
Morphology of High Rate Electrozinc
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High plating temperatures (60 to 70° C) and low current
densities (50 to 100 A/din’) tended to produce smooth
zinc deposits during a bench-scale study simulating
continuous strip plating. Microrough coatings were
obtained when the applied current density exceeded 25
percent of the limiting current density.

E
Iectrogalvanized sheet steel produced by zinc
plating is currently used in the manufacture of
automobile bodies, appliances, and construction
materials. The electrogalvanizing process is often

a batch operation, such as in rack and barrel plating,’ but
strip plating is continuous.? To produce sufficiently thick
coatings at production strip speeds, high current densities
are employed. At high current densities (>100 A/dm 2),
however, spongy, powdery, dendritic coatings are formed,

a result of Insufficient diffusion of zinc ions at the boundary
layer.’ Rough coatings on steel panels may affect the
consistency and quality of the finished automobile body.

For example, Keeler and Dwyer 4 have shown that rough
electroplates exhibit higher coefficients of friction during
forming operations than do smooth coatings, resulting in
die pickup and in extreme cases, breakage. Roughness has
also been found to affect the quality of the material when

painted.’
Process parameters that may affect the properties of the

zinc coating include plating temperature, zinc ion con-

centration, electrolyte flow rate, and current density. High

Fig. 1–Gravity flow cell features (A) solution inlet, (B) slotted baffle, (C
overflow weir, (D) steel cathode, (E) anode, and (F) plating area.
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flow rates have been used to achieve smooth coating
surfaces. For example, by employing a turbulent solution
flow rate of about 1.25 m/see Safranek and Layer6 reduced
coating roughness in a laboratory study while plating at
high current densities. Successful commercial production

of smooth coatings at high current densities has been
accomplished utilizing a flow rate of 1 to 2 m/sec. 7

Substantial research has been devoted to developing and
refining high-speed plating processes. 8-10 Other efforts in
this area have resulted in the development of various types
of high-flow-rate plating cells.’’-” Most of these processes
employ high-volume pumps and specially designed nozzles

to induce high electrolyte flow.
The purpose of this investigation was to study the effect

of plating temperature and current density on the surface
roughness of zinc coatings using a bench-scale gravity
flow cell, with an electrolyte flow rate of approximately 1.7
m/see. A new method of characterizing the surface
roughness of the coating by measuring the cross-sectional
surface length has also been suggested.

Experimental Procedure
A small bench plating cell was constructed to simulate the
ARUS-Andritz-Ruthner Gravitel Process. 16,17 The unit in-
cluded a 300-A (24-V) rectifier, a 70-L electrolyte storage
tank with a thermostatically controlled heater and cooling
coil, a magnetically coupled (50 gal/rein) polypropylene
pump, and a polyacrylate gravity flow cell. Details of the

flow cell are shown in Fig. 1.
A steel sheet approximately 12 x 60 cm was inserted into

the sample slot. Electrolyte flowed over the weir and down
the gap between the anode and cathode (steel sheet). The
anode was placed approximately 32 cm below the top of the
weir, resulting in a restricted electrolyte flow of about 1.7
m/see across the anode. The gravity flow cell contained an
lrO2-coated titanium insoluble anode (about 9.5 x 15 cm).
Plating occurred on the steel cathode only in the area
directly across from the anode. The anode-to-cathode gap
was set at 8 mm at the top and 5 mm at the bottom,
simulating the geometry of the Gravitel cell.

Lightly oiled, cold-rolled steel sheets were spray alkaline
cleaned, water rinsed, electrolytically alkaline cleaned,
water rinsed, and then lightly activated in sulfuric acid prior

to electroplating. Each 1.425-dm 2 sample was plated for
1.62 A-hr to obtain a coating weight of 140 g/m’ (19.6 Pm).
The electrolyte contained 125 g/L Zn, 5 g/L H2S O4 and 2.4

g/L Al. The temperature of the solution was increased in
10° increments from 30 to 70” C; the current density was

approximately 50, 75, 100, 125 or 150 A/dm2 for the various
experiments.

