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A B S T R A C T

The mechanical properties of adhesive joints are affected by the moisture content, making it necessary to un-
derstand the moisture diffusion behavior in the adhesive layer. The diffusion coefficient of the bulk material is
generally used in the numerical calculation of the penetration distance; however, the joint strength often de-
creases beyond the expected value. Therefore, it is believed that moisture penetrates much faster in the adhesive
layer than in the bulk, although there have been no direct observations of this behavior. In this study, the effects
of the adhesive thickness and surface wettability of the substrate on moisture penetration into the layer were
investigated. Near-infrared spectroscopy was applied to non-destructively reveal the in-plane moisture distri-
bution in the adhesive layer. The moisture distribution in the adhesive layer sandwiched between quartz glasses
was monitored for six weeks by immersing it in room-temperature water. Two adhesive layers with different
thicknesses (0.3 and 0.1 mm) were prepared, and it was revealed that the thinner the adhesive layer, the faster
the moisture diffusion. A numerical analysis based on Fick’s law showed that the diffusion coefficient of a 0.1
mm-thick adhesive layer was approximately 1.6 times greater than that of the bulk. In addition, the different
surface wettability resulted in a change in the diffusion behavior at the corners of the adhesive layer, although
there was little difference in the case of unidirectional penetration.

1. Introduction

The adhesive bonding technology plays a crucial role in various in-
dustries, such as aerospace and automotive, owing to its capability in
joining dissimilar materials [1]. Understanding the factors affecting the
mechanical properties of adhesive joints is essential to ensure their
reliability and performance. Moisture has long been known to influence
the behavior of adhesive joints [2,3]. When adhesives are exposed to a
humid environment, the increased moisture content can lead to a
deterioration in their mechanical properties [4,5], and the moisture
absorbed near the interface reduces their interfacial strength [6,7].
Especially, when metallic substrates are used as the adherend, moisture
diffusion near the interface not only degrades the adhesives but also
corrodes the substrate, having a detrimental effect on the adhesive joint
[8].

In adhesive bonding, because the adhesive layer is sandwiched be-
tween adherends, moisture can diffuse from the sides of the adhesive

layer and disperse within the adhesive layer. While the moisture diffu-
sion into the adhesive layer has been conventionally predicted using
Fickian diffusion [9], some studies have suggested the possibility that
diffusion near the interface may be faster than the Fickian diffusion into
the adhesive layer [10–12]. Zanni-Deffarges et al. [10] proposed the
concept of capillary diffusion and demonstrated the possibility of rapid
diffusion near the interface, which can influence the overall diffusion
behavior of the entire adhesive layer. Although direct measurements of
the moisture distribution within adhesive layers have been made using
non-destructive methods, such as Fourier transform infrared (FTIR)
transmission microscopy and near-infrared spectroscopy (NIRS) [12,
13], only a limited number of such cases have been reported. The actual
state of moisture penetration into the adhesive layer remains unclear.

The diffusion coefficient of an adhesive is a material property that
does not vary with the bonding conditions. If a change in the moisture
distribution is observed under varying conditions, the change is due to
an effect other than the diffusion coefficient of the material itself. The
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thinner the adhesive layer, the greater the effect of moisture ingress at
the interface on the entire adhesive layer. When the surface wettability
of an adherend varies, moisture intrusion into the interface may affect
the moisture distribution.

In this study, we measured the moisture distribution in an adhesive
layer composed of epoxy by varying the thickness of the adhesive layer
and the surface wettability of the substrate to investigate the influence of
moisture diffusion near the interface on the overall moisture diffusion in
the adhesive layer. NIRS was applied for the water content analysis.
Quartz glass was used as the substrate given that it allows for the
transmission of NIR rays. Specimens with two different thicknesses and
under three different surface conditions were prepared.

2. Experimental

2.1. Materials and specimens

2.1.1. Adhesive
A thermoset adhesive was used in this study. Table 1 lists its

composition. This adhesive has simple components: a bisphenol A epoxy
resin and a curing agent. The use of simple materials is known to help
prevent complex diffusion phenomena within an adhesive, including a
reduction in the free volume for moisture diffusion and moisture accu-
mulation at the interface between the resin and filler [14]. The curing
temperature was set to 180 ◦C for 30 min to ensure sufficient adhesive
curing.

