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ABSTRACT ARTICLE HISTORY
In the manufacturing of optical products, precise adjustments Received 4 June 2023
are made to maintain the optical axis alignment of optical Accepted 16 July 2023

components, which are then securely positioned using adhe- KEYWORDS

sives. To achieve positional accuracy at the micron level, it is UV-curable adhesive:
essential to comprehend the deformation of the adhesive joint conversion; curing degree;
over time during processing. This study focuses on investigating curing shrinkage;
the displacement of optical components resulting from the viscoelasticity; finite element
deformation of a cationic photopolymerized epoxy adhesive, method (FEM); finite element
which cures under ultraviolet (UV) radiation. First, the conver-  analysis (FEA)

sion of the adhesive was formulated based on a curing reaction

model. This conversion can be divided into three stages: the

initial reaction during UV irradiation, the subsequent dark reac-

tion, and the reaction induced by heating. Moreover, formula-

tions were developed to describe changes in curing shrinkage,

thermal expansion, and viscoelasticity in relation to the conver-

sion. These equations, governing the adhesive properties, were

then used to perform finite element method (FEM) simulations

to analyze the position of the optical component. Experimental

tests on adhesively bonded components were conducted under

conditions identical to those employed in the simulation.

Throughout the curing process of the adhesive, the optical

component was continuously imaged using a coherence-

scanning interferometer, enabling the quantification of its dis-

placement from the acquired images. The results of the FEM

simulation and experimental analysis exhibited a consistent

trend, indicating the effectiveness of the modeling and simula-

tion methods employed in this study. The majority of the dis-

placement of the optical component occurred over several

hours during the dark reaction stage, rather than during UV

irradiation. Notably, the movement of the optical component

was not limited solely to the thickness direction of the adhesive

layer because of curing shrinkage but also extends to the in-

plane direction because of the non-uniform distribution of the

UV irradiation intensity.
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1. Introduction

In the manufacturing process of optical products, several optical compo-
nents such as lenses and mirrors are fixed to their housing to construct
spatial optics. Precise alignment along the optical axis must be maintained
for these components. UV-curable adhesives are commonly used to fix
these components. As the name suggests, these adhesives can be cured
under UV irradiation within a short period. However, the expansion and
shrinkage of the adhesive layers can cause displacement of the components
from their original positions, leading to degradation of their optical char-
acteristics. Achieving micron-scale positional accuracy for these compo-
nents is crucial, making high-precision adhesion indispensable for the
development of optical products.!'~*

Understanding the curing process of adhesives is essential to achieving
precise adhesion. The curing process involves more than simple shrinkage
due to the curing reaction; it also entails significant changes in mechanical
properties, such as a transition from a viscous to a viscoelastic state. This
process can have long-term effects on positional variation because of the
relaxation of internal stresses caused by curing.

Previously, numerous product prototypes had to be developed to opti-
mize adhesive configuration, dimensions, and processing conditions. To
realize optical products with high performance and reliability in a shorter
timeframe, there is a need for a method to quantitatively predict the
deformation and internal stress of adhesive parts under arbitrary curing
conditions. This can be achieved by modeling the physical properties of
adhesives subjected to curing.

Several studies have reported models for the curing reaction of adhesives
and the changes in the physical properties during the curing process."”**! Most
of these studies have focused on heat-curable resins and radical polymerization
UV-curable resins. Cationic polymerization UV-curable adhesives are also often
used for optical products because of their advantages over radical polymeriza-
tion adhesives, such as a smaller curing shrinkage, no oxygen inhibition, and
superior heat resistance. However, few studies have modeled the curing reaction
for cationic polymerization UV-curable adhesives,'*'® and few researchers
have formulated the deformation associated with curing for these adhesives.

In the previous paper, we reported on modeling the changes in physical
properties of the cationic polymerization UV-curable adhesive during
curing.®! This study entailed a finite element analysis (FEA) investigation
on the displacement of a glass component on a metallic substrate bonded to an
adhesive in an optical system. Our analysis is based on a model of the physical
properties of the adhesive. Experiments were performed under the same
conditions as the simulation, in which the displacements of the glass compo-
nent were continuously measured in situ using an optical method. The

[5-16]
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material modeling and analytical methods were validated by comparing the
results of simulations and experiments.

