex) as
listed in Table 1. A total of 12 different clearcoats were
formulated including SMBI (Vestanat BS-1940/1, Evo-
nik) designated by H to H-3, HDI (Desmodur PL-350,
Bayer) designated by I to I-3, and IPDI (Desmodur BL-
4265, Bayer) designated by J to J-3,"! respectively. In
particular, the ratios of acrylic to melamine resins in
clearcoat samples containing three different blocked
polyisocyanate crosslinkers were varied from 2.07 to 2.55,
3.21, and 4.53. The ratios of butylated melamine to three
different blocked polyisocyanates were changed to exam-
ine the effect of each crosslinker on the physical proper-
ties of clearcoats under the fixed solid content of acrylic
polyols. Tinuvin 400 (BASF SE) was added as a UV
absorber (UVA), and Tinuvin 292 was used as a hindered
amine light stabilizer (HALS). A small portion of
Baysilon OL (Bayer AG) as a silicone oil was included
for surface leveling.

The above clearcoats themselves were directly uti-
lized for RPT, FTIR, and creep tests, as will be
described in the next section. In particular, conventional
automotive OEM coating systems were applied for
nano-scratch tests to clearly capture the scratch dam-
ages of the outermost clearcoat layer. Galvanized steel
panels were first phosphated and then electrocoated
with a standard epoxy-based electrodeposition paint to
a thickness of approximately 20 to 22 um. The conven-
tional dark-gray solventborne primer and waterborne
black basecoat supported from PPG Industries were
subsequently deposited on the electrocoated panels in
series with thicknesses of 30 to 33 ym and 10 to 13 um,
respectively, using the pneumatic spray-coating meth-
od. Finally, the clearcoats prepared for this study were
sprayed on the basecoat layer with 40 to 50 um
thickness and then cured at 140°C for 20 min. Physical
characteristics of the cured clearcoats were measured,
after keeping them at room temperature for 24 h.

Characterization methods
Curing analysis using RPT

To analyze the crosslinked network structure and
reaction rates of clearcoats, an RPT (RPT-3000 W,
A&D, Japan) was utilized on the basis of ISO 12013-1
and 12013-2. This is a useful and easy tool to monitor the
change of physical properties of clearcoats during
various thermal curing operations in the wide temper-
ature range from —100 to +400°C. A knife-edge pendu-
lum was installed to determine variation in pendulum
periods from oscillating patterns of the pendulum driven
by magnetic force, directly grasping the variation in
surface properties caused by the evolution of chemical
and physical crosslinked networks inside clearcoats.
More detailed descriptions for RPT equipment have
been introduced in other studies."'®* In this study, the
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Fig. 1: The curing behavior of clearcoat samples H-3, I-3,
and J-3 using a rigid-body pendulum tester at 150°C

curing temperature inside the RPT’s heating chamber
was gradually raised from room temperature to 140°C at
a rate of 23.4°C/min and then maintained at a slightly
elevated 150°C for the curing behavior measurement.
For this test, the average film thickness was 40 to 50 um.

FTIR analysis

In order to verity the evidence of chemical reactions in
the prepared clearcoats between the hydroxyl functional
groups on the acrylic polyol and isocyanate, and the
modified silane functional groups of the SMBI, an FTIR
technique was performed using a Spectrum 100 (Perkin
Elmer, USA), based on attenuated total reflection
(ATR) technology. In this way, chemical reactions by
three different polyisocyanate molecules were illumi-
nated via FTIR analysis as follows. The absorption
bands at 2270 cm ™' for -NCO, 1720 em ' for -NHCO,
1690 cm ™' for -NHCOO, and 1080 cm ™' for -Si-O-Si-
assure the reaction between the acrylic polyol and three
different polyisocyanates. Note that the solution of
Baysilon OL-10% as a silicone leveling agent was
removed in this experiment to avoid interference with
the —Si-O-Si- peak of the FTIR spectrum.

Creep-recovery test

A creep-recovery method (MARS-II, ThermoScientif-
ic, Germany) was employed using free-standing clear-
coat films to investigate the creep compliance, J(7),
under a constant stress that stands for the degree of
elasticity and the shear deformation.*>** Thus, how the
compliance data for cured clearcoats temporally
changed with different polyisocyanates could be ascer-
tained, reflecting the variation of crosslinked networks
and viscoelastic properties of clearcoats. The films of
approximately 300 ym thickness were produced by
spraying clearcoats on the release paper and drying
them at 140°C for over 20 min. Note that there was no
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Fig. 2: FTIR spectra after thermal curing of clearcoats at 140°C: (a)~(c) —COO peaks (1690 cm™") in urethane bond [-
NHCOO-] for H, I, and J-type clearcoats, and (d) —Si-O-Si— peaks (1080 cm ") for H-type clearcoats

residual solvent inside the dried clearcoat films under
the given drying conditions.” Stresses (7) were applied
to 1 x 10° Pa and 2 x 10° Pa, and duration times for
creep and recovery were 50 and 150 s, respectively.
Note that all creep compliances were measured as a
function of time at ambient temperature.

