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Abstract

The porosity of electroless nickel, (TiAI)N, TiN and CrN PVD coatings on mild steel
having different surface roughnesses was investigated using porosity/corrosion tests.
The tests used were the neutral salt spray test, ferroxyl test, sulphur dioxide test and the
copper cementation test. Additionally the effect of radii on the corrosion resistance and
porosity of electroless nickel coatings was examined. Electron optics, GDOES and ICP
were used to evaluate the limits of their applicability to extend porosity/corrosion tests
used on coated specimen. A marking technique was developed which enabled individual
features on coated surfaces to be examined by SEM before and after porosity/corrosion
tests.

The neutral salt spray test was used to rank electroless nickel coated mild steel
specimens according to their corrosion resistance. However the test did not provide any
detailed information on the porosity of the coatings. The ferroxyl test was found to be
applicable to all the coatings on mild steel investigated but only macrodefects could be
observed. With the help of the SO; test the origin of defects in electroless nickel
coatings was examined using SEM techniques. Furthermore the test was used to observe
the formation of corrosion products at defect sites as a function of exposure time. A
ranking according to the corrosion resistance depending upon defects present was made.
The SOy test was not applicable to (TiAI)N, TiN and CrN PVD coatings since the
defect density in these coatings was too high and any corrosion products formed during
the test spread over their surface thus hiding smaller defects as a result of the test's high
sensitivity. In copper cementation tests on PVD coatings, copper did not preferentially
precipitate at large defect sites but precipitated randomly on the coated surface. The
amount of copper precipitated, its distribution and size was used to provide information
concerning the defect density in PVD coatings. A mechanism has been suggested which
explains how copper is deposited on the top of coatings rather than in the bottom of
defects during cementation tests. The relationship between porosity, substrate roughness
and coating thickness has been established, and it is suggested how the relationship
might be used in industry as a quality control tool.



Introduction and Objectives

Protective metal coatings are used to extend and improve the industrial application and
service lifetime of components. Therefore the main purpose of protective metal coatings
is to increase the wear and corrosion resistance of the components.

In corrosive environments protective metal coatings act as a barrier between the
corrosive medium and the substrate metal. Depending upon the nobility of the coating
with respect to the substrate, the coatings provide either cathodic or anodic protection.
Coatings which are less noble than the substrates corrode galvanically and hence
provide sacrificial cathodic protection at defects in the coating. Coatings with a greater
corrosion resistance than the substrate provide protection by forming a barrier between
the corrosive environment and the substrate. Defects in such coatings give rise to
galvanic corrosion of the substrate which can lead to either flaking of the coating or its
failure due to catastrophic pitting at isolated spots. Hence the corrosion resistance of
such substrate/coating systems is mainly determined by the integrity of the coatings,
particularly in the case of thin coatings, where the possibility of defects extending
through the whole coating is high.

The detection and evaluation of defects in coatings, their origin and development, is
of great practical interest to the coater as well as to the user.

Most industrial porosity tests are standardised and relate to the particular type of
coating being examined e.g. see BS 5466-1979 and ASTM B765-1993. Often standard
porosity/corrosion test procedures allow variations, by agreement between the coater
and user, in the way the results are to be evaluated in particular cases .

Porosity tests can be divided into various classes, i.e. long term and accelerated or
direct and indirect. Indirect tests such as those involving electrical/electrochemical
methods are often very complicated and are not always suitable for use in industrial
testing. Furthermore these tests do not usually provide information concerning both the
size and distribution of any defects present. In fact the presence of defects is often
inferred from the measurement of a current, rather than from direct observation of the
defects. Direct tests involve chemical reaction of the test medium with the exposed
substrate. The results of such reactions are visible to the naked eye, sometimes assisted
by a magnifying glass, due to the presence of coloured corrosion products on the
corroded surface e.g. as in the sulphur dioxide test [ 1 ] or ferroxyl tests [ 2 ]. A problem
with these tests is that the corrosion products initially formed at defect sites in the
coating may subsequently spread out. Then the apparent size of the defect observed, as
represented by the corrosion products, appear to be larger than their true size. Another



problem with such test is often the lack of comparability in the results obtained using
different tests, or associated with different test solutions. These difficulties may relate
either to a test carried out on different substrate/coating systems or to a test done on the
same substrate/coating system but using different test solutions. Thus a substrate/coating
system may perform well under one set of test conditions and poorly under another test.

