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Abstract

We have developed a complex Thermoplastic Resin Transfer Molding procedure to create polyamide 6 composites and their
multifunctional coatings in a single production cycle with low cycle time. The advantage of the new process is that it has low emission
of volatile organic compounds due to the closed mold and the products can be recycled easily, decreasing the negative impact on
the environment. In addition to developing the process steps and parameters, we produced samples with different curing time and
fabric content of the base layer, waiting time before coating injection, surface thickness and titanium dioxide content of the surface
layer. Then we analyzed the adhesion between the surface and base layers and the warpage of the complex part. SEM analysis proved
that the reinforcement fabrics could be properly impregnated with the reactive thermoplastic system during the production of the
base layer. Furthermore, we showed that the strength of the interlayer bonding can be improved when the base layer is properly

polymerized in the first step. Using our method developed to assess warpage, we demonstrated that the warpage of the base layer

can be reduced by applying the appropriate manufacturing parameters to the surface layer.
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1 Introduction

With the continuous development of the plastics industry,
the diversity of raw materials and applicable manufactur-
ing technologies has increased significantly. At the same
time, unfortunately, the amount of plastic waste generated
at the end of the lifetime of the product is also increasing.
Therefore, more and more directives (e.g., in the European
Union) are now regulating the recycling of plastic prod-
ucts in accordance with the circular economy. In addi-
tion to recyclability, sustainability in plastics strategies
also includes designing and using polymer products [1, 2].
As a result, thermoplastics are becoming more and more
important in composite technology [3—6]. Short-fiber
composite products have long been produced by injection
molding and extrusion, but the combination of continuous
reinforcement structures and thermoplastic matrix mate-
rials has only recently become more common. Typical
examples are organosheets, tapes, or products produced

by the increasingly researched T-RTM (Thermoplastic
Resin Transfer Molding) technology [7—11].
Thermoplastic RTM is a process for the economical
production of composite products with a continuous rein-
forcement structure and complex geometry. The process
involves infusing the reinforcing fabric in the mold with
a low-viscosity reactive thermoplastic system, which is
polymerized at high temperatures in a closed mold. Much
research has been directed toward the development of
polyamide 6 (PA6) matrix composites that can be pro-
duced in this way. In this case, the starting monomer is
e-caprolactam, which has a viscosity of well below 1 Pas
in the molten state [12, 13]. It is most commonly processed
in combination with a C10/C20P initiator/activator com-
bination (sodium caprolactam and hexamethylene-1,6-car-
bamoyl caprolactam, respectively), which makes it possi-
ble to complete the anionic ring-opening polymerization
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in a few minutes (~5 minutes) [14]. The process is typically
performed below the melting point of PA6 (130—180 °C),
resulting in a high degree of conversion (nearly 100%) and
crystalline fraction (~40—45%) [15, 16]. Previous research
mainly focused on the type and ratio of initiator/activa-
tor [17-19], the impregnation of the reinforcing struc-
ture [20, 21], and the analysis of the properties of the com-
posites produced [21-23]. As with the conventional RTM
(Resin Transfer Molding) process, a major drawback of
this technology is that the properties of the matrix material
(flame retardancy, UV stability, toughness, etc.) cannot be
modified by the addition of fillers. The reinforcement fil-
ters out the filler particles, causing local inhomogeneities.
Surface coating can be a solution to this problem [24].

The composite parts undergo some post-treatment
before use, which modify their surface properties. It is pos-
sible to modify their appearance (coloring) or even their
UV, water, corrosion, etc. resistance. Coatings can be pro-
duced on polymer products with several methods [25, 26].
Painting is the easiest (dipping, spraying, brushing, film
casting, etc.), but this is only possible after proper surface
preparation (degreasing, roughening, adhesion improve-
ment) due to the relatively low surface energy of poly-
meric materials. In most cases, these processes involve
different materials for the base, coupling, and coating lay-
ers, which complicates the recyclability of complex prod-
ucts and typically results in high VOC (Volatile Organic
Compounds) emissions [27]. A solution to this prob-
lem is In-Mold Coating (IMC), which is mainly used in
compression molding, injection molding or conventional
RTM [28, 29]. During the process, the coating is created in
a closed mold, thus environmental regulations are met and
the difficulties and additional costs associated with surface
treatment are reduced. The coating and the product are pro-
duced directly one after the other, and no post-processing
is required [30, 31]. IMC can be performed by placing the
coating layer in the mold or by partially opening the mold
and injecting the surface material [29-33].

