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KURZFASSUNG

In dieser Arbeit wurden spektroskopische und elektrochemische Methoden zur
Untersuchung von Oberflachenbehandlungen in der Stahlindustrie entwickelt und
angewandt. ICP-Atomemissionsspektroskopie (ICP-AES), Ramanspektroskopie und die
Quarzmikrowaage (QMW) kamen zum Einsatz, um die Reaktionskinetik der
Phosphatierung als auch die Eigenschaften von Phosphatschichten zu untersuchen. Die
Phosphatierung von verzinktem Stahl fiihrt zur Ausbildung einer kristallinen Schicht aus
Zinkphosphaten auf der Metalloberflache und wird als Vorbehandlung zur Steigerung der

Haftung von Lackschichten eingesetzt.

Um die im industriellen Einsatz notwendigen hohen Reaktionsgeschwindigkeiten
zu erreichen, werden den Phosphatierbddern Oxidationsmittel als  Beschleuniger
zugesetzt, die durch ihre Reduktion eine Ersatzreaktion zur Wasserstoffbildung anbieten.
Dadurch kommt es zu einer deutlichen Verringerung der gebildeten Gasblasen, welche
ansonsten die Metalloberflache blockieren. Als besonders leistungsfahige Beschleuniger
stellten sich Wasserstoffperoxid und Nitrat heraus. Es konnte durch eine Kombination von
ICP-AES mit der Quarzmikrowaage und Potentialtransienten gezeigt werden, dass die
beschleunigende Wirkung vor allem in der Steigerung der Zinkauflosung im
Phosphatierbad liegt, welche wiederum 2zu einer schnelleren Ausbildung der
Phosphatschicht fuhrt.

Fir den Korrosionsschutz von lackiertem, verzinktem Stahl ist die Stabilitéat der
Phosphatschicht gegentber alkalischen Medien ausschlaggebend. Zur Erhéhung der
Alkalistabilitat werden modernen Phosphatierbadern Mangan und Nickel zugesetzt. Die
Anwesenheit dieser Elemente verringert die Auflosungsrate in 0.1 M Natronlauge
proportional zu ihrer Konzentration in der Schicht. Mit Hilfe von ICP-AES konnte die
Auflosung der Elemente Zn, P, Mn und Ni quantitativ verfolgt werden. In situ
Ramanspektroskopie zeigte die Bildung von Mn-hydroxid wahrend des alkalischen
Angriffs, wodurch die weitere Auflosung der Phosphatschicht deutlich reduziert wird. Der
alkalische Angriff kann aufgrund der Ergebnisse als lonenaustausch zwischen PO4* und
OH-lonen mit der Bidung eines Mischoxides aus Zn und Mn gesehen werden.
Messungen mit der Quarzmikrowaage bestatigten das aus ICP-AES und

Ramanspektroskopie abgeleitete Modell des Reaktionsmechanismus.




ABSTRACT

In this work spectroscopic and electrochemical techniques were developed for the
investigation of surface treatments used in steel industry. ICP-atomic emission
spectroscopy (ICP-AES), Raman spectroscopy and the Quartz crystal microbalance
(QCM) were applied to the investigation of the kinetics of phosphating as well as the
properties of phosphate layers. Phosphating of zinc coated steel leads to the formation of
a crystalline layer consisting of zinc phosphate and is employed to enhance paint

adhesion and corrosion protection.

For the high reaction rates necessary in industrial production lines, oxidation
agents are added to the phosphating bathes to accelerate the reaction. The oxidation
agents provide an additional reduction reaction beside the hydrogen formation and
therefore decrease the number of gas bubbles, which would block the zinc surface and
reduce the rate of phosphating. With addition of H,O, or nitrates the rate of layer
formation is distinctly increased. In a combined experiment of ICP-AES with QCM and
potential transients, it was shown that the presence of these accelerators in the
phosphating bath increases the rate of zinc dissolution and hence leads to a faster

formation of the phosphate layer.

