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Abstract- Lamination is an effective way to protect and preserve materials from destruction or deterioration. In this paper, a method
for determining the quality of bonding between a laminate pouch film and paper is described. In this method, rapid heating of the
surface of the laminate film bonded to paper by a light flash was followed by thermographic observation of the dynamic changes in
surface temperature. The method exploits the differences in dynamic heat transport caused by poor bonding between the laminate
and the paper. We carried out verification experiments on test pieces constructed to simulate poor bonding and found that the
temperatures in regions of poor bonding were lower compared to regions of good bonding. Here, we outline the theoretical basis of
the detection of the poor bonding, and also describe different types of insufficient bonding characterized by a temperature higher
than the surrounding material. Finally, we discuss the applications and limitations of the observation method.
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I. INTRODUCTION

Laminating is the process of bonding a thin transparent plastic film to the surface of materials such as paper, plywood, or
glass [1-3]. Lamination can increase the durability of an item as well as enhance properties such as transparency and aesthetic
quality. The process of laminating is quite simple and is carried out in one of two ways: roll lamination or pouch lamination.
Roll laminating machines are typically used for commercial scale applications, and pouch laminating machines are used in the
home and office. Examples of laminated items include business cards, certificates, restaurant menus, leaflets, tags, photos, and
other printed items. Pouch lamination is carried out by using a hot laminating film, which is usually sealed on one side. The
inside of the pouch is coated with a heat-activated adhesive film that binds to the surface of the item in the laminator as the
pouch passes through a set of heated rollers. Poor bonding between the laminate film and the surface of the item can decrease
transparency and lead to item degradation, which in turn leads to poor long-term protection.

Steady-state thermography is a non-destructive testing method that is well-known in industrial, medical and building fields
[4-17]. In dynamic thermography, a short pulse of energy is used to raise the temperature of the target material and the ensuing
dynamic temperature changes are monitored. Typical pulsed energy sources include ultrasonic oscillation [18], lasers [19, 20],
eddy currents [21], and light flashes [22]. Researchers have been investigating a defect observation method that utilizes
dynamic infrared thermography for the detection of poor-quality bonding in the lamination of wood panels with materials such
as decor films, high-pressure decorative laminate (HPL), and melamine [23-28]. However, the principles behind the detection
are not yet fully known, and few reports have clarified the detection of poor-quality bonding between the laminate film and
paper. In this paper, we describe the detection method for determining insufficient bonding between laminate film and paper.
This is achieved by using high-speed high-performance thermography to observe the rapid changes in temperature that occur
on the surface of a laminate film following heating by a light flash.

The paper is organized as follows. In Section 1, the experimental setup and procedure are described. In Section I,
experimental results for the detection of poor laminate bonding are presented. In Section IV, an analysis of the results and a
description of the detection principle are discussed. Finally, conclusions are presented in Section V.

Il. OBSERVATION SETUP AND EXPERIMENTAL PROCEDURE

The experimental setup for determining poor bonding is shown in Fig. 1(a). The setup consists of an InfReC Thermography
R300 infrared camera (NEC Avio Infrared Technologies Co. Ltd.), a Xenon flash lamp (Digital studio flash CD-1200, Ningbo
Suncy Electric Appliance Co., Ltd.), and a system control computer. The infrared detector consists of 320 (horizontal) > 240
(vertical) arrays of microbolometers with a detection wavelength range from 8 to 14 um, and a temperature resolution of
0.05<C at 30T with 1T precision. The thermography transmits two-dimensional temperature data to the control computer at
60 Hz. The temperature was recorded for 50 seconds just before the light flash. The Xenon flash is used for transient heating of
a test piece. The lamp spectrum, flash energy and lighting time of the flash all affect the temperature of the target material. The
16.8 mF capacitors, charged to 326 V, supply 893 J per flash. The lamp spectrum, shown in Fig. 1(b), ranges from 200 to 900
nm and is recorded by a USB2000+ spectrometer (Ocean Optics Inc.). We could not measure the spectrum over 900 nm. In
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general, the emission intensity of the Xenon flash over 900 nm is less than the intensity at approximately 890 nm, and in
particular, the intensity over 2 pm is very low [29-31]. A photodiode (S9648, Hamamatsu Photonics K. K.) is used to measure
the pulse duration, as shown in Fig. 1(c). The flash is depleted within 41 ms at a peak level of 50%. The radiation energy and
time, which were the characteristic values of the flash lamp device, were not changed throughout the experiment. The position
of the equipment in the experimental setup shown in Fig. 1(a) was optimized through preliminary experiments to yield the
clearest indication of poor laminate bonding, and was fixed throughout the experiment.
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Fig. 1 (a) Schematic of the observation system. (b) Relative spectral characteristics of the flash. (c) Lighting time of the flash, measured using the circuit
shown inside the plot. Temperature was recorded for 50 seconds from just before the light flash. The position of the equipment in the experimental setup
shown in Fig. 1(a) was optimized through many preliminary experiments to yield the clearest indication of poor laminate bonding, and was fixed throughout
the experiment.
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Fig. 2 Schematic diagram of the test piece, where the cavity diameter is D, the distance between the paper module and the laminate film within the cavity is
W, the laminate film thickness is W;, and the thickness of the paper is W,. (a) Cross-sectional structure of the test piece. (b) Front view of the paper module.

