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• The curing properties of an ultraviolet
ray thin coating system were analyzed
using a slide cutting system

• This is the first study evaluating the cur-
ing properties of a coating material
using the resistance of the blade.

• Depending on the reaction conditions, it
has oxygen inhibition effect up to 15um
from the surface.

• As the concentration of functional group
and initiator increases, the surface un-
cured zone thickness decreases.
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There are various thin coating technologies, among which the UV coating technology is attracting attention in
next-generation industries. In order to utilize the UV coating system stably, it is necessary to analyze and address
the problems of surface oxygen inhibition and UV penetration, which lead to irregular curing characteristics. For
this, three different UV-curing resins were selected. The effects of the structural difference of the material and
change in the initiator content along the thickness direction during UV curing were evaluated by the sliding cut-
ting technique (which involves cutting the coated surface at a superfine angle). Thus, it was confirmed that the
effect of surface oxygen inhibition during UV curing is very large on the surface. Here, surface curing could be in-
duced by increasing the functional group concentration and introducing a hybrid curing system.With increasing
initiator content, the formation of amaterial with a high curing density on the surface and an irregular hardening
structure in the deep part was confirmed. Therefore, the sliding cutting technique is a very effective approach to
control the thickness profile of a UV coating system.

© 2019 Published by Elsevier Ltd. This is an open access article under the CC BY-NC-ND license (http://
creativecommons.org/licenses/by-nc-nd/4.0/).
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1. Introduction
Thin coating technology has traditionally been employed for system
protection and the surface modification of materials. Its usage has re-
cently gradually expanded to key areas such as biomedical/next-
generation electric and electronic fields [1,2]. Thin coatings range in
size from tens of micrometers to tens of nanometers. Thin coating tech-
nology can prevent oxidation of the material and enhance the biocom-
patibility of the material while maintaining the appearance and
surface reactivity of the raw material [3,4].

Sputtering, electron beam, chemical vapor deposition (CVD), wet
coating, electrochemical/chemical coatings, and UV coating techniques
are employed to prepare thin coatings. Eachmethod has its own advan-
tages depending on the raw material and shape of the coating layer.
Among them, the UV coating technology is suitable to protect/primer
coatings of tens of micrometers. UV curing is a process that transforms
a functional monomer into a cross-linked polymer by a reactive radical
initiated by free radicals or ions. UV coating technology is regarded as
eco-friendly process, because it is simple, energy-efficient, and very
fast compared to other technologies. However, the toxicity and stability
of thematerial itself are still under study, andmigration or remaining an
issue to be resolved [5–7].

Nevertheless, somedrawbacks need to be addressed to continuously
expand the utilization of UV coating technology to next-generation in-
dustries. Free radical technology ismost commonly used in UV coatings.
When using a free radical system in UV coating technology, the inhibi-
tion of the reaction by oxygen on the surface, UV transmission by sur-
face absorption, and the problem of the uncured bottom site are key
issues that require solutions [8,9]. Typically, to resolve such issues, the
system is designed such that the surface state can be purged with nitro-
gen or irradiated with excess UV to reach the deep part; however, such
solutions are not suitable under space limitations and high-speed pro-
cess systems [10,11].

In order to analyze the curing characteristics of a UV curing system
based on free radicals, Raman analysis or image-Fourier-transform in-
frared spectroscopy (FTIR) have been employed. However, these ap-
proaches have limited efficiency. It takes a long time to analyze one
system or prepare a specimen. Uncured specimens cannot be individu-
ally sampled, making accurate measurement difficult [12]. Typical eval-
uations such as those of UV light transmission characteristics, reaction
transfer rate, or shrinkage rate are suitable to analyze thick films, but
are difficult to achieve in thin coatings. As the existing test method in-
volves using bulk materials or a mass-based evaluation, it is difficult to
apply it to the analysis of the curing characteristics of thin films [8,13].

The components of the UV curing system are varied. These factors
can be varied to control the reactivity of the UV curing system [14,15].
The curing characteristics with respect to the thickness direction are
changed according to the reactive control. This is because the transmit-
tance and partial curing of UV are changed. Variable control of the
Fig. 1. (a) Schematic diagram of the SAICA
material is easy, but changes in the curing properties are also rapid.
Therefore, a system capable of quickly analyzing various controllable
variables is required [16,17].

