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The use of electrogalvanized steel to enhance the 
corrosion resistance of automobile body panels affects 
the forming of sheet steel. The zinc structure and 
morphology, influenced by electrolytic and 
hydrodynamic conditions during deposition, alters the 
drawing character of the sheet. Steel plated with zinc 
deposits exhibiting strong basal (0001) plane and strong 
pyramid plane (10iX) orientation were prepared. Forming 
properties were related to deposit morphology and 
structure and compared to those for commercial 
products. 

T
he automotive Industry uses electrogalvanlzed 
steel sheet to Increase the corrosion resistance of 
body panels. Thi s material meets standards of 5-
years' resistance to "cosmetic" deterioration and 

10-years' resistance to basis metal perforation . During 
manufacture, the sheet is blanked, formed, spot welded, 
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Fig. l-Double action press used In sheet metal stamping. (a) Upper binder 
moves down to hold the sheet metal in position lor lormlng (Inset shows 
drawbead geometry); (b) punch moves down Into lower die cavity, drawing 
the sheet metal Into the die through the binders. 
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phosphated , and painted. While its main 
enhance corrosion resistance via sacrificial 
coating must not hamper subsequent OUHI''''' __ 

success of industrial electrogalvan izlng requ ' 
. . Ires a 

structure compatible with these processes. Th 
considers the interaction between the zinc dep I, 
ture and formab ility. °Sit 

Sheet Metal Forming 
In stamping, a double-action press is used. As shOWI\ 
1, the upper die half contains the upper binder 
punch . These are complemented in the lower half 
lower binder and die cavity, respectively. As the 
closed, the upper binder descends on the outer rilll 
sheet metal blank to hold it in place (Fig. 1a). The 
then moves downward to form the metal (Fig. 1b). 

During forming, metal is drawn from the binder 
cavity. The binder surface controls the metal floW 
restraining force must be high enough to p 
flow, which causes wrinkling, and yet low enough 
tearing. The right side of Fig. 1 a shows a flat bl ~der, 

Fig. 2-SEM photograph 01 the surface 01 a typical 
galvanized zinc coaling. 

." .. --.~ -I- -I-... "' .... ... , , , 
, I I 

, , , , 
" ~ L. I I " ' ,l 

~ , , I ~" ~ 
I " I I , _-
I I I , 

b : ' , ' 
I , 

• I .~ ;e 
.c;.=-=~ 

d 

orlenlatlon planes lor zinc HC.,p crystals: (a) basal (0001) 
(10iO) pinna; (c) pyramid (1011) plane; and (d) pyramid 

lo(oes are the sole means of restrai nt. This is often 
to retard metal flow. A drawbead, shown on the 

of Fig. 1 a, offers more restraint by add ing a 
~~Jll rl] n component. ' With drawbeads, deformation 

75 percent of the restraining force, friction pro­
remainder." , 

Dia\~bea(!j~ are also used in metal forming research . 
the friction and deformation components of 

forces have been used to model forming proc-
Such work has shed light on the effects of material, 

and surface conditions on drawing character­
The use of coated metals presents another variable. 

on hot-dipped and electrogalvanized products has 
that the coating can affect forming .1-; Correlations 

surface morphology and friction have been sug-

and Surface Morphology 
at electrogalvanized coatings are fine-grained 

a surface Such as that shown in Fig. 2. The main 
a predominance of hexagonal platelets, 5 to 10 
Whose hexagonal faces are tilted with respect to 

e. This morphology differs from that of bare 
Sheet steel , where a directional pattern of roll ing 

Iy seen. 
to the hexagonal close-packed (HCP) lattice in 

hexagonal faces correspond to the basal (0001 ) 
3a) . Deposits with basal planes ly ing para llel to 

b are not obtained commercially. Th is also 
Pris asal planes per~endicular to the substrate, 
Rat~ plane [e.g., (1010) , Fig. 3b] is al igned with the 
Int~r, commercial deposits fall between these 
), (1~fampl.e Shown In Fig. 2, the pyram id planes 
sho 2), Fig. 3c,d] parallel the substrate. X-ray 

. of ~~ a strong pyramidal orientation. A pre­
Planas ~~~ I n~ex planes (1 01~+) would result in 

110;, ) and In9 t~l ted at a shallow angle. With the low 
be ti lted at (10'2) planes dominant, the platelets 

a steeper angle. 
1Da9 

a 
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I 
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Fig. 4-Consequences 01 slmpl~ tensile bending on deposits 01 (a) complete 
basal (0001) and (b) prism (1010) plane orientation. 

