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Continuous Coating of Insulating Film on Stainless Steel Foll
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An insulating film of sol-gel silica glass has been fabricated on a stainless steel

foil by a continuousroll to roll process using a micro gravure coater with a furnace.

A film with athickness of 1y m and resistivity of 1E + 09Q cm? has been obtained

on aferritic stainless steel foil of 80y m. The stainless steel foil with an insulating

film may be applied to flexible substrates for a solar cell and others.

1. Introduction

Stainless steel foil is produced through high-precision rolling of
high-purity stainless steel material to a thickness of approximately
100 p mor less; it islighter in weight and has excellent flexibility
and corrosion-resistance properties. By virtue of its superior strength
and corrosion resistance to those of aluminum or copper foil, stain-
less steel foil is used for applications such as the springs for hard
disc drives and other electronic devices. It has also been applied as
acatayst carrier for exhaust gas purification systems in the automo-
bile industry.

While glassis mainly used at present for the substrates of thin-
film solar cells, display devices and the like, new stainless steel foil
products with various kinds of insulating coating films are being
developed for such applicationsto replace glass. Use of the stainless
steel foil with an insulating film makes it possible to manufacture
these devices in the same structure as with glass substrates because
of the insulating film, and in addition, brings about the original ad-
vantages of stainless steel foil. One of the advantages is that size
increases are easier, while weight reduction of roof-mounted solar
cellsis also easier than glass substrates; the demand for these cells
for residences and commercial buildingsis expected to increase rap-
idly. Because of itsflexibility, the stainless stedl foil with an insulat-
ing film is attracting attention also as the material for the substrates
of flexible display devices and electronic paper. Furthermore, use of
the stainless steel foil for the substrates of these products allows a
continuous roll-to-roll manufacturing process suitable for mass pro-
duction, making it possible to reduce production costs.

Asthe material for flexibleinsulating substrates of these devices,
good heat resistance is a significant advantage of the stainless steel

foil with an insulating film over organic resin films, its competitor.
In this respect, theinsulating film to be applied to the stainless steel
foil must have heat resistance to temperatures between 250 and 600
0. Nippon Steel Corporation has studied various sol-gel materials
for use as the insulating coating film, focusing mainly on organic/
inorganic hybrid materialst®. As aresult, the company has found
that hybrid sol-gel materials that have a network structure of metal
oxide (M-O) exhibit heat resistance superior to that of organic resin.
Based on such findings, we devel oped atechnology to coat a surface
of stainless steel foil in coil with an insulating film by applying a
silica-based, heat-resistant coating solution to the foil and drying,
baking and coiling it on a continuous processing line. This paper
reports the devel oped technol ogy.

2. Development of Silica-based Insulating Coating

Film
2.1 Synthesis of silica-based coating solution

A silica-based coating solution was synthesized using
tetramethoxysilane and methyltriethoxysilan asthe raw materialsand
hydrolyzing them in an organic solvent using titanium tetraethoxide
and acetic acid as catalysts; titanium tetraethoxide is known to act as
a catalyst to accelerate the hydrolysis and polycondensation reac-
tions of alkoxysilane®. Through hydrolysis and polycondensation,
tetramethoxysilane and methyltriethoxysilan form a network struc-
ture of siloxane bonds (Si-O-Si) modified with methyl groups as
shown in Fig. 1. The properties of the coating solution thus synthe-
sized are different depending on the mixing ratio of the raw materi-
als and the kinds and addition amounts of the organic solvent and
catalysts.

As an example, Fig. 2 shows the relationship between the addi-
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Fig. 1 Synthesisof coating solution
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Fig. 2 Average molecular weight of coating solution and pencil
har dness of film after drying versus acetic acid content

tion amount of acetic acid relative to the total Si, the average mo-
lecular weight of the coating solution and the pencil hardness of the
film in the case where tetramethoxysilane and methyltriethoxysilan
weremixedin aratio of 1to 1. The molecular weight of the coating
solution tended to increase with the addition of acetic acid up to a
molar ratio of 0.2 relative to Si, and then saturate in the range of
molar ratio higher than 0.2. The hardness of the coating film after
drying at 1600 for 1 min also changed with the molecular weight of
the coating solution: the higher the molecular weight of the solution,
the higher the pencil hardness of the film tended to be. The compo-
sition of the coating solution was finally selected in overall consid-
eration of factors such as the film hardness after drying, the change
in the molecular weight over time, the thickness, resistivity and heat
resistance of the coating film obtained.
2.2 Factorsinfluencing resistivity of coating film
(2)Film thickness

A synthesized coating solution was applied to a surface of foil of
aferritic stainless steel YUS 190 (equivalent to JIS SUS 444) using
abar coater; here, bars having different surface roughness were used
to change the thickness of the coating film. The thickness of the
foilswas 80y m, and their surface finish was super-bright (SB), i.e.
Ra < 0.03p m. After the application of the coating solution, the
foilsweredried at 1600 for 1 min to remove volatile matter such as

the organic solvent, and then heat treated at 400001 for 30 minin a
nitrogen atmosphere to harden the coating film. To evaluate the re-
sistivity of the film, voltages were applied between a Pt upper elec-
trode 1 mm in diameter and the foil (lower electrode), and the resis-
tivity of the coating film was calculated from the minute electric
current between the two.