The sliding cutting technique involves cutting thin materials from
the surface of the specimen to a deep portion at a very minute inclina-
tion angle [18]. The inclination angle is determined by the velocity
ratio between the horizontal direction and vertical direction. This tech-
nique has been utilized to fabricate microsized test specimens for the
surface oxidation of materials or to measure the adhesion of thin-film
coating layers of ion batteries. When the cutter moves to the deep
part, the change in the curing degree causes a change in the shear resis-
tance applied to the cutter. In the past, this has been utilized to confirm
the interface betweenmultilayer thin films [19,20]. Although the sliding
cutting technique has been used for sampling or interfacial peel
strength measurement, no research has been conducted to analyze the
characteristics of materials directly using shear resistance. In particular,
this researchmethod is an approach to observe bulk properties ofmate-
rials. It is a new test method that can directly observe the physical prop-
erties of materials which change according to the curing properties.

In this study, the curing depth profile of a thin coating film was ana-
lyzed through themicro strength changes during sliding cutting; more-
over, surface curing inhibition and deep penetration analyses of the UV
coating system were performed. Finally, the influence of the composi-
tion of the material on the thickness direction in the curing profiles
was analyzed.

2. Experimental

2.1. Surface and interfacial cutting analysis system

The surface and interfacial cutting analysis system (SAICAS, Daipla
Wintes, Japan) is a machine for slicing thin specimens from the surface
to the interface using sharp diamond cutting blades. Fig. 1 is a schematic
diagram of the SAICAS, where “step 1” measures the shear strength of
the material and “step 2” measures the peel strength at the interface.
Thus, SAICAS can perform two major measurements; however, this
study focuses on step 1. The movement of the diamond cutter was con-
trolled to be 50 μm/s horizontally and 0.5 μm/s vertically, with a cutting
slope progression to 0.57°. The cutting surface of each specimen is
shown in Fig. 2. The larger the aspect ratio, the higher the resolution
of the depth profile. However, the viscoelastic nature of the coated sur-
face causes issues with the restoration of pressure. Therefore, we ad-
justed the aspect ratio from 10 times to 1000 times, and after pre-
evaluation, decided the best ratio for this experiment.

2.2. Composition of materials

The UV coating system consisted of a multifunctional oligomer
capable of forming a cross-linked structure, reactive diluent for
S test [21] (b) shape of cutting blade.



Fig. 2. (a) Sliding cutting test piece (movement ratio, 1:100; slope, 0.57°) obtained with SAICAS (b) post-cut image by each specimen.
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controlling the viscosity and reactivity, an additive for controlling the
functionality, and a photoinitiator [22]. Among them, the multifunc-
tional oligomer has a high functional group density and directly forms
a three-dimensional cross-linked structure, which has the greatest in-
fluence on the reactivity and coating film performance. In this study,
we investigated the curing characteristics of three multifunctional olig-
omers, dipentaerythritol hexa acrylate (DPHA, Sartomer, France),
trimethylolpropane ethoxylate triacrylate (TMPEOTA, Sartomer, Rieux,
France), and melamine acrylate (MA, Miwon Specialty Chemical, Re-
public of Korea) (Table 1).

DPHA is a hexafunctional material with a very high functional group
density and high reaction rate. TMPEOTA, which has a low functional
group density and high structural flexibility, was selected based on
DPHA, and MA, which can be cured by thermal hybridization, was
selected to showcase a complementary technology to the single UV
curing system. 1,2-octanedione, 1-[4-(phenylthio) phenyl]-,2-(O-
benzyloxime) (PI, CIBA, Germany) was used as the photoinitiator. The
photoinitiator was prepared as 0.1/1.0 parts per hundred resin (phr)
of the oligomer. The coating thickness was 100 μm ± 5 μm, which
was controlled by blade coating. In order to increase the wettability
and adhesion of the oligomers and counter the issue of UV reflection,
we applied a coating to the slide glass. The UV curing equipment uti-
lized a 250 W class metal halide lamp. The UV transmittance (Ddp)
was determined by the total energy delivered to the system, the initia-
tor content, and critical E of the system (ε), which can be interpreted as
[8]:

Ddp⇔
2

2:303ϵ PI½ � ð1Þ

In this system, we tried to observe the change in UV transmittance
with the change in the initiator content by maintaining the UV dose
constant. The UV light source was a metal lamp, irradiated with
50 mJ/cm2 UV on the surface, and cured in a normal atmospheric envi-
ronment.MAwas additionally thermally cured at 80 °C for 30min to in-
duce curing by heat.
Table 1
Key properties of multifunctional oligomers.

