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1 Introduction

The problem of corrosion of automobile bodies
caused by road deicing saits and sea salt has lead to a
major shift in materials for auto body production, from
conventional cold-rolled stee! sheets to precoated steel
sheets.

To enhance the corrosion resistance of automobile
bodies, automakers have altered body designs and im-
proved phosphating and painting techniques. Improved
techniques include not only wax injection and the use
of sealants, but also dip-type phosphating and cathodic
electropainting instead of the conventional spray type
phosphate treatment and anodic electropaint methods.
Chipping-resistant paints have also been adopted.
However, because the use of precoated steel sheets has
proved effective, the number of automotive parts made
of this material has increased yearly, until more than
500 of the typical auto body part is now made of
precoated steel.

In the 1970s, corrosion of auto bodies became an
issue for reasons of safety and durability. With corrosion
generally originating at joints and closed structural parts,
emphasis was laid on the prevention of perforation cor-
rosion of inside parts. One-side coated steel sheets were
used adequate to meet this need, but in recent years,
great importance has also been attached to the preven-
tion of rusting of the exposed side of cuter panels
caused by chipping, leading to the adoption of two-side
coated steel sheets.

* Originally published in Kawasaki Steel Giho, 21(1989)3,
pp. 216-223

Synopsis:

Corrosion of automotive bodies, caused by road deicing
salt, has forced automakers to change body materials
from conventional cold rofled steel sheets to precoated
steel sheets. The authors have developed one-side Zn-coat-
ed steel and Zn-Ni alloy-electroplated steel which exhibits
excellent corrosion resistance in spite of its light coating
weight. Moreover, double layered Fe-P/Zn-Ni and Fe-P/Zn-
Fe alloy electroplated steels have been developed which
offer phosphatability and paintability properties of Zn
allovs equivalent to those of cold-rolled steel.

In the light of these developments, recent developments
in organic composite coating (thin organic resin/Zn-Ni
alloy), galvannealed steel with anti-powdering qualities
and ultra-fine alumina dispersed Zn-Co-Cr-Al;0; electro-
plating are described in this paper.

Precoated steel sheets for automotive applications
must provide not only excellent corrosion resistance,
but also good performance in the fabrication and paint-
ing processes. Necessary properties include press forma-
bility, weldability, phosphatability, and paintability. To
meet these requirements, Kawasaki Steel has developed
a series of new precoated steel sheets, including Zn-
based coated steel sheets and prepainted steel sheets.

Individual automakers apply a wide range of rust pre-
vention and material property specifications to precoated
steel sheets for automotive use. Priorities are set on the
basis of both manufacturing requirements and market
needs, and materials are selected in consideration of the
specific advantages offered by the respective types of
precoated products. Electrogalvanized steel sheets with
relatively heavier coatings are used in Europe and Ame-
rica, for example, while Japanese automakers tend to
prefer Zn-Ni and Zn-Fe alloy electroplated steel sheets
which offer high corrosion resistance at lower coating
weights. Japanese automakers also use double-layered
electroplated steel sheets with an upper layer of Fe-P
plating, which provides the same phosphatability and
paintability as cold-rolled steel sheets.

Automakers have recently begun to use Zn-Ni alloy
electroplated steel sheets with a thin organic film of
about 1 um, galvannealed stee! sheets with improved
powdering resistance, and double-layered galvannealed
steel sheets with an upper layer of Fe-P.

This paper presents major recent developments in
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precoated steel sheets for automotive use from a histori-
cal viewpoint, covering a wide variety of products from
one-side electrogalvanized sheets to recently developed
ultrafine alumina dispersed Zn-Co-Cr-AlLYO; electroplat-
ed sheets.

2 Development of Zinc-Alloy Electroplated
Steel Sheets

2.1 One-Side Galvanized Steel Sheets

The excellent corrosion resistance of galvanized steels
is a result of a phenomenon known as sacrificial protec-
tion, in which the zinc coating preferentially dissolves to
form corrosion products which protect the steel sub-
strate. Galvanized steel is used in a wide variety of
applications, including building materials, where good
corrosion resistance is required, and heavy coating
weights of 70 ¢/m? or more are necessary to meet the
rust prevention requirements of automotive applica-
tions. On the other hand, heavier coating weights are
disadvantageous in terms of weldability, paint adhesion,
and paint appearance, zll of which are important factors
in auto body manufacture. Two-side galvanized sheet is
generally not used in the exposed panels of the auto
body, where these factors are involved, thus requiring
the development of techniques for the production of
one-side galvanized products.