2.1.2. Substrates
A quartz glass plate with a thickness of 1 mm and a width/length of

25 mm was used. Quartz glass allows the transmission of NIR rays and
does not absorb moisture. Therefore, the moisture within the adhesive
layer can be investigated using NIRS [13].

Three different surface treatments were applied to investigate the
effects of wettability on the moisture diffusion near the interface. In the
first treatment, the surface was degreased with acetone prior to bonding.
In the second treatment, flame treatment was employed to render the
substrate surface hydrophilic. Flame treatment has been utilized as a
method to increase surface energy and enhance hydrophilicity by pro-
cesses such as cleaning contaminants and modifying surface chemistry
[15,16]. In the third treatment, to render the substrate surface hydro-
phobic, a fluoropolymer (CYTOP, AGC Co. Ltd., Tokyo, Japan) was
spin-coated onto a quartz glass plate at 1000 rpm for 30 s and then cured
at 80 ◦C for 1 h and 200 ◦C for 1 h. Fig. 1 shows the contact angles on the
substrates subjected to the three different surface treatments.

2.1.3. Specimens
The types of specimens used in this study, along with their adhesive

thickness and surface treatment, are listed in Table 2. Two types of
specimens were prepared to investigate the moisture diffusion: open-
face and closed specimens. The open-face specimens were used for the
gravimetric method and NIR spectral analysis given their rapid and
uniform moisture diffusion into the adhesive–substrate interface. To
adjust the adhesive thickness, a polytetrafluoroethylene tape with a
thickness of 0.3 mm and a width of 1 mm was attached to the four sides
of the quartz glass plate, resulting in an adhesive area of 529 mm2, as
shown in Fig. 2a. The closed specimens were used to measure the
moisture distribution. In this case, only the edges of the adhesive layer
were exposed, resulting in a moisture distribution in the adhesive layer. To control the adhesive thickness, glass beads of the same diameter as

the adhesive thickness were inserted. The adhesive area was the same as
that of the quartz glass plate, 625 mm2, as shown in Fig. 2b.

The adhesive thicknesses of the closed specimens were set to 0.1 and
0.3 mm to investigate the effect of adhesive thickness on the moisture
diffusion in the adhesive layer. Only the acetone-degreased substrate
was used in both the open-face and closed specimens with an adhesive
thickness of 0.3 mm. Three types of substrates–acetone degreased, hy-
drophilic treated, and hydrophobic treated–were used for the closed

Table 1
Chemical composition of the adhesive used in this study.

Material Mass (%)

Bisphenol A epoxy resin 88
Dicyandiamide 10
3-(3,4-dichlorophenyl)-1,1′-dimethylurea 2

Fig. 1. Water contact angles on quartz glass plates subjected to different sur-
face treatments: (a) acetone degreasing, (b) hydrophilic treatment, and (c)
hydrophobic treatment.

Table 2
Specimen types and surface treatments used in this study.

Specimen
type

Adhesive thickness
(mm)

Surface treatment

Open-face 0.3 Acetone degrease
Closed 0.1 Acetone degrease

Flame treatment (hydrophilic)
Fluoropolymer modified
(hydrophobic)

0.3 Acetone degrease

J.-W. Han et al.
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specimen with an adhesive thickness of 0.1 mm to investigate the effect
of surface conditions onmoisture diffusion near the interface. Specimens
degreased with acetone were used to investigate the effect of the ad-
hesive thickness, whereas hydrophilic- and hydrophobic-treated speci-
mens were used to investigate the effect of surface conditions on
moisture diffusion in the adhesive layer.

