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ABSTRACT

The combination of metals and resins has gained attention for the development of
composite materials. This combination requires bonding between the metal and resin,
necessitating the development of robust bonding methods that do not require
consideration of environmental impact or long-term degradation. To achieve a strong
bond between the metal and resin, it is necessary to form a textured surface on the metal
(enhancing the anchor effect) and improve the chemical affinity between the resin and
metal. This study employs direct fluorination using fluorine gas to simultaneously control
the physical and chemical surface modifications. This treatment alters the morphology
and chemical bonding state of the metal surface, significantly improving its bonding
compatibility with the resin. Accordingly, this presentation explains the effects of different
fluorine pressures on these bonding characteristics from the perspectives of surface
morphology and chemical bonding states.

1. INTRODUCTION

In recent years, the synthesis of metal and resin materials to create composite
components and reduce weight has attracted attention. In particular, in response to
worsening environmental and energy issues, research is being actively conducted both
domestically and internationally to reduce the weight of structural components in next-
generation vehicles and aircraft. Hybridization requires joining metal and resin materials;
however, adhesive-based bonding materials are concerned about environmental impact,
such as volatile organic compounds (VOCs) and deterioration from long-term use,
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leading to a demand for more reliable direct-joining technologies. Direct bonding between
metal and resin materials involves applying fine structures to the metal surface using
lasers or other methods, then integrating the resin with resin through insert molding.
Although practical applications in the information home appliance field, such as personal
computers, have already been implemented, there are still few examples of applications
in structural materials or secondary processing, such as bonding molded resin to metal.
There are two types of direct joining methods: physical processing, which uses anchor
effects formed by microstructures on metal surfaces, and chemical processing, which
modifies the metal surface with chemicals to form chemical bonds at the metal/resin
interface. Currently, physical processing methods with superior bonding strengths are
being more widely researched and utilized; however, they also face many challenges,
such as limitations in processing conditions and low production efficiency. Therefore, the
applicants focused on surface fluorination treatment, which involves surface modification
using fluorine (F2) gas. Fluorine gas is highly reactive, and when materials come into
contact with F2 gas, a fluoride layer forms on the material surface even at room
temperature and pressure. Fluorine has strong electronegativity, and strong polarity is
expressed between the metal and fluorine atoms. Therefore, the surfaces of materials
formed with fluoride layers form electrical and chemical bonds with functional groups in
resin materials, ensuring chemical bonding strength. Additionally, owing to the high
reactivity of fluorine gas, adjustment of the reaction conditions allows for surface
roughening (etching) and control of the surface roughness, which is expected to ensure
physical bonding strength through the anchor effect. Additionally, because it is a gas
contact, it is a treatment method that can uniformly modify the surface regardless of the
material's shape, enabling the compounding of components with complex shapes that
were difficult to achieve with conventional processing methods, as well as improving the
mass production capacity of composite materials. From the above, it is clear that surface
fluoridation treatment can achieve both physical and chemical processing of metal
surfaces simultaneously, which led to the idea for this study.

2. EXPERIMENTAL/THEORETICAL STUDY

2.1. Preparation of test specimens

Iron (Fe) plates manufactured by Nirako (FE-223383, 99.5%) were cut to the
specified sizes and prepared by ultrasonic cleaning with acetone. The test specimens
were prepared in three sizes: 10 x 50 mm (for tensile testing), 20 x 10 mm (for XRD),
and 10 x 10 mm (for XPS, SEM, and AFM measurements). The surfaces of the test
specimens were not polished prior to testing.

2.2. Fluorination treatment of test specimens
Fluorination treatment was performed on the prepared test specimens. The
fluorination line used was the Nishimura line (Figure. 1). The test specimens were sealed
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in a nickel reactor and connected to a fluorination apparatus. The reaction tube was then
evacuated to a vacuum of < 1.0 Pa.. After evacuating for at least 24 h to remove moisture
from the fluorination line and reaction tube, fluorine gas was introduced for the
fluorination treatment. For the fluorination treatment conditions, the reaction temperature
was fixed at room temperature (25 °C) and the reaction time at 24 hours (24 hours and
48 hours for the 380 Torr sample); the reaction pressure was adjusted to five conditions—
100 Torr (13.3 kPa), 200 Torr (26.6 kPa), 380 Torr (50.7 kPa), 500 Torr (66.5 kPa), and
760 Torr (101.3 kPa)—and the fluorination treatment was performed. Table 1 lists the
fluorination conditions used in this study. The fluorination of the test specimens was
performed in two separate stages: first, for the specimens intended for surface condition
measurement, and second, for those intended for tensile testing.

Figure.1 Fluorination apparatus

Table 1. Fluorination conditions of Fe metal

Reaction condition
Sample . ) .
name Material | F2 gas pressure Reaction temp. Reaction time
Torr (kPa) °C hour
Untreated - - -