Two methods are used in producing galvanized steel
sheets, the hot-dip galvanizing process and the electro-
galvanizing process. Kawasaki Steel formerly produced
only two-side galvanized steel sheets, but during the
1970s began to develep new methods of coating only
one side of the steel sheet. For hot-dip galvanizing, the
company developed a method in which opposite-side
coating with a minimal weight coating is mechanically
removed with a grinder. Subsequently, in 1981, the
company introduced a unique method of producing
one-side hot-dip galvanized steel sheets. Called stop-off
coating (SOC), this method is characterized by the use
of a removable stop-off agent.!

The stop-off agent used in SOC is composed of sodi-
um silicate, sodium borate, magnesium oxide, titanium
oxide and aluminum oxide, and is applied to one side of
the sheet using a roll coater before annealing in the
continuous hot-dip galvanizing line. The agent vitrifies
during annealing to form a dense film which completely
prevents zine deposition in the zinc bath, as well as con-
tact of the covered steel surface with air. After plating,
the film is easily removed by rtepeated bending using
multiple smali-diameter rolls, which gives a one-side gal-
vanized steel sheet. SOC has also been applied to the
production of one-side galvannealed steel sheets,” since
the properties of the glassy film do not change upon
galvannealing after hot dipping and bluing of the
uncoated surface does not occur.

It is relatively easy to produce one-side heavier elec-
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trogalvanized steel sheets with coating weights of
70 g/m” and more. Kawasaki Steel has established tech-
niques for producing one-side heavier coated sieel
sheets which employ horizontal cells. In this method,
zinc deposition on the uncoated surface and edge over-
coating are prevented, electrolyte flow rate is improved,
and a uniform coating weight is ensured.” In 1982, a
radial-cell type electrogalvanizing line was constructed at
Chiba Works.” In the radial cell, the strip is coated
while passing around a large-diamelier conductor roll;
contact between the electrolyte and the reverse side of
the strip is not possible, preventing zinc deposition on
this “second” side of the strip. The chloride bath adopt-
ed for plating ensures good conductivity and current
density is high, and accordingly, coating uniformity is
excellent. Thus, the efficient production of high-quality
one-side galvanized stecl sheets has been realized in
commercial operation.

2.2 Zinc-Alley Electroplated Steel Sheets

In order to use galvanized steel sheets with heavier
coating weights as auto body material, higher capacity
welders are necessary. Other disadvantages of heavier
galvanized steel sheets are inferior continuous spot wel-
dability and susceptibility to blisters after painting,
which results from the great difference in corrosion
potential between the zinc coating and the steel sub-
strate. Further, wet adhesion after three coats is not
good, and microdefects called pimples occur during
press forming. The various problems particularly affect-
ed the Japanese automobile industry where automated
welding robots are of small capacity, and chromate seal-
ing is not conducted after phosphate treatment. Thus
problems suggested the need for fighter coatings with
high corrosion resistance. To meet this need, Kawasaki
Steel developed a Zn-Ni alloy electroplated steel sheet
(RIVER HI-ZINC)” and Zn-Fe alloy clectroplated steel
sheets®.

Zn-Ni alloy plated steel sheets show excellent corro-
sion resistance when the nickel content of the coating is
10 to 16%.” Coatings with nickel contents in this range
have a y single phase layer, and local microcells do not
form in the coated layer. Further, a corrosion product
mainly composed of zinc hydroxide is produced; this
compound exhibits a protective effect due to the low
conductivity and suppression of the oxidation-reduction
reaction at the surface of the coating. These characteris-
tics are considered to account for the excellent corro-
sion resistance of Zn-Ni alloy plated steel sheets.®
Figure 1 shows results of the corrosion resistance of
steel sheets with cathodic electropaint 5 ym in thickness,
which was conducted to determine the applicability of
materials to use in parts where electropainting is difficult.
A Zn-Ni alloy plated steel sheet with a coating weight of
only 20 g/m? is equivalent or superior to galvanized
steel sheet with a coating weight of 90g/m’. The
continuous spot weldability of the Zn-Ni alloy plated
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Fig. 2 Continuous spot weldability of Zn-Ni alloy-
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steel sheet is shown in Fig. 2. Weidability improved
substantially because of the lighter coating weight and
because nickel has a high melting point. For these
reasons, this type of steel sheet has been adopted widely
in Japan.