To evaluate the change in the specimen conditions, the results of
closed specimens composed of an A6061-T6 aluminum alloy plate and a
quartz glass plate in Ref. [13] were used for the comparison. The di-
mensions of the aluminum alloy plate for the lower substrate were 3 mm
in thickness, 25 mm in width, and 100 mm in length, and the same
quartz glass plate as in this study was used for the upper substrate. Thus,
the bonded area was the same. The aluminum alloy plate was initially
degreased with acetone, then immersed in a 60 ◦C alkaline solution for
30 s, followed by washing with purified water and drying. Afterward, it
was immersed in an acidic solution at 60 ◦C for 30 s. To bond the
aforementioned substrates, an adhesive based on bisphenol A epoxy
resin as the base resin was used. Dicyandiamide was used as a curing
agent, and carboxyl-terminated butadiene acrylonitrile rubber was used
as a strengthener. Several other additives were also used. Curing was
conducted at 180 ◦C for 60 min.

2.2. Experimental setup

The measurement setup shown in Fig. 3 has been well-established, as
described in a previous study [13]. The NIR spectra were acquired in
reflection mode using a NIR spectrometer (NIRONE S2.2, Spectral

Engines, Steinbach, Germany) from an average of 100 values in the
thickness direction. Given that both the substrates were quartz glass
plates that allow NIR-ray transmission, a gold mirror reflecting over 98
% of the NIR rays was placed under the specimen.

All the scans were performed under laboratory conditions. The
measured spectral range was 1750–2150 nm with a wavelength interval
of 1 nm for the open-face specimens and 5 nm for the closed ones. Fig. 4
shows the scanning area. For the open-face specimens, 11 points were
measured along the centerline of the specimen with a scanning pitch of
0.5 mm. In the case of the closed specimens, considering symmetry, only
a quarter of the specimen surface was measured. The scanning pitch was
0.5 mm, and a total of 625 points were scanned. The origin coordinates
were set at the lower-left corner of the specimen.

2.3. Experimental procedure

In this study, the immersion temperature was set to room tempera-
ture (approximately 23 ◦C). The specimens were placed in plastic bags
containing purified water. Fig. 5 shows the entire procedure. The
immersed specimens were removed from the water for scanning. After
wiping the surface, we measured the moisture content using the open-
face specimen. The moisture content was calculated as follows:

mt [%] =
Mt − M0

M0
× 100, (1)

where mt is the moisture content. M0 and Mt are the masses of the ad-
hesives before and after immersion, respectively. The mass of the quartz

Fig. 2. Schematics of (a) open-face and (b) closed specimens.

Fig. 3. (a) Image of the NIRS measurement setup, and (b) schematic of the operation of the instrument.

J.-W. Han et al.
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glass, which was measured before specimen fabrication, was subtracted
from the total mass of the open-face specimen to calculate the mass of
the adhesive. The specimen was weighed using an electronic balance
with a resolution of 0.1 mg (VIBARA HTR-220, Shinko Denshi, Tokyo,
Japan). After the gravimetric measurements, the specimens were
measured using an NIRS measurement system. For the closed specimens,
NIRS measurements were performed directly without gravimetric
measurements. After the NIRS measurements, the specimens were re-
immersed in purified water, and the acquired data were processed
through a spectral analysis.

2.4. Spectral analysis

The intensity values of the reflectance spectra were converted into
absorbance values as follows:

A = − log10
(
I
I0

)

, (2)

where, A is the absorbance, I is the measured intensity, and I0 is the
background intensity. Before each measurement, a background spec-
trum was obtained using a specimen featuring an air gap of the same
thickness between the quartz glass plates instead of the adhesive layer.

The absorbance values were subjected to smoothing using a 3rd-

order Savitzky-Golay filter with filter windows of 150 for open-face
specimens and 15 for closed specimens before second-derivative pro-
cessing. Filtering was performed using the open-source preprocessing
module Nippy by Python 3.10 [17]. In this study, the second-derivative
method (SDM) was employed to determine the moisture absorption of
the layer from the NIR spectra. The second-derivative technique in the
NIRS data analysis has the advantage of improving the quantification
accuracy by eliminating baseline shifts and rotations in the spectrum
[13,18]. Because the peaks in the absorbance spectrum correspond to
the negative peaks in the second-derivative spectrum, the absolute value
of the second-derivative peak was considered the moisture absorption
value. For the open-face specimens, the moisture absorption was
calculated as the average of the absorption intensities at 11 points. For
the closed specimens, the moisture absorption was plotted at each co-
ordinate to visualize the moisture distribution.

