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Summary

Thin walled multi-port extruded (MPE) heat exchanger Al alloy tubes, with
solid-solution Zn-rich surface, are widely used by the automotive industry
and considered by the heat, ventilation, air-conditioning and refrigeration
market for improved corrosion resistance of Al tubes against pitting. It is
well known that alloying Al with Zn causes decrease in the corrosion po-
tential in chloride solution. At the same time self-corrosion rate of Zn itself
is quite high in chloride solution. This work aims to improve understand-
ing of mechanisms of protection against pitting provided to the Al alloy
substrate by such layers and investigate to which extent the self-corrosion
of the Zn-rich layer can be a limiting factor in determining the service life
time of the heat exchanger tubes.

Zinc was applied on AlMn alloy extruded tubes by thermal-arc spraying
immediately after extrusion. Typical Zn load on the surface was 8 ± 0.2
g/cm2. The tubes were subsequently subjected to heat treatment at vari-
ous temperatures (350 ◦C - 430 ◦C) and durations (1 - 5 hours) to obtain
solid-state AlZn alloy diffusion layer at the surface with varying thickness
and Zn concentration profiles in the AlMn substrate. 99.99 % pure Zn sam-
ple, AlMn substrates without coating and as coated with Zn were used as
reference samples. Zn-rich layers with lower load of Zn (2.7 ± 0.7 g/cm2)
were produced from Zn thermal-arc sprayed AlMn alloy tubes using hot
chromic-phosphoric treatment and subsequent heat treatment (4 hours at
430 ◦C, 470 ◦C, 510 ◦C).

Concentration depth profiles were obtained by glow discharge optical emis-
sion spectroscopy (GD-OES). Corrosion rate was determined by weight loss
resulting from immersion for predetermined times in acidified artificial sea
water solution of pH 3 at 25 ◦C for slight acceleration of the corrosion rate,
during which the open circuit potential change was recorded with respect to
time. Electrochemical behaviour of pure Zn sample, Zn-rich layer and AlMn
substrate was analysed using potentiodynamic polarisation. The morphol-
ogy and composition of the Zn-rich layer before and after corrosion were
examined by scanning electron microscopy (SEM) and energy-dispersive X-
ray spectroscopy (EDS).

The as-sprayed Zn coating was found to be highly non-uniform, with some
regions remaining not covered. Non-uniformity of the coating resulted in
non-uniformity of the Zn-rich layers laterally and in depth. Calibration of
GD-OES for Al-Zn system with minor alloying elements and oxygen was
successfully performed regardless of a large difference in sputtering rates
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of Al and Zn. GD-OES was found to be a useful technique for depth profil-
ing, providing fast analysis, high depth resolution and analytical sensitivity
compared to EDS. Thickness of Zn-rich layer increased with heat treatment
time and temperature, while Zn concentration at the surface decreased. At
the same time, increasing amount of minor alloying elements, such as Fe,
Mn, Si and Mg, became incorporated into the layer.

Zn depth profiles of the Zn-rich layers were fitted to a one-dimensional an-
alytical solution of Fick’s second law for diffusion from a layer into a semi-
infinite region using an effective binary diffusion coefficient for the system,
which successfully incorporated lateral non-uniformity of the layers. The
activation energy of diffusion was calculated to be 103 kJ/mol, which agrees
well with the literature data. A procedure for prediction of Zn concentration
profiles of Zn-rich layers on commercial Al alloy substrate for Zn coatings
with different loads, Zn concentrations and thicknesses was established.

Pure Zn coating and Zn-rich layer were found capable of protecting the
AlMn alloy substrate anodically against pitting by maintaining corrosion
potential below repassivation potential of Al, Erp = -0.85 VSCE, at the ex-
pense of increased self-corrosion rate. Corrosion potential of samples, as
coated with Zn, reached the critical pitting potential, Ec = -0.73 VSCE, of the
AlMn substrate in 4 days. After 11 days of immersion the corrosion poten-
tial of the samples with Zn load of 8 g/cm2, heat treated for 2 hours at 350
◦C and 4 hours at 430 ◦C, increased to about 50 mV and 140 mV below Ec,
respectively, the latter 20 mV below Erp. The reduction in thickness after 11
days of immersion for these Zn-rich layers was calculated to be 23 μm and
54 μm, respectively.

Lower Zn load coating (2.7 g/cm2) obtained by heat treatment for 4 hours
at 430 ◦C after 11 days of immersion maintained corrosion potential 10 mV
below Erp, while its total reduction in thickness was 38 μm. These results
indicate that an optimal Zn concentration in the Zn-rich layer lies at levels
much lower than those obtained by Zn thermal-arc spraying if maintaining
the corrosion potential at a level lower than Erp is necessary for protection
against pitting. At the same time, if there is no danger in exceeding Ec,
below which pitting does not initiate, then maintaining the potential below
Ec can be sufficient for protection against pitting. In this case Zn coating
with 8 g/cm2 of Zn, heat treated for 2 hours at 350 ◦C, can be considered as
the optimal alternative for the present test solution.

SEM and EDS area analysis of corroded samples after immersion test showed
that corrosion of Zn-rich layers was non-uniform due to non-uniformity of
the layers themselves. Regions with higher Zn concentration, ρZn, corroded
first and protected anodically regions with lower ρZn. With increasing im-
mersion time in the test solution, ρZn of corroded areas decreased and cor-
rosion spread to a larger area. No evidence of enrichment of Al, expected
due to dealloying, was observed.