Galvannealed steel sheets have been used as inner
panels because of their excellent corrosion resistance
after painting, as shown in Fig. 1. However, since pro-
ducts of the hot-dipping process are inferior in base
steel properties, surface appearance, and coating weight
uniformity, Kawasaki Steel studied the feasibility of
using Zn-Fe alloy electroplated steel sheets in automo-
tive body applications.

Since Zn-Fe alloy plated steel shows good corrosion
resistance when the Fe content of the film is 10 to 20%,
it is necessary to control Fe content in this range. In
the conventional sulfate bath, the Zn-Fe alloy plating,
similar to Zn-Ni alloy plating, is known to be subjected
to anomalous codeposition,” in which electronegative
Zn** jons deposit preferentially, and it is necessary that
the proportion of Fe’* ions in the plating bath be
higher than that of Zn?*. The cathode efficiency is dif-
ferent from the anode efficiency, necessitating the use
of insoluble anodes and the external supply of ions by
chemical means in order to maintain a constant elec-
trolyte composition. There is no problem with the use
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of insoluble anodes in Zn-Ni alloy piating, but in Zn-Fe
alioy plating the Fe* ions in the bath are oxidized and
transformed into Fe** ions by oxygen generated from
the anode. It is necessary to install an Fe'* ion reduc-
tion device because an increase in Fe** ions in the bath
poses various problems such as poor surface appearance,
unstable Fe content in the coated layer, and decreased
cathode efficiency.

At the elecirogalvanizing line at Chiba Works, zinc
plating is conducted using a chloride bath and soluble
anodes. An examination was made as to techniques for
alloy plating using a chloride bath in order to facilitate
electrolyte exchanges. As shown in Fig. 3, it was found
that equilibrium codeposition, in which the Fe* ion
and Zn** ion ratio in the electrolyte is almost the same
as that, in the electrodeposit, can be accomplished by
increasing the KCl concentration of the supporting
electrolyte agent. Further, because the cathode eflici-
ency is above 93%, as shown in Fig. 4, the electrolyte
composition can be easily controlled with soluble
anodes. With an increase in the concentration of the
supporting electrolyte agent, as shown in Fig. 5, the Fe
conient of the film becomes independent of the current
density and the electrolyte flow rate and stable Fe

59



3

O

= OKa 350 g/ 40 m/min //A

2 a0l DKClgsu 80 -

2 £ KCL200 40 e

Z2 7 KCI200 LU Y

5 20p A 4

T s /

2 %7—, ; /

=] | /

% ] // y;

8 // //

& OV ———— avi |
50 100 150

Current density (A/dm?)

2|
ISl
W

Effect of current density, KCl concentration
and flow rate on Fe content in Zn-Fe alloy
electrodeposit®

contents can be obtained over a wide range of current
densities. When Zn-Fe alloy plated steel sheets are
produced using a sulfate bath, very sophisticated tech-
niques are required to achieve proper electrolyte
composition control, reduction from Fe’* ions to Fe?*
ions, uniform electrolyte flow rate, and stable Fe
content. It was found that in the chloride bath Fe’* ion-
reduction device was unnecessary and that plated steel
sheets can be produced relatively easily and efficiently.
Kawasaki Steel applied this technique to the production
of Zn-Ni alloy plated steel sheets'” and established
mass production technology for Zn-Fe and Zn-Ni afloy
plated steel sheets using a chioride bath and soluble
anodes.

2.3 Double-layered Zinc-Alloy Electroplated
Steel Sheets

Since satisfactory prevention of perforation corrosion
is now possible by using galvanized steel sheets and
alloy plated steel sheets, measures to prevent cosmetic
corrosion are now a focus of attention among automa-
kers, with a strong need being felt for the application of
precoated steel sheets to exposed outer panel surfaces.

