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The Properties of Electrodeposited Zn-Co Coatings
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The possibility of increasing the corrosion resistance of aamotive sheet steel by electrodepositing with
Zn-Co alloy coatings was investigated. Process variables during electrodeposition such as current den-
sity, electrolyte flow rate, and pH were varied in order to examine their influence on the electroplating
process. Cobalt contents varying from 0.2 to 7 wt% were easily obtained. The influence of these process
parameters on the characteristics of the coating could be related to the hydroxide suppression mecha-
nism for anomalous codeposition. The structure and the morphology of the coatings were determined us-
ing SEM and XRD analysis. Application properties important for coating systems used in the automotive
industry, such as friction behavior, adhesion, and corrosion behavior, were investigated on coatings with
varying cobalt content. The corrosion resistance of the Zn-Co alloy layers was found to be better than
that of pure zinc coatings.
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. 2.1 Electroplating Equipment
1. Introduction prating Equip
The zinc-cobalt alloy coatings were produced on a labora-

tory electroplating line at the University of Ghent in Belgium.

Zinc and zinc alloy coatings are increasingly being used in The vertical flow cell was designed for one-side electroplating
the automotive industry to protect the car body from both per- The plated area was 50 by 150 Aiigh flow rates and high

foration corrosion and cosmetic corrosion. Inrecent years there

has been a growing interest in replacing pure zinc coatings with;lé:]rieer\]/tegebnsgfes O‘?’ggg?;g?jg&;ge Iie?etgtriﬁ‘zigrc'lf'ﬁsn;nvc\)lgz
thinner, more corrosion-resistant zinc-alloy layers (Ref 1-3). y 9 :

Zinc-iron alloy layers, both electroplated and galvannealed, was made of stainless steel and the anode-to-cathode spacing

and electroplated zinc-nickel coatings are currently widely was 15 mm. Elt_actrqplatlng was carried out on previously de-
used in the automotive industry (Ref 4, 5). greased and acid-pickled sheet steel substrate.

Zinc-cobalt alloys, however, are by far the most widely used Al electrpplating experiments were done using a sulfate
zinc alloys for platiné in North ’America to meet the increased bath containing 125 g/L COSUH,O and 625 g/L
d . . ZnSQy[7TH,0. Sodium sulfate (75 g/L) was added to improve

emands for corrosion resistance (Ref 6). However, these Iay,[he conductivity
ers are not currently used to plate sheet steel, but there is a wide- Si the bl .t' diti Id infl th .
spread use of zinc-cobalt alloy coatings for nuts and bolts. _>Ince the piating conditions cou’d Influénce the composi
. - . . tion and quality of the deposits, pH, flow rate, and current den-

As a CONSequence, a review .Of literature on this .SUbJeCtsity were varied in order to obtain a wide range of coating
shows that I|tt[e information is available on the use of zinc-co- compositions (Table 1). When the current density was varied,
t.)al.t alloy coatings on sheet steell. Moreover, the |nfqrmat|on 'S time of current supply was adjusted to obtain a constant coating
limited to a small range of cobalt in the coating, varying from 0 ..~k ness of 3 to 3.im. The current was not supplied continu-
t0 2 wt% (Ref 3, 7-9). ously during plating but was switched on and off to simulate in-

This article focuses on the influence of cobalt contentonthe qystrial conditions where the steel plate passes different
application properties of zinc-cobalt alloy electroplated sheet g|gctroplating cells.
steel and evaluates the potential of zinc-cobalt electroplatings
as coatings for automotive applications. o ) _

First, the influence of process parameters such as batr?-2 Characterization of the Zinc-Cobalt Alloy Deposits

composition, pH, current density, and flow rate of the elec-  The cobalt content was varied between 0.2 and 7 wt% by
trolyte on the morphology and the cobalt content of the coat- changing the plating conditions. The coating weight was deter-
ings is examined. Second, this study evaluates the influencemined as the weight difference of the samples before and after
of coating composition on the roughness, friction, powder-

ing, and galling behavior as well as on the shear strength.Table 1 Process parameters for electroplating

The corrosion rate of the deposits was examined by electro-

chemical measurements. Parameter Range
pH 2-4
Current density 53-133 A/dn?

J. Mahieu, K. De Wit, andB.C. De CoomanLaboratory for Iron and
Steel Making, University of Ghent, Ghent, Belgium; &n®e Boeck,
OCAS N.V. (Sidmar Group), Zelzate, Belgium. Contact e-mail:
bcdc@ocas.be.