The objective of this study was to investigate different kinds of porosity/corrosion test
as applied to electroless nickel and PVD coatings ( (TiAI)N, TiN and CiN ) on mild
steel substrate. The aim of the work was to demonstrate the limits and accuracy of the
tests investigated in both their ‘standardised’ forms and as modified in the light of
experiences gained in their use. An additional aim of the work was to investigate
whether modern electron optical techniques could be successfully employed to extend
the usefulness of standard tests. It was thought such an extension might form a valuable
tool in understanding how pores and defects in coatings are formed and lead to service
failure. To this end, and to fully evaluate the full scope of the tests, coatings of different
thicknesses on substrates having different surface roughnesses were studied.
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1 Literatur Review

1 Literatur Review

1.1 Corrosion and Porosity of Substrate/Coating Systems

The exposure of a component to a corrosive environment can lead to uniform or local
corrosion attack. The latter is the most dangerous form of corrosion because the lifetime
of the component cannot easily be estimated. Such estimations are usually made by
calculating the weight loss of the coating per unit area over a period of time assuming
that the protective coating corrodes uniformly.

The corrosion resistant of coated components is mainly determined by their
metallurgical composition and structure, prefinishing of the substrate material, nature of
the corrosive environment and the kind and thickness of the coating as well as its
structure, integrity and any post coating treatment received. Metallic coatings can be
anodic or cathodic with respect to the substrate. Their application depends upon the
function which the coating is providing. Anodic coatings provide cathodic protection of
the substrate at breaks in the coating. Cathodic coatings act as a barrier between the
environment and the substrate. Consequently breaks, such as pores, in cathodic coatings
may lead to corrosion of the substrate in a corrosive environment. Sometimes pores are
formed during the coating process as a result of substrate surface defects as will be
discussed in sections 1.2.5 and 1.3.4. The porosity of coatings can reflect failures in the
coating process and can therefore be used as a parameter to control and monitor the -
coating process.

The porosity of a coating can be defined as the ratio of the exposed base material to
its total area or the number of defects per unit area.

Large defects can be detected by visual examination. However in many cases the
defects are microscopically small and special corrosion tests are needed to detect them.
Hence, it is useful to divide the porosity of coatings into two broad categories, those
showing only intrinsic porosity and those showing gross defects in addition to the
intrinsic porosity [ 2 ]. The intrinsic porosity indicates small deviation from ideal
coating conditions and/or substrate surface conditions, and generally shows an inverse
relationship with coating thickness for coatings produced by wet finishing processes.
The gross defects may result from the coating of a dirty substrate surface or mechanical
damage. Examples of such defects are mechanical damage to the coating through
mishandling or wear resulting in the presence of networks of micocracks. The size of
gross defects is usually greater than that of intrinsic pores [ 2 ]. Defects may extend
throughout the coating and act as a pathway for a rapid corrosion attack, especially if the



1 Literatur Review

coating is more noble than the substrate and the potential difference between them is
high. With this combination a small anodic area is associated with a large cathodic area.
Hence the anodic current density is high and leads to a rapid corrosion attack of the
substrate. Figure 1 illustrates diagrammatically the difference between aqueous
corrosion of a cathodic and an anodic coating ( top and bottom respectively ) in contact

with a substrate.

M2 L 2H

\ 2
A M1

coating \pore / more noble

ﬂ
> M2
substrate 2e” less noble
2H* M1+

A

coating \pore
\

/ M1 :
less noble
y

N

substrate 2e- more noble
Figure 1 Galvanic effects produced at pores in a coating. On the top: A pore in a

cathodic coating leads to a corrosion attack of the substrate and flaking of
the coating. Bottom: The anodic coating protects the substrate [ 3 ]

The driving force for corrosion reaction is the difference in the potential between the
two metals. The corrosion resistance of materials in general depends upon the corrosive
environment, as well as any bimetallic contact present in a component exposed to the
environment. _

Corrosion behaviour in basic coating systems, i.e. those having a single coating on a
substrate, resulting from porosity and defects, may be reduced by a number of strategies.

In the case of tradition coatings, i.e. electroplated and paint coatings etc., the simplest
way to reduce corrosion is to increase the coating thickness thereby reducing its
porosity. This approach is not so readily applicable to some PVD coatings which can
only be produced as thin coatings e.g. TiN. An alternative strategy in such cases is to
place a corrosion resistant intermediate layer between the substrate and the coating.
Thus, intermediate layers of electroless nickel or nickel palladium alloy have been used
with TiN coatings [ 4, 5, 6, 7 ]. Finally passivation of either the substrate, prior to
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