Scratch test

The scratch behaviors of clearcoats, including self-
recovery or self-reflow phenomena, were examined
using a nano-scratch tester (NST, Ogen Platform, CSM
Instruments, Switzerland)."**!1142¢ A progressive
deformation load was provided to initiate fractures
and plastic deformations on the clearcoat surface.
During the nano-scratch test, the normal force acting
on the clearcoat surface was gradually raised from 1.0
to 20 mN, with a scanning load speed of 1 mN/min. A
sphero-conical 90° nano-indenter probe with an in-
denter radius of 0.5 ym was implemented for this test.
The nano-indenter checked scratch depths [penetra-
tion depth (Pd) and recovery depth (Rd)] of each
sample, according to the ASTM norm D7187. Depth
profiles and three-dimensional images of scratch pat-
terns of clearcoats with different blocked polyisocya-
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Fig. 3: Plots of J(t) of clearcoat samples H-3, I-3, and J-3
from the creep test under constant stresses of 1.0 x 10° Pa
(z4) and 2.0 x 10° Pa (z)

nates under various scratch-healing temperature
conditions were captured by contact mode AFM
(Nanos, ScanPanel, Bruker, Germany), in connection
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with a Peltier plate (PE94, Linkam, UK) to control the
temperature range from 25 to 90°C.

Results and discussion
Curing analysis by RPT

Curing features of three clearcoat samples containing the
highest portions of blocked polyisocyanate crosslinkers,
named H-3, I-3, and J-3, were analyzed using the RPT to
deduce changes in the extent of curing reactions, i.e.,
different formations of polymer crosslinked networks
during the clearcoat curing, and flow resistance. Figure 1
shows a decrease of the oscillating period of the pendu-

lum for all samples, as the temperature was raised from 25
to 150°C. Furthermore, the decreasing pattern of the
swinging period curves was shown to be quite dependent
on the formulation of clearcoats with different kinds of
blocked polyisocyanate crosslinkers. Sample H-3 was
more reactive than samples I-3 and J-3 in that the curing
curve for H-3 based on SMBI had a considerable descent
owing to the increased networks. This is directly con-
nected to the higher reactivity of the functional groups in
SMBI, including two isocyanate functional groups and
three additional alkoxysilane functional groups." SMBI
can typically induce crosslinked networks through not
only urethane bonds, but also inorganic bonds, via the
attached alkoxysilane functional groups, leading to
improved mechanical properties, such as scratch resis-
tance, as will be described later.

(a)
Reflow _ ]
condition Ambient (25°C)
samples
H H-1 H-2 H-3
samples
| I-1 -2 -3
samples
J J-1 J-2 )3
(b)
Reflow 90°C for 2h
condition
samples
H H-1 H-2 H'3
samples
| I-1 -2 -3
J-type
samples
J J-1 J-2 J-3

Fig. 4: Scratch patterns of H-, I, and J-type clearcoat samples via nano-scratch test (200x magnifications using optical
microscopy) under (a) ambient and (b) temperature conditions of 90°C for 2 h
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FTIR analysis

Blocked polyisocyanates, including a number of isocy-
anate group blocking agents, can be dissociated when
heated. After de-blocking at elevated temperatures,
the released isocyanate groups react with the hydroxyl-
terminated components of clearcoats to form a net-
work of crosslinked urethane polymer structures. The
de-blocking reaction can be easily identified bly the
appearance of the —-NCO group at 2270 cm™ and
the disappearance of the -C=0O group in the blocked
-NHCO group at 1720 cm™', as in the previous
report." Note that the de-blocking reaction was sub-

stantially activated over 120°C. Typically, crosslinking
reactions forming urethane bonds gradually occurr
between the hydroxyl groups in acrylic polyol and the
de-blocked —COO ester groups in blocked polyioscy-
anate over 120°C. Figures 2a—2c show that absorption
peaks at 1690 cm ™! for three sample groups, assigned
to the carbonyl group of urethane (-NH-COO-)
bonds, were considerably raised with the increasing
amount of three blocked polyisocyanates. The absorp-
tion peaks at 1690 cm ™! for H-type clearcoats were
slightly higher than the others, because these
contained SMBI with both urethane and alkoxysi-
lane groups, exhibiting the silane-urethane hybrid

