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For each crystallization process, including the formation
of conversion coatings, there must be a supersaturate
solution, so that any steps taken to increase the numbe
of nuclei will favor formation of fine-grained coatings.

The greater the supersaturation, the greater the number

of crystal nuclei and vice versa. Because the extent of su¢

supersaturation is proportional to the concentration gra-
dient of species, the thinner the diffusion layer, the larger
the rate of spontaneous formation of new nuclei. This
paper summarizes the results from a series of experiment

that were aimed at decreasing the thickness of the diffur

sion layer by the combined application of pulsed cathodig
polarization (up to 150 mV) on a rotating disk electrode
and the addition of a hydrodynamically active (HDA)

agent to the forming solution. The combination of these
two factors results in accelerating the partial reactions
of oxidation and reduction. By varying the pulse fre-
guency of applied cathodic polarization, we can regulate
and control both processes. The resulting leveling powe
dependence on pulse frequency helped define the opf
mal pulse frequency for the formation of conversion coat
ings with homogeneous and fine-grained structure. It

coincides with the value of pulse frequency of the maxir

mum leveling power.

The formation of conversion coatings (chromate, phosph
oxide etc.) is an artificially induced and controlled proc
of electrochemical corrosion, as a result of which a laye
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Fig. 1—Schematic representation of phosphating process.

erties of the conversion coatings. In addition, we can suc-
cessfully define the optimal conditions for the formation of

atenversion coatings with homogeneous and fine-grained
psgructure. The practical benefits from an application of the
yrrgsults obtained include:

formed on the metal surface. This layer is firmly bonded to

the base metal, and, as an integral part of the protected 1
most such coatings can serve as an appropriate base for
lacquers, plastics, oils and greases. Irrespective of the

nétalmproved adhesion of paints and powder coatings to the
paintnetal substrate.

typdecreased friction and enhanced anti-seizing properties.
n of

of metal substrate or conversion coating, the formatiof
the layer is based on a common electrochemical mech

Bestrochemical Aspects

n
involving two mutually linked reactions: anodic and cath%i@fthePhosphatjngProcess

The anodic process of metal oxidation and proton and
tron release is related to the participation of precipita
anions (OH CrQ, H,PQ):

XxMe + yOH —>MeO, | +yH"+ye
xMe +2CrQ? + yH,0 = CrO, + Me O, .,

3Me + 2HPO,; —> Me,(PQ), | + 4

)T 2yH + (2y-6)e
+ 6e

The oxidizing agents depolarize at the microcathodes o
metal surface:

|&ébe formation of insoluble phosphate coatings is invariably
iligked with corrosion of the substrate metal in dilute aque-
ous solutions. In contrast to the non-coating processes, the
dilute aqueous solutions for phosphating contain the main
necessary constituents: phosphate anions and at least some
of the metal cations.

The work of Machtiargues that phosphating should be
considered an electrochemical process with discrete partial
f tleactions at local anodes and cathodes. In the case of iron
phosphating, a local anodic dissolution takes place during
the preliminary etching step,

OXyeeyt H + 28 = Rec(iacc') +H,0
Fe —> Fé? + 2e 1)
This paper examines the influence of kinetic and hydro-
dynamical factors on the rate of the above electrochemiwdiile at the cathode, hydrogen evolution occurs:
reactions of oxidation and reduction. Knowledge of tr’}se
influences ensures effective control of the structure and prop2H* + 26 —> H, (2)
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The greater part of the surface area behaves at first asition, temperature and the method of surface preparation.
anode, whereas the cathodic regions are restricted to gaigistals may take on the form of plates, needles, or grains
boundaries, residual oxides etc. The initially high corrogi@md their size can vary from a fgun to tens ofum. The
currents are linked to the rapid formation of large amourdsatings produced by slow phosphating baths are usually
of the primary soluble iron(ll) phosphate in the near-surfacearser than those from accelerated solutions. Particularly
solution layer around the local anodic regions. Simultfine crystalline coatings are obtained from accelerated solu-
neously, equivalent amounts of hydrogen ions are dischdrgieths containing modifying substances that promote the for-
at local cathodic areas. This causes reduction of the hydmation of large numbers of nucferor each crystallization

gen ion concentration in the diffusion layer in the vicinity| gfrocess, including the formation of conversion coatings, there
the local cathodes. Diffusion from the bulk of fresh hydranust be a supersaturated solution, so that any steps taken to

gen ions is not fast enough to compensate for the depletiacrease the number of nuclei will favor the formation of
and soon the concentration of hydrogen ions falls below tiree-grained coatingse(g, coatings with properties that are
level required for retaining the tertiary heavy-metal phoparticularly valuable from a technical standpoint). The greater

phate in the solution. As a result, this species is precipi

thd supersaturation, the greater the number of new crystal

in the neighborhood of the local cathodes as the coatimgiclei. Also, according to the electrochemical kinetics,

forming species (Fig. P This explanation is further sup-

ported by the following observation: The external cathadic . zZFD
polarization of the base metal encourages coating formation, 1= 5 (G- €
whereas an anodic polarization has practically no influence

on the deposition of crystallized metal phosphates, althg
it increases the concentration of dissolved metal ions.