Earlier workH has shown that structure and morphology 
can be controlled with specific values of temperature, pH, 
flow rate, and current density.6 A strong basal (0001) 
orientation was produced at low pH (1.5) in a sulfate 
electrolyte (150 gi L Zn) . No deposits were obtained with 
strong prism plane (1010) orientation, but deposits with 
low-index pyramid [(1011), (1012)] plane alignment were 
obtained under other conditions. 

Zinc Coating Deformation 
Plastic deformation in crystalline solids involves slip, the 
displacement of one atom plane over another by dislocation 
movement." The slip plane is that with the highest density of 
atoms within it; for HCP lattices, the major slip plane is the 
basal (0001) plane. 

For the cases of total basal or total prism plane orienta­
tion, each should behave differently under deformation, as 
in Fig. 4. Plastic deformation of basal-plane deposits would 
elongate individual grains and cause one layer of grains to 
slide overthe next (Fig. 4a). This would preserve continuity, 
which is essential for corrosion resistance. For prism-plane 
deposits, the stress is normal to the slip plane and fracture 
would be likely (Fig. 4b). 

In practice, the results are not so simple. The stamping 
section in Fig . 5 is deformed by convex bending , concave 
bending, and stretching. Frictional effects are seen as areas 
of surface galling, where the zinc surface is smeared, as in 
the large concave bend on the lower portion of this section 
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Fig. 5-Sectlon 01 a typical electrogalvanlzed sheet stamping. 

(Fig. 6) . The net result is to alter the deposit structure. 
We prepared deposits that approached the extremes of 

total basal and total prism plane alignment. Basal-oriented 
deposits were successfully produced. Low-index pyramid­
oriented deposits. with steeply tilted basal planes, were as 
close to the ideal of prism plane orientation as could be 
produced . Three types of commercial samples were also 
studied. The deposit stru'cture and surface morphology 
were examined and related to forming properties. 

Experimental Procedure 
Zinc deposits were produced in a polypropylene flow cell , 
moving the electrolyte past stationary parallel electrodes to 
simulate a strip line. The cell, designed for one-side 
deposition. is shown in Fig. 7. The anode consisted of lead 
with 1.0 weight percent silver . Both electrodes were 10 x 20 
cm in size. with an electrode spacing of 9 mm. The flow rate 
was regulated using a bypass loop. Current was supplied 

Fig. 6-SEM photograph Showing galling 01 u'9CllrOtl.lv •• ....;; 
sheet metal stamping. ~ . 

from a constant current power SUpply. Time 
were reg~lated to produce coating thi 
(100 g/ m' ). 

Drawing quality. ~Iuminum-killed (,DQAK) 
was used as the basIs metal. Residual oil was 
the sheet. after which the surface was 
trichloroethylene. pickled in 25 percent H 
electrocleaned, and activated in 10 percent 
mounting the specimen in the cell. solution flow 
and the sample was electrogalvanized. 

Earlier work" showed that orientation 
temperature, pH , flow rate and current 
values of the variables, one could produce 
that were primarily oriented with the bss/lIl 
pyramid (1 of X) planes parallel with the su 
ing tests were run to obtain the optimum corldlillOM 
two deposit types. X-ray diffractometer traces 
determine orientation . Results are shown 

Table 1 
Zinc Orientations Under Selected Deposition Conditions 

Process variable Estimated 

Current 
density, Flow, Temp., Basal Prism 
Aldm1 mlsec °C pH (0001) (10fo) 

50 2.2 33 3.5 >56 0 
50 4.2 26 3.5 >60 0 

150 4.2 26 3.5 >55 0 
150 2.2 50 3.0 80-95 0 
50 2.2 26 4.5 20 0 

150 2.2 26 4.5 6 2 
150 4.2 26 4.5 2 0 
50 2.2 50 4.2 >40 0 

150 2.2 50 4.2 >45 0 
50 4.2 50 4.2 >40 0 

150 4.2 50 4.2 >45 0 

:HIgh-index planes (10j3), (10j4) predominant. 
Low-Index planes (101 '), (1012) predominant. 