Electroplated samples were cross sectioned and polished
using metallographic procedures developed for electro-
galvanized steel.18 Five representative cross sections of

each sample were photographed at 1000X. The surface
length of each section was traced using point-to-point
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contact and a digitizer.” These data were then filed in a
computer.” Each trace was compared by the program to a
flat surface with an assigned length of 1.0. The means and
standard deviations were determined from the five contours
of each sample. Surface morphologies were recorded by
scanning electron microscopy after sample surfaces were
coated with 2 to 3 nm of Au/Pal to enhance secondary
electron imaging.

Results
The voltage required to adjust the current density to a
preselected value declined as the temperature was in-

creased.  The p lat ing ef f ic iency,  however ,  was not
significantly affected by temperature changes. Dark, rough
deposits were obtained at high current densities and low
temperatures.  F igure  2  shows representat ive  cross

sections; surface-contour data are given in Fig. 3; and Fig. 4
shows scanning electron micrographs (SEMs) of the
deposits. When the temperature was >50° C, the crystals
became smaller and more closely packed.

Figures 5 and 6 compare the crystal morphology (at a

high magnification) of coatings produced at 30 and 70° C,
respectively. The crystals of the deposits from the 30° C

solution were much larger. At the higher temperature (70°
C), the morphology was unchanged with shifts in current
density.

Discussion
Seekely and Themelis19 found that for turbulent fluid flow
over a flat plate, the diffusion layer thickness, ð, is:

(1)

Fig. 2—Cross sections of zinc
deposits obtained at different
temperature and current den-
sities.

where L = the distance from the leading edge of the plate in
the direction of the fluid flow; Ub = the velocity of bulk flow
parallel to the surface of the plate = the kinematic
viscosity of the fluid; and DA_B = the diffusivity of Zn ion in
the fluid (electrolyte).

The molar flux, Na, of A between the bulk fluid and the
surface is:

(2)

where C = the molar density of fluid; (CB)Im = log m e a n
concentration of the nondiffusing species B; CA,() 

= the
concentration of A at the surface; and C A,b = the con-
centration of A in the bulk fluid.

Equation 1 indicates that the diffusion-layer thickness of
the electrolyte is inversely proportional to the fluid viscosity
to the 0.9 power, providing the other fluid properties (i.e.,
kinematic viscosity and diffusivity of Zn ion) remain
constant. Equation 2 shows that with a reduced diffusion-
Iayer thickness, the number of Zn ions arriving at the
plating surface increases. On the other hand, previous
studies demonstrated that at a constant current density,

smooth coatings were obtained with an electrolyte flow rate
of 1 to 2 m/see. These results may be attributed to a
sufficient supply of zinc ions at the plating surface.

At low temperatures, current density had a pronounced
effect on roughness. As the electrolyte temperature
increased, the effect of current density on roughness

‘Tektronix 4954, Tektronix, Beaverton, OR.
“Hewlett-Packard HP 3000, Hewlett-Packard, Sunnyvale, CA

I
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2.5 I
diminished. Figure 7 illustrates the roughness values of
plated samples as a function of the plating temperature and
current density; three roughness zones are separated by
lines a and b. Such roughness variation with temperature
may be related to the amount of zinc ion at the surface.

When the zinc ion concentration in the vicinity of the
plating surface is decreased, either by an increase in the
diffusion-layer thickness or a reduction in the diffusivity of
zinc ion, plating will continue preferentially in the direction
normal to the surface. This plating results in greater
deposition on the portions of the substrate protruding from
the surface because the diffusion layer is thinner at
protrusions than in recesses. Noruniformity thus becomes
self-perpetuating and is further increased by electrical field
concentrations on the surface projections.