. In under paint corrosion of painted, zinc coated steel phosphate layers are
exposed to a highly alkaline environment. The stability of a phosphate layer against
alkaline attack is therefore essential for its performance in corrosion protection. To
enhance the alkaline stability Mn and Ni are added to modern phosphating bathes. The
incorporation of these elemehts reduces the dissolution rate in 0.1 M NaOH proportional
to their concentration in the phosphate layer. The dissolution of Zn, P, Mn and Ni was
determined quantitatively with ICP-AES. Raman spectroscopy showed the formation of a
Mn-hydroxide layer during alkaline attack, which protects the phosphate layer and
reduces further dissolution. On basis of these results the reaction of phosphate layers
with alkaline solution can be proposed as an ion-exchange of PO,* and OH" resulting in a
mixed hydroxide consisting of Zn and Mn. The model of the reaction mechanism was

confirmed by additional QCM experiments.
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1 INTRODUCTION

Corrosion protection of modern steel often includes the application of coatings in
metallic, inorganic and organic state. The subsequent application of different coatings is
especially efficient in protection. Usual stages for ferrous metals are electroplating with

zinc (metallic), phosphating (inorganic) and painting with two to four layers (organic).

The thin inorganic layers between metal substrate and paint, often called conversion
layers, are applied to facilitate further coating and painting processes by improvement of
formability and paint adhesion. Phosphate conversion is widely used on steel and zinc
coated steel and is the most frequently applied surface treatment in the automotive
industry. This process is used in industry for nearly 100 years and was subject to various
improvements since its invention, leading to modern, easily applicable systems with fast

reaction rates.

The major research effort in this area has been in characterising the corrosion and
adhesion properties of the final product as a cursory glance at the technical literature
demonstrates. Less interest was put on detailed mechanistic and kinetic studies, which
are to a large extent limited by the available experimental technology. However, further
improving of the surface treatment process and better understanding of the reaction

kinetics and the protection mechanism is still of major interest in the steel industry.

In this work new spectroscopic and electrochemical methods for in-situ observation of
the surface reactions will be developed. In particular a combination of three major
techniques will allow to observe the nature of the surface films (Raman spectroscopy), to
follow elemental concentration changes in applied electrolytes (Atomic emission
spectroscopy) and to measure the changes in mass associated with substrate dissolution
and film precipitation (Quartz crystal microbalance). Specific emphasis will be laid on the
stability of phosphate layers against attack of alkaline solution as this is important for
corrosion protection and on the role of accelerators in phosphating bathes on the anodic

dissolution of the substrate metal.

By use of this techniques unprecedented information on the kinetics of the surface
treatment and its role in corrosion protection should be obtained. Beyond that, the results
should allow to propose simple models of the reaction mechanism during phosphating

and of the modifications by corrosive attack.




2 PHOSPHATE CONVERSION COATINGS

21 DEFINITION AND APPLICATION

Conversion coatings are thin inorganic layers formed on metal surfaces by contact
with liquid solutions of specific chemical composition. In the case of phosphating the
process involves the treatment of the substrate metal with an acidic solution of primary
metal phosphates (usually Zn,(H,PO,),) and leads to the formation of insoluble tertiary

metal phosphates on the metal surface [1, 2, 3].

The phosphating process discussed in this work utilises aqueous solutions, which
contain all the main constituents required for coating formation, i.e. the phosphate anion
and at least some of the metal cations. The layers formed by this process usually consist
of discrete crystals rather than a continuous film with coating weights in the range of 1 to
4 g/m2. This process has to be distinguished from the so called non-coating phosphating
processes (1, 4], where usually alkali metal phosphate solutions at neutral or basic pH-
values are applied. Amorphous, very thin layers are formed on the surfaces with coating

weights around 0.1 g/m? up to 0.5 g/m2

Phosphating is used in the metalworking industry world-wide to treat substrates
like steel, galvanised steel, aluminium and magnesium [5}. Its major use today is the
pretreatment before cataphoretic painting in the automotive industry. Car bodies are
assembled prior to the treatment and undergo phosphating either in spraying or dipping or
in a spray/dip combination [6). The following painting process is greatly improved by the

crystalline phosphate layer present on the surface.

Another application of phosphating is to facilitate drawing and forming of metal
parts. The phosphate crystals may act as a lubricant themselves by breaking easily under
pressure [1] or their excellent oil retaining qualities are used to lower friction during
forming. The phosphate layer on the metal is thought to inhibit rupture of the oil film [1].
This type of application is the major use of “prephosphated” galvanised steel today, which
is quite common in the automotive industry. Phosphating is applied directly in the
galvanising lines of the steel mills by a spray process. Due to the degreasing of the car

bodies after forming and drawing of the metal, the phosphate layer is removed from the




surface and another phosphating process has to be done prior to the subsequent painting

process.