Fig. 3 shows the relationship between the thickness and resistiv-
ity of the coating film; here, the resistivity is the resistance under
application of 60 V. A resistivity of 1x 10°Q cm? or higher was
obtained with a film thickness of approximately 1y m or more.
However, with afilm thickness of 1.5y m, there was a problemin
that the film cracked and short circuiting occurred between the up-
per and lower electrodes. It was presumed that when the film thick-
nessislessthan 1u m, the coating film has defects owing to uneven
surface condition of the foil such as microscopic protrusions leading
to adecreasein resistivity. Therefore, to secure a sufficient resistiv-
ity, it is necessary to control the coating film thickness to approxi-
mately 1u m.

(2) Temperature and time of heat treatment

To examine the influences of the temperature and time of heat
treatment on the resistivity of the coating film, the coating solution
was applied to the coils of the foil, which were then dried and heat
treated in a nitrogen atmosphere at 300 and 4001 for different time
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Fig. 3 Relationship between film thickness and resistivity
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periods. Measurements were then taken for the resistivity of the coat-
ingfilmsat 60V. Fig. 4 showstheresults. Theresistivity was higher
when the heat-treatment temperature was 40001 than when it was
30000 . Inthe case of the heat treatment at 40001 , the resistivity of
the coating film after a heat-treatment time of as short as 1 min was
substantially the same as that of 30 min.
(3)Atmosphere of heat treatment

The air inevitably comes into a continuous heat-treatment fur-
nace together with the processed material even when nitrogen gasis
blown intoit. In such an event, humidity inthe air may interfere with
the polycondensation reactions of silanol groups, and oxygen in the
air pyrolytically decompose methyl groups. In consideration of the
above, thefoils at were heat treated at 3500) for 5 min using atubu-
lar furnace under the following three conditions: blowing nitrogen
gasinto thefurnace at aflow rate of 1000 I/min; blowing compressed
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Fig. 4 Resistivity versus heat-treatment temperature and time
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air having adew point of —2700 at the same flow rate; and leaving
the furnace open to the air. Asseenin Fig. 5, the resistivity behavior
of the specimens heat treated in the compressed-air atmosphere was
very similar to that of the specimens heat treated in the normal-air
atmosphere: the resistivity of these specimens was lower than that of
the specimens heat treated in the nitrogen atmosphere by two to three
decimal places. Thefact that the resistivity of the former specimens
was lower irrespective of the humidity in the furnace atmosphere
seemsto indicate that the deterioration of the resistivity resulted from
oxygenintheair.

To study theinfluence of the oxygen concentration in the furnace
atmosphere on the resistivity, the foils were heat treated in a tubular
furnace at different temperatures for 2 min blowing nitrogen gases
of different oxygen concentrations into the furnace, and measured
the resistivity of the coating film. Fig. 6 shows the results. When
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Fig. 5 Effect of heat-treatment atmosphere on resistivity
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the oxygen concentration of the gas blown into the furnace was 0.01%
or less, the coating film showed a good resistivity of approximately
1x 10°Q cm? or higher irrespective of the voltage applied. With an
oxygen concentration of 0.1%, on the other hand, the resistivity was
good when the heat-treatment temperature was 45000 , but when the
heat-treatment temperature was 40000 , the resistivity fell by one
decimal place as the applied voltage increased. The resistivity was
markedly low when the heat-treatment temperature was 5000 . With
an oxygen concentration of 0.5%, the resistivity decreased as the
heat-treatment temperature increased.

(49)Mechanism of decreasein resistivity

To study the relationship between the conditions of heat treat-
ment and the resistivity of the coating film, the foils were treated at
4500 for 2 minin different furnace atmospheres, namely 100% ni-
trogen, 0.5% oxygen + nitrogen and normal air, and the films were
examined by the Fourier transform infrared spectrometry (FTIR) by
the reflection method. Fig. 7 shows the results. The broad peak at
1,000 to 1,150 cmr? results from Si-O bonds. Asthe oxygen concen-
tration in the furnace atmosphere increased, the peak resulting from
Si-CH, bonds near 1,250 cm decreased, if only slightly, and the
peak resulting from silanol (SiOH) groups in the coating film near
900 cmrt increased. We presume that under the heat treatment in an
atmosphere containing oxygen, silanol groups formed after the py-
rolysis of methyl groups.