The well-known relationship between the corrosion potential of AlZn al-
loys and Zn concentration was extended over a wide concentration range
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using ρZn of corroded areas and related further to the corrosion rate in acid-
ified synthetic seawater. The database thus developed is useful for optimiz-
ing the Zn-rich layer thickness and Zn concentration profile in the layer to
minimize uniform corrosion, and therefore maximize service lifetime, with-
out reducing the protection against pitting. Zn coating with Zn load of 3.5
g/cm2, heat treated for 3 hours at 470 ◦C, was suggested as the optimal in
terms of maintaining the potential of the AlMn substrate below Erp to pro-
tect against pitting and providing the lowest self-corrosion rate, applicable
to continuous immersion in the present test solution. The methodology de-
veloped in this work can be used to estimate optimal conditions for data
related to other exposure conditions.
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Chapter 1

Introduction

1.1 Background

Aluminium is widely used in the automotive industry, amongst others as
a material for heat exchange applications [1], such as radiators, coolers and
heat pumps. Aluminium multi-port extruded (MPE) tubes developed for
these applications vary significantly in size and tube wall thickness, which
can be lower than 1 mm. Examples of the tubes are shown in figure 1.1.
As Al is susceptible to pitting corrosion in presence of aggressive ions, such
as chlorides, additional corrosion protection is required for future poten-
tial applications of Al MPE tubes in heat, ventilation, air-conditioning and
refrigeration industry.

FIGURE 1.1: Aluminium MPE tubes. Reproduced with per-
mission from Sapa AS.

Zinc coatings are widely used for corrosion protection of steel [2]. Zn coat-
ing, firstly, works as a barrier between steel and environment. It also pro-
vides cathodic protection by galvanic action in case the coating is damaged.
Zinc corrosion products in the form of zinc hydroxide precipitate on the
places where the coating was damaged and serve as a second barrier [3–5].
ZnAl alloy coatings with 5 and 55 wt% Al were developed to provide higher
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Chapter 1. Introduction

corrosion resistance of steel [6], the latter providing superior corrosion pro-
tection. The most common way to deposit Zn coating on steel is hot dip
galvanizing [2], while electroplating can also be used [7].

Several studies show that coating of Al with Zn and AlZn alloys [8–11] can
successfully protect Al against pitting due to reduction of the corrosion po-
tential into the passive zone. However, self-corrosion rate of Zn coatings
and AlZn alloys with high Zn content was found to be significantly higher
than that of the Al alloy itself. Therefore, AlZn alloy coatings with the lower
Zn content appear to be more beneficial [8, 9]. Another promising approach
is to use a diffusion layer of Zn (Zn-rich layer) in Al alloy, obtained by heat
treatment of Zn or AlZn coating [12]. It was suggested that the diffusion
layer acts as multicladding, where surface layer with higher Zn concentra-
tion provides cathodic protection of the rest of diffusion layer with lower
Zn concentration. This effect is beneficial due to relatively high corrosion
rate of AlZn coatings with low Zn concentration [8, 9].

No scientific literature on hot dip galvanized Al was published. The reason
must be high temperature of the Zn molten bath, at which Al is not sta-
ble. After dissolution of the aluminium oxide, which is initially present on
the surface, the metal itself corrodes too fast in the bath without allowing
a possibility to control the process. Electroplating of Zn on Al, as well as
electroless Zn plating, or zincating, produce coatings with dendritic struc-
ture and poor adhesion [13, 14]. Additives should be used for improvement
of the coating structure and adhesion. Zincating without additives by a
two-step process has also been reported [15]. However, long immersion
time required for this deposition method, as well as electroplating, is also
unfavourable, while Zn coatings obtained by electroless immersion are too
thin for present purposes. The common way for deposition of Zn on the Al
alloy components used by the industry is thermal spraying [10]. The main
advantage of this method is fast speed, while the coatings themselves are
found to be porous and non-uniform [16].

In order to be able to study influence of Zn concentration profile and Zn-
rich layer thickness on corrosion properties, Zn depth profiling of the layers
on Al should be performed. Profiling of Zn, as well as minor alloying ele-
ments and oxygen, can be done using glow discharge optical emission spec-
troscopy (GD-OES), which is a fast method with high depth resolution and
sensitivity [17]. However, GD-OES is a comparative technique, which re-
quires careful calibration for achievement of quantitative results with good
accuracy.

The most common way for corrosion testing of materials for heat exchange
application is sea water acidified accelerated test (SWAAT) (ASTM G85).
The test includes consecutive cycles of spraying with acidified artificial sea
water for 30 minutes and soaking in 98% humidity for 90 minutes of the
samples located in a test chamber kept at 49 ◦C temperature. However,
salt spray tests cannot provide information about electrochemical behaviour
necessary for scientific research.

2



Chapter 1. Introduction

1.2 Objectives and methods

This work focuses on improvement of corrosion resistance of Al alloys against
pitting by development of Zn-rich coatings. The main objectives are to:

• obtain improved understanding of the mechanisms of formation of the
Zn sprayed layer, its diffusion during heat treatment and protection of
the obtained Zn-rich layer of the All alloy substrate against pitting by
depth profiling, charaterisation of the surface structure and morphol-
ogy, corrosion testing, and electrochemical characterization,

• develop characterization methods to obtain information about elemen-
tal composition, microstructure and corrosion properties of the Zn-
rich layers,

• minimize the uniform corrosion by optimizing the Zn concentration
profile and thickness of the Zn-rich layer without decreasing the pit-
ting resistance of the underlying substrate,

• study the effect of Zn concentration on the corrosion potential and
estimate minimum value required to obtain protection against pitting,

• study the effect of Zn concentration on the self-corrosion rate of the
Zn-rich layer,

• investigate the possible heavy-metal contamination of the AlMn alloy
surface during extrusion in the form of precipitated intermetallic par-
ticles and their effect on the corrosion properties of the Zn-rich layers,

• develop a model for estimation of corrosion rate and service life of
Zn-rich layers based on coating parameters, such as Zn concentration
and thickness, and heat treatment conditions, ultimately for use in the
optimization process.