Also, in the case of Thermoplastic RTM, there is a great
demand for a surface coating process that achieves low
VOC emissions and does not significantly increase produc-
tion cycle time. To this end, we have developed an In-Mold
Coating process for T-RTM, to create a multifunctional sur-
face with the same base material (polyamide 6) by in-situ
polymerization within one production cycle. In this way,
the composites can meet both environmental (recyclabil-
ity) and automotive (high strength, modified surface, flame
retardancy, UV and scratch resistance etc.) requirements of
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the 21* century. Using the process developed, we prepared
samples with different parameters. Then we analyzed the
effect of reaction times, layer thicknesses, reinforcement
content and filler content on adhesion between the layers,
and the warping of the whole product.

2 Materials and methods

2.1 Materials

The polyamide 6 test specimens were prepared from
an e-caprolactam—initiator—activator system by anionic
ring opening polymerization. The in-situ polymerization
took place below the melting point (130-175 °C) of PA6.
AP-Nylon e-caprolactam (CL, L. Briiggemann GmbH & Co.
KG, Germany) was used as the monomer, whose melting
point is 69 °C, its density in the melt state is 1.01 g/cm?, and
its viscosity is 3—5 mPas. Sodium caprolactamate (Briiggolen
C10, L. Briiggemann GmbH & Co. KG, Germany) was used
as initiator. Its melting point is 62.2 °C and its density in the
melt state is 1.02 g/cm’. Hexamethylene-1,6-dicarbamoyl
caprolactam (Briiggolen C20P, L. Briiggemann GmbH &
Co. KG, Germany) was used as activator. Its melting point is
70 °C and its density in the melt state is 1.02 g/cm?. The CL
was 92.5 wt%, C10 was 4.5 wt% and C20P was 3 wt%.
They were stored under vacuum due to their high moisture
absorption capacity. The maximum moisture content of the
raw materials can be <0.01%.

Glass fiber (StarRov 895, Johns Manville GmbH,
Germany) was used as reinforcement, which had surface
treatment compatible with polyamide 6. It is plain-wo-
ven and its density is 800 g/m?. Furthermore, 99.5% pure,
rutile titanium dioxide (nTiO,, SkySpring Nanomaterials
Inc., USA) was used as filler in the surface layer. Its par-
ticle size is 10-30 nm and it has APS surface treatment.
We dried the fabric and the filler at 80 °C for § hours to
remove moisture.

2.2 Processing method

We used a T-RTM machine manufactured by KraussMaffei
(Munich, Germany) and a mold that our research group had
designed [34] to prepare the test specimens. The equip-
ment consists of two dosing units (DU) and a hydraulic
press. The first dosing unit (DU1) is used for the base and
the second unit (DU2) for surface coating. The hydraulic
press is used to move the upper mold half (opening and
closing) and to provide the clamping force during the pro-
cess. The right amount of ingredients were measured and
added to the DU as a preparatory step. The appropriate
amount of fillers was loaded into the second dosing unit to
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the C20P and the e-caprolactam. The activator (CL+C20P)
and initiator (CL+C10) components, loaded in separate
melting tanks, were melted at 110 °C under a vacuum.
During operation, the melt was continuously circulated in
a closed loop to avoid contact with outside air, due to the
hydrophilic nature of the raw materials.

2.3 Design of experiments
The constant manufacturing parameters used in produc-
tion are listed in Table 1.

We prepared test specimens with different process
parameters and conditions based on a design of experiment
to investigate their effect on the IMC (In-Mold Coating)
process and the adhesion between the layers. The variable
parameters used in the sample preparation were:

» curing time of the base layer (waiting time): 70; 120;

180 s,
» waiting time before the injection of the coating: 0 or

5 min,

» surface thickness: 0.15 mm (30 g); 0.3 mm (60 g);
0.6 mm (100 g)

. nTiO2 content of the surface layer: 0 wt%; 0.5 wt%;
1 wt%

e fabric content of the base: without fabric; with fabric.

2.4 Characterization of the samples

2.4.1 ATR-FTIR analysis

The chemical composition of the samples was analyzed by
Attenuated Total Reflectance Fourier Transform Infrared
Spectroscopy (ATR-FTIR), with a Bruker Tensor II
apparatus (Bruker Optics Inc., Billerica, MA). It was
equipped with a Specac Golden Gate ATR unit (Specac
Ltd., Orpington, UK). We analyzed the absorbances in the
wavelength range from 4000 to 400 cm™'. Sixteen scans
were performed and averaged on each sample.