The broad peak of the stretching vibration of O-H at 3,000 to
3,600 cm™ tended to increase as the amount of silanol groups in-
creased. Thisis because the existence of highly polarized silanol
groups caused the coating film to absorb humidity in the air more
easily. Thus, it was presumed that heat treatment in an oxygen-rich
atmosphere increased the amount of silanol groups in the film and
the humidity it absorbed, leading to a decrease in the resistivity of
the film.

The influence of the temperature of the heat treatment on the
resistivity can also be explained in terms of the amount of silanol
groups in the coating film. Since the coating solution is prepared
through the hydrolysis of alkoxysilane as shown in Fig. 1, the coat-
ing film that isformed after the drying of the solution contains silanol
groupsin aquantity. The rate of the polycondensation reactions of
silanol groups during the heat treatment increases as the heat-treat-
ment temperature becomes higher, and the amount of silanol groups
remaining in the film decreases; for this reason the resistivity in-
creases as the heat-treatment temperature becomes higher as shown

(2)
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Fig. 7 FT-IR spectraof films heat-treated in (a) N, (b) 0.5%0,/N,,
and (c) Air
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in parts (a) and (b) of Fig. 6. With respect to part (c) of Fig. 6, on the
other hand, while the resistivity of the film heat treated at 4500 is
higher than that of the film hesat treated at 4001 because of the de-
crease in the amount of silanol groups resulting from the polycon-
densation reactions, the resistivity of the film heat treated at 5000 is
lower presumably because of the increase in the amount of silanol
groups that form after the pyrolysis of methyl groups as a result of
0.1% oxygen. In the case of part (d) of Fig. 6 where the furnace
atmosphere contains 0.5% oxygen, the pyrolysis of methyl groups
and the increase thereafter in the amount of silanol groups are sig-
nificant, and for this reason, the resistivity decreases as the tempera-
ture of the heat treatment becomes higher.
(5)Condition of heat treatment in continuous processing line

The above tests made it clear that the resistivity of the coating
film began to decrease as the concentration of oxygen in a nitrogen
atmosphere increased to 0.1% or more. With a small-scale continu-
ous processing line, it isdifficult to control the amount of air mixing
with the furnace atmosphere, or the oxidizing or reducing capacity
of the furnace atmosphere. In addition, the bluing of the foil surface
without the coating film due to an oxidizing atmosphere is another
concern. In consideration of the above, it was decided to use are-
ducing atmosphere of nitrogen gas containing 1% hydrogen asare-
alistic countermeasure against the oxidation of the film. However,
yet another concern with asmall-scale line was that, since the emis-
sivity of the coating material was unknown, the foil could be dis-
charged from the furnace before being heated to the furnace tem-
perature when the line speed was high. In consideration of all of the
above, tests were conduct on heat treatment at 550 and 6001 for a
holding time of 0 min in the nitrogen atmosphere containing 1%
hydrogen. Asaresult, high resistivity of 1E + 09 Q cm? or more
was obtained up to 60 V under any of the test conditions.

3. Testsof Continuous Film Application
3.1 Specification of test equipment

Tests were conducted on continuous roll-to-roll film application
to stainless steel foils using a multi-test coater OS-300 made by
Ohmura Research Laboratories Co., Ltd. (Nagasaki, Japan). The
coater was originally designed for applying a solution to plastic films
using amicro gravure roll or the like and then drying the solution in
theair. A micro gravureroll is capable of non-contact application of
a coating solution evenly to athin substrate, and is suitable espe-
cialy for forming athin film. Additionally, asis clear from the re-
sults of the tests described earlier, it is necessary for realizing a good
resistivity of asol-gel film to bake the film at high temperatures and
in alow-oxygen atmosphere, and for this reason, a muffle-type bak-
ing furnace into which nitrogen and hydrogen could be blown was
newly installed at the exit from the final drying oven.

Fig. 8isaschematic illustration of thetest equipment. Thelength
of the muffle furnace was 1.5 m, and the length of each of the drying
ovens1, 2 and 3wasaso 1.5 m. Coilsof stainless steel foil of YUS
190, 150 mm in width and 80 p m in thickness, were used as the
specimens, and the coating solution was supplied to the coater after
passing through afilter having afiltering accuracy of 1y m. Table
1 shows an outline of the specification of the test equipment. Since
the equipment was originally designed for processing plastic films,
some modifications were introduced to it for processing stainless
steel foils.