In order to achieve the objectives stated above, Zn thermal-arc sprayed coat-
ing on AlMn alloy, supplied by Sapa AS, was used. Chromic-phosphoric
treatment, according to ASTM G1, was used in order to produce Zn coat-
ings with lower Zn load than that possible by thermal-arc spraying. Zn-rich
layers, obtained by heat treatment of Zn coatings with different Zn loads,
were studied by GD-OES, scanning electron microscopy and X-ray energy
dispersive spectroscopy to obtain information about their morphology and
chemistry. The samples were further subjected to continuous immersion
corrosion testing in acidified artificial sea water solution with pH between
2.9 and 3 at 25 ◦C, combined with corrosion potential measurements. Cor-
rosion rates were estimated based on weight loss measurements of the sam-
ples after the test.

3



Chapter 1. Introduction

1.3 Structure of the thesis

The thesis consists of a literature review (Chapter 2), technical chapters
(Chapters 3 to Chapter 6), overall discussion including suggestions for fu-
ture work (Chapter 7) and conclusions of the thesis (Chapter 8). Chapter 2
provides a literature review on the influence of Zn on electrochemical prop-
erties of Al. The available publications on Zn-rich coating on Al alloys are
also discussed with the purpose of justifying the objectives of the present
work. In Chapter 3, calibration of GD-OES for Al-Zn system including mi-
nor alloying elements and oxygen is thoroughly described. Elemental com-
position, as well as morphology, of the Zn-rich layers on the AlMn alloy of
interest are investigated. Chapter 4 discusses the possibility of modelling
of Zn diffusion from a coating into Al by using a solution to the simple
one-dimensional form of Fick’s second law and an effective binary coeffi-
cient for the system. In chapter 5, results of immersion corrosion testing
are presented. Chapter 6 presents results of microscopic study of corrosion
morphology, as well as elemental analysis of corroded surfaces, and dis-
cusses an attempt to correlate corrosion potential and corrosion rate with
Zn concentration of corroded regions.
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Chapter 2

Literature review

The main topics of this thesis concern influence of zinc depth profile on
electrochemical and corrosion properties of Zn-rich coatings on aluminium.
The purpose of this chapter is therefore firstly to review physical and elec-
trochemical properties of Al and Zn. Secondly, a short summary on physical
and electrochemical properties of AlZn alloys will be given with emphasis
on influence of Zn on corrosion behaviour of Al alloys. Finally, available
literature on Zn-rich coatings on Al alloys will be reviewed.

2.1 Physical properties of Al, Zn and AlZn alloys

Corrosion properties of Zn-rich coatings on Al alloys will be influenced by
physical properties of the pure metals themselves and solid solubility of
one in another. Physical properties of Al and Zn are compared in table 2.1.
These metals have large differences in crystal structure and atomic radius,
while their electronegativity is quite similar. Zn is almost three times denser
than Al and has a melting temperature of 420 ◦C, which is 240 ◦C lower than
that for Al. Diffusion coefficient of Zn in Al is quite high compared to diffu-
sion coefficients of typical alloying elements, such as Fe, Mn [1]. Diffusion
coefficient of Mg is slightly lower than that of Zn, while Si has diffusion
coefficient similar to Zn in Al. Diffusion coefficients of these elements at
different temperatures are summarized in table 2.2.

TABLE 2.1: Physical properties of Al and Zn.

Element Al Zn

Melting point (◦C) [2] 660 420
Density (kg/cm3) [3] 2.7 7.14
Atomic radius (pm) [3] 143 133
Crystal structure [4] Face-centered

cubic (fcc)
Hexagonal close-
packed (hcp)

Electronegativity
(Pauling scale) (V) [3] 1.61 1.65
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TABLE 2.2: Diffusion coefficients (m2/s) of Mn, Fe, Zn, Mg
and Si in Al [1].

Element Temperature (◦C)

350 390 430 470 510

Mn 2.3 × 10-20 2.7 × 10-19 2.4 × 10-18 1.7 × 10-17 9.7 × 10-17

Fe 4.1 × 10-19 5.0 × 10-18 4.5 × 10-17 3.3 × 10-16 1.9 × 10-15

Zn 2.2 × 10-15 8.5 × 10-15 2.8 × 10-14 8.2 × 10-14 2.1 × 10-13

Mg 1.2 × 10-15 4.8 × 10-15 1.7 × 10-14 5.0 × 10-14 1.4 × 10-13

Si 1.9 × 10-15 7.5 × 10-15 2.5 × 10-14 7.4 × 10-14 2.0 × 10-13

According to the Al-Zn binary phase diagram shown in figure 2.1 [5], the
Al-Zn system has an eutectic point at 381 ◦C. Zn concentration at the eu-
tectic point is 95 wt%. At the eutectoid point at 277 ◦C the solid solution
contains 77.7 wt% Zn. Al solid solution with fcc structure lies in a wide
range between 2 wt% at 20 ◦C and 83.1 wt% Zn at the eutectic temperature.
A miscibility gap exists between 32.4 and 77.7 wt% Zn, with a critical point
at 351.5 ◦C and Zn concentration of 61.3 wt% [5]. The miscibility gap divides
Al into two types of solid solutions with Zn, αAl on the Al-rich side and α’Al
on the Zn-rich side, although both with fcc structure. The highest solubility
of Al in Zn with hcp structure is 1.2 wt% at the eutectic temperature. Solu-
bility of Al in Zn can be increased by rapid solidification [5]. Solubilities of
Al and Zn in each other at different temperature points are summarized in
table 2.3.

TABLE 2.3: Solubility data of Al-Zn system at different tem-
peratures [5].

Temperature (◦C) 20 100 200 277 381

Solubility of Zn in Al
(wt% Zn)

2 5 12.5 32.4 and
77.7

83.1

Solubility of Al in Zn
(wt% Al)

0.03 0.08 0.33 0.7 1.2

AlZn alloys possess dendritic microstructure for compositions between about
5 - 90 wt% Zn with Al-rich dendrites and Zn-rich interdendritic regions [6–
9]. Alloys with Zn concentration close to the eutectic show lamellar struc-
tures [9].
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FIGURE 2.1: Al-Zn binary phase diagram [5].