Table 1 Main production parameters

Parameters Value Unit
Mold temperature 150 °C
Mold closing pressure 30 bar
Polymer.lzatlon (curlr}g) time of the base 120/180 s
layer (with surface/without surface)
Polymerization (curing) time of the

180 s
surface layer
Melt temperature 110 °C
Injection rate 35 gls
Vacuuming time (mold) 30 S

2.4.2 Scanning Electron Microscopy

The structure of the prepared composites and the infiltra-
tion of the fabric was investigated with SEM (Scanning
Electron Microscopy) micrographs with the use of a JEOL
JSM 6380LA electron microscope. Before the measure-
ment, the specimens were coated with an Au/Pd alloy,
which eliminates undesirable electrostatic charging.

2.4.3 Adhesion test

The adhesion of coatings was tested with a PosiTest
ATM20A (DeFelsko, Ogdensburg, USA) pull-off adhesion
tester, according to the EN ISO 4624 standard (Fig. 1).
We used aluminum dollies with a diameter of 20 mm for
the measurements. The first step was to clean the surface
of the specimen with Loctite SF 7063 cleaner, and the dol-
lies were glued to the surface with Loctite Super Bond
Power Flex Gel adhesive. After 24 hours, a cutting tool
was used to cut the coating layer around the test arca and
the clamps were pulled off the surface with a hydraulic
puller. From the measured forces, the equipment automat-
ically calculated the pull-off strength.

2.4.4 Part deflection analysis method

The different degrees of shrinkage of the base and the coat-
ing, and the successive formation of the two layers, can
lead to the product's warpage. To analyze the level of this
deformation, we developed a measurement method based
on 3D scanning and data analysis. It allows us to measure
the degree of deviation from the ideal geometry. First, we
scanned the surface of the specimens using a GOM ATOS
Core 5M 3D scanner. After that, the scanned point clouds
were loaded into MATLAB software for further manipu-
lation. Firstly we performed the orientation of the speci-
mens to make them comparable. To do this, we fitted a ref-
erence plane with the least squares method to the points of
the 0—10 mm band next to the flow aid (Fig. 2).

coating

base
\\

Fig. 1 Layout of the adhesion test (cross-section)
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Fig. 2 Creating the reference plane

The reference plane was given with (Eq. (1)):
Z=p+pyxX+pyxY (M

where p|, p, and p, were the fitting parameters.

Next, an offset was performed in the Z direction, then
rotation around the X, Y, Z axis. For the offset, the X, Y and
Z coordinates of the scanned point were multiplied with
the following transformation matrix (Eq. (2)):

1 0 0 0
0 1 0 0

T = 2
0 0 1 0 @
AX AY AZ 1

where AX=0, AY =0, AZ=p,. Next, the point cloud was
rotated around the X, ¥, Z axis with use of the following
rotation matrices (Eq. (3)—(5)):

1 0 0 0
10 cos(a) sin(a) 0
R.= 0 —sin(a) cos(a) 0 )
0 o 0 1
[ cos(B) 0 sin(B) 0
0 1 0 0
- 4
R, —sin(B) 0 cos(B) 0 ®
0 0 o0 1
[ cos(y) sin(y) 0 0
R - —sin(y) cos(y) 0 0 )
0 0 1 0
0 0 01

where a = arctan(p,), f = arctan(p,), y = 0. As the speci-
mens were always placed in the same position on the table
of the 3D scanner, rotation was only required around the
X and Y axes, and offset only in the Z direction (Fig. 3 (a)).
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Fig. 3 Orientation of the point cloud (a) and the regular mesh generated
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After setting the appropriate orientation, we gener-
ated a regular mesh from the point cloud with a resolu-
tion of 1 mm and equal spacing in the X and Y directions.
The mesh was partitioned along the Y-axis with parallel
planes at 10 mm intervals (Fig. 3 (b)). The deformation of
the samples was evaluated with the help of these partitions.

