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Abstract: For investigating the gloss control of poly(methyl methacrylate) (PMMA )/poly(acrylonitrile-co-butadiene-co-
styrene) (ABS) co-extrusion sheet by cross-linked PMMA particles, six PMMA mixture samples were prepared through
an extrusion process using cross-linked PMMA particles with two different sizes (13.2 and 17.4 pum) in three different
contents (20, 22.5, and 25 wt%). PMMA/ABS co-extrusion sheets (3 mm) were manufactured using PMMA com-
pounding mixtures and white ABS; the thickness of the upper PMMA layer was about 100 um. The PMMA/ABS co-
extrusion sheets had super matte surface with low gloss (less than 7 GU, measuring angle 60°). We investigated the
effects of size and contents of cross-linked PMMA particles on the gloss and roughness of the surface of super matte
PMMA/ABS co-extrusion sheet by using a confocal laser scanning microscope (CLSM), contact roughness tester and
surface glossmeter.

Keywords: super matte poly(methyl methacrylate), cross-linked poly(methyl methacrylate), poly(methyl methacrylate)/

poly(acrylonitrile-co-butadiene-co-styrene) co-extrusion sheet, gloss, surface roughness.

Introduction

Gloss is a very important appearance property that describes
surface properties in many applications such as paints and
plastics in electronics, home interiors and automotive indus-
tries. From a physical point of view, gloss is used to quantify
the optical properties of a surface, which refers to how well it
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reflects light in the direction of specular reflection. Usually,
this gloss is highly related to surface roughness. This is
because in most cases the bulk contribution is small compared
to what comes from the surface."”’

In the case of plastic composite materials containing fillers,
studies on the gloss according to the shape, size, and content
of fillers have been conducted for a long time.'*'* The size dis-
tribution and shape of filler, differences in refractive index
between filler and the matrix, and process variables such as
injection speed, and mold temperature can influence the sur-


https://orcid.org/0000-0002-0821-9096
https://orcid.org/0000-0002-0821-9096
https://orcid.org/0000-0003-0618-8924
https://orcid.org/0000-0003-0618-8924
https://orcid.org/0000-0003-0618-8924
https://orcid.org/0000-0003-0618-8924
https://orcid.org/0000-0002-0821-9096
https://orcid.org/0000-0002-0821-9096

Gloss Control of PMMA/ABS Co-extrusion Sheet Using Cross-linked PMMA Particles 73

face properties of the sample and its gloss.'>'® In the case of
acrylic coatings, it has been reported that the gloss decreases as
the content of inorganic fillers increases. Further, changes in
gloss and surface roughness have been reported depending on
the type of filler such as fibers or granules for poly(methyl
methacrylate) (PMMA) composite materials.”"

Multi-layer sheet technology using acrylic material has been
continuously applied to control the surface properties by intro-
ducing organic/inorganic fillers into PMMA materials in var-
ious applications. The upper PMMA layer can be easily applied
to block UV rays in to the matrix for example poly(acry-
lonitrile-co-butadiene-co-styrene) (ABS), polycarbonate (PC),
poly(vinyl chloride) (PVC) etc., and to give a controlled gloss
on the surface, various color expressions, and improved
scratch-resistant properties.

In particular, PMMA composites using acrylic particles are
considered to be high-quality materials with an aesthetically
beautiful and translucent appearance by minimizing the dif-
ference in refractive index between the incorporated acrylic
filler and PMMA matrix while providing perfect weather resis-
tance. Recently, low gloss and matt look designs have been
applied in various industries using PMMA composite mate-
rialS.M'w-lg

Different varieties of matt PMMA products are commer-
cially introduced using a number of techniques, such as an
additional matting agent, special co-monomer and matt mold-
ing technology.'*"

In this study, the specimens are co-extruded sheets coated
with super matte PMMA mixtures on the opaque white ABS
matrix. There are relatively high amounts of cross-linked
PMMA patrticles in super matte PMMA, so the topology of the
surface super matte PMMA layer can be recognized as the
most important factor for gloss rather than the interference
effect between the surface layer and the matrix layer.
Because the content of cross-linked PMMA particles is in a
fairly high range, it is difficult to produce a uniform and clear
surface by the injection process. So, we prepared PMMA/
ABS co-extruded sheets under the same extrusion conditions
as much as possible to avoid interference from the process
conditions.