3. Results and discussion

3.1. Quantitative evaluation of moisture absorption of open-face specimen

3.1.1. Gravimetric analysis
Fig. 6 shows the changes in the moisture content of the open-face

specimens. The moisture content initially increased rapidly and then

Fig. 4. Scanning areas of (a) open-face specimen and (b) closed specimen.

Fig. 5. Illustration of (a) experimental procedure from specimen fabrication to data analysis and (b) spectral analysis to determine moisture absorption.

J.-W. Han et al.



International Journal of Adhesion and Adhesives 134 (2024) 103792

5

increased slowly and steadily. In epoxy materials, moisture diffuses in
two stages such as a combination of Fickian and non-Fickian diffusion or
dual-Fickian diffusion [19,20]. The first stage, Fick’s law of diffusion,
can be expressed as follows:

mt = m∞

[

1 −
∑∞

n=0

{
8

(2n+ 1)2π2

}

exp

{

− D
(2n+ 1)2π2

4w2 t

}]

, (3)

where mt is the moisture content at an immersion time of t, m∞ is the
saturationmoisture content in the first stage,w is the adhesive thickness,
and D is the diffusion coefficient. By fitting Eq. (3) to the experimental
results, we determined the diffusion coefficient. However, the boundary
between the first and second stages of diffusion remained unclear in the
experimental results. To address this issue, we focused on the region
where the moisture content vs. square root of time data shows a linear
starting and reaches a plateau indicative of saturation [21]. This trend
was observed between approximately 18 and 46 days after immersion.
The time corresponding to the highest coefficient of determination
within this range was chosen as the endpoint for the first stage of
diffusion, and the diffusion coefficient was calculated accordingly.
Table 3 presents the values of the obtained parameters.

3.1.2. Spectral analysis
Fig. 7 shows the changes in the absorbance and second-derivative

spectra. In both spectra, the peak in the 1900–1950 nm range varied
with the immersion time; this peak originated from the absorption band
of the water molecules. Fig. 8 shows the changes in the peak values over
the immersion time. The increments in the peak intensity were defined
as changes from the peak intensity at an immersion time of 0 d. For the
second-derivative spectra, the absolute values were used because the
peaks appeared in the negative direction. Similar to the moisture content
changes observed in the gravimetric analysis, the peak intensity change
exhibited a rapid increase during the initial period. Fig. 9 shows a
comparison between the moisture content from gravimetric changes and
the peak intensity from absorbance and second-derivative spectra,
where the values are normalized to the value observed at the end of the
first stage. The coefficient of determination between the moisture con-
tent and the peak intensity in the first stage was 0.974 for the absorbance
spectra and 0.972 for the second-derivative spectra, showing a linear
correlation. However, the difference increased with the immersion time
in the second stage. Although the peak intensity increased for both

absorbance and second-derivative spectra, the increase was smaller than
the increase in moisture content. Therefore, the coefficient of determi-
nation in the entire range decreased to 0.813 for the absorbance spectra
and 0.916 for the second-derivative spectra. In the discussion of mois-
ture distribution, an analysis was performed using the second-derivative
spectra, which have less difference concerning the moisture content.

3.2. Evaluation of improved closed specimens

In this study, different adhesive and substrates from the development
stage of the NIR monitoring system [13] were used. Because general
adhesives contain many additives such as fillers and silica, which
complicate the water absorption process, pure materials are recom-
mended for analysis. Furthermore, when the upper and lower substrates
are different, different diffusion behaviors may occur at the interface
between the respective substrates and the adhesive layer. The
complexity of moisture diffusion due to different diffusion behaviors
within a specimen can pose significant obstacles to analyzing the effect
of adhesive thickness and surface condition on moisture diffusion.
Therefore, using the same material on the upper and lower substrates
can reduce the complexity of diffusion within the specimen. This facil-
itates more accurate analysis. Hence, we changed the specimen condi-
tions from those reported in our previous study [13]. Herein, we discuss
how the specimen condition changed the moisture distribution in the
adhesive layer.