2.2 Electrochemical properties of Zn in chloride
solution

According to the Pourbaix diagram [10], oxidation of Zn is thermodynam-
ically possible, with hydrogen evolution as the reduction process, over the
entire practical pH range in aqueous solutions. In acidic and neutral solu-
tions dissolution occurs via a charge-transfer reaction [11]

Zn ↔ Zn2+ + 2e− (2.1)

This oxidation mechanism gives a Tafel slope of 40 mV/decade [11, 12] with
hydrogen evolution occurring via proton reduction as the cathodic reaction
with the Tafel slope 120 mV/decade [13]. Hydrogen overpotential on Zn is
quite large due to small hydrogen exchange current density, which is sug-
gested to originate from weak interaction between zinc and hydrogen and,
hence, absence of chemisorbed layer of atomic hydrogen [14]. Hydrogen
exchange current density is independent of pH except in concentrated acid
and alkaline solutions.

Recent studies [11, 15] suggest that oxygen reduction reaction is the dom-
inating cathodic reaction at pH between 4 and 11, which leads to local al-
kalization of the surface due to release of HO− ions. The kinetics of the
reduction process is nearly independent of pH in this range [11]. Between
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pH 4 and 6 oxygen reduction is mass-transfer controlled [16]. In NaCl so-
lution of pH 6.5, a very porous corrosion layer is formed on Zn, which con-
sists mostly of zinc hydroxy chloride and carbonate, and is not passivating
[15, 17]. Between pH 7 and 10, the formation of ZnO, which is thermody-
namically predicted [10], is suggested to be accompanied by release of pro-
tons due to formation of ZnOH+ by metal hydrolysis, which destabilizes
the ZnO layer [11, 13, 15].

At pH between 10 and 12, formation of ZnOH+ is reduced, and a ZnO/
Zn(OH)2 layer is precipitated, which serves as a barrier to HO− ions [11, 18].
At pH > 13 soluble zinc-hydroxy complexes, such as ZnOH−

3 and ZnOH2−
4 ,

are formed instead, which are less stable [18]. To summarize, it can be con-
cluded that Zn shows passive behavior only between pH 10 and 12.

Corrosion potential of Zn in 1 M NaCl solution is about -1.1 VSCE [13]. Cor-
rosion potential of Zn decreases with increasing concentration of Cl−, SO2−

4 ,
Br− and I− with the same slope [19]. Electrolyte pH has no significant influ-
ence on the corrosion potential of Zn for pH < 8 in solutions containing Cl−,
SO2−

4 , NO−
3 [20]. In contrast, the corrosion current in chloride solutions is

very much dependent on pH [12]. It is lowest between pH 8 and 12 [11, 20].
Corrosion rate of Zn in seawater is higher than for other common metals
including Al [21]. With increasing temperature in synthetic sea water, pre-
cipitation of corrosion products increases and corrosion rate decreases [22].
This can be attributed to formation of calcium carbonates [22] or zinc hy-
droxy carbonates, which can inhibit corrosion if they form compact layers
[23, 24]. Increasing chloride concentration up to 5 g/l enhances corrosion of
Zn, while further increase of chloride concentration inhibits it [21]. This is
associated with formation of a film of zinc chloride containing other corro-
sion products.

2.3 Anodic activation of Al by alloying with Zn

Corrosion behaviour of Al alloyed with Zn has been studied before [25–34].
Redding and Newport [25] were first to report reduction of pitting potential
by addition of Zn. Even small additions of Zn (up to 0.12 wt%) were found
to increase the passive current and decrease the stability against pitting rel-
ative to pure Al [31, 32]. At the same time, alloying with 0.2 wt% Zn was re-
ported to decrease pit density and depth significantly, while a more uniform
corrosion occurred [29]. However, contrary to the above, it was suggested
that alloying with Zn did not influence pit nucleation frequency, while the
dissolution rate was increased [26, 28, 30, 32, 33]. It was also found that pit-
ting potential of AlZn alloys with up to 2 wt% Zn decreased with increasing
chloride concentration and was independent of pH [33]. As an explanation,
Muller and Galvele [28] suggested that, while the localized acidification is
the main reason for pitting of Al, alloying of Al with Zn resulted in increase
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in the overpotential for hydrogen evolution, causing decrease of the poten-
tial inside the pits. However, this mechanism is related more to propagation
rather than initiation of pits.

In AlZn alloys with high Zn concentrations, which possess dendritic mi-
crostructure, preferential corrosion occurs [27]. In open circuit conditions
only phases with pitting potential lower than the corrosion potential of
the alloy (for example, Zn-rich interdendritic regions) are preferentially at-
tacked, while phases with higher pitting potential (for example, Al-rich den-
dritic regions) remain unattacked. Dependence of corrosion potential on
coarseness of dendritic structures was also reported [35, 36].

Pitting potential values for high purity binary AlZn alloys measured in ref-
erences [25, 27, 28, 30, 31, 33, 34] are shown in figure 2.2 with respect to Zn
concentration. Table 2.4 summarizes the techniques and electrolytes used
for measurement of the pitting potential. Quite good agreement between
data from these studies is observed in figure 2.2 with the exception for work
[31]. The reason must be too high scan rate, which was reported to result in
high errors of pitting potential measurement of Al [37], while potentiostatic
techniques were found to be the most reliable. In work [31], as in works
[25, 34], the pitting potential decreased with increasing Zn concentration up
to about 3-4 wt% Zn, and was not affected by further increase of concentra-
tion.