Electrolyte flow rate 1.5-4.3m/s

For a coating thickness of 34 atT = 55 °C
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dissolving the coating in diluted hydrochloric acid (HCI) (Ref ten-point heightR,, (three-dimensional) were used to charac-
10). The coating composition was determined by atomic ab-terize the roughness. A reference line was defined as the line
sorption spectroscopy (AAS) analysis of the solution. that cut the profile in equal surfaces above and below this line.
Using the effective current density registered during elec- The R, value was calculated over a well-defined length, the
troplating, the authors calculated cathode current efficiency evaluation length, as the arithmetic mean of the departures of
(cce), according to Faraday'’s law, as the following: the profile from the reference line. Finally tRevalue was cal-
culated by dividing the evaluation length in five equidistant
parts and averaging the maximum peak to valley heights of

0, 0,

g O
2.3 Application Test Methods
wheremis coating weight in g/dfnicgis effective current den- The friction coefficient of the as-deposited coatings was
sity in A/dn; andt is time during which current was applied, in - measured by means of an Schwingung Reibung Ver§dhiei
seconds. bometer (Optimal Instruments AG, Minchen, Germany). The

The surface morphology of the as-plated deposits was ex-sample was submitted to a horizontal oscillating movement
amined by scanning electronic microscopy (SEM) on a Zeisswhile making contact with a flat die subjected to an increasing
DSM 962 SEM (Carl Zeiss Inc., Thornwood, NY). Electron vertical load. The friction coefficieritis T/N (T is the horizon-
backscattered images were made to study the material in crosgal friction force,N is the applied vertical load) was measured
section. continuously in function of the load, which increased linearly

The crystallographic texture was determined by x-ray dif- from 0.5 to 2 MPa in 15 min. The samples were lubricated with
fraction using a powder diffractometer Siemens D5000 arustpreventive oil (Quaker N6130, Penzoil-Quaker State Co.,
(Bruker Spectrospin, Brussels, Belgium) equipped with a cop- Houston, TX). The die material was a cast iron GG25 of which
per tube. 2-theta scans were obtained between 30 and 130°. Thihe contact surface had a controlled roughness wiity ealue
texture coefficient (TChkI) of the most important orientations  between 0.3 and Oim (atA. = 0.8 mm). The amount of gall-
was calculated by comparing the measured diffraction spec-ing was verified by three-dimensional measurements on the
trum of the sample with the ASTM/Joint Committee on Powder used tools. The friction instability coefficierEIC) (Ref 13)
Diffraction Standards (ASTM/JCPDS) chart of pure zinc pow- was calculated with the following formula to evaluate the sta-
der (Ref 11, 12). For each orientation, the measured intensitiesility of the friction coefficient:
were divided by the intensities of pure zinc powder. A random

texture is characterized B\C = 1. 504 6 2
Finally, three-dimensional roughness measurements wereg|c = mz mfa%dn (Eq 2)
done usinga WYKO RST+ RS105138 (WYKO Corp., Tucson, T=20 % L noo
= iz

AZ) in order to discern a possible influence of layer composi-

tion on the surface roughness. Three-dimensional measure-

ments do not imply filtering of the profile, so no cutoff wherenisthe number of measurement points (maximum 504),
wavelength was used. Values for surface roughriggsand i is the number of tests (maximum 6), dnslthe friction coef-