Zinc-based coated steel sheets when applied to the
exposed side of outer panels must provide paintability
and paint adhesion equivalent to those of cold-rolled
steel sheets. It was found that when zinc-based coated
steel sheets are processed at high voltage during catho-
dic electropainting, a paint defect called cratering occurs,
and wet adhesion after three coats (consisting of
cathodic electropaint, sealer coat, and top coat) are infe-
rior. The cause of cratering is thought to be as follows:
when the surface properties of the steel sheet are non-
uniform, electropainting current becomes concentrated
locally in the initial stage of electropainting, and paint
quality deteriorates due to the heat generated by electri-
cal discharge.!” The resultant defect appears as con-
cavities or pinholes, and is easy to occur in Zn-Fe alloy
plated steel sheets, although not in pure-zinc coated

60

[
=
=

o

v

= 3 Dip type
z L 222 Spray type
g
E
£ s0f
-
g5
g
s
z -
=t
E
o~ 0 [1lea 1 FA 1

-

e

E 05+ 1

[s 7

or | A o ]
.. _Fe Fe-P?
ZneNi Zn-Ni Zu-Ni

Fig. 6 Effect of Fe-P upper coating on phosphatabil-
ity and wet adhesion of double layered Zn-Ni
alloy-electroplated steel (*P ratio = phospho-

phyliite/(phosphophillite + hopeite))”

steel sheets.

Wet adhesion is evaluated by immersing a coated
steel sheet after three coats in hot deionized water at
40°C for ten days and conducting a cross-cut peeling
test using tape immediately after the specimen is taken
from the water. This deterioration of wet adhesion
posed a special problem in Japan, where automakers do
not generally use chromate sealing.

Considering the fact that these paint defects and paint
peeling problems do not occur with cold-rolled steel
sheets, Kawasaki Steel investigated the application of an
Fe-based plating to Zn-Ni or Zn-Fe alloy plated steel
sheets. As shown in Fig. 6, perfect performance is not
realized with the Fe plating, but the P ratio (phospho-
phyllite/phosphophyllite + hopeite) of the phosphate
film and wet adhesion improved markedly with Fe-P
plating. Although the phosphorus content of the Fe-P
plating is very low, below 0.5%, the added phosphorus
promotes the dissolution of Fe during phosphate treat-
ment and increases initial phosphate crystal nuclei, with
the result that a film of closely-packed phosphophyllite
(Zn,Fe(PO,), - 4H,0) is formed. In general, wet adhe-
sion is strongly affected by the quality of the phosphate
film and improves as the P ratio increases {i.e. when a
greater proportion of phosphophyllite is present in the
film). This is because the phosphate coating consists of
phosphophyllite is less soluble in alkaline solutions than
hopeite (Zn;(PO,), - 4H,0).'%

The effect of the Fe-P coating weight on cratering is
shown in Fig. 7. When the coating weight of the Fe-P
upper layer is 2 g/m® or more, craters do not form even
at an applied voltage of 350 V; thus, cratering is effec-
tively suppressed at this coating weight. Results of an
investigation of the cratering resistance of various pre-
coated steels are shown in Fig. 8. Cratering is rare in
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pure-zinc plated steel sheet, but occurs with consider-
able frequency in Zn-Fe alloy plated steel sheet, even at
relatively low voltages. However, craters do not form
even at 350V with double-layered alloy plated steel
sheets with an Fe-P upper layer, which possess a cratering
resistance comparable to that of cold-rolled steel sheets.

An adverse effect of the Fe-P coating in the upper
layer on corrosion resistance was initially feared, but the
coating weight of the Fe-P layer is light at 2 g/m’, the
layer dissolves to a considerable extent during phos-
phate treatment, and the remained Fe-P is protected by
the sacrificial effect of underlying Zn alloy layer. Dou-
ble-layered atloy plated steel sheets are less susceptible
to red rust initiated in scratched parts and show the
same performance as the underlying alloy plating with
respect to thickness reduction.'?

Double-layered Fe-P/Zn-Ni alloy plated steel sheets
(RIVER HI-ZINC SUPER) and double-layered Fe-P/Zn-
Fe alloy plated steel sheets (RIVER EX ZINC) are used
in exposed automotive panels because they provide the
same phosphatability and paintability as cold-rolled steel
sheets.