2.2 HISTORICAL DEVELOPMENT [1]

The industrial use of phosphating dates back to the year 1864, when de Bussy
obtained a British patent for the treatment of hot iron with a mixture of coal dust and
calcium dihydrogen phosphate. Ross proposed the treatment of steel based on immersion
of the heated iron in boiling phosphoric acid to improve corrosion resistance. A number of
similar patents appeared in the following years, but the process was largely ignored until a
patent of TW. Coslett came up in 1906. The process, which became known as
Coslettising consisted of the treatment of steel in phosphoric acid near the boiling point for
corrosion protection. To minimise the effect of the massive reaction taking place, Coslett
added iron filings to the solutions. To enhance the rather poor corrosion resistance, a final

rinse in chromic acid was introduced.

The process was greatly improved, when Coslett discovered the benefits of using
zinc dihydrogen phosphate as a an addition to phosphoric acid. The use of phosphoric
acid salts like manganese dihydrogen phosphate was claimed a little bit later by Richards
in a British patent of 1911. Based on these works, Clark and Wyman Parker developed a
phosphating process with zinc and rﬁanganese as additives to phosphoric acid. The

process became known as “Parkerising” and reached large industrial use.

In the following years better controllable phosphating processes were developed.
Around 1930, copper and nickel additives were introduced to speed up the reaction and
permit the use of lower temperatures during treatment. The use of nitrates as accelerators

also dates back to this period.

The introduction of an activation step by Jernstedt by applying an aqueous
solution of Ti-colloids dramatically increased the rate of the phosphating reaction and the
quality of the layers [7]. Up to now this type of activation is the most frequently used and
greatly contributed to the reduction of treatment time from hours in the early beginnings to

well below 10 s on modern spray phosphating lines.

Another fundamental change was the introduction of so called "low zinc
phosphating" in the seventies [8]. The zinc concentration necessary in the bathes could

be reduced down to 0.7-1.5 g/l by simultaneous increasing of the amount of phosphate




anions present in the solution. Layers with an improved barrier effect against corrosion

were obtained.

Various efforts were done to further enhance corrosion resistance, leading to the
modern trication phosphating process. The bathes, developed in the mid eighties, contain
Mn and Ni cations beside Zn and are the most common systems nowadays [9] (trication

refers to the three metal cations present in the solution).

Today environmental issues represent the major driving force for further
development of phosphating technology. This includes the elimination of Ni and/or nitrite
in the bathes. Nitrite is stil a common accelerator in the phosphating process for the
automotive industry. For the substitution of nickel, copper additions were introduced,
which can be added to the phosphating solutions at much lower concentrations than
nickel and therefore cause less problems in the waste water treatment. Phosphating
processes free of Ni and nitrite were developed in the 90's [10], but did not fully meet the

customer requirements and became only rarely applied.

To eliminate nitrite, products with new accelerating agents like hydroxylamine [3]
or nitrobenzene sulfonic acid are available on the market. The major challenge for new
products is the easy application on existing phosphating lines whether in automotive

industry or on galvanising lines without large modifications.

The chromate post rinse, which usually followed phosphating was and will be
abandoned by many users due to the suspected carcinogenic properties of Cr(VI). New
post treatments based on Zr and Ti with possible polymer additions reached technological

importance and show protective qualities comparable to the chromate rinse [11].

Another driving force for technological development is the necessity to treat
different metals with the same phosphating bath. In the automotive industry nowadays,
steel and/or galvanised steel are often assembled together with light metals and alloys
such as magnesium and aluminium. The phosphating process therefore must work

equally well on all these different surfaces.




2.3 IMPORTANT STEPS OF PHOSPHATING

231 DEGREASING

Degreasing of the metal prior to the phosphating treatment is a crucial step and
critical for the optimum performance of the phosphated and finished painted metal [12,
13). The effect of the activation step preceding the phosphating strongly depends on

adequate cleanness and wettability of the metal surface.

Degreasing is not carried out on zinc galvanising lines equipped with an in-line
phosphating facility. In an electrogalvanising line phosphating is applied right after the
final water rinse following the electrolytic deposition section. Similarly, hot dip galvanised
steel can be activated and phosphated without further pre-treatment right after
solidification of the zinc layer and an optional skin pass section [14]. In contrast, on
separate coil coating lines or in the painting mills of car manufacturers the coils resp. the
car bodies may arrive with an undefined surface state, partly or fully oiled for corrosion

protection or lubrication and covered with metal oxides.