Reliable reproducing of poor lamination bonding in real applications is difficult, so experiments were conducted using
purpose-built test pieces. The construction of a test piece is shown in Fig. 2(a). The center of the test piece is a cylindrical
cavity. The cavity is created by stacked white paper sheets with the appropriate section removed, and it is assumed to be air-
filled. Laminate covers the top sheet of paper, but does not fill the cavity. Hence, the cavity simulates a region of poor laminate
bonding. The diameter of the cavity, denoted by D, can be changed by altering the size of the hole cut in the paper. The
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distance between the paper and the laminate film within the cavity is denoted by W,, the thickness of the laminate film by W,
and the thickness of the paper by W,. The size of a single sheet of paper is 91 mm (width) <55 mm (height) % 0.23 mm
(thickness). Therefore, W, was 0.23 mm, 0.46 mm or 0.69 mm, determined by adding additional sheets of paper to the stack.
The stacked papers are referred to as the paper module. Cavities with different diameters could be situated on one shared
module, as shown in Fig. 2(b). To ensure the temperature measurement of the cavity, two sets of cavities with the same
diameters were arranged on one paper module. The paper module surface was coated with blackbody paint (emissivity 0.94) to
improve flash absorption and the accuracy of temperature measurements. All temperature data shown in this paper were
converted by the emissivity 0.94.

The laminate film used in this work consists of a three-layered film structure of poly-ethylene-terephthalate (PET)/low-
density poly-ethylene (LDPE)/ethylene-vinyl acetate copolymer (EVA). The PET is the base material. The EVA acts as glue
with a low melting point (72<C to 102<C). The LDPE film melts at a higher temperature (120<C to 160<C) and improves the
bonding between the laminate film and paper. LDPE and EVA change from opaque to transparent when heated. The laminate
film thicknesses used were 0.07, 0.09, 0.17, and 0.24 mm and the laminate films were pouched at 140 <C by the laminator.

I1l. EXPERIMENTAL RESULTS

Figure 3(a) shows the two-dimensional temperature distribution on the surface of a test piece (W; = 0.07 mm, W, = 0.23
mm), as measured by the imaging system shown in Fig. 1(a). The distribution was recorded 0.5 s after the maximum surface
temperature was reached following flash heating. The temperature profiles, which show the temperature change resulting from
the flash, measured along the dashed line in Fig. 3(a), are shown in Figs. 3(b) to 3(d) for varying laminate thicknesses. The
times shown in Figs. 3(b) to 3(d) are times elapsed since the maximum surface temperature was reached. The laminate
thickness values in the figures were 0.07, 0.17, and 0.24 mm, respectively, and W, was fixed at 0.23 mm. As shown by the dark
color in Fig. 3(a), the temperature of the test piece was higher than the ambient temperature. Furthermore, the temperatures in
regions of simulated poor bonding were lower than the rest of the test piece. The detection system could detect the simulated
poor bonding of gap thickness (W) 0.23 mm regardless of the thickness of the film W; (0.07 mm < W; < 0.24 mm). The
diameters of the cavities are small, so the temperature differences between the cavities and the surrounding laminate film are
also small. The thicker laminate films show a lower rise in temperature than the thinner films. The high-temperature regions
cool to the ambient temperature within several seconds, resulting in a uniform surface temperature.
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Fig. 3 Observation of changing surface temperature on the test piece, where the thickness values of the laminate film were 0.07, 0.17, and 0.24 mm. (a) Two-
dimensional temperature distributions, which were recorded 0.5 s after the maximum surface temperature was reached. (b) to (d) Temperature change resulting
from the flash, measured along the dashed line in Fig. 3(a). Times shown in Figs. 3(b) to 3(d) are times elapsed since the maximum surface temperature was
reached.
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Figure 4(a) shows the two-dimensional temperature distribution on the surface of another test piece (W; = 0.09 mm, W, =
0.23 mm), also recorded 0.5 s after the maximum surface temperature was reached. The temperature profiles, which show the
temperature change resulting from the flash, measured along the dashed line in Fig. 4(a), are shown in Figs. 4(b) to 4(d). The
times shown in Figs. 4(b) to 4(d) are times elapsed since the maximum surface temperature was reached. The temperature
profiles in Figs. 4(b) to 4(d) were obtained for varying gap thicknesses. Again, it is apparent that the temperature of the test
piece was higher than the ambient temperature, and that the temperatures in the regions of simulated poor bonding were lower
than the rest of the test piece. Gap thicknesses W, for these figures were 0.23, 0.46, and 0.69 mm, respectively, and the
laminate thickness W; was 0.09 mm. The detection system could detect the simulated poor bonding of film 0.09 mm in
thickness regardless of the gap thickness W, (0.23 mm < W, < 0.69 mm). The temperatures in the cavity portions are slightly
reduced as the gap thicknesses increase. This reduction is presumably caused by the attenuation of the flash by the increasing
gap thickness, or optical path length.
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Fig. 4 Observation of changing surface temperature on the test piece, where the gap thicknesses W, were 0.23, 0.46, and 0.69 mm. (a) Two-dimensional
temperature distributions, which were recorded 0.5 s after the maximum surface temperature was reached. (b) to (d) Temperature change resulting from the
flash, measured along the dashed line in Fig. 4(a). Times shown in Figs. 4(b) to 4(d) are times elapsed since the maximum surface temperature was reached.