2. Simulations and experiments
2.1. Modeling of adhesive joints

This study employed an epoxy resin-based cationic polymerization-type adhe-
sive for precise adhesion. This type of adhesive is appropriate for the fabrica-
tion of optical products due to the small shrinkage during curing and the low
coefficient of thermal expansion.?*?*! The adhesive was filled with a silica
filler to minimize expansion and shrinkage. The adhesive contained an iodo-
nium salt-type photocationic polymerization initiator and a curing agent that
reacted with heat and was cured through UV irradiation and heating.*®!

The conversion of the adhesive was measured using the fluorescence
method (OL201MS, AcroEdge, Japan), and the parameters were derived by
fitting the data. In our previous paper,?’! the parameters of the adhesive were
measured under different curing conditions from this paper, so the parameters
have been determined again although they are less sensitive to curing condi-
tions. There are two reaction mechanisms for this adhesive: UV irradiation
and heating. Previous studies have suggested that photocationic reactions
involve two stages.!'>'®! Therefore, this reaction must be formulated in
a total of three stages. There was an initial curing reaction associated with
UV irradiation (pyy), a dark reaction after UV irradiation (py;), and a reaction
due to the curing agent that reacted with heat (py;) in the conversion of the
adhesive. The n™ order model, which was proposed by Martin et al.,'* was
applied to each stage, and their superposition was used as the overall reaction

system by following the method proposed by Chiou et al.”! They can be
expressed as
dpuy
AW K1 — 1
I (1-p) 1)
_ —Cuy _ M —Cuy
Ky = kyy exp( RT ) = kyyrl exp( RT ) (2)
dpni
— =Ky;(1 — 3
o hi(1—p) 3)
—Cuy —Cuy
Khl = khl exp (ﬁ) = kthItN exp( RT ) (4)
d
P2 — Kia(1—p) (5)
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e
Ky = kthXP(RT) (6)
Here, I is the UV light intensity, I; is the UV-integrated light intensity, ¢ is the
time, and T is the temperature. kyyr, M, cuy, kniT, N, knp, and ¢, are experi-
mentally determined constants. The relationship between the rate constants
(kuy> kn1) and UV-integrated light intensity is expressed by a power
expression,''* as shown in Equation 2 and Equation 4. The model has
experimentally been validated because this study concerned the conversion
during the dark reaction process which was not discussed in detail in our
previous paper. Conversions p,, and py; are shown in Figures 1 (a) and (b),
respectively.

The validation procedure of models for conversion and properties of
the adhesive was described in our previous paper.!**! The changes in the

0.2

= Model

@ Experimental

Conversion p

0 20000 40000 60000

Integrated UV Light Intensity I (m]/cm?)
(a)
0.2

Model

==== 50000 mJ/cm?
o . = 15000 m)/cm?
g =
2 T Experimental
o e O 50000 ml/cm?
§ 0.1 K O 15000 ml/cm?

0 1000 2000 3000 4000 5000

Time after UV irradiation (s)
(b)

Figure 1. Conversion of the adhesive. (a) Conversion during UV irradiation, (b) Conversion after UV
irradiation.
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viscoelasticity, curing shrinkage, and thermal expansion were measured
and formulated by fitting them to the data associated with the conversion.
The shear moduli were measured using a rotational rheometer with a UV-
curing function (MCR302, Anton Paar, Austria). The curing shrinkage
and coefficient of linear expansion were measured using a laser displace-
ment meter (EU201, AcroEdge, Japan). The changes in the storage and
loss moduli can also be expressed by equations (7) - (9) in three stages
that mostly correspond to the three stages of curing (puy, ph1> and pny).
The relationship between the conversion and moduli is shown in
Figure 2.

G= Alexp(Blp)(p < 004) (7)
G = Arexp(Bop)(0.04 < p<0.15) 8)
G = A3(1 — exp(—Bsp))(p>0.15) (9)

In Equations (7) - (9), A;, B, Ay, By, As, and B; are constants that must be
determined experimentally. When the conversion is 0.04 or less, it is defined as
stage 1 in which gelation is yet to occur. The elastic modulus increases rapidly
during this stage. When the conversion is within 0.04-0.15, it is defined as
stage 2; the increase in the elastic modulus decelerates. Stage 3 occurred when
the conversion exceeded 0.15; the elastic modulus was almost saturated.

For the curing shrinkage and coefficient of linear expansion, the three stages
of the reaction were fitted to a sigmoid curve, as shown in Equation 17 and
Equation 17. The relationship between the conversion and curing shrinkage is
plotted in Figure 3, and the relationship between the conversion and coeffi-
cient of linear expansion is shown in Figure 4.