FIGURE 2.2: Pitting potential of high purity binary AlZn al-
loys [25, 27, 28, 30, 31, 33, 34]. The measurement techniques
and electrolytes are summarised in table 2.4.
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TABLE 2.4: Summary of measurement techniques and elec-
trolyte properties for measurement of pitting potential of high
purity binary AlZn alloys found in literature [25, 27, 28, 30, 31,
33, 34] and shown in figure 2.2.

Reference Electrolyte Technique

[25] Syntetic sea water Galvanostatic

[27] 1M NaCl solution,
deareated

Galvanostatic and
potentiostatic

[28] 1M NaCl solution,
deareated, 25 ◦C

Galvanostatic and
potentiodynamic

[30] 1M NaCl, pH = 3, 40 ◦C,
deareated

Potentiodynamic (0.5
mV/s)

[31] 3 wt% NaCl Potentiodynamic (10
mV/s)

[33] 0.5 M NaCl, room
temperature, deareated

Galvanostatic and
potentiodynamic (0.5
mV/s)

[34] 53 g/l NaCl + 3 g/l
H2O2, 25 ◦C -

In AlZn alloys most of the Zn is in solid solution with Al [38]. However, in
commercial alloys, Zn can precipitate in the form of intermetallic particles
MgZn2, Mg2Zn11, Mg3Zn3Al2, Mn3ZnAl24 and Al32Zn49 [38, 39]. In reference
[39] corrosion potential of MgZn2 and Al32Zn49 particles in chloride solution
was measured to be slightly lower than that of the pure Zn.

2.4 Electrochemical and corrosion properties of
AlMn alloys

Addition of Mn to pure Al increases the pitting potential of Al in chloride
solutions by about 50 mV per 1% Mn in solid solution [25, 40]. Most Mn
in AlMn commercial alloys precipitate in the form of the primary Al-rich
phases (Fe,Mn)3Si2Al15 and (Fe,Mn)Al6 intermetallic particles [41]. Since
Fe is significantly more noble than Al and has very little solubility in Al,
it precipitates as cathodic Al3Fe particles, which increase the pitting sus-
ceptibility of the Al matrix [42]. This effect is reduced in AlMn alloys due
to formation of forementioned (Fe,Mn)Al6 and (Fe,Mn)3Si2Al15 particles in
the presence of alloyed Mn and Si. Solid solubility of Mn in Al is reduced
by addition of Fe and Si [41]. By formation of these phases the cathodic
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nature of Fe is reduced by decreasing their nobility closer to the potential
of the matrix [40, 42–44]. During corrosion, Al, as the less noble compo-
nent of the particles, oxidizes preferentially and the corrosion potential of
the particles increases or decreases depending on the ratio of Fe and Mn
concentrations becoming enriched on the surface [42]. It has been shown
that thermo-mechanical processing and heat treatment of AlMn alloys can
lead to high precipitation of Fe-rich intermetallic particles, while the ma-
trix becomes depleted in noble alloying elements [45–47]. As a result, the
difference between potential of the particles and the matrix increases. This
deformed layer becomes more susceptible to corrosion than the substrate
bulk and can lead to filiform corrosion.

2.5 Zn coatings for corrosion protection of Al

2.5.1 Zn and Al-Zn coatings

Papers available in the open literature about Zn coatings for corrosion pro-
tection of aluminium are quite scarce [48–52]. Work on corrosion of 4 μm
thick pure Zn coatings on 3103 Al alloy in 0.1 M NaCl solution [51] and
thermally sprayed pure Zn and ZnAl alloy (with 85 and 98 wt% Zn) coat-
ings on 5086 Al alloy in synthetic sea water [50] claimed that coatings func-
tioned as sacrificial layers and provided galvanic protection of the substrate.
However, the coatings were susceptible to significant general self-corrosion.
Corrosion potential of the coated sample in reference [51] was reduced by
about 200 mV compared to the uncoated sample, and its corrosion rate was
about 10 times higher.

Zn-Mg pigments of 74 wt% and 80 wt% Zn, added to a two-pack epoxy sys-
tem and sprayed on aluminum alloys AA2024 and AA5754 to form coatings
of about 80 μm thickness, were found to provide protection against pitting
in NaCl slolution [52]. The results were similar to that shown in references
[50, 51]. Corrosion potential of the coated samples was lower than for the
uncoated Al alloys, while the self-corrosion rate was higher. The coatings
were able protect the substrate against pitting in salt spray tests up to 3000
hours.

AlZn coatings with 3 and 6 wt% of Zn, deposited by physical vapour depo-
sition on 7075 Al alloy, appeared to dissolve very slowly in the presence of
3.5% NaC1 and thus claimed to suit well for corrosion protection [49]. Cor-
rosion potential of the coated samples was reduced compared to the sub-
strate and was lowest for the Zn concentration of 6 wt%. Corrosion rate
was higher for the coating with 3 wt% Zn than for the coating with 6 wt%
Zn. No explanation was given for this behaviour.

AlZn coatings with even lower Zn concentrations (0.75, 1 and 1.25 wt%)
were applied as cladding on AlMn alloy [48]. Immersion testing in various
public supply waters for 10 – 12 months showed that 1.25 wt% Zn content
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was sufficient for protection against pitting as no pits perforating through
the cladding were formed. No significant difference in the corrosion rates
of the claddings in all of the supplied waters was observed. Corrosion rate
in waters with the highest chloride concentration (35 ppm) was about 50
μm/year. 1 wt% Zn clad showed better performance for the substrate al-
loy with 0.04 wt% Cu compared to the same coating on the substrate alloy
with 0.15 wt% Cu. This result was explained in terms of decrease in the
absolute value of the slope of the cathodic polarisation curve with increas-
ing copper content. This was attributed to higher electrical conductivity of
the surface film. As a result, samples with higher Cu content had higher
corrosion potential compared to the samples with lower Cu content for a
given Zn concentration in the cladding. The potential provided by cladding
with 1 wt% Zn was not sufficient to polarize the substrate with the higher
copper content to the potential sufficiently negative for galvanic protection
against pitting and, therefore, pits penetrating trough the coating were ob-
served. Increasing the Zn concentration in the cladding to 1.25 wt% reduced
the potential of the substrate sufficiently, such that no pits penetrating the
cladding were formed, as already mentioned above. Zn content of 0.75 wt%
in the cladding was not sufficient to lower the potential for protection of the
substrates against pitting and many perforating pits were found on samples
with this cladding.