3 Results and discussion

3.1 Development of an In-Mold Coating process for
Thermoplastic RTM

To create fiber-reinforced thermoplastic composites with
a surface layer within one production cycle, we have
developed an IMC (In-Mold Coating) process for T-RTM.
The main steps of this procedure are shown in Fig. 4.
The first step is inserting the pre-formed reinforcing struc-
tures into the mold (step 1). In the second step, the mold
is closed until the production position is reached, then
the sealed mold cavity is vacuumed (~500 mbar) (step 2).
Vacuuming the mold is essential to remove air and mois-
ture from the cavity so that perfect filling can be achieved.
In the third step, the first dosing unit (DU1) starts the
injection cycle of the base layer, during which the mix-
ing head mixes the activator and initiator components of
the e-caprolactam monomer, followed by the impregnation



354 Semperger et al.
Period. Polytech. Mech. Eng., 66(4), pp. 350-360, 2022

1) insertion of reinforcing

2) mold closing

3) injection of monomer mixture  4) mold closing

O & polymeriz%n

5) opening to position

8) opening & part removal

7) closing and polymerization

6) injection of surface
material

Fig. 4 The In-Mold Coating process that we developed for T-RTM

of the reinforcement structure (step 3). In the fourth step,
the press produces the set die pressure, and the anionic
polymerization of the base layer begins (step 4). After the
curing time has elapsed, the mold is partially opened to
the preset position so that the surface layer can be injected
(step 5). Subsequently, the second dosing unit (DU?2) starts
the surface layer injection cycle and injects the e-capro-
lactam—initiator/ e-caprolactam—activator—filler mixtures
into the mold through the mixing head (step 6). When the
injection is completed, the curing time starts so that a con-
version close to 100% can be reached (step 7). During the
polymerization process, the mold maintains a preset force
so that it is in continuous contact with the product, despite
shrinkage, to ensure contact heating and a uniform sur-
face. Finally, the mold is opened, and the finished product
is removed from the mold (step 8).

3.2 Evaluation of the applicability of the technology

One of the critical steps in the IMC process is to create
the space for the coating (Fig. 4, step 5). The coating sepa-
rated from the base layer when the mold was fully opened
and then closed back into position (Fig. 5 (a)). The same
happened when a previously produced base was placed in
the mold for coating. Although the polymerization of both
the base and the coating layer was adequate, there were
g-caprolactam crystals at the interface. When the mold
was only partially opened (according to Fig. 4), the sealed

mold prevented the base layer from coming into contact
with the ambient air. In this case, adhesion between the
layers was adequate (Fig. 5 (b)).

We performed ATR-FTIR (Attenuated Total Reflectance
Fourier Transform Infrared Spectroscopy) studies on the
samples with poor adhesion (Fig. 6), and showed that both
the surface and the base layer had characteristic peaks
typical of polyamide 6: hydrogen-bonded N—-H stretch-
ing at 3295 cm™', C—H stretching and tension vibration at
2924 and 2854 cm™, respectively, amide I (C=0) vibration
at 1634 cm™ and amide II (N-H and C—N combination)
vibration at 1537 cm™ [35, 36]. For the samples taken from

Fig. 5 Samples with low (a) and good surface adhesion (b)
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Fig. 6 ATR-FTIR spectra of the coated sample with low surface adhesion

the interface, we clearly showed that poor polymerization
took place there. We obtained bonds typical of e-capro-
lactam, which the methyl alkyl group groups character-
ize well (-CH,~, from cyclic lactam), appearing between
3500 and 2750 cm™ [37].

The poor conversion at the interface and thus the adhe-
sion failure can be explained with the hydrophilic nature
of polyamide 6, which blocks the polymerization process
in regions close to the surface [19, 38]. Our previous mea-
surements show that PA6 prepared by anionic ring-open-
ing polymerization can absorb approximately 0.05% mois-
ture at 50% relative humidity in one hour [39]. This value
refers to the whole sample due to the nature of the mea-
surement. Thus, due to diffusion processes, the actual con-
centration near the surface is much higher than this, inhib-
iting polymerization [19] and proper adhesion.

Another critical step in T-RTM is to properly impreg-
nate the reinforcing structure. Otherwise, mechanical
properties are impaired. In our process, proper impreg-
nation is facilitated by the low viscosity of the monomer
blends, the vacuum in the cavity, and the high cavity pres-
sure (30 bar) applied. We took SEM micrographs of the
cross-section of the composite sample (Fig. 7) to verify
their quality and proved that the matrix material prop-
erly infiltrated the rovings. Also, the image shows that
the matrix wetted the fiber surface sufficiently, and good
adhesion was achieved.