Stagel Stage2 Stage3
1010 p<0.04 , 0.04<p<0.15 | p>0.15

Storage modulus G’

I— — odel

< 108 O Experimental
[
N
5 . Loss modulus G”
’§ 10 === Model
= O Experimental
104
102
0 0.1 0.2

Conversion p

Figure 2. Relationship between the moduli and the conversion.
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Figure 4. Relationship between the coefficient of thermal expansion and the conversion.

1
S S exp (B — 1)) (10

1
1+ exp(—ba(p — po))

In Equation 17, S, is the shrinkage of the fully cured adhesive and Bs and p, are
constants determined experimentally. In Equation 17, «, is the coefficient of
linear expansion of the uncured adhesive, a; is the coefficient of linear
expansion of the fully cured adhesive, and B, and p, are constants to be
determined experimentally.

Furthermore, because the adhesive was viscoelastic, its mechanical
properties changed over time. Therefore, the long-term relaxation mod-
ulus of the adhesive was formulated using the generalized Maxwell

+ o (11)

a= (g — o)
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Figure 5. Master curves for storage modulus and loss modulus.

model with the Prony series shown in Equation 17. The frequency
characteristics of the viscoelasticity of epoxy resins overlap into
a single master curve owing to the horizontal shift of the measurement
results obtained at each measurement temperature using the time -
temperature superposition law. The relaxation function 7;(T) can be
obtained using Equation 17, and the amount of horizontal shift (shift
factor ay(T)) can be obtained using Equation 17.1*"!

G(t, T) = Gy + Zil G;exp (%) (12)

1

T,‘(T) :m (13)
A(T — Ty
logaH(T) = _W—Ti;) (14)

Here, t is the time, T is the reference temperature, and A and B are
constants to be determined experimentally. Frequency dispersion mode
DMA measurements (MCR702e, Anton Paar, Austria) of fully cured
adhesive samples (30 mm x 10 mm x 0.5 mm) were performed at tem-
peratures of 25-200°C, and the results were used to generate master
curves. The master curves for the storage and loss moduli are shown in
Figure 5. The relaxation modulus of the adhesive during curing was
determined using the ratio of the elastic modulus corresponding to the
conversion, as shown in Figure 2.
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2.2. Adhesive structure

The adhesive structure discussed in this study is shown in Figure 6 (a). The
component (glass S-BSL-7) was bonded to a substrate (oxygen-free copper)
using an adhesive. The adhesive part includes not only the adhesive layer at the
bottom of the glass component but also fillets formed on the edges of the glass
component. Because this adhesive has high viscosity (=100 Pa-s), the fillet
forms the shape as shown in Figure 6(a) when the glass component is placed
gently on the adhesive that was applied in a certain amount using a dispenser.
The dimensions of the fillet shape shown in Figure 6(a) are measured using the
sample after the curing process. We neglected the change of fillet shape and
dimensions due to curing because the shrinkage was small. One UV light
source was positioned diagonally above the glass component and UV light is
irradiated for 500 s. The intensity of the UV light irradiated on the adhesive
was not uniform. The UV irradiance of each area is shown in Figure 6(a). The
temperatures of the samples measured during curing are shown in Figure 6(b).
The adhesive was applied over the thermocouple initially bonded on the
copper substrate, and the glass component was placed on the adhesive. The
temperature of the adhesive part near the copper substrate was measured by
the thermocouple. In addition, the temperature at the surface of the adhesive
was monitored with an infrared thermography camera (R300SR-S, Nippon
Avionics, Japan). These temperatures and their time variations were similar
and their differences were small and negligible. Therefore, in this case, we
neglected the effect of temperature on strain and stress.

After UV irradiation, the sample was maintained at 23°C for approximately
90 minutes, which is the upper limit time for measurement using the experi-
mental setup described later. During this time, the curing of the adhesive part
progressed owing to a dark reaction. Because the progress of the dark reaction
saturates approximately 5hours after UV irradiation, 90 minutes after UV
irradiation corresponds to the middle of the dark reaction. Although the actual
manufacturing process involves a post-curing process through heating, this
study only concerned the initial curing reaction with UV irradiation (p,y) and
the dark reaction after UV irradiation (py;). The analysis of the deformation
associated with post-curing by heating (py,) is currently underway and is not
discussed in this paper.