Fig. 10a–c show the results of moisture distribution in the adhesive
layer sandwiched between the quartz glass plate and the aluminum
alloy. Fig. 10d–f show the results of moisture distribution in the adhesive
layer sandwiched between the quartz glass plates. The region ranging
from 0 mm to 0.5 mm is represented in black because the scattering of
the light at the edges of the specimens prevented the acquisition of ac-
curate moisture absorption data. Each dataset was normalized by taking
the maximum value at an immersion time of six weeks for each spec-
imen, and the moisture distribution was plotted. Fig. 11 shows the
changes in the moisture detection area with respect to the immersion
time.

Numerical simulations were also conducted using the finite element
method (FEM). The diffusion process was modeled using Abaqus/CAE
2023 with a square mesh size of 0.125 mm for the 2D analysis. The

Fig. 6. Changes in the moisture content of open-face specimen during the
immersion time.

Table 3
Parameter values of Fick’s law of diffusion.

Adhesive
thickness (mm)

Saturated
moisture content
(%)

Diffusion
coefficient
(mm2/h)

Coefficient of
determination (R2)

w m∞ D R2

3.15 × 10− 1 3.10 3.10 × 10− 4 0.995

Fig. 7. Spectral changes in the (a) absorbance spectra and (b) second-
derivative spectra of the open-face specimen.

J.-W. Han et al.
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boundary conditions were given as complete saturation of the water-
contacting surface. In the numerical analysis, the diffusion coefficient
of the bulk materials was used, and Fick’s law of diffusion was assumed,
i.e., only the first diffusion stage was considered.

The calculation of the moisture distribution from the side to the
center and from the corner to the center of the specimen is shown in
Fig. 12. Since the diffusion front from the side is not a perfectly straight
line, the average value of the moisture distribution from 7.5 mm to 12.5
mm in both the vertical and horizontal directions was adopted as the
moisture distribution distance from the side (Fig. 12a). In the case of
from the corner to the center, since there is only one axis present, the
moisture distribution was plotted with an axis set in the direction of
Fig. 12b.

Fig. 13a shows the moisture content distribution in the direction
from the side to the center of the specimens after six weeks of immer-
sion; Fig. 13b shows the moisture content distribution in the direction
from the corner to the center (i.e., the diagonal direction). The numer-
ical results were calculated by inputting the diffusion coefficients ob-
tained from the gravimetric measurements of each adhesive; these
values were 5.64× 10− 4 mm2/h for the quartz–aluminum specimen and
3.10 × 10− 4 mm2/h for the quartz–quartz specimens.

Experimental results of the quartz–aluminum specimen showed a
different diffusion trend from the numerical results considering Fickian
diffusion, particularly in diffusion near the edges. In contrast, experi-
mental results of the quartz-quartz specimen showed relatively good
agreement in distribution with Fickian diffusion. When using a metal
substrate as an adherend, factors other than the diffusion coefficient of
the adhesive itself may affect moisture diffusion in the quartz-aluminum

specimen, such as changes in crosslink density near the substrate surface
due to the interaction between curing agent and metal oxides [7]. In
other words, the quartz–quartz specimen used in this study showed
diffusion behavior closer to Fickian diffusion, enabling a more accurate
discussion regarding the effects of adhesive thickness and substrate
surface conditions on moisture diffusion.

3.3. Factors affecting moisture diffusion in the adhesive layer

3.3.1. Effect of adhesive thickness
Fig. 14a–c show the results of moisture distribution of acetone-

degreased specimens with an adhesive thickness of 0.1 mm. At an im-
mersion time of two weeks, a vertical wave-like distribution was
observed, whereas a horizontal wave-like distribution was observed at
an immersion time of four weeks. The wavelike distributions were
alleviated at an immersion time of six weeks. These wavy distributions
could have resulted from actual diffusion in this pattern. However, the
fact that such a distribution is no longer maintained with increasing
immersion time suggests that the results may not reflect actual diffusion.
Wavy distributions were not observed in quartz-aluminum and quartz-
quartz specimens with an adhesive thickness of 0.3 mm. However,
wavy distributions were observed when the adhesive thickness was
reduced to 0.1 mm. Therefore, it is conceivable that irradiated NIR rays
interfere between the upper and lower substrates when a very small
amount of moisture accumulates, leading to the formation of wavy
distributions.