IV. DISCUSSION

A. Analysis of Low Temperature at Regions of Poor Bonding

Infrared transmittance spectra of the laminate films used in the test pieces are shown in Fig. 5(a). The spectra were
recorded by an FT/IR-4200 spectrometer (JASCO Corporation). The transmittance spectra were collected for two sheets
laminated together with no material contained within. Therefore, the transmittance of single laminate sheets is the square root
of the raw transmittance spectra data recorded by the spectrometer. The transmittance spectra shown in Fig. 5(a) were
subjected to such calculations. We could not measure a transmittance spectrum of less than 1.3 um. However, the film is
transparent in appearance, and in general, the transmittance spectrum of the PET film in the visible light region maintains the
transmittance at approximately 1 um [32, 33]. In Fig. 5(a), the laminate films transmit light of less than 2 um regardless of
thickness, and light of more than 2 pum attenuates as the film thickness increases. Figure 5(b) shows the temperature change
from the flash on the surface of the test piece that was obtained by bonding the laminate film to a single sheet of paper (W, =
0.23 mm) without cavities and coated with blackbody paint. The thicker laminate films show a lower rise in temperature than
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do the thinner films. Namely, regardless of the thickness of the film, the laminate films transmit the flash, of which the main
component is visible light. However, in comparison with the thin films, the thick films attenuate the infrared of more than 2
pum emitted from the test piece heated by the flash. As a result, the thick laminate films show a lower rise in temperature, as
seen in Fig. 3, because the detection wavelength range of the thermography is from 8 to 14 um.
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Fig. 5 (a) Transmittance spectra of the laminate films, where the film thickness values were 0, 0.07, 0.09, 0.17, and 0.24 mm. (b) Temperature changes on the

surface of the test piece. (c) A photograph of the laminate film peeled off from a paper module. (d) The transmittance at the cavity, and the laminate films
before and after heating.

A photograph of the laminate film (thickness 0.09 mm, gap thickness 0.23 mm) peeled off the paper module is shown in
Fig. 5(c). The transparency makes a little difference in the cavity parts and other parts. To check the film transparency, the
transmittance spectrum was recorded for the central portion of the film covering the cavity, as shown in Fig. 5(d); in addition,
transmittance spectra before and after heat treatment of the film (that is, before and after going through the laminator with
built-in heated rollers) are also shown in Fig. 5(d). The transmittance of the film before heat treatment is very low for
wavelengths of less than 2 um, but then it changes from opaque to transparent after heated by the laminator. It is considered
that the light transmittance of the film in the case of good bonding equals the light transmittance of the film after heat treatment.
The transmittance of the film covering the cavity is lower than the transmittance of the laminate after heat treatment and is
higher than the transmittance of the laminate before heat treatment. Namely, the causes of the cavity temperature becoming
lower than the temperature in other areas are as follows. First, the flash that irradiates the cavities is slightly attenuated by the
film covering the cavity. Second, the infrared in the wavelength range emitted from the cavity is 8 to 14 pum, which is the
detection wavelength range of the thermography and is attenuated by the film covering the cavity. Therefore, poor laminate
bonding, as simulated by the cavity, can lead to lower observed temperatures.

It may be possible to consider the detection principle of simulated poor bonding as a thermal circuit consisting of thermal
conduction and thermal radiation from the blackbody paint, in which the flash heat is stored. However, the radiation heat
transfer from the blackbody paint to the thermography through the transparent pouch film is difficult to model as a thermal
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circuit using practical radiation resistances, so the thermal circuit was not considered in this work.