3.2 Film forming
(DFilm thickness control
The application amount of the coating solution was controlled
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Table1 Specification of coating equipment

Coating width 300mm
Line speed 1-20m/min
Drying oven Temperature Max. 1900
Furnace Temperature Max. 600C]
(newly-installed)  Atmosphere H,(0-1%) + N,
Dew point <-200

by changing the surface condition of the micro gravure roll and the
line speed: rolls having three levels of surface condition, namely
#150, 100 and 80 in terms of the pitch of grooves, were prepared,
and the line speed was set at two levels, 1 and 2 m/min. Fig. 9 shows
the relationship between the coating conditions and the X-ray fluo-
rescence intensity of Si in the film; the X-ray fluorescence intensity
of Si increases with increasing film thickness. When the line speed
was 2 m/min, the pick-up amount of the coating solution increased
asthe groove pitch number of the micro gravure roll became smaller,
and the film thickness increased as a consequence. However, in a
film thickness range where the X-ray fluorescence intensity of Si
was more than 800 kcps, the film developed cracks and flaked off.
When the line speed was 1 m/min, on the other hand, it was con-
firmed that the coating solution dripped off the foil surface before
the drying and the film thickness was not always proportionate to
the pick-up amount. The film thickness decreased as the setting of
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Fig. 9 Effect of coating conditions on XRF intensity of Si

the furnace temperature became higher at either of the line speeds.
Thisis presumably because the low-molecular-weight components
of the coating solution formed 3-member rings or the like and es-
caped from the system before they were incorporated into the net-
work structure of the film, and the effects of these processes became
more conspi cuous as the furnace temperature became higher.
(2)Resistivity

Fig. 10 shows the relationship between the temperature setting
of the muffle furnace, the X-ray fluorescence intensity of Si (film
thickness) and the ratio of insulated points. Here, the ratio of insu-

100 — & €8S el R O — € 3

) L 0 0 & A

n 90

< &1 A&

&

3 s0 &

iy

3

2

% 70

2 4500°C

2

L [1550°C

® ®600°C

50

200 400 600 800

XRF Intensity of Si (kcps)

1000

Fig. 10 Ratio of insulated pointsversus XRF intensity of S

1000

800

F
2
) “"’6 600 3
2
¢ 400 °C
£ / +5000C
& —{}—550°C
= 200 —§—600°C |___|
g
#150 #100 #80
Roli No.

Linespeed (a) 2m/min, (b) Im/min



NIPPON STEEL TECHNICAL REPORT No. 93 JANUARY 2006

lated points was measured by providing 16 upper Pt electrodes each
1 mm in diameter, applying voltages up to 60 V between the upper
electrodes and the foil and counting the number of the points where
short circuiting did not occur. Asis clear from the graph, theratio of
insulated points was 100% with films thicker than a certain value. It
became also clear that the ratio of insulated points was higher with
higher temperature setting of the furnace. Thisis because the amount
of silanol groups in the film decreases as the furnace temperature
becomes higher as far as the oxygen concentration in the furnace
atmosphereislow.
(3)Trial Production of Coils of Stainless Steel Foil with Insulating

Film

Based on the above results, the insulating films was applied to
coils of the stainless steel foil under conditions selected to realize

Photo 1 Photograph of a stainless steel foil with an insulating film

good resistivity of the film and to prevent its flaking off due to ex-
cessive thickness. Photo 1 shows a stainless steel foil with an insu-
lating film thus obtained. Evaluations were made of the resistivity
of the coating film using three enlarged upper electrodes, each 1 cm
square. It was found that the resistivity was as high as 1.0E + 09 Q
cm? or higher up to an applied voltage of 110 V. The result evi-
dences the formation of uniform insulating films having very few
defects.

4. Closing

A coating solution was synthesized for forming a silica-based
insulating film, continuously applied it to a surface of stainless steel
foil and the foil was dried and heat treated. The resistivity of the
insulating film thus formed was as high as 1.0E + 09Q cm? or more.
The developed silica-based insulating coating film isasilicafilm
containing methyl groups as its only organic components, and excel-
lent in heat resistance. While this paper has focused on the forma-
tion of an insulating film approximately 14 m in thickness, Nippon
Steel isalso developing other insulating films approximately 10y m
in thickness that exhibit higher withstanding voltages.

Besides the stainless steel foils with an insulating film, the com-
pany has aso proposed other metal foil products with different kinds
of functional coating films having good adhesion or oxidation resist-
ance, and is endeavoring to develop new metal foil products taking
advantage of such functional films.
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