Fig. 15a shows the result of moisture content distributions from the
side of the specimens after six weeks of immersion; Fig. 15b shows the

Fig. 8. Changes in the peak intensity of (a) absorbance spectra and (b) second-derivative spectra during the immersion time.

Fig. 9. Comparison between the moisture content and peak intensity in the (a) absorbance spectra and (b) second-derivative spectra.

J.-W. Han et al.
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result from the corner. Comparing the results of the 0.1 mm- and 0.3
mm-thick specimens, we found that the thinner adhesive layer allows for
more moisture penetration. The diffusion coefficient of the bulk material
was 3.10 × 10− 4 mm2/h, while the results of the 0.1 mm- and 0.3 mm-
thick specimens were close to the numerical results with the diffusion
coefficient of 5.00 × 10− 4 and 4.00 × 10− 4 mm2/h. Hence, it was sug-
gested that the diffusion coefficient of the 0.1 mm-thick adhesive layer
was approximately 1.6 times greater than that of the material itself.

Fig. 16 shows a schematic of the moisture distribution in the thick-
ness direction under different adhesive thicknesses. Assuming no spe-
cific moisture diffusion occurs near the interface, the in-plane
distribution must remain constant, regardless of the adhesive thickness
(Fig. 16a). In contrast, it can also be considered that moisture near the
interface diffused faster than the center of the adhesive layer, as shown
in Fig. 16b [10,11,22]. Such rapid distribution may be attributed to
differences in the concentration of curing agent in the thickness direc-
tion [23], differences in substrate surface wettability [10], and so forth.
These factors could change crosslink density near the interface and
affect moisture diffusion near the interface [24]. Furthermore, when

glass is used as the substrate, it leads to interfacial failure between glass
and adhesive, indicating moisture diffusion near the interface [25,26].
However, detecting small amounts of moisture near the interface using
NIRS is challenging due to weak absorbance. Despite this challenge, the
experimental results showed that the diffusion coefficients of the ad-
hesive layer, particularly the thinner layer, were greater than those
calculated using the gravimetric method. Consequently, the rapid
moisture diffusion near the interface would have accelerated the overall
moisture diffusion in the adhesive layer as it diffused back towards the
dry region, such as the center of the adhesive layer. This is also
confirmed by the observation that the moisture distribution is broader
when the adhesive thickness is thin.

3.3.2. Effect of surface condition
Fig. 14d–f and 14g–i show the results of moisture distribution of the

hydrophilic and hydrophobic treated specimens, respectively. Fig. 17
shows the time changes in the moisture detection area after immersion.
No significant differences were observed in the in-plane distributions.
However, as shown in Fig. 18, the hydrophilic-treated specimen appears

Fig. 10. Moisture distributions in a closed specimen with an adhesive thickness of 0.3 mm determined using the second-derivative method (SDM): (a)–(c) quartz
glass–aluminum alloy specimen; (d)–(f) quartz glass–quartz glass specimen.

J.-W. Han et al.



International Journal of Adhesion and Adhesives 134 (2024) 103792

8

Fig. 11. Changes in the moisture-detected area with respect to the immersion time of (a) quartz glass–aluminum alloy specimen and (b) quartz glass–quartz glass
specimen with an adhesive thickness of 0.3 mm.

Fig. 12. Schematic of the distances used in the analysis to determine the moisture distribution (a) from side to center and (b) from corner to center.

Fig. 13. Moisture content distribution in specimens with different substrates and adhesives at an immersion time of six weeks (a) from the side to the center and (b)
from the corner to the center of specimen.