' Pyramid planes evenly distributed. 
·Condition selected lor study. 
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slron91y influenced orientation. Temperature 
"'6"',,III)n to a lesser extent. The effect of flow rate 

conditions for the sulfate plating bath are 
in Table 2, As the samples were produced. 

try was used periodically to assure 

01 drawbead simulator apparatus. Inset shows 

The surface morphology of as-plated and deformed 
deposits was examined by scanning electron microscopy 
(SEM). Orientation was determined by X-ray diffraction . III 
The percent orientation was estimated by dividing the total 
corrected intensity count for a given plane by the total 
corrected count for all planes and multiplying by 100. 

A deep draw cup formability test was used to observe 
changes in surface morphology by deformation. Samples 
were drawn on an Olsen sheet metal tester. The zinc­
coated side was covered with a thin sheet of polyethylene to 
serve as a lubricant and eliminate galling for clearer study. 
The sample was drawn into a cup (33 mm deep by 42 mm in 
diameter) . which was then examined in areas representing 
different modes of deformation . 

Drawbead simulation testing was used to determine the 
friction characteristics of the electrogalvanized steel. The 
apparatus, shown in Fig. 8. waS used in a universal testing 
machine. A specimen (5 cm wide by 20 cm long) was drawn 
through a set of three fixed drawbeads, which duplicated 
the drawbead geometry (Fig. 1 inset). A hydraulic ram 
maintained the clamping force, while the strip was drawn 
through the fixture (Fig. 8 inset). Load cells measured the 
clamping and drawing loads. 

It was noted earlier that the drawbead force consisted of 
friction and deformation components. When pulling 
through the fixed beads, the combined force was measured. 
In order to determine the component forces. a roller bead 
fixture was used in which the fixed beads were replaced by 
free-rolling cylinders. Assuming negligible rolling friction, 
the force measured with this fixture was solely due to 
deformation. 

The coefficient of fr iction is the ratio of friction stress, T. 

to normal stress. p. or: 

(1 ) 
rr CMr 

2 · . - --
2 A 

where Dd+! = measured drawing force for fixed drawbeads; 
Dd = measured drawing force for "frictionless" drawbeads; 
and Cd+! = measured clamping force for fixed drawbeads. 

The remain ing terms represent an area factor based on 
passage of the strip around two half-circumferences of a 
drawbead surface. Comprehensive discussion of drawbead 
simulation methods is given elsewhere. "l 

The development of drawbead tests was based on 
friction f<;>rces acting on both sides of the strip. For steel 
coated on one side, as in this work, the test was modified to 
provide friction forces only on the plated side and roller 

Table 2 
Optimum Plating Conditions for Oriented Deposits 

Condition 

Zinc metal, giL 
Current density, Ndm2 

Temperature. 0 C 
Flow velocity, m/sec 
pH 

Orientation 

Basal 

100 
150 
50 

2.2 
3.0 

Low-Index 
pyramidal 

100 
150 
30 

4.2 
4.5 

65 



I 
I 

I: 

hz-

action on the bare side. The right side of the fixed bead 
fixture shown in the inset of Fig. 8 was replaced with the 
corresponding side of the roller bead fixture. Since the strip 
would contact the drawbead over one-half circumference, 
the coefficient of friction would be: 

D"fr D" 
A - A }1 = _T_ = ____ _ 

P 

2 A 

2 . D"H - D" 

rrCd+1 

(2) 

Although the commercial samples were coated on two 
sides, the same one-side friction test was used to maintain a 
common frame of reference. 

Two lubricants were used in the drawbead studies: (1) a 
split-phase prelube oil to simulate actual drawing con­
ditions, and (2) a thinner mil oil to test under adverse 
drawing conditions. The surface morphology of the draw­
bead-tested specimens was examined with the SEM to 
observe changes, if any, in the deposit. 