Materials Dipentaerythritol hexa acrylate (DPHA)

Functionality number 6
Molecular weight (g/mol) 524
Average functionality number (mol/g) 0.0114
Curing type UV (radical)
3. Result & discussion

3.1. Curing depth profiling according to structural characteristics of the
material

Fig. 3 shows the results for the sliding cuttingmeasurements of DPHA
(PI 0.1 phr). Both, the horizontal and vertical strengths, have maximum
values at 1 to 2 μmfrom the surface, which is attributed to the fracture re-
sistance of the cured surface. Oxygen inhibition is known to significantly
affect the surface in a UV coating system [23]. In the experimental results,
the hardest layer (of high hardening density) is formed on the surface.
After activation of the initiator on the surface of the UV coating system,
there occurs a competitive reaction of curing with acrylate or inhibiting
with oxygen. It is generally known that the reaction rate of acrylate
tends to be proportional to the functional group. Park et al. reported
that the reactivity of acrylates varies with the reaction environment but
tends to be proportional to the functional groups [8,22]. When a high-
density acrylate such as DPHA is used, the curing reaction of the acrylate
is predominant. In amultifunctional acrylate structure, two ormore func-
tional groups must react to form a three-dimensional cross-linked struc-
ture. As DPHA has a six-functional structure, the crosslinking reaction is
advantageous, because only one-third of the functional groups participat-
ing in the reaction form a three-dimensional cross-linked structure. The
vertical strength gradually decreases and becomes negative from 4 to 5
μm because of the elastic characteristics of the cured film, and the com-
pression energy in the vertical direction during cutting affects that in
the horizontal direction. The recovery characteristic from the upper part
to the lower part of the cutting blade was obtained in order to reverse
the direction of the force.

Further, it can be assumed that the test specimen generated on the
cut surface continuously interacts with the cutting knife. The horizontal
strength is measured to be stable until 12.5 μm and tends to oscillate
thereafter. The vibration phenomenon is due to random energy transfer
from irregular cracks. This is attributed to theweak internal cohesion of
the material with a low degree of curing. Thereafter, the horizontal
strength decreases abruptly and the vertical strength is partially recov-
ered at 18 μm. Subsequently, the coating layer gets peeled from the sur-
face, owing to incomplete curing.
Trimethylolpropane ethoxylate triacrylate (TMPEOTA) Melamine acrylate (MA)

3 3
692 ~1500

0.0043 0.002
UV (radical) UV (radical)

Thermal (condensation)



Fig. 3. Sliding cutting strength using DPHA (PI 0.1 phr) (a) experimental results (b) interlayer classification by degree of curing.
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In the uncured region, the phase of thematerial completely changes,
from a solid phase with a viscoelastic characteristic to a viscous liquid
phase. The strength tends to change abruptly as peeling occurs at the
boundary between the unstable region and uncured region. In the hor-
izontal section, the strength suddenly decreases,while in the vertical di-
rection, it tends to suddenly increase as the pressure for vertical
pressing disappears owing to the elasticity of the material.

Fig. 4 shows the results of the sliding cutting measurements of
TMPEOTA (PI 0.1 phr). In TMPEOTA, the knife moved about 2.5 times
deeper than in DPHA. This is attributed to uncured portions on the sur-
face. The stress changed only slightly for both vertical and horizontal
strengths up to 15.1 μm. The cured form (Fig. 6) obtained after cutting
the non-cured layer on the surface shows that while some viscous olig-
omers are cut, fluidity still remains. This occurs because oxygen in the
atmosphere penetrates the surface of the coating owing to the oxygen
inhibition effect on the surface. Oxygen acts as a very strong inhibitor
to capture and remove radicals during radical formation and polymer
growth. Therefore, it is considered that such an oxygen interference ef-
fect results in an uncured characteristic on the surface. The functional
density of TMPEOTA is 38% of that of DPHA. After the radicals are
formed, there is high probability that the inhibiting reaction by oxygen
is more dominant [22,24].