In references [48–52] the type of protection provided by the Zn-rich coatings
is called galvanic or cathodic. Zn lowers the potential of the Al substrate
into its region of passivity rather than close to its thermodynamic reduction
potential, as for conventional cathodic protection of steel, due to the possi-
bility of cathodic corrosion [53]. The phenomenon of passivity is the base
for anodic protection [54], hence, such protection should perhaps be called
anodic rather than cathodic [55]. In the absence of a clear terminology, the
term "galvanic protection" is also used in this thesis to refer to passivation
of the surface by use of Zn-rich coatings or layers.

2.5.2 Zn-rich layers

In the literature reviewed above, there is no information about formation of
Zn-rich layers by controlled diffusion of Zn coating into the Al substrate by
heat treatment and the effect of such Zn-rich layers formed on the corrosion
resistance of the underlying Al-alloy substrate. However, heat treatment of
Zn coatings on Al, leading to creation of a diffusion layer of Zn, has been
used widely by the industry. Enhancement of corrosion resistance of Al
against pitting by such layers was claimed in patents [56–60]. The depo-
sition method, Zn load, heat treatment parameters and resulting Zn diffu-
sion layer parameters reported in these patents are summarised in table 2.5.
Patents [56–58] describe deposition of Zn via electroless zinc plating, or zin-
cating, while in patents [59, 60] Zn is deposited by thermal spraying. As
can be seen from the table, Zn load and heat treatment parameters and the
properties of the resulting Zn diffusion layer suitable for protection of Al
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against pitting vary widely, and no conclusion about obtaining an optimal
Zn-rich layer can be drawn from these results.

The only scientific work about Zn diffusion layers for protection of Al alloys
against pitting was published by Ikeda [61], who produced these layers by
heat treatment of AlZn alloy clad coating (with 0.37 - 5 wt% Zn) on 3003
Al alloys and subjected these to different corrosion tests. Higher Zn surface
concentrations were reported to lead to higher corrosion rates. Zn surface
concentrations of 1.1 to 2.2 wt% were found to be optimal for protection
against pitting while the optimal depth of the diffusion layer was assigned
to be 50 - 100 μm deeper than the maximum permitted corrosion depth set
for the particular application and length of the protection period. It was sug-
gested that Zn diffusion treatment works in the same way as multicladding,
meaning that lower Zn regions at depths close to the substrate surface are
protected by higher Zn regions closer to the surface.

2.6 Discussion

The reviewed literature on the effect of Zn on corrosion properties of Al al-
loys discusses mostly decrease of pitting potential of Al with increasing Zn
content. The pitting potential should be lowered by addition of Zn sufficient
for protection of Al against pitting in chloride solutions. There is no agree-
ment in the literature on which Zn concentration is suitable for this purpose.
It can be concluded that at least 0.2 wt% Zn is required to suppress pitting
in chloride solutions [29], although, some of the papers report pitting for
alloys with higher Zn concentrations [28]. Significantly high self-corrosion
rate of Zn and the reported increase of corrosion rate with increasing Zn
concentration in AlZn alloys or Zn-rich layers on Al put constrains on the
Zn concentration in the Zn- rich layer. In the presence of chloride, differ-
ence between 1.25 and 1 wt% Zn was found to be important [48]. At the
same time, information about the effect of the alloy type is limited, as most
of the studies were performed with binary alloys. Preferential corrosion of
Zn from AlZn alloys would be expected due to the difference in their corro-
sion potentials in the galvanic series for chloride environments. However,
no results on the effect of dealloying is available.

Effect of AlZn alloy microstructure, especially Zn-enriched interdendritic
regions, can also have impact on corrosion properties of the alloys, as was
suggested in reference [27]. If corrosion is localized only on Zn-rich inter-
dendritic regions, a direct correlation of pitting potential with Zn concen-
tration of the alloy is not feasible. This suggestion can explain invariance of
pitting potential with Zn concentration after reaching a certain concentra-
tion level reported in references [25, 31, 34].

The purpose of the present work is to study the possibility of protection of
AlMn alloys against pitting by Zn-rich layers. The available literature seem
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REFERENCES

to indicate that such protection is possible by presence of Zn at concentra-
tions as low as 1 wt% in the coating or as alloying in the aluminium alloy
substrate itself. One drawback with Zn in the alloy is that its presence ap-
pears to impart a significant self-corrosion rate to the alloy. The cause of this
behaviour does not appear to be clear from the available literature. With this
property in mind, it may be desirable to apply Zn as a coating rather than
alloying it in the Al substrate. The use of plasma arc spraying is probably a
convenient in terms of cost (although a significant amount of Zn is wasted
in the process) and avoiding significant change in the properties of the sub-
strate alloy by undesirable Zn content and thermal exposure. However, the
effect and significance of such high Zn concentration at the surface and fea-
sibility of forming Zn-rich layers near the surface are not well known.