Fig. 1c

1 galvannealed substrate
I adhesive
AR

SRS - backing
PTFE sheet
I—--TT 1 spacer fixed to tensile jaw

Fig. 1 Lap shear test sample geometries. (a) Spacers. (b) Backing strips. (c) Polytetrafluoroethylene sheet
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ficient. High values oFIC suggest the formation of cold welds mechanism is based on the supposition that the cobalt deposi-
during the test, and, thus, FIC gives an indication of the sensi-tion is retarded by the formation of a zinc-hydroxide film on the
tivity of the material to galling. cathode surface due to an increase of pH adjacent to the cathode
The powdering behavior was evaluated by a 60° V-bend (Ref 17, 18).
test. This test has the advantage of evaluating the resistance Figure 2 illustrates the influence of current density and bath
against delamination in bending and unbending in the absenc%omposi[ion on the Coating Composition. For both bath compo-
of frictional effects (Ref 14). The sensitivity to powdering was sitions, the cobalt content in the coating shows a linear increase
characterized as the weight loss of the specimen after applyingyith increasing current density. This suggests that the current
and removing an adhesive tape (Permacel 99, 26 mm wide Pergensity exceeds the limiting current forZreduction from the
macel, A Nitto Denko Co., New Brunswick, NJ) at the fold on  zi,¢_pydroxide film, and C# reduction becomes more impor-
the V-bend §gnjple. . ) tant with increasing current density. When the zinc-cobalt ratio
The sensitivity for cracking was charact_enzed by SEM. The g increased by lowering the cobalt content in the bath, smaller
rumber f racke, crak length,and 1 Wi f 1 a0k 1t ortan e v (1.3, O of 1 e
Adhesion of the coating vx?as tested by meané of alap shealry.te’ however, resulti'ng. in an electrolyte .with a lower Wt% of
test. A number of corrections were applied to the sample ge_zmc and cobalt but similar zinc/cobalt ratios, showed no influ-

) i S . -~ Y~ ence on the cobalt content in the coating. The explanation of
ometry to avoid the major disadvantages of the single lap Jomt,th h s based the hvdroxid .
as described in ASTM D 1002 (Ref 15). This is shown in Fig. 1 ese phenomena 1S based on the hydroxide suppression
(Ref 16). Spacers (Fig. 1a) were applied to the jaws of the ten_mechanlsm, which is schematlcally represented in Fig. 3 Two

features of the mechanism have to be emphasized. First, ac-

sile testing machine to correct for the asymmetric design. Back- . ; : S
ing strips (Fig. 1b) were used to increase the stiffness of thecording to Fukushima et al. (Ref 19), the coatings deposited in

samples and thus decreased the influence of the substrate thick€9ion Il have a lower cobalt content when the wt% cobalt in
ness. Finally polytetrafluoroethylene (PTFE) sheet (Fig. 1c) the bath is decreased_. 'I_'h|s resultsin gshlft of the curve to lower
was used, located next to the adhesive, to obtain an adhesivéa@lues (1- 2), explaining the experimentally observed de-
layer with flat straight edges and a precisely controlled thick-
ness and overlap length. Tests were carried out on samples wit| o Zn/Co=53
an overlap length of 25 mm and an adhesive thickness of 0.2 1 o zweo= 1’5
mm, Terokal 4520-34 (Henkel Teroson, GmbH, Heidelberg, 2 5, ~ b=
Germany) being used as adhesive.

The corrosion resistance of the unpainted samples was
evaluated by electrochemical measurement using an EG & Gg ' = &

273 A potentiostat (EG & G Instruments, Oak Ridge, TN). The E //
T

25

%)

er (wt

corrosion rate was determined by means of polarization resis-g 4 o

e

tance measurement. The Stearn-Geary equation (Eq 3) waz o ° 1

i i : [ o —
used to calculati,,and the corrosion rate as follows: 2 255

§ 0.5 5
] fo o
aE___PuThe €qs) O
- 0.0 - . . . . .
Al 2.3 0o HBa + Bo) 40 60 80 100 120 140 160
Current density (A/dm?)

WhereABAl = the measured polarization reSis,’tarM@Q: Pa Fig. 2 Influence of current density and zinc to cobalt ratio on
= anodic Tafel constant (V/decad@),= cathodic Tafel con- the cobalt content in the coating

stant (V/decade); arig,,, = corrosion currenpA).

A number of samples were dip phosphated using a conven-
tional trication (Zn, Mn, Ni) process on a laboratory coating
line. The phosphate solution consisted of Primaire M, Grano-
dine 1994 A, Granodine starter 655, Granodine 1994 E2, tonel;
95HA (Henkel Metal Chemicals, Brussels, Belgium), and
demi-water. The phosphate morphology was studied by SEM.