A clean surface covered fully or partly with oxides is not harmful to the
phosphating process [15], whereas remainders of oil have a strong detrimental effect for
the whole post-treatment including phosphating and painting resulting in an insufficient

paint adhesion and corrosion resistance in the worst case [16].

The primary function of degreasing is, as the name implies, the removal of oil and
grease. It is well known, that degreasing has also a great effect on the nature of the metal
surface, removing oxides and/or oxidising the base metal. Degreasing is typically
performed using an alkaline solution at elevated temperatures. The major ingredient, the
hydroxide ion, attacks and dissolves oil and grease by a saponification reaction.
Depending on the pH-value of the cleaner, the metal surface is additionally attacked and
pickled to some extent. This is especially true for zinc and aluminium surfaces. For steel

this chemical effect is less evident.

Industrial cleaners are significantly more complex than a simple alkaline solution.
Surfactants for good wettability, complexing agents to stabilise the metal ions, phosphates
for dispersing insoluble particles and reducing water hardness, carbonates as alkaline

reserve are typical ingredients of an industrial cleaner. The success of the cleaning step is -




crucial for all further treatment steps and cannot be overemphasised in its importance for

the performance of the whole system.

232 ACTIVATION

Activation is understood as the intended increase of the number of crystal nuclei
on the surface of the treated metal. A higher number of crystals decreases the average
size of the single crystals and the coating weight and leads to a denser phosphate layer

with fewer pores [1].

During the activation step the surface is exposed to a slightly alkaline solution of
Ti-colloids, which were first discovered by Jernstedt [7] as an activating agent for
phosphating. The colloidal solutions are applied at ambient temperature by spraying or
dipping. Typical size distribution of the particles is 70 % of the population between 60 and
130 nm. The effect of activation is strongly influenced by the production procedure of the
colloids. Usually a reaction between a Ti-component like alpha-Ti-phosphate and a

phosphate component is started in solution or as a solid phase reaction of the powders.

The mechanism of activation was elucidated in the work of Tegehall [17, 18, 19].
According to this work the colloidal particles are physisorbed on the metal surface during
the application of the dispersion. The adsorbed particles can easily be rinsed from the
surface by water, which also eliminates the activating effect [20]. However, in the first
contact with the phosphating solution an ion-exchange reaction between the sodium-ions
of the adsorbed activation particles and the divalent cations of the phosphating bath
(mainly zinc) takes place and establishes a chemical bonding of the particles to the
surface, which now can act as nucleation centres for the formation of zinc phosphate
crystals. Simple rinsing of an activated metal surface with a solution of divalent cations
like Zn, Mn, Mg or Ni causes an ion exchange with the Na-ions. The activating effect after

such a rinse is remained, in contrast to a pure water rinse.

Only little certain knowledge is available in literature about the exact physical and
chemical nature of the colloids, because the direct measurement and observation of the
particles in adsorbed state has proven difficult. The weak binding on the metal surface
renders many surface analytical methods unsuitable. Nevertheless, the particles have
been detected with certain techniques as ion microprobe analysis [21], AFM [20, 22] and
ToF-SIMS [22]). The results of these works lead to the conclusion, that the adsorbed



particles are plate-shaped and offer a crystallographic plane for further epitaxial growth of

the phosphate crystals.

Several products based on Ti-colloids for industrial use are available on the
market as powders or in liquid form. Industrial phosphating nowadays is totally dependent
on the activation step to deposit a beneficial zinc phosphate layer. It is preferable applied
as separate stage immediately before phosphating, although combined cleaning and

activation sections are also in use.

Due to their colloidal character, the dispersions are not stable and are prone to
ageing even when they are not in use. The dissolved particles tend to coagulate, a
reaction, which is very sensitive to the pH-value, temperature, water hardness and to the
agitation of the solution [23]. Coagulation lowers the frequency of nucleation and thus the
rate of film growth.