100-RT 100 (13.3) 25 24

200-RT 200 (26.6) 25 24

380-RT Fe 380 (50.7) 25 24
380-RT-48h 380 (50.7) 25 48

500-RT 500 (66.5) 25 24

760-RT 760 (101.3) 25 24

2.3. Analyses of the fluorinated samples
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The surface topography of the fluorinated iron specimens was measured using
scanning electron microscopy (FE-SEM; ZEISS Gemini SEM, Carl Zeiss) and an atomic
force microscope (AFM; Nanoscope llla, Digital Instruments Inc.). The AFM
measurement conditions were as follows: scan data, topography image; measurement
mode, contact; measurement range, 10 x 10 ym; scan frequency, 1.00 Hz; | gain, 0.04;
and P gain, 0.01. AFM measurements were performed three times for each test
specimen, and the arithmetic mean of the resulting Ra values was considered as the
surface roughness of the test specimen. The SEM measurement conditions were as
follows: acceleration voltage of 1.50 kV, aperture size of 30.0 ym, and a working distance
of approximately 5 mm. The surface bonding states were measured using an X-ray
photoelectron spectrometer (XPS; JPS-9010, JEOL Ltd.). The Mg Ka line (1253.6 eV)
was used as the X-ray source for the measurements. The charge shift in the obtained X-
ray photoelectron spectroscopy (XPS) spectra was corrected by aligning the carbon
impurity peak at 284.0 eV. The internal structure of the test specimens was measured
using X-ray diffraction (XRD; XRD-6100, Shimadzu Corporation). The measurement
conditions were as follows: X-ray source: Cu Ka line (A = 1.5418 A); measurement range:
10-80°; acceleration voltage: 40 kV; current: 30 mA.

2.4. Adhesion strength measurement (tensile test)

The bond strength between the resin and metal was evaluated through tensile
testing using a fully automated tensile-testing machine. A schematic of the test
specimens used for the tensile testing is shown in Figure 2. A steel plate (thickness: 0.2
mm, width: 10 mm) was sandwiched between two PET plates (thickness: 1 mm, width:
10 mm) such that a 10 x 10 mm area overlapped, and this assembly was used as the
test specimen. A hot press (AH-1T; hot press machine, Azwan) was used for direct
bonding of the resin and metal. The conditions for direct bonding were set at a pressure
of 10 MPa, heating temperature of 120 °C, and heating time of 10 min. A fully automatic
tensile testing machine (EZ-LX, compact benchtop tester, Shimadzu Corporation) was
used for tensile tests. The tensile test conditions were set at a tensile speed of 5 mm/min
and a distance between the grips of 50 mm, and three measurements were taken for
each specimen.
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Figure 2. Schematic diagram of a test specimen in a tensile test.

3. Experimental Results

3.1. Crystal structures of various samples (XRD results)

Figure 3 shows the X-ray diffraction patterns of the untreated and fluorinated Fe
specimens. In the untreated specimens, peaks were observed at approximately 45°, 65°,
and 78°. In the six types of fluorinated specimens, peaks were observed near 45°, 65°,
and 78°, similar to the untreated specimen; however, no new peaks appeared, and no
changes in peak positions were observed. This indicates that the modification resulting
from the fluorination treatment was confined to the Fe surface.
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Figure 3. XRD Results of various samples.

3.2. Changes in the surface topographies (FE-SEM & AFM results)
Figure 4 shows the topographic images and surface roughness measurements of
the untreated and fluorinated Fe specimens, as obtained using FE-SEM and AFM. The
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surfaces of all fluorinated samples exhibited significantly greater surface roughness than
those of the untreated samples. Although the 100-RT specimen exhibited a surface
morphology resembling a structure formed on the surface of an untreated specimen,
significant irregularities formed on the Fe surface as the fluoride pressure increased,
which is believed to indicate the formation of a fluoride layer. Furthermore, cracks were
observed in the fluoride layers of the 380-RT-48h and 760-RT specimens. These cracks
are believed to be caused by internal pressure within the fluoride layer or thermal stress
resulting from the heat of the reaction during fluorination. Based on the AFM
measurement results, the average surface roughness (Ra) of the untreated specimen
was 27.06 nm. Fluorination treatment increased the surface roughness of all specimens
compared to the untreated specimen; for the 100-RT specimen, it was 103.1 nm—
approximately 3.8 times that of the untreated specimen—and for the 200-RT specimen,
it was 34.80 nm—approximately 1.3 times that of the untreated specimen. For the 380-
RT sample, it was 173.7 nm—approximately 6.4 times that of the untreated specimen—
making it the highest value among the six fluorinated specimens. Furthermore, for the
500-RT sample, it was 33.83 nm—approximately 1.3 times that of the untreated
specimen—and for the 760-RT sample, it was 52.10 nm—approximately 1.9 times that
of the untreated specimen.
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Figure 4. FE-SEM and AFM results of various samples.

4. Conclusion

To develop a novel direct metal-to-resin bonding technology using fluorine gas, the surfaces of Fe
test specimens were modified through fluorination treatment, and the surface roughness and bonding
state formed on the specimen surfaces were measured using FE-SEM, AFM, XPS, and other
techniques. Additionally, untreated and fluorinated Fe test specimens were directly bonded to PET
resin, and their adhesion was evaluated using tensile testing. The results showed that the surfaces
of the fluorinated iron specimens contained large amounts of iron fluorides, FeF, and FeF;, with their
concentration ratios varying depending on the fluorination conditions. Furthermore, the surfaces of
the fluorinated iron specimens exhibited greater surface roughness than those of the untreated
specimens. The surface roughness varied depending on the fluorination conditions, with the 380-RT
treatment yielding the highest values. The tensile test results showed that all fluorinated specimens
exhibited improved adhesion to PET resin compared with the untreated specimens. Adhesion was
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particularly strong for the 100-RT and 380-RT treatments; in the case of the 380-RT treatment, the
PET resin was fractured. Based on the above, fluorination treatment can be considered a novel
surface modification technology that facilitates direct bonding between iron and PET resin, yielding
bonding strengths that are acceptable for practical applications.