The scientific objective is therefore to improve the understanding of the for-
mation of the layers by plasma arc spraying and subsequent heat treatment
and the mechanisms for the type of protection provided to the Al alloy sub-
strate by such layers in acidified synthetic sea water environment. It is also
of interest to what extent self-corrosion of the layers can be minimized by
optimizing the Zn concentration profile and thickness of the Zn-rich layer
without decreasing the pitting resistance. The existing know-how about
these matters is limited based on the review above, thereby justifying the
stated objectives of this work.
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Chapter 3

Characterization of zinc-rich layers
on aluminium

Abstract

This chapter first gives a detailed presentation of the calibration procedure
for depth profiling of Zn coatings and Zn-rich layers on Al alloys by glow
discharge optical emission spectroscopy (GD-OES). Zn thermal-arc sprayed
coatings on extruded AlMn alloy tubes were subjected to heat treatment at
various temperatures and durations to produce Zn-rich layers which were
subsequently examined by GD-OES, scanning electron microscopy and X-
ray energy dispersive spectroscopy (EDS). The as-sprayed Zn coating was
highly non-uniform. It did not cover the Al surface completely and the
non-uniformity remained after heat treatment. At the same time, increasing
amounts of the constituent elements Fe, Mn, Si and Mg of the Al alloy sub-
strate became incorporated into the layer. GD-OES was found to be a useful
technique to characterize Zn-rich layers on Al despite the high difference in
sputtering rates of Al and Zn. It was faster and enabled higher depth resolu-
tion and analytical sensitivity than EDS. However, its lateral resolution was
large (4 mm) in relation to EDS, limiting its use to obtain laterally averaged
depth profiles.

3.1 Introduction

Zn-rich layers on Al alloys are widely used for protection against pitting
corrosion [1–6]. Nevertheless, the influence of the Zn concentration pro-
file in depth and layer thickness on the corrosion properties have not been
studied thoroughly. Zn composition profiling can be done by X-ray energy
dispersive spectroscopy (EDS) via line scans of layer cross sections. How-
ever, the depth and spatial resolution obtainable by this method is of the
order of several micrometers due to the volume of X-ray production which
depends on the accelerating voltage of the incident beam and the type of
material investigated [7]. The analytical sensitivity and detection limit are
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quite poor. This is also a time consuming method. Glow discharge opti-
cal emission spectroscopy (GD-OES) is a widely used and rapid method
for depth profiling of solid materials and coatings. In GD-OES the sam-
ple is sputtered by ionised Ar atoms leading to migration of sample atoms
into the negative glow region. Here they are excited by Ar ions and elec-
trons and subsequently become de-excited emitting light with characteristic
wavelength. The light is analysed by an optical spectrometer and recorded
by photomultipliers. As these processes are separated, GD-OES is consid-
ered to be free of matrix effects. The depth resolution in GD-OES can be as
low as several nanometers. It has high analytical sensitivity allowing detec-
tion of concentrations as low as few ppm [8]. However, GD-OES is a com-
parative technique, which requires careful calibration to be able to produce
quantitative results with such sensitivity.

The Al-Zn system is particularly difficult to calibrate due to a large differ-
ence in the sputtering rates of Al and Zn [8]. Such calibration requires a set
of AlZn alloys covering the full 0-100 wt% concentration range. Moreover,
the large difference in the sputtering rates of Al and Zn makes it impossible
to interpret qualitative data without calibration.

The measured intensity of an element i depends on the rate at which this
element is removed from the surface (elemental sputtering rate qi), photon
emission, and their detection processes. The elemental sputtering rate de-
pends on the overall sputtering rate of the sample q (grams per second) and
elemental mass fraction ωi (weight percent)

qi = ωiq (3.1)

The measured intensity is

Ii = kiRiSiωiq + bi (3.2)

where ki is instrumental detection efficiency, Ri is the emission yield, Si is
correction for self-absorption, and bi is the background signal [8]. The terms
ki, q and bi are determined by each given set of plasma conditions, which
in turn are defined by pressure and power. The term bi moreover consists
of several components including matrix components which vary with sput-
tering rate [9]. Nevertheless, bi, Ri and Si are assumed to be constant for
a given element and plasma conditions, such that the relationship between
Ii and qi becomes linear, and equation 3.2 represents a linear analytical cal-
ibration equation. However, composition, ωi, and the sputtering rate, q, of
the standards must be known in order to implement the calibration.

Sputtering rate and emission process are directly dependent on the plasma
conditions, determined by the Ar discharge power and pressure in the re-
action chamber, which need to be adjusted individually for every material.
The sputtering rate should be optimal to sustain both good depth resolution
and rapid measurement, and to eliminate heating of the sample. Pressure
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influences the emission yield, the sputtering rate to a less extend than the
power, and the shape of the crater formed on the sample, which is an im-
portant factor in obtaining high depth resolution.

The theory of relative sputtering rates [10] is commonly used to simplify
the calibration process. Relative sputtering rate is the sputtering rate of a
standard divided by the sputtering rate of a reference sample, usually pure
iron, at the same plasma conditions. Relative sputtering rates are assumed
to be independent of plasma conditions. Therefore, once measured for a
standard, the value can be used for calibration at different plasma condi-
tions. This also gives the possibility to compare sputtering rates of elements
and standards independent of the plasma conditions. The sputtering rate
measurements are unfortunately the largest source of error, usually error of
10-15%, in the calibration for compositional depth profiling [8]. This may in-
troduce additional scatter in the calibration curves and errors during quan-
tification, especially for the elements with low concentrations.

Quantification procedure in GD-OES involves estimation of the sputtering
rate of the sample at each measurement point by using the analytical cali-
bration curves for all elements,

q =
∑
i

(Ii − bi)/(kiRiSi) (3.3)

and then calculation of the concentration for each element,

ωi = (Ii − bi)/(kiRiSiq) (3.4)

where the parameters q and ωi now apply to the sputtering rate of the actual
sample and the composition of species i in the sample.

