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UV Curing Effect(s) on Colorimetric Properties of Test Specimens Created via
Stereolithography

Marko MariCevi¢*, Miroslav Mikota, Krunoslav Hajdek

Abstract: This paper presents the results of observing colorimetric change obtained by the impact of UV curing. The test specimens were made by stereolithographic process
from photopolymer materials with the addition of cyan, magenta, and yellow dye. To better understand the impact of UV curing on colorimetric permeability properties, specimens
were made in five different thicknesses (1 mm, 2 mm, 3 mm, 4 mm, and 5 mm). The UV curing time was divided into eight intervals of 15 minutes, at the end of which spectral and
colorimetric values of each specimen were measured. The difference in color change was defined and shown using the CIELab color system. The conclusion of the conducted
tests indicates that specimens with smaller thickness have a greater color change. The correlation between the time interval of UV radiation and the direction of color change was

determined.
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1 INTRODUCTION

Additive manufacturing technologies are increasingly
used in areas where the visual properties of the obtained 3D
prints are essential. Research on materials used in additive
manufacturing technologies is mainly focused on testing
mechanical properties. Prior research on materials in the
stereolithographic process of additive manufacturing has
studied the relationship between mechanical properties and
the degree of polymerization. Studies have shown that
increasing the time interval of curing with UV radiation
changes the material's mechanical properties. Y. Yang et al.
(2019) investigated the influence of UV radiation on the
tensile strength and hardness of test specimens. Materials
with longer intervals of UV curing by UV radiation change
the mechanical properties to increase their tensile strength
and hardness to a certain extent. After a longer UV curing
interval (16 hours), the tensile strength and hardness
decrease. Based on these findings, a mathematical model was
developed to predict the mechanical properties of the
material. In addition, Y. Yang et al. (2019) investigated the
anisotropy of the material, and the orientation of the model
during additive production has a significant influence on the
mechanical properties of the material [1]. In their study,
Puebla et al. (2012) presented the influence of model
orientation on mechanical properties and material aging
degradation on photopolymer resins [2]. Statistical analysis
of DOE proved that the materials are not isotropic. The
mechanical characteristics of the test specimens differed
depending on the orientation in regards to the model on the
building platform of the additive production device. Puebla
et al. investigated the effects of accelerated aging of the
material on the mechanical properties of test specimens.
Application of accelerated aging over 50 days does not show
a significant difference in the material properties. In their
work by DSC analysis, Mansour et al. (2007) showed the
influence the degree of polymerization has on mechanical
properties of the material when exposed to accelerated aging.
[3].

Due to rapid developments in the additive production
industry and the spread of its agency to new applications, the

standards do not cover all areas of additive production [4],
[5]. There are currently no standards and guidelines for the
visual or colorimetric properties of materials. The color of
the obtained 3D prints is an essential element in their user's
experiences, and the stability and durability of 3D print's
colors need to be experimentally determined. There are
standard ways of defining and measuring color in the
graphics industry to control and adjust reproduction [6]. A
study by Stanic et al. (2012) examined the reflective
colorimetric properties of 3D prints. The influence of
accelerated aging on color properties, colorimetric stability,
and colorfastness on a 3D impression expressed by the
additive binder imprinting process on materials was
investigated. After exposing specimens to accelerated aging,
significant color changes expressed as a AFEy value were
measured on the 3D print. Changes in brightness,
chromaticity, and tone were observed. The changes vary
depending on the thickness of the ink coating and the final
type of 3D print processing [7, 8]. The influence of aging on
the properties of color, and colorimetric stability and
durability of a 3D impression made by the additive process
of binder jetting materials, was investigated. Coon et al.
(2016) conducted a study on the protective covering for
prototypes made by additive manufacturing technologies in
which experts from the field of product design and
development participated. The study showed that 68% of
respondents believe that a physical print is more valuable
than a digital record, and 81% of respondents noticed
changes in the 3D print over a more extended period of time
[9]. Also, due to physical damage, material, and color
degradation, 84% of respondents said they would like to
replicate and create new 3D prints. M. Neumiiller et al.
(2014) explores the application of additive technologies in
the protection of cultural heritage, where visitors are
provided with a multi-sensory and especially haptic
experience using 3D prints. One of the crucial aspects of
multi-sensory is the color of 3D prints. The visual properties
of the material, due to degradation and discoloration of the
material in additive manufacturing, are an essential factor in
the choice of reproduction technology, and they need to be
investigated further [10, 11]. Yuan et al. (2018) describe six
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procedures of additive manufacturing technologies and their
colorimetric properties when outlining possibilities of
making 3D color prints [12]. The paper describes the
indicators for assessing the color quality of 3D prints: color
measurement, color specification, and color reproduction. In
addition, color stability and consistency are essential
properties for 3D prints, especially when 3D prints are
applied as final products (functional prototypes and museum
exhibits). Current research in color in additive manufacturing
technologies focuses are on using classical colorimetric
methods and their application to the 3D print.