The quality of the boundary layer between the base and
the coating was also analyzed by SEM (Fig. 8). Although
the base and surface layers can be separated well due to
the reinforcement structure used, no clear interface or
boundary layer can be found. During the polymerization
of the coating, the growing molecular chains were able to
attach to the chains on the surface of the base layer, thus
creating a strong bond.
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Fig. 7 SEM micrograph of the cross-section of the composite sample
(infiltration of the reinforcements in the base layer)

- | surface layer,
filled with
1 wt% TiO,

base layer,
einforced with

Fig. 8 SEM micrograph of the cross-section of the coated sample

3.3 Adhesion of the coating layer

The adhesion strength between the base layer and the sur-
face coating produced by the IMC method we developed
is shown in Fig. 9 as a function of surface layer thickness
and the reaction time of the base layer. The reaction times
of the base layer were determined according to the follow-
ing criteria: at 70 s, the pressure sensor in the mold reaches
0 bar, which means that the specimen starts to solidify and
shrink away from the mold wall. Furthermore, in our pre-
liminary experiments, we also produced test pieces in 120
and 180 s with similar conversion rates and crystalline
fractions at the same mold temperatures [15]. We specified

3 Reaction time of the base [s]:

o 70 --0--120 -©--180

-

Pull-off strength [MPa]
W

0 0.1 0.2 0.3 0.4 0.5 0.6 0.7
Coating thickness [mm]

Fig. 9 Pull-off strength as a function of surface layer thickness
and the reaction time of the base layer
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a shorter polymerization (curing) time of the preform (70
and 120 s) to achieve better adhesion and speed up the
production cycle. Despite the uncertainty of measurement,
Fig. 9 shows that adhesion strength increases with increas-
ing reaction time of the base layer. This is explained by
the fact that 70 s is not sufficient for the complete polym-
erization reaction, and therefore the newly arriving
110 °C coating reactive thermoplastic system can freeze
the reactions on the surface, thus shortening the molec-
ular chains [40]. However, polymerization completes in
180 s, so it can no longer be influenced by the tempera-
ture of the injected surface material. Furthermore, adhe-
sion strength also improves with increasing thickness of
the surface layer. One reason for this can be that as coat-
ing thickness increases, the overall thickness of the sam-
ple increases, therefore it is less deformed during pull-off.
Smaller deformation results in a more uniform stress dis-
tribution on the bonded surface.

Fig. 10 shows the pull-off strength as a function of
surface layer thickness and the waiting time before coat-
ing. The graph also supports our finding that interlayer
adhesion improves with increasing base layer conver-
sion. For a surface layer thickness of 0.6 mm, the pull-off
strength increased by nearly 60% with the addition of a
five-minute waiting time.

We also investigated the adhesion between the surface
layer with 0.5 and 1 wt% nano-sized TiO, particles, and
the base layer (Fig. 11). TiO, is a widely used filler for poly-
mers. It is an inexpensive and non-toxic semiconductor, and
it enhances the properties of polymers. It can enhance UV
stabilization, strength and antibacterial activity [41]. In the
present work, our goal was to investigate how this filler
affects the bonding between the two layers. For the surface
layers without filler, tear strength increases with increas-
ing layer thickness. At the same time, the values obtained
for the surfaces with filler did not change significantly.
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Fig. 10 Pull-off strength as a function of the surface layer thickness and
the waiting time before coating injection
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Fig. 11 The effect of a surface layer containing TiO, on the quality of
adhesion

Furthermore, the addition of a filler can weaken the adhe-
sion between the base and surface layers. The filler can
reduce the effective area of adhesion on the contact surface
and gaps can be created along the particles.

We also investigated the effect of the continuous glass
fiber reinforcement on the interlaminar adhesion of the
coated samples. The fiber content was 68.2% +0.17%.
In this case, we prepared a 0.15 mm thick coating layer
on the surface of the reinforced base layer. The coating
contained 0 and 1 wt% nano-sized TiO, particles. Fig. 12
shows the measurement results. A 25% higher tear strength
was obtained for the samples containing glass fabric. It is
also due to the higher stiffness and lower deformation of
the composite base and surface layer.

3.4 Deformation of the samples

Although the base and the surface layer are manufactured
within the same cycle, their production can be well sep-
arated in time. Thus, the shrinkage of the different lay-
ers during polymerization and crystallization can cause
warpage. To analyze the warpage of the complex part, we
investigated the displacement of the centerline of the part
in the Z direction using the method described. The expla-
nation of deformation directions is presented in Fig. 13.