Fig. 3—Normalized microroughness as a function of temperature of deposits An increase in temperature results in a reduction of
produced at (A) 50 A/din’, (B) 75 A/din’, (C) 100 A/din’, (D) 125 A/dm 2, and diffusion-layer thickness and an increase in the diffusivity
(E) 150 A/din’.

Fig. 4—SEMs of zinc coating
surfaces.
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of the zinc ion. Equation 1 shows that when solution flow is
turbulent, the diffusion-layer thickness varies with the
viscosity of the fluid to the power of 17/30 and with the
diffusivity, to the power of 1/3. In this study, with a flow rate
of 1.7 m/see and a kinematic viscosity of 0.82 x 10-2 in./sec,
the Reynolds number for fluid flow over a plate becomes:

NKRe = dh U/D = 31,100
The hydraulic diameter, dh, is estimated as 1.5 cm

because the width of the plate is 16.5 cm (W) and the gap
between the electrodes is 0.8 cm (T), resulting in a flow area
of 13.2 cm2, which is equivalent to dh = 20WT/W+T.19

Because the Reynolds number is much greater than 10,000,
the electrolyte flow in this study is considered to be
turbulent. 14

Using Eq. 1, the diffusion-layer thickness is estimated for
different temperatures. Table 1 lists the viscosity, density,20

kinematic viscosity, and calculated, normalized diffusion-
Iayer thickness at 30° C. Using Eq. 2, the normalized zinc
ion flux, with respect to the value at 30” C, may be
estimated, assuming the variation of diffusivity from 30 to
70° C is negligible. The last column in Table 1 lists the
calculated values of the normalized flux. The limiting
current density (iL) during plating should be proportional to

equation, 14 the limiting current density was estimated to be
about 200 A/dm2 at 30° C. Taking this value and the data in
the last column of Table 1, iL Values from 30 to 70° C were
calculated and plotted in Fig. 8 together with isoroughness
lines a and b. Both lines a and b and the limiting current
density increase with increasing temperature.

Figure 8 seems to imply that at the higher temperatures
the surface will remain smooth as the plating current
density approaches the limiting current density. A further
refinement of this implication considers the effect of
temperature on diffusivity. As the temperature increases,
the diffusivity of zinc ions in the diffusion layer increases
(Table 2). The increased diffusivity results in a further
increase in the flux of zinc ions arriving at the plating
surface and thus an increase in the limiting current density
as the temperature increases. As shown in Fig. 8, the
increased limiting current density will cause an increase in
the slope of the il. line and push it towards iL', which has a
slope similar to that of lines a and b. Because these lines
have similar slopes, the ratio of the applied plating current
density to the limiting current density determines the
microroughness of the plated surface. When the plating
current density was about 25 percent of the limiting current
density, the microroughness was 1.30 as measured by the

the flux of zinc ions at the plating surface. Using Fukuda’s cross-sectional surface-roughness scale (line b).

Fig. 5—High-magnification electron micrographs of zinc deposited at 30° C Fig. 6—High-magnification electron micrographs of zinc deposited at 70o C
and (a) 50 A/dm 2and (b) 150 A/dm 2. and (a) 50 A/dm2 and (b) 150 A/dm2.
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Fig. 7—Microroughness of zinc as a function of temperature and current density; lines a and b are isoroughness lines approximately equal to 1.1 and 1.3 on
the normalized roughness scale.
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Fig. 8—Limiting current density (iL) as a function of temperature and turret
density isoroughness lines a and b are approximately equal to 1.1 and 1.3 on
the normalized-roughness scale.

Conclusions
The zinc ion supply and consumption rate at the cathode
surface are factors determining the surface microrough-
ness of zinc electrodeposits. Microroughness decreases
when plating current density is constant as solution
temperature is increased. When the ratio of the applied and
limiting current densities is about 0.25, microroughness is

30 percent greater than a flat surface, as measured by the
cross-sectional surface-length technique described in this
paper.
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