2.3. Finite element analysis

The implicit solver of the LS-DYNA (version R9.1.0)" finite element
simulator was used for analysis. The FE model is shown in Figure 7. All
parts, including the glass component, the adhesive, and the copper

1Any and all ANSYS, Inc. brand, product, service and feature names, logos and slogans such as  Ansys, CFX, Fluent
are registered trademarks or trademarks of ANSYS, Inc. or its subsidiaries in the United States or other countries.
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Figure 6. Adhesive structure for experiments and simulations. (a) Schematic of the adhesive
structure, (b) Change in temperature of copper plate surface (Area 5) during UV irradiation.
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Figure 7. FE model of adhesive structure.

substrate, were divided into similar tetrahedral solid elements with
a size of 0.3 mm. Fully integrated S/R solid elements for elements with
poor aspect ratio were used for the adhesive, and constant-stress solid
elements were used for the glass component and the copper substrate.
For the boundary conditions, the adhesive/copper substrate and adhe-
sive/glass component interfaces were assumed to be nodal point sharing,
and the Z-direction of the bottom surface of the copper substrate was
fixed.

The glass component and copper substrate were treated as elastic
bodies that underwent thermal deformation, and the adhesive part was
modeled using *MAT_ADHESIVE_CURING_VISCOELASTIC
(*MAT_277), a material model in LS-DYNA that can represent the
curing of adhesives.”®*! MAT_277 is a model for heat-cured adhesives
but not for UV curing (puy). Therefore, for the UV curing stage, we
calculated the conversion caused through UV irradiance by replacing it
with the curing parameters and temperature of the adhesive. Because
UV irradiation was not performed in the dark reaction stage (pni),
calculations were performed according to the original usage of
MAT_277. The adhesive part was divided into bodies corresponding to
areas 1-5 in Figure 6, and the parameters corresponding to each UV
irradiance were entered and analyzed.

In MAT_277, the Kamal model was used to calculate the conversion, as in
Equation 17 - Equation 17; however, because the n™ order model was used in
this study, k,, m, and ¢, were set to zero and converted to Equation 17. This
enables the expression of Equation 1, Equation 3, and Equation 5 as
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Table 1. List of MAT_277 parameters.

Value
Variable Puv Pm Significance
k1 Area 1 7.36x108 1.00x107 Parameters of Kamal model
Area 2 3.51x108 8.81x10°
Area 3 2.69x108 8.39x10° (Equation 15 - Equation 17)
Area 4 3.35x108 8.73x10°
Area 5 2.91x10% 8.51x10°
k2 0 0
cl 6.19x10’ 6.19x10”
2 0 0
m 0 0
n 1.00 1.00
WLFTREF 298.15 298.15 WLF shift function
WLFA 50.0 50.0
WLAB 400 400 (Equaion 12 - Equation 14)
INCR 1 1 Form of stress calculation
0: Overall form
1: Incremental form
dp m n
i (Ki+Kzp™)(1 = p) (15)
Kl = klexp <ﬁ> (16)
K, = kyexp <ﬁ> (17)
dp n
P _xi(-p) (18)

The parameters used in these calculations are listed in Table 1. The modulus
of elasticity, curing shrinkage, and linear expansion coefficient at each con-
version were input to LS-DYNA as curves based on the model in Section 2.1.

2.4. Experimental in situ measurement of displacement

To prevent influencing the curing process, the measurement must be non-
contact, and in such cases, evaluation through image capture is often
employed.**!] Coherence-scanning interferometer (VertScan R5000, Ryoka
Systems, Japan) was used in this experiment. An overview of the experiment is
shown in Figure 8. The white light emitted from the light source inside the
coherence-scanning interferometer was split into a light flux to the reference
mirror and a light flux to the measurement sample by a beam splitter in the
objective lens. When the objective lens is scanned in the Z-direction using the
piezomechanism, interference fringes are generated around the position
wherein the optical path difference between the light flux reflected from the
reference mirror and that from the measurement sample is zero. Information
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Figure 8. Measuring method for displacements of the glass component. (a) Measurement system
for displacements for the glass component, (b) Image acquired using coherence-scanning
interferometry.

on the surface shape of the measured sample was obtained by detecting the
peak position of the intensity of the interference fringes at each pixel position
of the charge-coupled device (CCD) image sensor. Generally, coherence-
scanning interferometers are used to measure thin films and surface topogra-
phy. Moreover, there are also examples of observation of deformation beha-
vior in tensile testing of micro specimens'*? and applications in tribology.”*!