Because both gloss and roughness are important factors for
explaining the correlation of their visual perception of a sur-
face on products, the change in surface roughness according to
the size and content of cross-linked particles is observed and
the correlations between surface roughness and surface gloss
was discussed in detail.
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Figure 1. (a) Size distribution; (b) SEM images of cross-linked
PMMA particles A and B.

Experimental

Material and Methods. Material: The cross-linked PMMA
particles used supplied by LX MMA Co., Ltd. Figure 1 and
Table 1 show the results of the characterization of cross-linked
PMMA patrticles.

Characterization of Cross-linked PMMA Particles: Par-
ticle size, size distribution and morphology of the cross-linked
PMMA particles were analyzed using a laser diffraction par-
ticle size analyzer Mastersizer3000 (Malvern) and a scanning
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Table 1. The Size Information for Cross-linked PMMA Particles
(PMMA A and B) by Laser Diffraction Particle Size Analyzer

Table 3. Temperature Settings of Extruders, Feedblock and
Extrusion Die

Cross-linked PMMA
Size information

A B
Mode? 17.4 um 13.2 um
Span’ 0.54 0.68
Dy(10)° 12.9 pm 8.88 um
Dy(50)* 17.2 pm 12.9 pm
Dy(90)° 22.2 ym 17.6 pm
D[3,2} 9.96 um 7.98 um
D[4,3FF 17 pm 12.8 pm
Mode Percent 96.2% 95.9%

“Mode is the most commonly occurring size, also known as peak
diameter. “Span is an indication of the width of the distribution as
follows: (Dy(90) — Dy(10))/Dy(50). Dy(10), Dy(50)%, Dy(90)° represent
the maximum particle diameter in which 10, 50, and 90% of the
sample volume exist, respectively. D[3,2} is surface area moment
diameter and D[4,3]* is volume moment mean diameter.

electron microscope. Cross-linked PMMA A and B particles
have narrow size distribution as shown in Figure 1. Detailed
measured size information was listed in Table 1.

Super Matte PMMA/ABS Co-extrusion Sheet. Preparation
of Super Matte PMMA Mixtures (Compounding Process):
A series of super matte PMMA mixture samples were pre-
pared through an extrusion compounding process using cross-
linked PMMA particles of two different sizes (13.2 and 17.4
um) with three different contents (20, 22.5, and 25 wt%) as
listed in Table 2. Commercially available impact modified
PMMA HI855M (LX MMA Co., LTD) was used as a ther-
moplastic matrix material. The cross-linked spherical PMMA
particles were dried in a hot air oven before compounding into

Table 2. A Series of Super Matte PMMA Mixture

Super matte HI855M” Cross-linked PMMA
PMMA® (Wt%) (Wt%)
A-1 75.0 25.0
A-2 77.5 22.5
A-3 80.0 20.0
B-1 75.0 25.0
B-2 77.5 22.5
B-3 80.0 20.0

“All super matte PMMA samples were mixed with 0.1% antioxidant
(Irganox1010, CIBA). “HI855M (LX MMA): 6.4 g/10 min (M.EI,
ISO1133 (230 °C, 3.8 kg)), 3.2 kJ/m*> (CHARPY Impact strength
(notched), 1SO179), 88 °C (VICAT Softening temperature, ISO
306(B/50))

Zan, A)4748 A 15, 20233

Zone Temperature (°C)

Feed-housing Water-cooled
Extruder zone 1 220
Extruder zone 2 240
Extruder zone 3 235
Adapter 240
Feedblock 245
Extrusion die 245

a thermoplastic matrix HI855M through S.M Platek TEK30®
twin screw extruder equipped with a vacuum venting system.
Screw diameter and L/D of TEK30® were 31.6 mm and 36
respectively. The more detailed extrusion conditions of the
compounding process are as follows: Feed zone, 220 °C; com-
pression zone, 240 °C; metering zone, 245 °C; die zone, 250
°C; and main screw RPM was 100.

Co-extrusion Process for Super Matte PMMA/ABS: Six
super matte PMMA mixtures were co-extruded with white
color ABS RS650 (LG Chem. Co., LTD). For the series of
super matte PMMA/ABS co-extrusion sheets, we used a multi-
layer co-extrusion line (Omipa OM120, ITALY). The com-
bination of the two melt streams (PMMA and ABS) within a
fixed-flow-divider-type feed block is followed by shaping of
the sheet geometry and cooling down through 3 calendar rolls.
Co-extruded sheets were trimmed by a heated edge knife
during the manufacturing process. We were able to produce
co-extrusion sheets with a width of 300 mm and a thickness of
3 mm while the thickness of the upper layer was controlled at
100 pum. Table 3 shows detailed temperature settings of extrud-
ers, feedblock and extrusion die for co-extrusion.