Zn/Co = 5.3 (no dilution) : 1
w7 1/C0 = 15 (no dilution) : 2
Zn/Co = 5.3 (dilution) :3

ting

3. Results and Discussion

3.1 Influence of Plating Conditions

Cobalt content of the electrodeposited layerseported on
in the present study was between 0.2 and 7 wt%. All deposits
had a cobalt content less than theQE€o?* + Zré*) ratio in
the bath, thus confirming anomalous codeposition, which can Fig. 3 Schematic representation of the effect of zinc to cobalt
be explained by the hydroxide suppression mechanism. This ratio and dilution on the anomalous codeposition mechanism
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crease in cobalt content in the coating when the zinc-cobaltra- Figure 5 shows the cobalt distribution in a layer deposited
tio is increased. Second, a decrease of the wt% zinc in the batlfrom a bath with pH = 2 (Fig. 5a) and a layer deposited from a
causes a shift of the limiting current density fofZreduction bath with pH = 3 (Fig. 5b). In the case of pH = 3 at the interface
to lower values, and, thus, region Il will be reached at lower with the steel, a cobalt-rich layer is found (Fig. 5b). As the in-
current densities. When dilution of the electrolyte takes place, crease of the pH of the electrolyte causes the driving force for
both wt% cobalt in the bath and wt% zinc in the bath are de-H, evolution to fall significantly, the initial electrodeposition
creased, a situation that results in curve 3. As can be noticed irprocess is dominated by the preferential cobalt deposition.
Fig. 3, curves 1 and 3 approach each other in region Ill, result-However, once an increase in pH induces the formation of a
ing in the same cobalt contents of the deposits whether the eleczinc hydroxide layer, the deposition changes to anomalous
trolyte is diluted or not. deposition, and the cobalt content in the layer is restricted to the
Figure 4 shows the influence of change in pH and the influ- same value as in a layer deposited at a pH = 2.
ence of change in flow rate of the electrolyte. When the flow  Layers deposited at lower pH (pH = 2), however, show a ho-
rate is increased, the limiting current for the¢Zreduction is mogeneous cobalt content over the cross section of the coating
shifted to higher values, and the supply dfislincreased re-  (Fig. 5a).

sulting in a retarded depletion of ldnd a thicker zinc hydrox- Cathode Current Efficiency. No influence of plating vari-
ide film at the same current density and a lower cobalt contentables on the cathode current efficiency was found. In all cases,
in the deposit. cathode current efficiencies were between 88 and 95%, thus

lower than for the electroplating of zinc (approximately 98%)
but higher than for the electroplating of zinc-nickel (approxi-

8 : mately 83%).
11 o v=28mis N ,
M o z -4 m;: ------ /F{ 3.2 Characterization of the Zinc-Cobalt Alloy Layers
6 R Visual Appearance.All deposits showed a light gray ap-
1 / pearance, somewhat darker than that of pure zinc deposits. At
5 | / high pH values combined with low flow rates (less than 2 m/s),
layers were found that had a dark and powdery surface appear-

ance that could easily be rubbed off.

K - x/g//~r Phase Composition and Morphology of the Electrodepo-
2

sited Layers.In order to evaluate the influence of the cobalt

Co content in the coating (wt.%)
N

] o ) content on the morphology of the coating, the latter was exam-
R S Ot N O S OO ined on coatings deposited with different plating variables,
which resulted in zinc-cobalt alloy layers with different cobalt

0 } " : " H " ] " 5 contents. As shown in Fig. 6, the surface morphology of such

layers is very similar to the terraced surface morphology of
electrodeposited pure zinc. With increasing cobalt content,
however, the zinc-cobalt alloy crystals become smaller, and the

pH of the electrolyte

Fig. 4 Influence of pH and electrolyte flow rate on the cobalt surface becomes more nodular. Study with the SEM also re-
content in the coating vealed the presence of large circular, through-thickness pores
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Fig. 5 Cobalt depth distribution, measured with GDOES. Coating deposited at (a) pH = 2 and (b) pH = 3
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with a diameter up to 2Q@m (Fig. 6). At the border of some de- seems to favor low index pyramidal and prismatic orientations.
fects, cobalt enrichments were found, while in the circular areaWith increasing cobalt content, the low index pyramidal orienta-
of the defect, no zinc or cobalt was deposited. The circular ge-tion dominates, while the prismatic orientation disappears. Basal
ometry of the defects suggests that they might be caused by therystal orientations were observed only at low cobalt contents.
formation of hydrogen bubbles at the cathode surface. Atthe Roughness of the As-Deposited LayersThree-dimen-
start of the deposition process both?PCeduction and kifor- sional roughness measurements were carried out on a number
mation dominate the plating process. This is supported by theof samples with various cobalt content. The results are shown
fact that both glow-discharge emission spectroscopy and elecin Fig. 8. Ther, value and th&, value vary respectively from
tron probe microanalysis revealed the existence of a cobalt richy 69 to 1.83 and from 15.34 to 1§18. For both roughness pa-
layer at the coating/substrate interface when deposited at highameters, all measured values were higher for the samples with
pH (Fig: 5). These areas of high cobalt content should favor thecgpalt content than they were for samples of pure zinc, and a
nucleation of the hydrogen bubbles. As the hydrogen overvol-gignificant, positive correlation between cobalt content and

tage on cobalt is significantly lower than on zinc, cobalt rich ar- roughness was found to confirm the more nodular morphology
eas can be expected to favor the nucleation of hydrogen,¢ higher cobalt contents.