Results and Discussion 
The surface morphologies of the as-plated zinc depOSits 
are shown in Fig . 9. The crystal orientation data is given in 
Table 3. The basal deposits differed markedly from the 
pyramidal ones, which resembled commercial deposit 
surfaces. The commercial deposits, while similar, showed 
variation in basal plane tilt and grain size. 

When conditions favored basal plane alignment, the 
morphology changed drastically (Fig. 9a). The vertical 
stacking allowed a more open structure between grains. 
X-ray diffractometry showed the dominance of the basal 
plane reflections. Virtually all other planes were absent. 

The pyramid plane surface (Fig. 9b) resembled the 
surface of a commercial deposit (Figs. 9c-e) . ln fact , Group 
C samples showed X-ray spectra similar to that for low­
index pyramid deposits from the flow cell. The flow cell 
deposit, however, had a larger and more variable grain size. 

The flow cell results confirmed that electrolytic and 
hydrodynamic conditions influenced the structure and 
morphology of the zinc electrodeposits. Electrolyte pH was 
dominant in influencing the orientation of the basal planes. 

Fig. 9-SEM photographs showing electrogalvanlzed 
condition: (a) basal plane deposit; (b) pyramidal 
merclal deposit "A"; (d) commercial deposit " B'" 
IIC". I 

The su rfaces of the basal and pyramid SOEICl n~AftU 
significant differences in deformation behavior, 
results are shown in Figs. 10 and 11 for the 
pyramid deposits, respectively. The draw 
underwent various deformation modes, 
location . The primary deformation nh '~fAI~IAI'iAtIIIti· 

basal-oriented deposit was elongation. The 
hypothesized in Fig. 4 is evident in Fig. 10. 
draw deformation, (a), the zinc grains were 

Table 3 
X-Ray Diffractometer Results 

Orientations 

Estimated percent orientation, sample 

Plane Basal Pyramidal "An "8" "e" 

Basal 
(0001) 99.2 5.8 3.9 59.6 5.8 

(0002) 0.2 0.1 

~ 99.4 5.8 3.9 59.7 58 

Pyramid 
69.1 (1011) 62.9 21.6 12.8 

(1012) 11.3 24.0 4.9 11.3 

(1013) 0,6 13.5 45.5 21.4 8.8 

(1102) 3.2 3.9 0.1 4.0 

l 0.6 90.9 95.0 39.2 93.2 

Prism 05 
(1010) 3.0 1.1 

~ 00 3.0 1.1 0.0 05 
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from basal plane samples: (a) stretch draw area; 
binder area: and (d) binder flow plus concave radius. 

was evident. I n the tensile bend, (b), the surface 
rbed. Some elongation was seen in the binder 

In the concave bend, (d) , grain realignment from 
stress was noted. 

was dominant in the pyramid plane deposits 
Thiswas in line wi th the cracking suggested in the 
of Fig . 4. Cracking was dominant in the draw 

(a), and tensile bend, (b), areas. The deposit 
area, (c), was subject to draw deformation ; 

IPlltlBll Iln and reorientation were noted . Crack ing 
the concave radius, (d) . The variation in grain 

In these ph otos. 
of fl ow cell and commercial deposi ts 

• simulation with and without pre lu bricant 
In F'lgs.12 and 13, respectively , 8 0 th flow ce ll 

the same characteristi cs seen in the draw , 
(F' Ig. 12). Basa l plane deposits showed littl e 

the low-index pyramid deposi ts fractu red. A 
par'lliel eracks normal to the draw di rection is 
~~gn1fl catlon (200X) (Fig. 12b,O). 

hlblted gall ing In the drawbead study T his 
test procedure, rather than to the nature ~f the 

stutolY$thYlene sheet prevented ga lling in the 
'i/ . Galling n drawbead areas Is not un­

n PracUe S 
10 a reas ~ ' uch areas are deSig ned to be 

the stam ;nmmed o ff the fi nal part In the later 
Ollh P ng sequence. 

The ::I~e~Ube redUced galling fo r bo th types of 
area was reduced when compared 

betwe run wl thoLIl lubricant. There was li ttl e 
ru:nd those run wit h the poor lubricant (mil 

., ry. 
effect of d 

rawbead deformation on the com-
was galli ng (Fig . 13). Surp ri si ngly, no 

c d 

Fig. 11-Draw cup results from pyramidal plane samples. Samples (a), (b), 
(c), and (d) represent the same areas as in Fig. 10. 