In this study, a coherence-scanning interferometer was used to continu-
ously photograph the top edge of the glass component and acquire images
approximately once every 16 s. Measurements were taken from the start of UV
irradiation until 90 min after the UV irradiation was stopped. An LED-type
UV light source with a central wavelength of 365 nm (LIGHTNINGCURE LC-
L1L1V3, Hamamatsu Photonics, Japan) was used for curing. The UV intensity
of the samples was measured using a UV illuminance meter (UIT-201, Ushio,
Japan). The displacements of the glass components in the X-, Y-, and
Z-directions were derived from the captured images. The position in the
Z-direction is the average of all pixels at the peak position of the interference
fringe intensity. The position in the X- and Y-directions is the average of all
pixels at the detected contour position.

3. Results and discussion

The analytical and experimental results of the displacement of the glass
component in the XYZ direction are shown in Figure 9. The results
indicate similar trends, affirming the efficacy of the proposed
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Figure 9. Experimental and simulation results. (a) X-direction displacement, (b) Y-direction
displacement, (c) Z-direction displacement.

methodology in predicting curing displacement and facilitating the effi-
cient design of optical components bonded with a specific adhesive,
considering the complexities associated with the curing process.
However, the displacements were smaller in the analysis than in the
experiment. Consequently, this analytical method can be considered
qualitative rather than quantitative. One of the possible reasons for the
gap between the analysis and the experiment is in the modeling of the
conversion. The formulation of the conversion greatly affects the results
of the simulation. Especially, the conversion during the dark reaction
process should carefully be treated because physical properties change
rapidly, but they are still difficult to measure precisely. This topic
remains a future challenge for the authors. Another possible reason is
the difference in conditions between the analysis and the experiments.
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In the analysis, UV irradiation intensity was assumed constant in each
area and the distribution in an area was neglected. However, the inten-
sity is actually distributed because of absorbance by the glass component
and the adhesive itself. For a more precise analysis, the absorbance
should be taken into account. This topic is also a future challenge for
the authors.

Notably, most of the glass component displacement occurred during the
dark reaction and not during UV irradiation. Moreover, the displacement was
gradual over the course of an hour or longer. This is an important aspect to
consider in the design of optical products. Both the simulation and experiment
showed that the displacement of the glass component during UV irradiation
was minimal. This outcome can be attributed to the small values of the elastic
modulus and cure shrinkage in the initial stage of curing and approximated
that of the uncured state.

Furthermore, it is important to acknowledge that the glass component
is displaced not only in the Z-direction, which is the direction of the
thickness of the adhesive layer, but also in the Y-direction, which is
within the adhesive plane. This phenomenon was probably caused by
the non-uniform intensity of UV irradiation. Figure 6(a) illustrates
a discrepancy in the UV irradiance between the fillets formed on the
two long sides of the glass component. Specifically, one side (Area 1)
experienced an irradiance of 132 mW/cm? whereas the other side
(Area 3) exhibited an irradiance of 49 mW/cm? the irradiance of Area
1 is approximately 2.7 times higher than that of Area 3. The curing
reaction proceeds faster in Area 1, which is irradiated with intense UV
light, and the curing shrinkage and increase in the elastic modulus occur
at a faster rate, ultimately causing glass component displacement. The
measured displacement in the X-direction after approximately 4,500 s of
UV irradiation was 0.4 um, whereas the measured displacement in the
Y-direction was approximately six times larger at 2.4 um. This discre-
pancy highlights the necessity of uniform UV irradiation across the entire
bonding area to achieve precise positional accuracy.

4. Conclusions

The displacement analysis of an optical component bonded with a cationic
polymerized UV-curable epoxy adhesive has been conducted. A curing reac-
tion model was utilized to formulate the conversion, viscoelasticity, expansion,
and shrinkage of the adhesive with respect to conversion. These equations,
describing the adhesive properties, were then implemented in FEA to predict
the movement of the optical component. Concurrently, experiments were
performed under identical conditions as the simulation, with continuous
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imaging of the optical component using a coherence-scanning interferometer
to quantify its displacement.

The FEA and experimental outcomes demonstrate consistent trends, sug-
gesting the applicability of the methodology that combines property modeling
and simulation to the manufacturing of optical products. This approach holds
potential for reducing product development time while enhancing perfor-
mance and reliability.

In both the FEA and experiment, it was observed that the displacement of
the optical component persisted for several hours, primarily during the dark
reaction stage rather than UV irradiation. Furthermore, owing to non-
uniform UV intensity within the irradiation area, curing shrinkage was
found to occur not only in the direction of adhesive thickness but also in the
in-plane direction.
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