Reflow Ambient (25°C) 50°C for 2 h 70°C for 2 h 90°C for 2 h
conditions
H
H-3
y:20 um x: 20 um
I 0
y:20 um X: 20 um
1-3
J
J-3 /o ,//
y:20 um X: 20 um y:20 um X: 20 um

Fig. 5: Three-dimensional AFM scratch images of H-, |-, and J-type clearcoat samples at the lateral load of 10 mN in the
nano-scratch test under ambient, 50, 70, and 90°C for 2 h, respectively
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Fig. 6: Scratch-recovery profiles of H-type clearcoats with different contents of SMBI using the nano-scratch test and AFM
at the lateral load of Lc1 under various temperatures and duration times

crosslinking. Three alkoxysilane groups of the SMBI
additionally enhance the crosslinking density, either via
hydrolysis and self-condensation reactions creating —Si—
O-Si- bonds, or reactions with the hydroxyl groups of
the acrylic polyols. The generation of —Si—-O-Si- bonds
in SMBI was corroborated by the FTIR spectra 1n
Fig. 2d, in which the absorption peaks at 1080 cm™
assigned to an —Si—O-Si- vibration increased with the
content of SMBI. These results 1dentlcally correlated
with the previous published data.!

Creep-recovery properties

In order to qualitatively compare the change of
elasticity and deformation of cured solid-like clearcoat
films with dlfferent crosslinkers under room tempera-
ture condltlons creep-recovery measurements
were performed under impartment (0-50s) and
release (50 -200s) of two constant stresses  of
7y =1 x 10° Pa and 1, = 2 x 10° Pa. Figure 3 displays
the deformation and recovery features of H-3, I-3, and
J-3 samples in terms of creep compliance, J(¢). Sample
1-3, with considerable flexible chain structure, showed
larger compliance when the stress was applied, and

larger recoverable behavior when the stress was
released, than samples H-3 and J-3, considering the
degree of recovery defined as J/J,ax. Here, J . and J;
denote the maximum J(¢) at 50 s and the difference
between J.x and J(¢) at 200 s, respectively. It should
be mentioned here that the compliance curve for
the H-3 sample was higher than that for the J-3
sample, when higher stress (7,) was applied, as opposed
to the case under relatively lower stress condition (t7).
This might be due to the relative response of rather
flexible —Si—O-Si— bonds in the H-3 sample.

Scratch resistance and recovery characteristics

The scratch behavior of clearcoats can be quantified in
terms of the load at the first fracture (designated by
Lc1), width and depth shapes of scratches, and scratch
recovery. The transition from the plastic deformation
to the fracture range is identified by the indentation
depth profile under the given load, captured by the
AFM. It is also crucial to consider the recovery
characteristics of scratched clearcoats, as an indicator
of their reflowability, when extrinsically triggered by
the external heating process. Figure 4 illustrates the
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Fig. 7: Scratch-recovery profiles of I-type clearcoats with different contents of HDI using the nano-scratch test and AFM at
the lateral load of Lc1 under various temperatures and duration times

comparison of fractured one-dimensional images at
Lcl of clearcoats with three different crosslinkers
under the ambient conditions (Fig. 4a) and the reflow
conditions at 90°C for 2 h (Fig. 4b), after the nano-
scratch test within the range of lateral load from 1.0 to
20.0 mN. The recovery patterns of scratched clearcoats
in Fig. 4b fairly reflect the intrinsic chemical structures
of blocked polyisocyanate crosslinkers. I-type samples
remarkably healed their scratched cracks, as the
portion of HDI crosslinker increased, due to their
typically plastic deformable characteristics endowed by
linear aliphatic chains of HDI. Note that the effect of
the portions of crosslinkers in H-type and J-type
samples on the scratch recovery was not definitely
discerned from these one-dimensional images, cap-
tured by conventional optical microscopy.

In order to analyze the effect of scratch recovery
more systematically, the scratched substrates at 10 mN
were annealed at ambient, 50, 70, and 90°C for 2 h,
respectively. The subsequent full three-dimensional
images via AFM depicted in Fig. 5 show that I and I-3
samples containing blocked HDI polyisocyanate were
more notably recoverable from the main scratch lines,
under various self-reflow temperature conditions. It is
substantiated that the flexible linear aliphatic chemical
chains with both hard and soft segments in the
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polyurethane backbone (i.e., HDI) can effectively
improve the capability to recover scratches induced
by an external lateral force, in contrast with the
aromatic chains of blocked polyisocyanates (i.e., SMBI
and IPDI). In addition, the scratch-recovery effect was
greatly enhanced over 70°C, regardless of the amount
of blocked HDI polyisocyanate.