Wet adhesion is considered very important from the
standpoint of paint adhesion and corrosion resistance
after painting in both inner and outer automeotive parts,
and many studies have been conducted.'*'®

Researchers have found that wet adhesion is good
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even in the hopeite film when the phosphate crystal
size is small. The adverse effect of hopeite on wet adhe-
sion is explained by the fact that 4H,0 in the hopeite
film dehydrates during curing and converts into 2H,0,
but reconverts to 4H,0 during dipping.'¥ As a solution
to the problem of wet adhesion of Zn-based plated steel
sheets, a phosphate solution to which Ni** ions and
Mn®* ions are added was developed.'>'® Various opi-
nions also exist on the cratering which occurs during
cathodic electropainting. Cratering depends generally on
electropaint conditions, and has improved considerably
with the development of high-build cationic electro-
paints represented by Uniprime.'” High-build cationic
electropaints combine large film thicknesses and high
throw power with low solvent contents'®, and are effec-
tive in preventing cratering, although they were not
originally developed for this purpose.

Owing to these improvements in phosphate solutions
and electropaints, Zn-Ni alloy plated steel sheets in
which cratering is less common than in Zn-Fe alloy
plated steel sheets are, in many cases, used without Fe-P
plating for exposed panels of the automotive body. On
the other hand, poor paint appearance of the precoated
steel sheets, although initially considered a problem, can
be avoided by the use of improved painting techniques.
The quality levels now possible are demonstrated by the
use of precoated steel sheets as the base steel in pro-
ducts where distinctness of image after painting is an
important feature. The current state of the art is repre-
sented by LASERMIRROR.' a premium grade auto-
motive sheet developed by Kawasaki Steel

3 Development of Thin Organic Composite
Coated Steel Sheets

3.1 Weldable Prepainted Steel Sheets

For use in applications where resistance to perforation
corrosion is required, as with one-side galvanized steel
sheets, steel makers have, for example, developed a
weldable zinc-rich primer steel sheet. A typical example
is Zincrometal™ developed by Diamond Shamrock
(Kawasaki Steel began production of this product under
lincense in 1976.2V). Zincrometal is obtained by apply-
ing a chromic acid coating containing zinc powder
(Dacromet) in a thickness of about 2.5 um to a cold-
rolled steel sheet, and baking on a special epoxy resin-
based zinc-rich paint (Zincromet) which is further
applied to the Dacromet layer. The total fiim thickness
of the Zincrometal coating is about 15um. Kawasaki
Steel developed a KZ coated steel sheet which is phos-
phated instead of being treated in chromic acid based
on its own technology. Since these steel sheets are pre-
painted, they are effective in preventing perforation cor-
rosion in parts where electropaint is difficult to apply,
and have been widely used in Japan as well as in
Europe and America.
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Disadvantages of these prepainted steel sheets were
pointed out, however, when they were introduced. For
example, the film is susceptible to flaking off during
press forming, resulting in pimples on the surface of
formed parts. In addition, electrode life in spot welding
is short and continuous spot weldability is bad. Further,
the corrosion resistance of these prepainted steel sheets
is provided mainly by the barrier effect, in which the
film seals out oxygen and water, rather than by sacrifi-
cial protection. This fact is important because the pro-
tection of damaged areas and edge portions, generally
effected by sacrificial protection, was insufficient, and
improvement was therefore required.

3.2 Organic Composite Coated Steel Sheets

To eliminate the drawbacks of Zincrometal, attempts
were made to reduce the thickness of the organic film
by using a precoated steel sheet substrate rather than
cold-rolled steel sheets. Kawasaki Steel developed an
organic composite coated steel sheet (ZINCROMETAL
K II} in which a Zn-Ni alloy plated steel sheet is used
as the base steel, a Dacromet coat is applied to this
steel, and a Zincromet coat with a film thickness hall
the conventional thickness is baked onto the Dacromet
coat. ™

To provide lubricity, 0.4% MoS, is added to the
Zincromet flm of Zincrometal K II; 4% ZPC
(K,0 - 4Cr0Q; - 4Zn0 - 3H,0) is also added to improve
corrosion resistance. Zincrometal K II is a great impro-
vement over Zincrometal in terms of the resistance of
the film to damage during press forming, flaking, corro-
sion resistance, and weldability. The continuous spot
weldability of Zincrometal K Il is shown in Fig. 9.
Welding is no longer possible at 3 000 spots in Zincro-
metal, while in Zincrometal X II, continuous spot weld-
ing is possible at 5000 spots owing to the reduced film
thickness.