2 EXPERIMENTAL PART

The  stereolithographic  process of  additive
manufacturing was selected for the production of test
specimens. Stereolithography is the oldest commercially
available additive production technology [13, 14]. The 3D
impression obtained by the stereolithographic process
visually shares visual similarities with the characteristics of
the products similar to the products obtained in classical
manufacturing processes such as injection molding. It is
characterized by a very smooth surface, and the development
of new materials improves the material's mechanical
properties. Furthermore, dimensional accuracy is very
precise, which allows the production of small details.
Therefore, this additive manufacturing process is well
accepted in the early stages of development, development of
functional prototypes, and applicable products.

Colorimetric properties of materials were investigated in
the stereolithographic process of additive manufacturing.
The photopolymer materials used to create the 3D impression
are in a liquid state before the photopolymerization process.
Such a fluid state of the photopolymer allows us to interact
with colors and pigments to produce 3D color prints. The
stage of 3D printing is then followed by additional processing
required by the stereolithography additive manufacturing
process before obtaining the final product. Firstly, the model
needs to be rinsed with a liquid that will remove all
unpolymerized material from the surface of the 3D print.
Additional UV curing is then required to complete the
polymerization process. The duration of exposure to UV
radiation was divided into specific time intervals to enable
tracking of the effect each period has on the mechanical and
colorimetric properties of measured specimens. Because of
the need for strict measurement tolerances Computer-aided
design - CAD environment is used to make a 3D model of
test specimens.

Test plates were made in thicknesses of 1 mm, 2 mm, 3
mm, 4 mm, and 5 mm. Formlabs photopolymer RS-F2-PKG-
CR was used for the stereolithographic process, in which
dyes cyan (RS-F2-CRCY-01), magenta (RS-F2-CRMA-01),
and yellow (RS-F2-CRYL-01) were added. Test 3D
specimens were created using Formlabs Form 2. The
Formlabs Form 2 stereolithographic additive manufacturing
device uses a 405nm UV laser with a power of 250 mW. All
models were oriented along the Z-axis to make better use of
the build platform surface. The height of the fabrication layer
(Z-axis) was set to 0.1 mm. The mixing ratio of the based

photopolymer and dye was defined by the ratios prescribed
by the manufacturer in order not to disturb the mechanical
properties of the material [2]. The scheme of experimental
work is shown in the Fig. 1.

Creating 3D samples using
‘ a2 CAD Export to .STL format

t Preparation of .STL records
for additive manufacturing

| |

Process of
stereolithographic additive
manufacturing

| |

Removal of excess
unpolimerizied material

— Data collecting

UV curing

Analysis ‘

\
Figure 1 The scheme of experimental work is shown

After the test specimens were made by the
stereolithographic additive production process, they were
washed in a solvent to remove residual unpolymerized
materials. Colorimetric and spectral properties of the test
specimens were measured before the UV curing procedure
using a spectrophotometer. The test specimens were then
dried at 15-minute intervals using a UV chamber with
controlled measurement conditions. After each UV curing
interval, the colorimetric and spectral properties of the test
specimens were measured to determine the effect of UV
curing on the material. An analysis of the influence of UV
radiation on the colorimetric properties of 3D prints was
made based on the measured spectral and chromatic data. The
difference in the color of the test specimens is shown as a
AFEy value with a description of the direction of the tone
change. The evaluation of the colorimetric color difference is
shown in Tab. 1.

Table 1 Evaluation of colorimetric color difference
AE*<1 a deviation that is not noticeable
AE*=(1-2) very small difference; noticeable only to the experienced
to the observer
AE*=(2-3.5) mean difference; noticeable even to the inexperienced to
the observer
AE*=(3,5-5) | great difference
AE*>6 a very big difference

The total color change is shown as the value of AEqy, and
the color difference equations are specified in Egs. (1)
through (4). The change in lightness between two test
specimens is expressed by Eq. (1), change in chromaticity is
expressed by Eq. (2), and change in hue is expressed by Eq.
3).