In addition, as the number of functional groups is 3, it is necessary to
process a reaction stochastically five times ormore in order to construct
a three-dimensional network having the same crosslink density as
DPHA. For highly flexible materials such as TMPEOTA, the total reaction
rate is known to be higher than for materials such as DPHA [14], assum-
ing that sufficient energy and initiator are provided. In a curing system
Fig. 4. Sliding cutting strength using TMPEOTA (PI 0.1 phr) (a) expe
with a certain amount of light, a material having a high functional
group density such as DPHA is more advantageous for curing. Subse-
quently, the horizontal strength tends to increase continuously up to
30 μm. TMPEOTA tends to increase in intensity toward the deep part,
while DPHA has a peak at the surface, since it is less affected by oxygen
inhibition toward the deep part. Thereafter, the horizontal strength
tends to oscillate, because the cured structure becomes unstable.

Fig. 5 shows the sliding cutting measurement results of MA (PI
0.1 phr). MA has a lower functional density than TMPEOTA. Uncured
sections are observed due to the oxygen inhibition effect on the surface,
but both the vertical load and horizontal load tend to increase rapidly
from 2 μm. The section up to 7.1 μm is defined as a mixed zone, in
which the acrylate was partially cured by UV. The partially cured state
still possesses fluidity. However, the partially cured oligomer is addi-
tionally cross-linked by thermosetting to begin forming a three-
dimensional cross-linked structure. Therefore, the mixed section,
where the UV curing structure and thermosetting structure are crossed,
is formed by UV and thermal curing. The thermal curing system of MA
can be realized by its own structure without additional additives, and
is known to be very effective for forming three-dimensional structures
[25].

After 7.1 μm, the horizontal resistance shows a tendency to decrease
while oscillating, while the vertical resistance tends to decrease sharply.
The oscillation of the horizontal resistance is due to the continuous de-
formation and breakage of the material. The degree of curing decreases
and the overall tendency of the resistance to decrease. It can be said that
the decrease in vertical resistance is affected by the viscoelastic ten-
dency, similar to that for other test specimens. Therefore, at this point,
rimental results (b) interlayer classification by degree of curing.



Fig. 5. Sliding cutting strength using MA (PI 0.1 phr) (a) experimental results (b) interlayer classification by degree of curing.
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additional curing may have taken place by the heat after sufficient
three-dimensional crosslinking by UV. After 16 μm, the horizontal
strength tends to decrease rapidly, but unstable sections are not
found; this is attributed to hardening by thermal curing. As shown in
Fig. 8, the film is cut in a certain shape from the initial stage to the
deep portion. It can be confirmed that film breakage occurs at a point
where the curing density is weakened.

Fig. 6 shows the surface cutting process each materials with PI
0.1 phr. At Fig. 6a, it can be confirmed that the film is initially cut in
thin film form, and then tends to move upward along the cutter face.
Further, the fracture surface becomes rough with deeper cutting,
which is attributed to irregular cracks generated by formation of the
abovementioned uncured portion. Finally, the cured film gets peeled
off from the surface of the adherend, resulting in total breakdown.
Fig. 6. Surface cutting process of each materials wi
When the opposite surface is exposed to UV, there is a limit to which
theUVcan reach. This serves as a factor for forming anuncured layer be-
tween the coating layer and adherend; it can be said that the fracture
was formed at the weakened point. In order for the coating material
to strongly adhere to the surface, wetting and physical/chemical/electri-
cal coupling between the coatingmaterial and adherend surface are re-
quired [26]. Thereafter, sufficient cohesion is required to transfer the
bonding energy to the coating material. If adequate UV does not reach
the interface, the degree of curing will be low, and consequently, a
dense polymer network will not be formed. Finally, as the cohesion
weakens, adherent peeling occurs.