In practice, the phosphating reaction tends to be s
owing to polarization caused by the hydrogen involved
the cathodic part of the reaction. This process of disch
of hydrogen ions and, consequently, coating formatior
self, can be favored by oxidizing agents (accelerators), W
act as consumers of electrons and protons:

)
a

=3

accelerator XO + 2H+ € —> H,0 + reduction product of XG

Commonly used phosphating baths contain large amg VE}E
of accelerators, including nitrates, nitrites, chlorates, br

mates, and per-compounds such as hydrogen peroxid
perborates. These oxidizing agents accelerate the et
process by preventing physical blocking of the metal
face by hydrogen bubbles and replace the heavily hind
hydrogen evolution reaction with alternative, faster proces

e
S

NO, + 4H + 3e—> NO + 2HO
CIO, + 6H" + 6e —> CI + 3H,O
2NO, + 8H + 6e —> N, + 4H0
H,0, + 2H + 2e —> 2HO

The practice shows that the crystal shape and size of |

U\ (DO C
a3

bhos-

h . .
et given supersaturating (CC), the rate of spontaneous
|J mation of new nuclei is conversely proportional to the

ffusion layer,0. The thinner the diffusion layer, the greater
grrate of conversion coating formation.
it. | herefore, we argue that acceleration of the crystalliza-
g’gp process and the formation of fine-grained coatings can
e achieved if the thickness of the diffusion layer is decreased.
During phosphating, the metal is in contact with a large vol-
ume of the phosphating solution, so a ready exchange be-
tween species in the near-surface liquid diffusion layer and
bulk of solution can easily take place. The extent of such
Xchange is proportional to the concentration gradient of
e species in the diffusion layer. In other words, the thin-
the diffusion layer, the greater the rate of spontaneous
rmation of new nuclei.
ere we propose two ways to decrease the thickness of
¢ diffusion layerp:

O Through addition of hydrodynamically active agents in
agitated phosphating solutions.
Hydrodynamically active agents are special substances
(water-soluble polymers) that, added to plating baths,
even in minuscule quantities, can reduce by several times
the value of kinematic viscosity of the electrolyte and
thus the thickness of the diffusion layer.

phate coatings depend on many factors, such as bath campo-
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Fig. 2—Corrosion diagram and principle of cathodic protection.
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Fig. 3—Dependence of leveling power on pulse frequency of cathodic
polarization.
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Fig. 4—Electron micrographs of phosphate coatingsig. 5—Electron micrographs of phosphate coa

RV |

reduced from | to | It
can also be seen that if the
potential is reduced to E
the anodic current will be
zero and the external cur-
rent will be represented

by ED*

ExperimentalResults

The experimental part of
this study is based on the
combined application of
the above possibilities to
create a synergistic effect
and, thus, effectively de-
crease the thickness of the
diffusion layer. This is the
reason that the experi-
mental conditions for the
application of phosphate
coatings include rotation
of the cathode (disk elec-
trode), the application of
pulsed cathodic polariza-
tion, and the addition of
hydrodynamically active
agents to the phosphating
bath.

The presence of a fine-
grained structure is a
mandatory, but not a suf-
ficient, condition to ob-
== tain a phosphate coating
-~ with good functional
tingsroperties. It is necessary,

)
VA - )

formed in low-zinc phosphating solution not containiniprmed in low-zinc phosphating solution containinmerefore, to find an ob-

hydrodynamically active (HDA) additive: (a) withoutiydrodynamically active (HDA) additive: (a) witho
cathodic polarization; (b) at 3 Hz pulse frequency afathodic polarization; (b) at 3 Hz pulse frequency
cathodic polarization; (c) at 6 Hz pulse frequency afathodic polarization; (c) at 6 Hz pulse frequency
cathodic polarization.

cathodic polarization.

O Through the potentiostatic application of cathodic puls
In the immediate vicinity of the electrode surface,
concentration of reacting species pulsates with the
quency of the pulsating current; it decreases during
pulses and relaxes in the interval between them. Th
pulsating diffusion layer is formed in close proximity
the cathode. If the duration of the pulse is short, the
fusion layer does not have time to extend very far
the solution and it does not reach the region where
vection takes over the mass transport.