S
J

Coating thickness: 0.15 mm

= :
E nTiO, content: 1 wt%
=]
[-T))
25 I
- T ik
"«g L
= !
=
A
0 T ]

without fabric with fabric

Fig. 12 Effect of the glass fabric reinforcement on the pull-off strength
of the coating
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Fig. 13 Explanation of deformation directions

First, we investigated the effect of the thickness of the
coating (Fig. 14). Unfortunately, the samples prepared
without coating were also significantly warped. This may
be due to the different rates of polymerization of the two
sides, which are affected by the tempering channels of the
mold. Furthermore, smaller coating thicknesses do not
significantly affect the longitudinal deformation of the
specimens. One reason for this is that the stress resulting
from the shrinkage of the coating could not deform the
thicker and stiffer base layer, which already had a high
conversion rate. Another reason for this phenomenon is
that the subsequently injected thin surface layer heated
up rapidly to the polymerization temperature (150 °C)
and polymerized and crystallized rapidly, thus shrinking
together with the base layer.

In the case of the 0.6 mm thick coating, the deformation
of the sample in the Z direction is much smaller than that
of the reference sample. This thick layer heated up more
slowly to the polymerization temperature so that polym-
erization and crystallization started later, thus the thick
layer shrinks later than the base layer. So a surface layer of
0.6 mm is already sufficient to produce a nearly flat product.

Furthermore, we examined the effect of the glass fab-
ric content of the base layer on the warpage of the samples
(Fig. 15). In these experiments, the surface layer contained
1 wt% nTiO,. As Fig. 15 shows, the warpage of the samples
containing reinforcements is negligible, while the warpage
of the pure polyamide 6 samples is more significant.
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Fig. 14 Warpage of the specimens as a function of coating thickness
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Fig. 15 Effect of the reinforcement and coating thickness on the

deflection of the specimen

In the case of the unreinforced base layers, the sur-
face layers reduced the warpage in all cases. In the
case of a 0.6 mm coating, the warpage of the polyam-
ide 6 sample is compensated for by the surface layer and
approaches a completely flat surface. The reinforced sam-
ples were warped in the positive Z direction, so the sur-
face increased deflection. In this case, the effect of the
thickness of the surface layer was negligible. A maximum
deflection of about 2.8 mm was measured for both 0.15
and 0.6 mm thick surfaces.

Fig. 16 shows the deflection of the centerline of the
samples with a 0.15 mm thick surface layer with differ-
ent TiO, contents. This low filler content does not signifi-
cantly affect the warping of the samples. This is likely to
be a combination of two factors. The first is that TiO, can
slightly increase the crystalline proportion of the sam-
ples, which increases shrinkage due to the more ordered
structure. The opposite effect is that the presence of
filler improves dimensional stability. Total warpage can
result from the sum of the two effects and depends on
their proportion. As filler content increases, warping also
decreases, which can be attributed to an increase in the
stiffness of the surface layer.
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Fig. 16 The effect of the concentration of nano-sized TiO, on the
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4 Conclusion

We have developed a novel eight-step In-Mold Coating
procedure for Thermoplastic Resin Transfer Molding,
which can be used to create a polyamide 6 matrix com-
posite and its polyamide 6-—based multifunctional sur-
face coating in one production run. We have shown that
the most critical step is to prepare the gap for the surface
layer. If the base layer is in contact with ambient air (pre-
viously manufactured base or fully opened mold), mois-
ture from the environment will block the polymerization
near the contact surface, between the base layer and the
coating. In this case, the two layers are separated after
production. The remaining unpolymerized e-caprolactam
was detected by ATR-FTIR. SEM images confirmed that
the reactive thermoplastic system had properly impreg-
nated the reinforcements. Furthermore, we showed that no
well-defined interface was formed between the base layer
and the coating. Hence the polymer chains of the surface
layer were bonded properly to the base layer.

With the process we developed, samples were prepared
with different production parameters. We examined the
surface layer adhesion and the product's warpage. During
the pull-off tests, we found that a thicker coating and rein-
forcement increased adhesion strength. This is because
a more uniform stress distribution may have developed in
the thicker and stiffer specimen. Adhesion also improved
when the reaction time of the base layer was increased. It is
because with a shorter reaction time, conversion was not
complete in the base layer and the colder coating material
stopped its polymerization. Thus, the polymer chains were
shorter and it resulted in impaired adhesion. The filler in
the coating reduced the pull-off strength by reducing the
effective adhesive surface. To analyze the warping of the
products, we developed a new evaluation method based on
3D scanning. Using this, we showed that the warping of the
base layer can be significantly reduced with a thicker coat-
ing, a filler, or fabric reinforcement. We demonstrated that
the warpage of the product can be significantly reduced by
optimizing the production parameters.

The great advantage of this novel process is that vola-
tile organic compound (VOC) emissions are significantly
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