Fig. 6b shows that the gel film is peeled off, due to the completemix-
ture of the cured structure and non-cured structure. At 43.7 μm, the hor-
izontal strength decreases sharply, due to the film breakdown that
th PI 0.1 phr (a) DPHA (b) TMPEOTA (c) MA.



Fig. 7. Difference in curing characteristics of the three different materials in the thickness direction.
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occurs as the uncured region increases. The horizontal strength of
TMPEOTA (maximum 0.15 N) is half that of DPHA (maximum 0.35 N),
due to failure to form a dense cured structure as a whole. Peeling occurs
at more than twice the depth in TMPEOTA than in DPHA, due to cohe-
sion of the cured layer established by eachmaterial, rather than the dif-
ference in the UV arrival depth. As the blade progresses in cutting, shear
strength is generated, which is affected by the cohesion of the layer. As
curing progresses, the brittle characteristics are strengthened and the
probability of crack propagation increases during cutting. Therefore,
for TMPEOTA with a low curing density, the knife can be moved more
stably and deeply [27]. The difference in the characteristics of the
mixed section and cured section can be possibly attributed to the
phase difference between the two sections. As curing progresses, the
state changes to liquid ➔ semi-solid ➔ solid. In the semi-solid section,
the material is compressed rather than “destroyed”. As curing pro-
gresses, the resin changes to a solid state with brittle characteristics,
which affects the vibration characteristics mentioned above.
Fig. 8. Comparison of sliding cutting characteristics of DPHA
The three different materials have completely different curing prop-
erties from the surface to the depth. Fig. 7 shows the curing structure of
the three materials from the surface to the depth, highlighting the dif-
ference in the curing density depending on the structural characteristics
of the material. TMPEOTA and MA, which have a relatively low acrylate
concentration, exhibit an uncured surface due to oxygen inhibition.
However, in the case ofMA, oxygen inhibition is complementedby ther-
mosetting, resulting in a section exhibiting two types of curing from the
surface. Completely different curing characteristics are exhibited in the
thickness direction according to the structural difference of each mate-
rial and complementary curing methods.

3.2. Curing depth profiling according to initiator content

Fig. 8 shows the difference in the curing behavior of DPHA for differ-
ent initiator contents. There is a section where the strength increases
rapidly at the surface, following which the vertical load shows a sharp
according to initiator content (a) 0.1 phr (b) 1.0 phr.



Fig. 9. Comparison of sliding cutting characteristics of TMPEOTA according to initiator content (a) 0.1 phr (b) 1.0 phr.
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decrease characteristic, and the horizontal load tendency tends to be
more frequent, but the characteristic shows a similar tendency in that
the strength changes during a certain period. When the content of the
initiator is 1.0 phr (Fig. 8b), however, the maximum vertical load at
the surface is about 2.13 times that in the case of 0.1 phr (Fig. 8-a),
and load reduction occurs very rapidly. This is attributed to the absorp-
tion of UV and initiation reaction increase at the surface with increasing
initiator content, thereby resulting in a rapid increase in the curing den-
sity at the surface.

Fig. 8 shows that the cutting process of DPHA (PI 1.0 phr) results in
the formation of flakes during surface cutting, unlike the preceding
0.1 phr condition (Figs. 3 and 6); this material exhibits high hardness,
but is brittle during curing. The negative load also decreases with the
brittleness. As the cutting surface approaches the deep part, the film
falls off its attachment, causing the surface to break. Both samples ex-
hibit completely different fracture tendencies in the uncured sections.
As the blade progresses with constant resistance, it will encounter
other conditions in the uncured section. For 0.1 phr, the layer of the
less-crosslinked surface is separated and the horizontal resistance rap-
idly disappears. On the other hand, For 1.0 phr PI in which the
crosslinking density is increased due to the high content of the initiator,
the blade is affected by the hardened surface layer, and the strength
tends to increase sharply. The tendency of change of strength in this sec-
tion is irregular rather than constant according to the degree of curing;
Fig. 10. Comparison of sliding cutting characteristics of MA
hence, this characteristic can define the characteristic of the uncured
section.