Zincrometal K II was initially produced using one-
side Zn-Ni plated steel. To enhance cosmetic corrosion
resistance, the both sides of the base steel were plated
with a Zn-Ni alloy (an organic coating was applied to
the unexposed side only). The reason why the Zn-Ni
alloy plated surface can be used as the exposed surface
is largely the progress in phosphating and painting tech-
niques already described in Sec. 2.3. However, it was
also necessary to improve chipping resistance if the
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Fig. 9 Continuous spot weldability of Zincrometal K
il and Zincrometal™

Zn-Ni plated surface was to be used in exposed panels.
The Zn-Ni alloy layer is several times as hard as the
zinc layer”, and the results of a chipping test after the
application of three coats revealed that the coated layer
peeled off from the base steel and that the flaked area
was by far larger than with cold-rolled steel sheets™.
Good results were obtained by reducing the nickel
content of the film to about 10%, but it was found that
surface friction®® during press forming and phosphata-
bility*® worsen because a decrease in the nickel content
results in a phase containing the # phase. Therefore, the
plating method was improved so that good chipping
resistance was obtained even with a nickel content of
13%, making it possible to use Zn-Ni alloy platings in
exposed panels.

3.3 Thin Organic Composite Coated
Steel Sheets

The production of organic composite coated steel
sheets requires a paint baking temperature of 270°C;
the bake-hardenable steel used in automotive outer
panels therefore could not be used as the base steel of
organic composite coated steel sheets. To give bake har-
denability to steel in the automaker’s painting process
after press forming, it is necessary to cure the organic
film quickly at a baking temperature of 150°C or lower.
To this end, Kawasaki Steet developed a thin organic
composite coated steel sheet (PLASCOAT K IV) which
permits low-temperature baking.®

The transition of the film system of prepainted steel
sheets is shown schematically in Fig. 10. Plascoat K IV

Zincrometal KII

Plascoat K IV

Zincrometal
... Zincromet
) . . . 0, 12.5 pm

Fig. 10 Schematic views of °:
Zincrometal ume @ @
. * e O
Zincrometal K 11 e
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is obtained by treating a Zn-Ni alloy plated steel sheet
with chromate and then baking an SiQ,-containing
epoxy resin onto the chromate film at a temperature of
150°C or below. The top organic resin is a thin film of
only 1 um and provides good electropaintability and
weldability. Chromium, however, tends to dissolve dur-
ing alkaline degreasing and phosphate treatment. This
problem was solved by ensuring an appropriate Cré*/
Cr’* ratio in the chromate and by increasing the fixed
chromium ratio through the addition of a reducing
agent. The corrosion resistance of precoated steel sheets
is shown in Figs. 11 and 12. As shown in Fig. 11, sub-
stantial improvement in corrosion resistance is obtained
only with the chromate treatment of Zn-Ni alloy plated
steel sheet. On the other hand still better corrosion
resistance can be obtained simply by applying a 1 gm
organic resin coating over the chromate film. It was also
found that excellent corrosion resistance is obtained by
adding 20% or more Si0, to the organic resin.

The excellent corrosion resistance of Plascoat K IV is
attributable to the fact that passivation by the self-heal-
ing of Cr® ions in chromate and the protective action
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Fig. 13 Amount of exfoliated coatings of various pre-
coated steel sheets after cylindrical cup draw-
ing test

of a corrosion product (which is mainly composed of
zinc hydroxide) generated in the Zn-Ni alloy plating are
stably maintained by the 1 gm organic resin over a long
period of time. Although some researchers have con-
cluded that the SiQ, in the resin forms silicate,>” this
5i0, in fact appears to give the resin appropriate water
permeability and thereby contributes to the formation
of a stable corrosion product. Exfoliated film weights
after cup drawing are shown in Fig. 13. The exfoliated
film weight of Zincrometal X IT was reduced to 1/5 that
of Zincrometal, but in Plascoat K IV, this value was
improved to a level comparable with that of alloy plated
steel sheet.