Fig. 12-SEM photographs showing orientation groups of electrogalvanlzed 
zinc surfaces alter drawbead tests : (a) basal, prelube; (b) pyramidal , prelube; 
(c) basal, dry; (d) pyramidal, dry. Samples (a) through (d) are low 
magnification SEMs; (e) and (f) are basal and pyramidal surfaces, respec­
tively, at high magnification. 
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cracking was found in the Group C deposits, whose 
orientation was identical to that of the low-index pyramid 
plane deposits from the flow cell. This difference may be 
due to grain size, which in turn is determined by deposition 
conditions. The grain size of the Group C deposits was 
smaller and more uniform than that of the flow cell deposits. 

Coefficient of friction results are shown in Table 4. With 
the prelubricant, the results vary little from one group to 
another. The lubricant is doing what it is supposed to do. 
With poor lubrication, differences become apparent. 

For the mil oil tests, the basal deposits showed higher 
friction than the pyramid ones. This alignment, in aggre­
gate, gave rise to an increase in surface contact area, as in 
Fig. 14a. The pyramid and commercial deposits would have 
reduced contact area, with the point- or line-type contact 
shown in Fig . 14b. These effects were also observed 
qualitatively. Galling accumulated zinc on the drawbead. 
The buildup was greater with basal deposits, which ex­
hibited higher friction . 

The friction for the pyramid plane specimens was lower 
than that for the commercial samples. Since these samples 
had identical orientation, reasons for this difference are not 
clear. It may be because the commercial samples were 
electrogalvanized on both sides. Also, the combination 
roller bead/ fixed bead fixture could have subtly changed 
the pull characteristics of the test. Zinc buildup may also 
have contributed . 

Forming characteristics of electrogalvanized sheet steel 
can be altered by varying the structure and surface of the 
zinc electrodeposit. The low-index pyramid structures 
cracked during deformation. Fortunately, the commercial 
deposits did not crack. However, because of the profound 
effect of pH on structure, the importance of process control 
is apparent. 

The results of this work would lead one to expect that the 
interactions between orientation and forming properties 
could carryover to other properties, including phosphat­
ability, paintability, and durability. Wang," in a study of the 
corrosion of single zinc crystals, found that various 
crystallographic planes will corrode at different rates . The 
basal plane exhibited the slowest rate. It may be that the 
orientation can affect corrosion and, because of surface 
reactivity, the phosphating process. Future work will 
address these issues. 

Conclusions 
1. In sulfate electrogalvanizing baths, variations in elec­

trolyte pH will have a major influence on the zinc orientation 
and surface morphology. 

2. Zinc electrodeposits (prepared in the laboratory from 
a sulfate bath), in which the basal planes are oriented 
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Sample 

Sasal 
Pyramidal 
"A" 
"S" 
"C" 

Table 4 
Drawbead Test Results 
Coefficient of Friction 

Coefficient of friction, oil 

Prelube Mil oil 

0.11 0.19 
0.11 0.13 
0.09 0.14 
0.11 0.16 
0.10 0.16 

Fig. 13-SEM photographs showin!1 commercial lampl •• 
vanized zinc surfaces alter drawbead tests: (a) sample 
sample " A", mil oiliubricalion; (c) sample "B", prelube; (d) 
oil; (e) sample "C", prelube; (f) sample "C", mil 011. 

parallel to the substrate surface, undergo 
draw deformation . The distorlion was not 
coating integrity. 

3. Zinc electrodeposits (prepared in the la'O,Orll1Qll 
a sulfate bath). in which the pyramid planes are 
parallel to the substrate surface. can undergo 
draw deformation and bending. 

4. Commercial zinc depo ~;its 

which the pyramid planes are 

I y' (a) bas-al 
Fig. 14-Die/deposit contact geome r .. t contllct are.· 
(b) pyramid plane-reduced line and pom 

eta lned integ rity under draw deforma­
~he difference in performance with the 

g. maY be related to grain size effects. 
lis of friction of basal plane deposits is 
for pyram id plane deposits, owing to 
area factors. This difference is erased 

lubricant. 
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