With increasing initiator content, the section where the horizontal
strength increases is advanced. This is attributed to an increase in the
range over which the oxygen inhibition effect can be overcome as the
reactivity of the initiator increases, as with DPHA. As the initiator con-
tent increases, the transmittance of UV to the deep part decreases;
therefore, the horizontal load tends to oscillate rapidly from about 35
μm and the vertical load begins to generate negative pressure. The
amount of UV reaching the deep part gradually decreases from the sur-
face. Therefore, the inner site is cured to a lower extent than the surface.
However, as the content of the initiator increases, there is a higher prob-
ability for the formation of a crosslinked structure due to an increase in
the relative site of reaction. Therefore, when the content of the initiator
is high, a cured, non-curedmixed structure is formed at the core portion
and oscillation occurs.

Fig. 9 shows the cutting profile of TMPEOTA (PI 1.0 phr). Unlike the
previous 0.1 phr test specimen, the profile is wavy on the cutting sur-
face. When the initiator content is low, a uniform film-like structure
with a sufficient curing density is formed in a certain section. On the
other hand, when the initiator content is high, an irregular curing struc-
ture and a highly viscous elastic body are formed. In the deeper part, a
rough structure is formed by non-curing, which causes energy to be
absorbed, contracted, and then sent out again during the movement of
according to initiator content (a) 0.1 phr (b) 1.0 phr.



Fig. 11. Change in light transmittance according to initiator content. (a) Typical light transmission (b) low initiator content (c) high initiator content.
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the cutter. Similar tendencies are seen when cutting materials such as
rubber.

Fig. 10 shows the difference in the curing behavior of MA for differ-
ent initiator contents. When the initiator content is increased, it is con-
firmed that amixed zone is not formed, whereas a strong curing layer is
formed on the surface; this is similar to that observed for DPHA. Thus, a
high curing density is obtained by additional thermal curing in a state
where a relatively high density of the UV curing structure is formed
on the surface. Moreover, with increasing initiator content, the section
where the strength decreases is also narrowed.

MA is similar to DPHA, fragmented fracture occurs, but there is a dif-
ference in shape. Themolecularweight ofMA ismuch larger than that of
DPHA; further, owing to the high flexibility of the structure, a relatively
soft film is formed after curing. Therefore, the cut pieces exhibit an acic-
ular or particle structure instead of powder. Hybrid specimens cured
with UV and heat have a very high cross-linking density, are fragile,
and most energy-transferable. Therefore, peeling occurs most rapidly.

Fig. 11 shows the effect of initiator content on curing. UV is generally
absorbed from the surface, and the absorption tends to decrease gradu-
ally toward the depth. As the initiator content decreases, the cured den-
sity decreases as a whole, but light transmission increases. On the other
hand, when the initiator content increases, a curing layer with a high
density on the surface is formed, but the light transmittance is drasti-
cally reduced.

4. Conclusion

The curing properties of a UV coating system in the thickness direc-
tion were evaluated using the sliding cutting technique. The curing
structure plays a major role in changing the shear strength of the mate-
rial, which was evaluated by a slide cutting strength measurement
method. During UV curing, the surface oxygen inhibition effect was
very pronounced at around 10 μm on the surface. In this case, surface
curing could be induced by increasing the functional group concentra-
tion. Further, by introducing a hybrid curing system, it was possible to
reduce the uncured section and increase the overall degree of curing.
As the initiator content increased, the transmission of UV decreased,
and thus, a high curing density on the surface and an irregular curing
structure in the deep partwere obtained. Control of the initiator content
was effective in supplementing the surface oxygen inhibition effect in
UV coating; however, an increase in the amount used could act as a neg-
ative factor in curing of the deep area. Therefore, the composition must
change as the coating thickness changes. If the coating is thin and UV
penetration is not an issue, changing the initiator content is themost ef-
ficient approach. However, if the coating is thick, it would be effective to
introduce a method that can complement UV curing, such as a hybrid
curing system. Through this study, it was confirmed that the curing
characteristics of UV curable materials can be measured in a bulk
state. This method is a very fast measurement method, and it is judged
that it is a technique to evaluate the curing characteristics changing ac-
cording to the UV process variable which can be varied in the laboratory
or the field in real time. This technology can be applied not only to UV
coating, but also to 3D printing, dental materials, and so on.
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