4 Development of Double-layered Galvannealed
Steel Sheets

4.1 Galvannealed Steel Sheets

Galvannealed steel sheets are obtained by galvanneal-
ing immediately after hot-dip galvanizing to obtain a
Zn-Fe alloy layer which contains about 10% Fe and is
mainly composed of FeZn,;, called the 4, phase.
Although the corrosion potential becomes more electro-
positive than zinc after galvannealing, corrosion resis-
tance is improved since the corrosion rate is reduced,
resulting in less blistering after painting and better wet
adhesion. The melting point of the &, phase is 670°C,
which is higher than the melting point of zinc of 420°C.
Therefore, electrode consumption during welding is low
and spot weldability is excellent. In consideration of
these points, Japanese automakers widely use galvan-
nealed steel sheets in inner panels.

When galvannealed steel sheets are used in automo-
tive outer panels, it is difficult to ensure the mechanicat
properties of the base steel as a galvannealing tempera-
ture above 500°C is required. In addition, powdering of
the coated layer frequently occurs during press forming.
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The use of ultra-low carbon steel as the base material
made it possible to produce the deep drawable and
high-strength galvannealed steel sheets. Powdering pro-
perty depends on the coating weight, and coating weights
as light as 3¢ g/m2 offer an adequate solution. In view of
this, Kawasaki Steel developed a differentially-coated gal-
vannealed steel sheet, the outer side of which has a 30 g/
m? galvannealed coating and the inner side of which has a
hot-dip galvanized coating of about 100 g/m” (this product
is called “1 & 1/2"). Differential coating weights of 30 g/
100 g are obtained by gas wiping, and the side with the
lighter coating weight is galvannealed. Pure zinc remains
on the side with the heavier coating weight, and powder-
ing does not occur. This galvannealed product is used in
automotive outer panels by American automakers.”

4.2 Double-lavered Galvannealed Steel Sheets

It was found that the problem called powdering in
galvannealed steel sheets is actually peeling of the coat-
ed layer from the interface between the 5 phase ant the
I' phase (FeyZn,) formed at the interface with the sub-
strate steel. Figure 14 shows the relationship between
the thickness of the I phase and the amount of peeled
zinc after a bending test of a galvannealed steel sheet
with a coating weight of 60 g/m?. The thicker the I’
phase, the larger the amount of peeled zinc becomes.
For actual pressing, the allowable maximum of peeled
zinc is considered to be 2 000 cps, requiring that the
thickness of the I phase be limited to 0.4 um or less.
By controlling the aluminium content in the molten
zinc to 0.10% or more and the iron content of the alloy
layer to 12% or less, as shown in Fig. 15, the formation
of the I phase is suppressed and a galvannealed steel
sheet excellent in powdering resistance can be pro-
duced.”

To use galvannealed steel sheets in exposed panels, it
is necessary to solve the problem of cratering during
cathodic electropainting. Although cratering resistance
depends on electropainting conditions, to improve the
cratering resistance of the steel sheets, Kawasaki Steel
applied the Fe-P plating described in Sec. 2.3 to galvan-
nealed steel sheets’™ and developed double-layered gal-
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vannealed steel sheets with an Fe-P upper coating. In
galvannealed steel sheets, the occurrence of craters can
be prevented by Fe-P plating with a coating weight of
3 g/m’ or more. As shown in Phote 1, phosphate crys-
tals form a closely-packed phosphophyllite film and
phosphatability is improved.

Photo 1 Scanning electron micrographs of phosphate coatings of formed on double layered
hot dip galvannealed steel
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Galvannealed steel sheets are advantageous in terms
of cost. To achieve severe rust-preventive targets of ten
years for perforation corrosion and five years for cos-
metic corrosion, galvannealed steel sheets, along with
thin organic composite coated steel sheets, are now
being used in increasing quantities.