AL'= Ly~ L', (M)
AC”ab = Clab,b_ C'ab,s (2)
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0s  (Ah' . Table 2 Color change through different curing intervals for cyan dye specimen tests
AH ’ab = |:2(C 'ab,b C,ab,s ) s (_G\J:| (3) Cyan ALy
2 Interval 1 mm 2 mm 3 mm 4 mm 5 mm
5 2 2 1 1.22 0.99 1.44 1.14 0.57
AL’ AC' AH' 2 1.51 1.72 1.86 1.4 0.63
s (i) (i) () -
00 3 1.8 2.12 2.05 1.38 0.56
kpSy keSc ke Sy 4 185 | 272 | 243 197 | 078
05 (4) 5 2.05 2.95 2.65 2.16 0.77
Ac’ab AH Iab 6 2.1 3.08 2.83 2.32 0.83
+RT 7 2.29 34 3.11 2.53 1.06
keSe )\ kySy 8 2.16 3.57 32 2.59 111
3  REASERSCH RESULTS WITH DISCUSSION Table 3 Color change through different curing intervals for magenta dye specimen
tests
. Magenta AEy
The research results show color change differences Interval T mm > mm 3 mm 4 mm 5 mm
between the specimens before and after UV curing. Test 1 0.84 0.42 0.62 0.84 0.79
specimens are translucent solid materials. Data represented 2 1.01 0.59 0.59 0.94 0.82
in tables show color change through different curing intervals 3 1.07 0.64 0.66 0.96 0.82
and CIE values of L* a* b* C* h before and after UV curing. : }'(1)? 00‘785 g'gg 10'097 8‘23
UV curing intervals spaced by 15-minute increments. 6 110 0.85 L64 106 0.86
Tabs. 2, 3, and 4 show the total color changes expressed 7 111 0.76 0.69 1.01 0.95
as the AEy value for the test specimens with cyan, magenta, 8 121 0.9 0.79 0.88 0.85
and yellow dye. The tables show the color changes described , o ,
as AEgo for eight uv curing intervals of 15 minutes for test Table 4 Color change through dlﬁerer;é;l;rlng intervals for yellow dye specimen
specimens 1 mm, 2 mm, 3 mm, 4 mm, and 5 mm thick. Tabs. Yollow AEo
2,4, and 6 show that the most significant color change occurs Interval 1 mm 2 mm 3 mm 4 mm 5 mm
after the first curing interval. It can be seen that the most 1 0.95 0.6 0.7 0.76 0.63
significant total color change expressed as the value of AEg 2 1.2 0.86 0.84 0.94 0.77
occurs in the test specimens with cyan dye, while the smallest i igg i?i é'gi é'gg g'z;
changes were recorded in the test specimens with magenta 5 138 IRE 117 15 W
dye. Tab. 6 shows that the yellow dye test specimens have a 6 1.46 128 133 126 121
uniform color change expressed as a AEy value, regardless 7 1.49 138 1.35 1.24 1.19
of the thickness of the test specimens. 8 L3 1.38 1.42 1.34 1.33
Table 5 CIE values L* a* b* C* h before and after UV curing the specimens with cyan dye
C Values before UV curing Values after UV curing
L* a* b* C* h L* a* b* C* h
1 mm 46.2 -31.93 —43.03 53.59 233.43 45.59 -34.41 —38.86 51.9 228.47
2 mm 29.61 -23.01 —46.48 51.86 243.66 29.03 —28.63 —40.69 49.75 234.87
3 mm 19.07 —12.98 —43.04 44.95 253.22 18.59 —18.06 -38.35 42.39 244.78
4 mm 11.66 —6.59 -38.06 38.63 260.18 11.25 -10.72 —34.34 35.97 252.66
5 mm 6.31 -2.53 -32.39 32.49 265.53 6.02 —4.35 -30.15 30.47 261.79
Table 6 CIE values L* a* b* C* h before and after UV curing the specimens with magenta dye
M Values before UV curing Values after UV curing
L* a* b* C* h L* a* b* C* h
1 mm 41.54 68.35 -6.55 68.66 354.53 40.42 66.54 -5.22 66.74 355.52
2 mm 30.15 63.92 16.94 66.12 14.85 29.32 62.85 17.93 65.36 15.92
3 mm 23.41 56.97 30.64 64.68 28.27 22.4 55.83 30.23 63.49 28.44
4 mm 18.7 51.62 30.27 59.84 30.39 17.74 50.59 28.88 58.25 29.72
5 mm 14.91 47.05 25.36 53.45 28.32 14.07 46.08 23.96 51.94 27.47
Table 7 CIE values L* a* b* C* h before and after UV curing the specimens with yellow dye
v Values before UV curing Values after UV curing
L* a* b* C* h L* a* b* C* h
1 mm 73.39 -5.02 93.68 93.82 93.07 71.71 —3.54 92.3 92.37 92.2
2 mm 64.57 0.74 91.98 91.98 89.54 63.39 2.47 91.24 91.27 88.45
3 mm 57.42 4.69 87.2 87.32 86.92 56.22 6.21 86.31 86.53 85.89
4 mm 50.87 7.76 80.46 80.84 84.49 49.82 9.08 79.56 80.08 83.49
5 mm 45.74 10.28 74.13 74.84 82.11 44.61 11.27 72.68 73.55 81.18