bubbles, (Table 2). Moreover, since zinc nucleates easier on

zinc than on iron or cobalt, these defects, once formed, aretaple 2 Hydrogen overvoltages for cobalt, iron, and zinc
maintained resulting in the experimentally observed holes in at a current density = 50 A/dn?

the coating.

X-ray diffraction analysis revealed that the cobalt-zinc alloy Element Hydrogen overvoltage, V
coatings were solid solutions of cobalt-zinc. Furthermore, an copart 0.48
influence of the cobalt content on the crystal orientation was iron 0.5
found. As can be seen clearly from Fig. 7, at cobalt contents beZinc 124

low 1 wt% the presence of cobalt in the hexaganahase

Fig. 6 Morphology of zinc-cobalt alloy coatings. SEM micrographs with SE contrast. (a) Pure zinc coating.(89Qnc-cobalt alloy coat-
ing, 3.6 wt% Co (5009). (c) SEM of circular holes in a zinc-cobalt coating (2000d) SEM of circular holes in a zinc-cobalt coating (2600
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5660 Volume 8(5) October 1999 Journal of Materials Engineering and Performance



3.3 Application Behavior become more sensitive to cracking. This was determined by

o . . comparing the SEM pictures of samples with different co-
The formability of the coated sheet steel is a very important balt content on the basis of crack length, crack width, and

issue for automotive applications. The importance of friction in . : . :
PP P hnumber of cracks intersecting a straight line that was drawn on

many sheet forming processes is well documented, and hig the pictures. No difference was found between a pure zinc coat
values of friction coefficient result in material loss and exces- . P ) P

sive wear. Galling occurs when cold welds are formed, and the'N9 50/50 high pyramidal angle and prismatic orientation) and

particles caused by rupture of the welds remain on the die. Es? zinc-cobalt alloy coating with 0.4 wt% Co, except for a slight

pecially soft and ductile materials are sensitive to galling (Ref decrease in numper qf cracks Jor th? latter. Compgred W.'th a
20); hard materials, however, tend to be subject to powderingzn'co allpy (?Qatlng with 0.8 wt% Co in the_layer, th|§ coating
(Ref 21). This makes necessary the evaluation of the frictionShowed significantly more cracks than the first two. Simultane-

coefficient and the galling, powdering, and flaking behavior of ouosly, the wic_ith Of_ the cracks was found to be higher for the 0.8
the coated material during forming operations. wt% Co coating, rising up to 20m instead of 1@im in the case
Friction Coefficient and Galling. As can be seen in Fig. 9 of 0.4 wt% cobalt. It is not yet clear if there is a connection be-

no significant influence of the cobalt content on the friction co- tween the texture of the coating and the crack sensitivity. Fur-

efficient was found. Compared to pure zinc coatings, however ther investigation will be necessary to determine whether a

. X . " . ‘relation exists.
zinc-cobalt alloy coatings have higher friction coefficients. . .
Compared to zinc-nickel or the steel substrate, the friction Adhesion of the CoatingA lap shear test was performed

coefficient is lower. At higher cobalt content, the calculated on zmc-coba_lt alloy coatings with different Co conte_nt to
FIC values 5 x 10-9 revealed a more unstable friction evaluate the influence of the Co content on the adhesion. As

than was the case for pure zinc coating$0(3), but a far
lower friction level than that for the steel substrate (L0
Thus, no sensitivity to galling could be deduced from the
FIC values.