5 Development of Dispersed Zn-plated Steel
Sheet

5.1 Dispersed Zn-Co-Cr-Al,O,; Electroplated
Steel Sheet

The recent progress in galvanized, prepainted, and
galvannealed steel sheets has so far been described.
These products are all produced commercially. Kawasaki
Steel has also deveioped an ultrafine alumina dispersed
Zn-Co-Cr-Al, O, electroplated steel sheet (RIVER BONA
ZINC) as a next-generation corrosion-resistant pretoated
steel’". and is conducting trial manufacture and tests on
an actual line.

The alloying elements in the dispersed Zn-Co-Cr-
AlLO; electroplated steel sheet are each included in con-
tents of about 1%. Because a high content of alloying
elements, such as that in Zn-Ni and Zn-Fe alloy plated
steel sheets, results in a hard coated layer and poor
adhesion, efforts were made to ensure excellent chip-
ping resistance and wet adhesion as well as outstanding
corrosion resistance in this new-generation steel by
minimizing the contents of alloying elements.

The corrosion resistance of various precoated steel
sheets is shown in Fig. 16. Although the Zn-Ni alloy
plated steel sheet has excellent corrosion resistance in
an unpainted condition, its corrosion resistance at
scribed portions with 20-um electropainting is not good.
The Zn-Fe alloy plated steel sheet has excellent corro-
sion resistance with painting, but its corrosion resistance
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Fig. 16 Perforation corrosion resistances of pre-coat-
ed steel sheets with and without painting®!
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without paint is not good. The dispersed Zn-Co-Cr-
AlLO; plated steel sheet (denoted by Z in the figure)
shows excellent corrosion resistance with and without
paint. The balanced corrosion resistance of this steel
sheet may be explained by the fact that, as is apparent
from Fig. 17, the corrosion product ZnCl, - 4Zn(OH), is
formed in the initial stage of corrosion and continues to
exist stably for a long period of time. Cobalt contributes
to the formation of ZnCl, - 4Zn (OH),, and high corro-
sion resistance is obtained by the combined effect of
passivation by chromium and the stabilizing effect of
ALO; on the corrosion product.’® Changes in corrosion
potential with time are shown in Fig. 18. Sacrificial pro-
tection is maintained over a long period because of the
low contents of alloying elements. Further, the chro-
mium in the coating improves wet adhesion and Al,O,
contributes to the adhesion to the paint, thus improving
corrosion resistance with painting and chipping resist-
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ance.’¥ This product is expected to find wide use in
automotive bodies in the near future.

6 Conélusions

This paper has described recent progress in precoated
steel sheets for automotive use, specifically the change
from the one-side galvanized sheets used mainly to pro-
vide protection against perforation corrosion to both-
side galvanized steel sheets, in which cosmetic corrosion
is also an important consideration. The paper has also
described more recent developments in zinc-alloy elec-
troplated steel sheets, organic composite coated steel
sheets, and galvannealed steel sheets.

(1) In the field of alloy electroplated steel sheets, Kawa-
saki Steel developed Zn-Ni and Zn-Fe alloy electro-
plated steel sheets, which provide high corrosion
resistance at lighter coating weights, and established
manufacturing techniques using a chloride bath and
soluble anodes. )

(2) For use in exposed panels, double-layered alloy plat-
ed steel sheets with an Fe-P upper layer over the
alloy coated layer were developed. This product has
the same phosphatability, cratering resistance, and
paint adhesion as cold-rolled steel sheets.

(3) Thin organic composite coated steel sheets were
daveloped, featuring an organic resin film with a

thickness of only about 1 gm baked at low tempera-

ture onto a Zn-Ni alloy plated steel sheet.

(4) Double-layered galvannealed steel sheets were deve-
loped, in which powdering resistance is improved by
controlling alloying and excellent paintability is
ensured by applying an Fe-P plating as the upper
layer.

(5) The company has also developed to the trial manu-
facture stage ultrafine alumina dispersed Zn-Co-Cr-
ALO; electroplated stecl sheets which are expected
to find use as a next-generation corrosion-resistant
precoated steel

With the levels of requirements for the corrosion
protection in auto bodies becoming increasingly high,
the trend in precoated steel sheets is toward the use of

a greater variety of alloying elements in smaller quan-

tities, multilayering and the use of composites. Kawasaki

Steel will continue to pursue a policy of developing high

value-added products with easy-to-use performance

which offer unique features to meet the diverse needs
of customers.
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