As shown in the temperature deviation profiles in Figs. 3 and 4, the difference in temperature between the cavities and the
rest of the test pieces decreases with cavity diameter. This is due to the spatial resolution of the thermography (0.48 mm with
the equipment positioned in this experimental setup). When the size of the cavity becomes the same with the spatial resolution,
the temperature of the hole cannot be differentiated to the temperature of its surroundings.

B. Other Types of Insufficient Bonding

A new test piece was constructed and laminated with an uneven surface and no cavities, as illustrated in Fig. 6(a). Papers of
thickness 0.23 mm were piled sporadically in different areas of the test piece, and the module was coated with blackbody paint.
A two-dimensional temperature distribution obtained 0.1 s after flash heating is shown in Fig. 6(b). Higher-temperature
portions in the distribution were checked for poor bonding by visual inspection. Upon peeling the laminate film off the paper
module, blackbody paint was seen to be dissolved into the film, as shown in Fig. 6(c). The two-dimensional temperature
distribution shown in Fig. 6(d) was obtained for the laminate film peeled off the paper module. Higher-temperature portions
corresponded to regions with a higher loading of blackbody paint. This paint probably caused the higher temperatures at the
regions with poor laminate bonding, since blackbody paint dissolved into the laminate was assumed to lead to greater
temperature increases than the blackbody paint attached to the paper module surface. In comparison to the black body paint on
the paper surface, the blackbody paint dissolved into the film may absorb light more easily, due to the omnidirectional
incidence inside the film. A further reason for the higher temperatures detected at the poor bonding regions may be the air
trapped in these areas acting as a resistance, which reflects thermal waves back to the surface.

(@) (b) (© (d)

0.23 mm

0.46

0.46

Fig. 6 Analysis of a portion with poor adhesion. (a) Shape of the paper module. (b) Two-dimensional temperature distribution of the surface of the test piece.
(c) A photograph of the laminate film peeled off from the paper module. (d) Two-dimensional temperature distribution of the surface of the laminate film
peeled off from the paper module.

C. Scope of Application

Colored paper modules (red, green, and blue) were used to test the abilities of the system without blackbody paint. The
temperature distributions of the test piece surfaces are shown in Fig. 7, recorded 0.1 s after flash heating. The paper thickness
W, was 0.08 mm, the laminate thickness W; was 0.09 mm, and the gap thickness W, was 0.08 mm. The temperature data were
converted by the emissivity 0.94, because the emissivities of the colored papers are unknown. The temperature of the test piece
was higher than the ambient temperature, and the transmittance of the film covering the cavities resulted in a lower
temperature at the region of poor bonding than in the rest of the test piece. Although the detection sensitivity of the system was
not good, the cavities were detectable without the use of blackbody paint. These low detection sensitivities are due to the
higher reflectivities of the colored papers, compared to that of the blackbody paint (6%). In general, the reflectivities of the
colored papers were at least 50% [34], and resulted in the reflection of a substantial portion of the flash. Detection was not
achieved with the previous experiment's white colored paper, which exhibited a surface temperature increase of less than 1<C
following flash heating. This lack of detection was due to the high reflectivity of the white paper, which is at least 70%.

(a) Red paper (b) Green paper (c) Blue paper

Fig. 7 Temperature distributions of the colored paper modules

The combination of different colored papers into one paper module makes the detection of poor bonding difficult due to the
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different reflectivities of the paper. In this case, the temperature distribution must be compared with a standard sample that
contains no instances of poor bonding. The applicability of the technique may be enhanced by using image processing software.

V. CONCLUSIONS

A method of detecting poor bonding between a laminate and paper surface was described. In this method, rapid heating of
the surface of the laminate film bonded to paper by a light flash was followed by thermographic observation of the dynamic
changes in surface temperature. The method successfully indicated the presence of regions of poor bonding larger than 1 mm
in diameter by the local variations in the rate of cooling. Temperatures in the regions of poor bonding were lower than those in
regions of good bonding. This was caused by the low infrared transmissivity of the laminate covering the cavity.

The method was also able to distinguish regions of poor bonding, where the blackbody paint melted into the laminate film.
The temperature in these regions was greater than that in the regions of good bonding. This was explained as follows: the
blackbody paint that dissolved into the laminate led to a greater temperature increase than the blackbody paint attached to the
paper module surface.

The detection method is also capable of detecting instances of poor bonding on colored paper. However, the high
reflectivity of white paper prevented the cavities from being measured. Mixing various colors in one sample makes detection
more difficult, although use of the method in conjunction with image processing software may broaden its applicability.
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