J.-W. Han et al.
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Fig. 14. Moisture distributions of closed specimens with an adhesive thickness of 0.1 mm determined using the second-derivative method (SDM), with the substrates
subjected to: (a)–(c) acetone degreasing; (d)–(f) hydrophilic treatment; (g)–(i) hydrophobic treatment.

Fig. 15. Moisture content distribution in specimens with different adhesive thicknesses at an immersion time of six weeks (a) from the side to the center and (b) from
the corner to the center of the specimen.

J.-W. Han et al.
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to exhibit a slightly faster diffusion at the corners than the other two
surface-treated specimens. It is possible that a hydrophilic surface,
possessing relatively large surface energy compared to two other spec-
imens, would influence on pulling of the moisture diffusion front due to
interfacial tension [10]. Furthermore, the rapid moisture diffusion near
the interface formed a measurable moisture content that diffused back
toward the dry bulk direction, resulting in a broader moisture distri-
bution compared to other specimens. This diffusion is expected to have a
greater effect at the corner where the two diffusion axes intersect, and
this effect is believed to be reflected in the experimental results.

By comparing the in-plane distributions of the specimens fabricated
on substrates with different surface conditions, we could reaffirm that
the moisture penetration rates were different in the cases of bulk
diffusion and near-interface diffusion. In addition, the potential influ-
ence of substrate wettability on moisture diffusion, particularly in the
diagonal direction, could be confirmed. However, the effect of substrate
wettability onmoisture diffusion remains unclear. Further study, such as
the development of a direct measurement system for the moisture dis-
tribution in the thickness direction can enhance our understanding of
moisture diffusion in the adhesive layer.

4. Conclusions

In summary, we investigated the effects of the adhesive thickness and
surface wettability of various surface-treated substrates affect moisture
penetration into the adhesive layer. We compared in-plane moisture

Fig. 16. Schematics of the moisture distribution of the specimens with different adhesive thicknesses in the thickness direction: (a) no diffusion near the interface
and (b) diffusion near the interface.

Fig. 17. Changes in the moisture-detected area with respect to the immersion time in the (a) acetone-degreased specimen, (b) hydrophilic-treated specimen, and (c)
hydrophobic-treated specimen with an adhesive thickness of 0.1 mm.

Fig. 18. Comparison of the moisture-detected area in specimens subjected to
different surface treatments at an immersion time of six weeks.

J.-W. Han et al.
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distributions using NIRS. First, we performed a numerical simulation
using FEM with the diffusion coefficient obtained by fitting Fickian
diffusion to the gravimetric changes of the bulk material. Results
differed between experimental and numerical data for quartz–aluminum
specimens, suggesting other factors influenced moisture diffusion
beyond the diffusion coefficient. Conversely, quartz–quartz specimen
results showed a relatively strong agreement with FEM results based on
Fickian diffusion. Next, we compared the moisture distributions with
two different adhesive thicknesses (0.1 and 0.3 mm) sandwiched by two
quartz glass plates.

It is difficult to detect small amounts of moisture near the interface
using NIRS because of the weak absorbance. Nevertheless, our experi-
mental results showed that the diffusion coefficient of the adhesive
layer, particularly the thinner layer, was approximately 1.6 times higher
than that of the adhesive itself. This implies that the rapid penetration of
moisture near the interface accelerated the moisture diffusion in the
adhesive layer, particularly in the thin adhesive layers. Next, we
compared the moisture distributions in a 0.1 mm-thick adhesive under
different surface conditions. The hydrophilic-treated specimen showed a
slightly different diffusion behavior than the specimens subjected to the
hydrophobic and acetone degreasing treatments. This effect was
particularly noticeable at the corners due to the penetration of moisture
from multiple directions possibly resulting in a wider moisture distri-
bution in the hydrophilic-treated specimen than in the others. By
comparing the in-plane distributions of the specimens fabricated with
substrates under different surface conditions, we confirmed again that
the moisture penetration rates between bulk diffusion and near-interface
diffusion were different. However, further research is required to better
understand the effect of surface conditions on moisture diffusion.
Further studies, such as the development of a direct measurement sys-
tem in the thickness direction, could enhance our understanding of
moisture diffusion in the adhesive layer.
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