233 PHOSPHATING

2.3.3.1 Overview of the mechanism

The reaction steps of phosphating were widely studied and are well understood.
Since the pioneering work of Machu [24, 25] phosphating is known as a mixed potential
process with an anodic pickling reaction of the metal and a reduction of hydrogen or other
oxidising agents. Accordingly the initial step of phosphating is the dissolution of the metal
in the acidic bath, which increases the pH-value near the metal surface and causes the
equilibrium of the phosphate solution to shift from dihydrogen phosphate anion to
PO,* -ions. By reaching a certain concentration depending on the solubility product of
zinc phosphate (pK, = 35.6 [26, 27]) crystals will start to precipitate on the surface.
Nucleation and crystal growth continue till the reaction stops by self-inhibition of the metal

surface by the protecting phosphate layer.




2.3.3.2 Pickling ofthe metal surface

The active dissolution of the substrate metal is an essential step for phosphating.
The reactivity of the metal surface plays an important role in the whole process. (Eq. 2-1).
Zinc and steel are readily attacked by the phosphoric acid and are fairly easy to treat.
Aluminium and steel coated with zinc by hot dip galvanising exhibit a thin oxide layer,
which passivates the surface and renders metal dissolution more difficult or nearly
impossible when using a pure phosphoric acid bath with zinc. For the treatment of these
metals fluoride is added to the phosphating bathes in the form of HF, NaF or H;SiFs.
Aluminium is readily attack by fluoride (Eq. 2-2) and is kept in solution as AlFg® or
precipitated in the bath as cryolithe.

Me —» Me* + 2 e (Me = Zn, Fe) 2-1

Al,O3 + 6 HF - 2 AlFg + 3 H,O 2-2

The removal of oxide layers and the roughening and cleaning of the surface is
important for the nucleation of the phosphate crystals. The effect of alloying elements in
steel on phosphating was investigated by Augustsson [28], who found a positive effect of
some elements on the coating stability. Segregated metal oxides originating from the
annealing step like Mn-oxide on the surface increase the reactivity of steel and lead to the
incorporation of manganese in the phosphate layer yielding better stability. All acidic
dissolution reactions consume H*-ions and increase the probability of nucleation. The
rapid dissolution of an oxide layer accelerates this process, especially when the oxides
not fully cover the metal surface and favour the formation of a metal/metal oxide local

element [15].




2.3.3.3 Reduction of H" and accelerators

While the metal is readily dissolved by the phosphating bath, hydrogen ions and
the added accelerators are reduced in redox-reaction. The reduction of these species
causes the necessary raise of the pH-value for nucleation.

From reactions (2-4 - 2-7) it can be seen, that the reduction of the various
accelerating agents consumes usually more H'-ions per electron transferred than the
simple formation of one hydrogen molecule would do (Reaction 2-3). Therefore the
accelerators largely contribute to the metal dissolution and the increase of the pH-value,
enhancing the reaction rate dramatically. It is important to note that the pH of the bath is
usually just below the first endpoint in the titration curve of phosphoric acid so that the
consumption of even a small amount of H'-ions can produce significant local pH-
changes. The pH increase in the vicinity of the metal surface has been experimentally

demonstrated using micro pH electrodes [29].

2H" +2e > H; 2-3
NO; +10 H* + 8 e = NH," +3H;0 2-4
NO; +2H"+ &€ - NO+3H,0 2-5
NH,OH + 3 H* + 2 e- - NH," + HO or 2-6
2 NH,OH - N,O + H,O +4H +4¢ [3]
H0,+2H" +2e - 2H,0 2-7

Other oxidising agents, which have been tested and applied for phosphating, are
nitrobenzene sulfonic acid [30], chlorates and bromates [1] and nitroguanidine [31]

In the absence of an accelerator, H'-ions are the only oxidants in the solution.
They form hydrogen bubbles, which can block the surface and disturb the phosphating
process. This inhibiting effect is greatly suppressed by accelerators due to the supply of

another suitable reduction reaction.

From an electrochemical point of view, accelerators can be seen as cathodic
depolarisers, which increase the total cathodic current on the treated metal. In presence
of an oxidising agent in the phosphating bath the open circuit potential is shifted to more




cathodic values during the metal dissolution in comparison with an acidic attack without

accelerators.

2.3.3.4 Nucleation and crystal growth

The consumption of H'-ions by various reduction reactions leads to an increase in
the pH-value in the metal/solution-interface and to a shift in the acidic equilibrium
according to Egs. 2-8. The concentration of the phosphate ion is raised until it reaches the
value determined by the solubility product of tertiary zinc phosphate leading to

precipitation (Eq. 2-9).