Powdering behavior was evaluated by means of a 60° V- §
bend test on samples containing between 0.4 and 2.7 wt% co
balt in the coating. Figure 10 shows the relation between the
amount of cobalt and the weight loss of the coating. A degreas-
ing of the steel for 10 s before electroplating resulted in higher
values of weight loss than in the case of degreasing during
fixed time of 30 s. This shows the importance of a clean, well- &
degreased surface that is free from oil. For the latter, values

contents.
Cracking. Some of the folded samples were characterized

with SEM (Fig. 11) in order to evaluate the sensitivity to crack-

ing. It seemed that rising cobalt content caused the coating to

16
‘ / m t=30s
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0- !_."\// WR—Hm L Liir T
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Fig. 11 Difference in cracking sensitivity between zinc-cobalt
Fig. 10 Influence of cobalt content on the adhesion properties alloy coatings with different cobalt content. SEM micrographs
of the coating, evaluated by a V-bend test of sheet samples after a 60° bending.
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Fig. 13 Influence of cobalt content in the coatingigg, the
corrosion current density

Phosphatability. Zn-Co alloy coatings with 0.5 to 1.7 wt%

shown in Fig. 12, no correlation was revealed between the Cocopalt were dip phosphated in a pilot line. In all cases needle-
content in the coating and the shear strength. Most measurednaped phosphate crystals were formed. The reactivity of the
values lay in the range of 20 MPa. This is comparable to valuespnosphate solution for the steel substrate was approximately
obtained for the adhesion of zinc-nickel coatings but less thanthe same as on a pure zinc coating, but the size of the needles of

the shear strength measured for a pure Zn coating. Howeverihe phosphate layer was significantly smaller, as can be seen
compared to the measured values for galvannealed coatings oftom Fig. 15.

different types of steel substrate, the measured values of shear
strength were significantly higher. The fracture planes of all
samples showed a mixture of adhesive and cohesive failured,
meaning that fracture took place partly in the adhesive and
partly at the coating/substrate interface.

Electrochemical Measurements and Corrosion Rate.

Conclusions

The influence of cobalt content on the application properties
of electrodeposited zinc-cobalt alloy layers has been studied in

The influence of the Co content on the corrosion resistance ofgetail, and the main conclusions are the following:

the as-deposited coating is shown in Fig. 13. Two groups of
measurements can clearly be distinguished in Fig. 13. The firste
group are measurements on samples with holes in the coating
resulting in corrosion current densities between 37 and 17
uA/cm2. This corresponds to corrosion rates of 1.1 and 0.5
mm/year, respectively. A significant decrease in corrosion rate
was observed with increasing Co content. The second group of
samples (with no holes in the coating) showed a far smaller cor-
rosion current density and a corrosion rate®i5 mm/year. In

this case the corrosion resistance of the samples exceeded that
of pure Zn, with a corrosion rate which was smaller by a factor
of5to 7.

When the corrosion current densities are plotted as a func-
tion of the coating texture values for the different orientations
(Fig. 14), it can be seen that the prismatic and the low index py-
ramidal orientations have a clear effect on the corrosion rate.
Low index pyramidal orientations seem to favor low corrosion
rates, whereas prismatic orientations increase the corrosion
rate.

The other two orientations have a far less distinct influence.
It is, however, not clear whether the change in texture caused
change in corrosion rate or whether change in corrosion rate re-
sulted from the higher cobalt content in the coating, because
changes in texture were connected to the change in cobalt con-
tent of the alloy coating.

5681 Volume 8(5) October 1999

The cobalt content can be varied between 0.2 and 7 wt% by
changing the process parameters during electrodeposition.
Current density and pH of the electrolyte have a positive in-
fluence electrolyte flow rate, and zinc-cobalt ratio have a
negative influence on the cobalt content. High values of pH
tend to favor normal codeposition, resulting in an inhomo-
geneous distribution of cobalt over the thickness of the
coating. Cobalt-rich layers are formed near the substrate,
while near the surface, the cobalt content corresponds to
that obtained at low pHs.

The application tests showed that zinc-cobalt alloy coatings
have a higher roughness and friction coefficient but a lower
adhesion level when compared to pure zinc coatings. On
the other hand, the corrosion resistance of a homogeneous
film-forming zinc-cobalt alloy coating is significantly bet-

ter than that of a pure zinc coating.

Finally, the results of this study show that at low pH and at
a sufficiently high current density, zinc-cobalt alloy coat-
ings with+2 wt% cobalt can easily be plated on sheet steel
substrates. These layers are characterized by a favorable
combination of application properties, which are very simi-
lar to those to those of pure zinc coatings, and a far better
corrosion resistance. Thus, zinc-cobalt alloy coatings offer
the possibility of a substantial coating thickness reduction.
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