Results and Discussion

Roughness and Gloss of Surface. For the accurate char-
acterization of a surface, the surface roughness and gloss of six
types of co-extrusion sheets were measured using a contact
roughness tester (Surtronic S-116 Taylor Hobson) and portable
glossmeter (Konica Minolta CM-25 Precise Gloss Meter).”*!
The average roughness in this research is based on the contact
roughness method, which gives more significant values. The
average roughness, R,, is the value obtained by the following
formula and is expressed in micrometers to define how much
each point on the surface deviates in height from the average
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height. The roughness curve is expressed by y = f{x):"*

R,= 1] fnds (1)

The average roughness, R,, was measured five times at dif-
ferent points in each specimen according to the ISO4287 meth-
od?' and the device precision was £3% of the measured value
per time and each evaluation length range was 4 mm.

Gloss is used to quantify the optical properties of a surface,
which refers to how well it reflects light in the direction of
specular reflection. As mentioned earlier, this gloss is highly
related to surface roughness. The most well-known type of
gloss from a shiny surface, the specular gloss is defined as:

1(0)

G =100 x
1,(9)

@

where [ is the intensity of specular reflection from the object,
I, is the specular reflectance from the standard specimen and 6
is the angle of incident. For the micro rough surface with rms
roughness amplitude o, the specular intensity can be expressed
by

li = exp[~(4 70 cos0/2)’] )
0

with A, the wavelength of the incident light and the angle of
incident, 0.>° When the size of the surface irregularities is
smaller than the wavelength, the proportion of mirror-reflected
light relative to the diffuse light is large, and when the surface
roughness is much larger than the wavelength, then the pro-
portion of diffused reflected light is large. Several scientific
studies have been carried out using the theory of light scat-
tering on a rough Beckmann-Kirchhoff surface,”® then the
expression of gloss from rough surface parameters should be
highly complex."®

In our study, the surface gloss was compared with the 60°
angle of incident light value by the ASTM D523 method.
This is because the gloss values at an incident angle of 60
degrees are suitable to explain the gloss of a low gloss sur-
face."® Furthermore, we studied the surface scanning image of
A- and B- super matte co-extrusion sheets by a high-speed
confocal laser scanning microscope (CLSM) (NS-300, Nano-
scope Systems). Measurements were carried out by moving
three different points on the surface of the specimen cut into a
size of 15 cmx15 cm.

Surface Roughness and Gloss of Super Matte PMMA/
ABS Co-extrusion Sheets. In Figure 2, the difference in par-

) ‘xlt 'J‘;-"'.I' A
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o _‘, [

Figure 2. Surface image by confocal laser scanning microscopy
(CLSM) for A-1, A-2, A-3, B-1, B-2, and B-3 co-extrusion sheets
(image size: 700 umx520 pm, magnification: x100).

ticle size between the surface of the A- and B- series sheets
could be distinguished. It is confirmed that the number of par-
ticles on the surface decreases with the decreasing contents of
cross-linked PMMA particles (A1—A3, B1—B3).

In Table 4, as expected, it was confirmed that there were dif-
ferences in the surface roughness and gloss between A-series
and B-series depending on the cross-linked PMMA particle
size, and the difference was also confirmed according to the
sheet processing direction. The sheet roughness of the A-
series with larger particle size was larger than that of the B-
series and the roughness in the longitudinal direction was con-
sistently observed to be slightly larger than that in the trans-
verse direction. Interestingly, it can be seen that the surface
roughness values measured by the roughness tester and CLSM
agree well with each other.