Samples H and H-3 with SMBI also exhibited
moderate scratch-recovery ability in proportion to the
given temperature conditions, which could be ascribed
to polymeric networks formed by both the urethane
and silanol bonds inside SMBI. The deep penetration
and scratch fracture patterns for samples J and J-3 with
IPDI still remained, even after annealing, in this case
evidently indicating the fracture deformation mode
rather than the plastic deformation mode.

The two-dimensional penetration depth profiles of
scratches from the nano-scratch test were compared in
detail using simultaneous visualized AFM under var-
ious conditions, i.e., self-reflow temperatures from
ambient to 50, 70, and 90°C and duration times of 1
and 2 h, as portrayed in Figs. 6, 7, and 8. As the portion
of SMBI in the clearcoat increased from H to H-3,
penetration depths and widths of scratches at the
lateral load of Lcl were effectively alleviated, showing
the increased external scratch resistance and scratch-
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Fig. 8: Scratch-recovery profiles of J-type clearcoats with different contents of IPDI using the nano-scratch test and AFM at
the lateral load of Lc1 under various temperatures and duration times

recovery features by the combination of urethane and
silanol bonds; for instance, the penetration depth
decreased from 1.2 to 1.4 um for samples H and H-1,
to 0.37 for H-2, and 0.19 um for H-3, under ambient
conditions. Reinforcement of SMBI in a clearcoat
consistently improved penetration resistance and also
gave an excellent scratch-recovery property along with
the self-reflow temperatures and duration times
(Fig. 6) due to the flexible -Si—-O-Si— bonds in H
samples. These results were correlated with those from
the creep-recovery test in Fig. 3. During the reflow
stage, most of the scratch damages of sample H-2 could
be healed up to satisfactorily reduced depths of
0.15 um over 70°C for 1 h. Also, sample H-3, with
the higher SMBI content, exhibited superb scratch
resistance, resulting in smaller deformation and better
recovery properties from its asymmetrical depth pro-
files.

As displayed in Fig. 7, penetration depths and
widths of I-type clearcoat samples also showed better
scratch-recovery effects in proportion to the amount of
blocked HDI polyisocyanate under various tempera-
tures and duration times. The influence of self-reflow
conditions on the scratch recovery of I-type samples

was definitely superior to that of H- and J-type
samples, due to their intrinsic linear aliphatic poly-
meric structure based on HDI. It is noteworthy to
mention that I-type samples with a more flexible and
ductile property did not show enhanced resistance to
external scratch loads under the ambient conditions,
despite the increase of the blocked HDI polyisocya-
nate.

J-type samples, based on blocked IPDI polyisocya-
nate, showed more significant cracking patterns, and
less effective scratch-recovery features, even under the
increased temperatures and duration times (Fig. 8).
These characteristics were mainly ascribed to the
polymeric structure of IPDI, derived from a cyclic
structure, not playing an important role in the resto-
ration of scratch damages. Furthermore, J-type sam-
ples gave relatively deep penetration and considerable
residual depth patterns under various self-reflow tem-
peratures and duration times, resulting from their
fracture deformation feature. It is worth mentioning
here that it will be helpful to further identify the
temporal evolution of scratch and self-reflow proper-
ties of clearcoats during long-term aging in the
next study.
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Conclusion

The scratch characteristics of automotive clearcoats
containing three different blocked polyisocyanate
crosslinkers, namely SMBI, as well as conventional
HDI and IPDI, accompanied with acrylic polyol and
butylated melamine resins, were systematically inves-
tigated by means of a nano-scratch test in connection
with AFM. The scratch performance and recovery
features of various clearcoats were interpreted with
changes in their own physical properties and reaction
characteristics. It was revealed that SMBI crosslinker
could considerably enhance the scratch resistance from
nano-scratch tests in comparison with HDI and IPDI
crosslinkers, as its portion increased; and also, it
offered reasonable recoverable capability of a clear-
coat by controlling external self-reflow temperature
and duration time conditions. Due to the formation of
urethane and silanol bonds by SMBI in the clearcoat,
the scratch pattern relied more upon plastic deforma-
tion than fracture deformation in the range from low to
high external shear force. The recovery nature of
damaged scratches on the clearcoat surface might be
closely related to the intrinsic polymeric structures of
each crosslinker as well as the self-reflow conditions.
Penetration depth profiles, and two- and three-dimen-
sional images from nano-scratch tests combined with
AFM, demonstrated indispensable data to figure out
the role of three different crosslinkers on the scratch
recovery of automotive clearcoats. The data acquired
from the RPT test could competently reinforce the
relationship between the formation of crosslinked
polymeric networks inside clearcoats and their result-
ing scratch and recovery performance.
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