According to Ibl, the thickness of the pulsating diffusi
layer is defined by the equation:
9, = (2DT, )™ 3)

It follows from Eq. (3) that the shorter the pulse length,
the smaller the thickness of the pulsating diffusion layer

As can be seen from the schematic diagram of corrodin

metal (Fig. 2), the potentiostatic application of small cathg
pulses (up to 150 mV) results in a decrease of the ra
anodic reaction during the pulse timg,. Tf the potential of

Yiective criterion for the

C;;eetermination of those
pulse conditions under
which phosphate coatings
segith the best properties are obtained.

the Our research suggests that microthrowing (leveling) power
fiewuld be such a criterion. Those pulse parameters that en-
thlele a maximum value of leveling power, represent the con-
Lglittons for formation of coatings with the best properties.

to The microthrowing power can be qualitatively character-
difed as the ability to diminish the difference in heights be-
nteveen protrusion peaks and recesses in a surface microprofile.
cdrre greater this ability, the thinner the coating thickness re-
quired to achieve leveling. The following expression is used
in order to define the leveling power (LP):

on
— (Ra.o_Ra,t)
R

a,0

LP (4)

where R is the roughness of the uncoated substrate, and
R, . is the roughness of the coated surface.
i The initial roughness, R is obtained by grinding the disc

—1

& ctrode surface in one direction only with 280 grade em-

Shy paper. The phosphate coatings are applied on half the
surface of the electrode of mild steel because the other half

the metal is reduced from _Fto C, the anodic current i
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Shas been previously insulated with a thin film of photo-re-
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sist lacquer. After coating formation, this film is remov
with the help of an organic solvent. In such a way, itis g

sible to determine the coating thickness directly from
profilogram.

The composition of the “low zinc” phosphating bath 3

its operating conditions are as follofvs:

Zn0O 2¢g/L

H.,PO, 13 mL/L
Accelerator NQ/NO, 3g/L

Total acid value (TA) 16-20 points
Free acid value (FA) 1-3 points
Temperature 40C

Time 5 min

As can be seen from the leveling power dependence on
frequency of cathodic polarization (pulse duration is ¢
stant; T = 20 msec), the roughening tendency of phosp

coating occurs in the beginning of the frequency range

e@onclusions
oBhe results obtained offer further evidence for the possibil-
tiy of regulation and control of every electrochemical pro-
cess related to cathodic electrodeposition, conversion coat-
nichg formation, or anodic oxidation by applying pulsed cur-
rent or pulsed voltag€This possibility is based on the fact
that the electrochemical processes above are influenced by
the simultaneous action of binary sets of opposite factors:
oxidation/reduction, acidic/basic, adsorption/desorption, and
growth/dissolution. The characteristics of the process in ev-
ery particular case are determined by the individual factor
that prevails over the others. In the case of conversion coat-
ings formation, application of pulsed cathodic polarization
(up to 150 mV) can be used successfully to modify the struc-
ture of conversion coatings. By varying the pulse frequency
puiapplied cathodic polarization, which suppresses the an-
oondic process but stimulates the cathodic process, we were
hatele to find the optimal coordination of both processes of
Fiissolution and growth. Thus, from the leveling power de-

3). The leveling power increases steeply above 3Hz|gmehdence on pulse frequency obtained, we can define the

reaches its maximum value at 6Hz. Here the leveling pawmrse frequency corresponding to this optimum; it coincides
of phosphate coating is four to five times higher than in goexactly with the value of pulse frequency of the maximum
ventional phosphating without cathodic polarization. A futeveling power. It is under these conditions that the forma-
ther increase of pulse frequency leads to diminished LP#6on of conversion coatings with homogeneous, fine-grained

and the coatings gradually get rougher.
The leveling performance of phosphate conversion

structure and best properties take place.
at-

ings obtained can serve as a basis for the following condidtitor’s note: This paper is based on work performed for

erations:

O There is complete cathodic protection in the time pe
of pulse duration, ], and spontaneous anodic metal d
solution during the interval between two pulseg, T

O Asthe pulse frequency increaseg €bnst.), T, decreaseg
(i.e., the time for anodic dissolution (roughening) ¢
creases progressively, whereas the cumulative time
the cathodic process of reduction of hydrogen ions sh
a relative increase). This cathodic reduction result
alkalization of the layer adjacent to the electrode surf
which leads to precipitation (leveling) of insoluble hes
metal phosphates.

O The pulse frequency at which the leveling maximum
curs (6 Hz), results in the optimal coordination of b
processes of anodic iron dissolution and of cathodig
duction and precipitation. In other words, this value
pulse frequency determines the formation regime of p
phate coatings with the best properties.

Actually, electron micrographs (Figs. 4 and 5) show
most uniform and very finely-crystalline phosphate coatir
formed in low-zinc phosphating solution at 6 Hz of pulg
cathodic polarization. The linear dimensions of crystals
about 2 to um. The crystal grains are larger when form
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