Polym. Korea, Vol. 47, No. 1, 2023
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Table 4. The Roughness (R,) and Gloss (60°, GU) Values of
Super Matte PMMA/ABS Co-extrusion Sheet

Gloss (60°, GU)

Roughness (R,, pum)

Super

matt Glossmeter Roughness tester CLSM
Sheet “Nipe TD MD*  TD® 2D Image
A-1 4.7 4.8 2.5 2.5 2.5
A-2 5.6 5.8 2.4 2.4 2.4
A-3 6.0 6.3 23 2.2 23
B-1 4.8 5.0 2.1 2.0 1.9
B-2 5.8 6.0 1.7 1.7 1.7
B-3 6.4 6.8 1.7 1.6 1.6

“MD (Material direction): longitudinal (rolling) direction of extruded
sheet, “TD (Tangential direction): long transverse direction of extruded
sheet

Figure 3(a) shows that with the increment of the amount of
cross-linked PMMA particles in super matte PMMA, there is
a higher degree of surface roughness of super matte PMMA/

ABS co-extrusion sheets. Furthermore, it can be seen that the
surface roughness of the A-series sheet with the larger particle
size is slightly higher compared to the B-series. Figure 3(b)
shows that with the increment of the amount of cross-linked
PMMA particles, there is a decrease in the surface gloss. The
gloss on the surface of the A-series sheet was slightly lower
than the B-series.

In Figure 3(a), it is of interest to note that the roughness in
the longitudinal direction was consistently observed to be
slightly larger than that in the transverse direction, and it is
confirmed that a consistently lower gloss in the longitudinal
direction was observed accordingly in Figure 3(b). Differences
in surface roughness and gloss according to the processing
direction had also been reported in previous research papers.”??
The surface of the melt sheet passing through the extrusion die
had continuously pressed between rolls; thus, the roughness in
the transverse direction resulted in a slightly smoother surface
than that in the longitudinal direction. Figure 4 shows the dif-
ference in roughness between the A-series and B-series. The
difference in roughness is due to the different sizes of the
cross-linked PMMA particles in super matte PMMA. In addi-
tion, both A-series and B-series showed an increase in rough-
ness and a decrease in gloss as the content of cross-linked
PMMA particles increased. Although there is a clear difference
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Figure 3. The roughness and gloss of super matte PMMA/ABS co-
extrusion sheet as a function of contents of cross-linked PMMA
particles in super matte PMMA: (a) roughness (R,); (b) gloss (60°,
GU).
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images of A-1, B-1 super matte sheets.
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in the surface roughness values of A-1 and B-1, both the sheets
achieved a similar low gloss surface (<5GU).

In Figure 4, it is interesting to note that the surface roughness
of the A-3 sheet was higher than that of the B-1 sheet, while
the surface gloss of the B-1 sheet was lower than the A-3
sheet. The higher gloss of the A-3 sheet having a rougher sur-
face than the B-1 sheet confirms that the surface gloss is not
solely dependent on the surface roughness. Both A-1 and B-1
super matte PMMA used the same weight ratio, 25 wt%, of
crosslinked PMMA particles. As shown in Table 1, when the
particle size of PMMA A is about 1.3 times larger than that of
PMMA B based on both values of mode and median, there
should be a larger number of particles in the B-1 sheet, and in
simple calculations, there can be as much as (17.4 pm/13.2
um)’ ratio, that is, 2.3 times of PMMA particles can exist in B-
1 sheet. When we compared the number of particles between
A-1 and B-1 images in Figure 2 after converting the A-1 and
B-1 confocal surface scanning images using the graphic design
program ImagelJ, it was confirmed that there were 475 particles
in A-1 and 780 particles in B-1. In the SEM image of Figure
4, a much larger number of cross-linked particles exists on the
surface of the B-1 sheet. It implies that the more the cross-
linked PMMA patrticles exist on the surface, the more effective
the super matte surface is realized by increasing the light scat-
tering efficiency of the surface along with the effect of surface
roughness.

Conclusions

In our experiment, the surface of super matte PMMA/ABS
co-extrusion sheet was studied by measuring the gloss and
roughness. As expected there were differences in the surface
roughness and gloss of A-series and B-series depending on the
cross-linked PMMA particle size. Although, there was a dif-
ference in surface roughness between the A-1 and B-1 series,
they showed a similar level of low gloss. Hence, it can be sug-
gested to use small-size matt agents with a high content such
as B-1 to target low gloss on a smooth surface.

Additionally, it was confirmed that the correlation of gloss
was not decided by the roughness effect alone while com-
paring A-3 with B-1. Despite the roughness of the A-3 sheet
being higher than the B-1 sheet, the surface gloss of the B-1
sheet was lower than the A-3 sheet. This was due to a higher
presence of cross-linked particles on the surface PMMA layer
with increased light scattering efficiency. Thus, a more effec-
tive super matte surface can be realized by increasing the light

scattering efficiency while controlling the surface roughness.
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