Tabs. 5, 6, and 7 show CIE L* a* b* and C* h values for
test specimens in the initial green state and CIE L* a* b* and
C* h values after the end of eight UV curing intervals. It can

be seen that all test specimens have different colorimetric
values depending on the thickness of the pieces. It is also seen
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that curing reduces the brightness and chromaticity of all test
specimens.
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Figure 2 Color change graph AEq with respect to UV curing intervals and
specimen thickness for cyan dye specimens
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Figure 3 Color change graph AEo with respect to UV curing intervals and
specimen thickness for magenta dye specimens.
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Figure 4 Color change graph AEq with respect to UV curing intervals and
specimen thickness for yellow dye specimens

Figs. 2, 3 and 4 show the measured total color changes
expressed as AEy value over eight UV curing intervals of 15
minutes. Fig. 2 shows the changes in the cyan-colored test
specimens. The most significant color change is visible in the
2 mm thick test specimen, while a minor color change is seen
in the 5 mm thick specimen. Test specimen 5 mm has a
slightly noticeable impact of UV curing on color change than
other test specimens. Fig. 3 shows the changes of the test
specimens with magenta staining. The most considerable
color change is visible in the 1 mm thick test specimen, while

a minor color change is seen in the 3 mm thick specimen. A
peak is visible for the specimen 3 mm during the 6" drying
interval, but the change is still insignificant. However, the
peak value of AEy after the sixth interval is not large enough
for the changes to be noticeable to the standard observer.
Therefore, the total color change after the last UV curing
interval is less than 1, which according to Tab. 1, color
change is not noticeable.

Fig. 4 shows the changes in the yellow test specimens.
The most significant color change is again shown in the 1 mm
thick test specimen, while a minor color change is seen in the
5 mm thick specimen. It is visible that all test samples have
similar color changes during UV curing, except the thinnest
specimen.
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Figure 5 CIELAB colorimetric properties of cyan test specimens

Figs. 5, 6, and 7 show the chromatic values of the test
specimens in the CIELAB color system. The initial values
and the final values of the color change are shown, in which
the direction in which the color changes after a series of
curing intervals is visible. Specimens are marked with
numbers from 1 to 5, and this number represents the
thickness of the test specimens expressed in millimeters.

4 CONCULUSION

To achieve complete photopolymerization, the workflow
of stereolithographic additive manufacturing includes the
process of curing by UV radiation. During the UV curing
process, the extent to which UV radiation affects the
colorimetric transmission properties of the test specimens
was investigated. Color changes expressed as AEy occur in
all test specimens and are most pronounced in cyan dye test
specimens where AEy is greater than 2. Color changes on
cyan dye test specimens are visible to the standard observer.
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Figure 6 CIELAB colorimetric properties of magenta test specimens
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Figure 7 CIELAB colorimetric properties of yellow test specimens
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The change in brightness and chromaticity is most salient
in the test specimens with the addition of magenta and yellow
dye. However, the total color change value of AEy is less
than 2, so it is not visible to the standard observer.
Measurements established a correlation between curing and
the direction of color change. All test specimens show that
curing reduces the brightness. In test specimens with cyan
dye, thinner specimens have a more significant color change.
Chromaticity decreases, and the tone changes towards the

green area. For test specimens with magenta dye, change
direction is of a different shape than for test specimens with
cyan and magenta dyes. The direction of change of thinner
specimens is different from thicker specimens. In all
specimens, the brightness and chromaticity are reduced, and
the direction of the tone change cannot be determined
precisely due to too small changes. For test plates with
yellow dye, the total color changes expressed as AEy are
uniform for test specimens of all thicknesses. Brightness and
chromaticity decrease equally, and the tone changes toward
the orange area. The most significant recorded AEy color
change occurs after the first curing interval. In this paper, the
influence of UV curing on the colorimetric properties of test
samples is presented. In most cases, the difference in color
change shown as a AEy value was not higher than 2. Due to
such a slight difference, the color change values would not
be noticed. However, additional studies are needed, such as
the effect of short and extended aging on colorimetric
properties. With such tests, the direction of color change,
colorimetric change difference could be determined more
precisely.
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