H3PO4 > H2P04. +H* | 2-8
H,PO, & HPO, > + H*

HPO,Z> & PO + H*

32Zn* + 2 H,PO, + 4 Hy — Zny(PO,), x 4H,0 29

The phosphate crystal start to cover the surface until the coverage sufficiently
slows down the rate of metal dissolution, so that the necessary pH-increase for
precipitation can no longer be maintained. The reaction comes to an end, although
redissolution of the phosphate crystal can take place during long time exposure in the

phosphating bath.

Phosphate crystals show epitaxial growth on the surface. Epitaxy is known as the
phenomenon, when a guest crystal grows on the surface of a polycrystalline material with
the same crystal orientation as the host phase. It is favoured, when the lattice parameters
of guest and host are close to another and when the supersaturation of the solution is not
too high [1]. For the growth of hopeite on a zinc substrate the difference of guest and host
crystal planes is only 0.002 nm, which provides good conditions for epitaxial growth.
During phosphating the primary crystals grow epitaxially with the initial surface, while
secondary crystals nucleate on the surface of other crystal as the reaction goes on.

The thermodynamic requirements for crystal deposition are best met on so called
active centres. On a metal surface conditioned for phosphating such centres usually are
grain boundaries or the adsorbed activation particles. The number of crystals depends on

10
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the number of such active centres initially present on the surface. This number can be
influenced by the activation product used and the preconditioning, especially cleaning. An
'inverse relationship between crystal size and crystal number is observed, since a small
number of large crystals and large number of small crystals give rise to the same
coverage on the surface. The coating weight is usually higher when the surface is

covered by large crystals.

The following scheme (Figure 1) sums up the described steps of phosphating.

H,PO, > HPO,>~ —» PO

Zn,(PO,),x4H,0

dissolution reduction of acc. nucleation crystalgrowth
Ni deposition

Figure 1: Scheme of phosphating reaction on zinc with the basic steps indicated by Zn-dissolution,
reduction of accelerators and deposition of Ni, pH increase in the metal/solution interface and shift
of phosphoric acid equilibrium, increase of phosphate-anion concentration near the metal surface
and finally nucleation of zinc phosphate.

2.3.35 Post-treatment

To optimise corrosion protection metals can be treated by rinsing with special
solutions after phosphating. Historically, the chromic acid rinse was the treatment of
choice to increase the barrier effect against corrosion. In literature mainly two effects are
thought to be responsible for the enhancement of corrosion resistance. First, the porosity
(=the portion of metal not covered with the phosphate layer) is decreased by deposition of
chromates on the bare metal between the crystals [30]. Other authors assume a
modification of the layer by ion exchange of Zn and Cr in the upper surface of the crystals
[15, 32, 33]. Thus the phosphate layer becomes more stable against alkaline media and
corrosive attack. The removal of easily dissolving or unfinished parts of the phosphate

1




layer by a chromic acid rinse was also reported [34]. This leads to minor dissolution of

crystal during cataphoretic painting and hence a better paint adherence.

However, due to problems with ecological noxiousness and toxicity of Cr(VI),
alternative treatment substance gain more and more importance in industry. These
substances may contain other metal cations with or without the addition of an organic
compound as monomer or polymer. Popular examples are products containing fluoro-
complexes of Zr and Ti together with polyacrylates, silanes or another organic compound.
Equally good or slightly worse results can also be obtained with solutions containing only
Cr(lll) (chromitation), avoiding the presence of Cr(VI), but utilising the advantages of

chromium in the layer.

24 NATURE OF THE PHOSPHATE LAYER

The phosphate layer consists of an array of discrete crystals in the form of
needles, flakes or tiles. They are usually around 1 to 10 urn in diameter, with a coating

weight in the order of 1 to 6 g/m? (Figure 2).

The basic function of the layer is to promote the adhesion of paint and increase
the corrosion resistance of the painted product. Without paint, the corrosion resistance of
phosphated zinc coated steel is only slightly higher than of the pure metal. The better
adhesion of the paint is accomplished by the surface roughness of the phosphate layer,

where organic coatings may anchor in lock and key type of mechanism.

Whereas exposure of the substrate metal between the phosphate crystals is
detrimental to the corrosion resistance, some remaining porosity is es