There is very little literature available on GD-OES calibration of the AlZn
system. Calibration for AlZn commercial alloys reported in reference [11]
for the whole concentration range is based on the assumption that the con-
centrations of Al and Zn sum up to 100% for the whole concentration range.
It results in errors in the presence of additional alloying elements and does
not allow calibration for oxygen. The sputtering rate was not measured.
It was estimated from data in reference [12], assuming essentially that it is
equal to the sputtering rate of pure AlZn system. Reference [13] describes
calibration of ZnAl alloys with Al concentration range restricted to 9.3 wt%,
and calibration for only two minor alloying elements was done.

The purpose of the present work is to perform surface characterization and
elemental depth profiling of Zn-rich layers on Al alloy substrates, obtained
by application of a Zn coating followed by heat treatment at different tem-
peratures and durations. The Al substrates were AlMn multi-port extruded
(MPE) tubes for heat-exchange application, provided by Sapa AS. Methods
of GD-OES calibration of AlZn system described in reference [13] is not suit-
able for the present work because it does not cover the entire concentration
range of Zn and Al (0-100 wt%) which is needed to examine Zn coatings
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and Zn-rich layers on Al. Calibration procedure described in reference [11]
is not too clear. It gives rise to significant errors related to the assumptions
made, and it does not include calibration for oxygen, which is essential for
the present work in view of the fact that oxide layers form as a result of
application of the Zn coating and subsequent heat treatment.

The calibration of the GD-OES spectrometer described here allows for Al
and Zn in the full concentration range along with calibration for other al-
loying and trace elements which may be present. The calibration is based
on the requirement that concentrations of all elements add up to 100%. Cal-
ibration curves are based on equation 3.2 and quantification is based on
equations 3.3 and 3.4, according to the software provided by the instrument
producer. This procedure allows calibration of oxygen signal and more ac-
curate calibration of the relevant alloying elements.

Elemental analysis of the Zn coating and Zn-rich layers was performed
also by EDS, and surface morphology was studied by scanning electron mi-
croscopy (SEM). The data were used for further studies of corrosion prop-
erties of such surfaces in the following chapters.

3.2 Experimental

3.2.1 Materials

Standards for GD-OES calibration. Model binary AlZn alloys were cast
from metals with 99.99% purity. The targeted Zn content in the alloys was
7, 25, 50, 70 and 95 wt%. These alloys are designated in this work as AlZn7,
AlZn25, AlZn50, AlZn70 and AlZn95, respectively. Three samples of 1x1cm2

size were cut from different locations of each alloy, embedded in epoxy,
ground with SiC paper and polished with diamond paste to 1 μm rough-
ness for verification of their composition by EDS, as described in Section
3.2.3 below.

In addition to 5 model alloys described above, 16 standards, obtained from
various sources, were used in the GD-OES calibration. Compositions of
these standards were provided by the supplier. Al alloy standards, shown
in table 3.1, were selected to cover the concentration ranges of the alloy-
ing elements obtained in the depth profiles of the coated AlMn MPE sub-
strates after heat treatment. The alloys designated as Alloy 1-6 in table 3.1
were the uncoated MPE Al tubes supplied by Sapa AS. Their composition
was measured at Sapa AS by use of spark optical emission spectroscopy
(Spark OES). These data were also used as part of the data base for GD-
OES calibration. The certified standards AA8112, 7075AF, 2007AA, 2011AC
and 5454AC were supplied by Alcan, and SQ-10WP was supplied by Alcoa.
The standard designated as RA18/118 was supplied by SUS Ulrich Nell,
Germany. Its composition given in table 3.1 is not certified. Such standards
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are recommended by Horiba-Yvon for periodic drift correction of the spec-
trometer. Composition of RA18/118 was verified by EDS within the accept-
able error range of 5% for major elements and 10-30% for minor elements.
It was used in the calibration to cover small Zn concentration ranges.

The ceramic standard CE650, supplied by AB Sandvik Coromant, was used
for calibration of the oxygen signal. Low alloyed steel standard 1766-NBS
from NIST was used as a reference standard. All measured sputtering rates
were divided by the sputtering rate of 1766-NBS to calculate relative sput-
tering rates. The compositions of these additional standards are shown in
table 3.2. Al and Zn samples with 99.99% purity were also used in the cali-
bration process. They are designated in this work as Al99 and Zn99, respec-
tively. All standards were ground with 1000 SiC paper except the standard
CE650, which was ground with a 320 diamond disc. The MPE tube sam-
ples used in the calibration were only degreased with acetone followed by
rinsing in ethanol.

TABLE 3.2: Composition of additional standards.

Standard Chemical composition (wt%)

CE650 Al Ti O N C W

38 22 34 0.27 4.9 0.4

1766-NBS Fe Mn Al Si Ni Cu C Cr

99.8 0.067 0.012 0.01 0.021 0.015 0.015 0.024

Zn coated AlMn tube samples. The coated MPE tube substrates were pro-
vided by Sapa AS. Composition of the substrate alloy, measured by Spark
OES, is shown in table 3.3, both in mass fraction and mass concentration.
The Zn coating was applied by thermal arc spraying immediately after ex-
trusion. Typical Zn load on the surface, determined by X-ray fluorescence
(XRF) spectrometer (CMI 900 from Oxford Instruments) was 8.0 ± 0.2 g/m2.
The tubes were cut, rinsed in distilled water, acetone and ethanol and sub-
sequently heat treated for 1, 2, 3, 4 and 5 hours at 350, 390 and 430 ◦C to
obtain Zn-rich layers with varying thickness and Zn concentration profiles
on the surface of the AlMn substrate. Weight of the Zn coated tubes per
area was 124.15 ± 0.11 mg/cm2, based on weight and size measurements of
50 tube samples, including those which were heat-treated. Heat-treatment
temperatures were selected based on values of practical significance.

The following procedure was used to produce Zn-rich layers with lower
Zn loads than that possible to obtain by thermal-arc spraying. The sprayed
Zn layer was thinned by use of standard hot chromic-phosphoric acid so-
lution, conventionally used to remove anodized oxides and corrosion prod-
ucts from Al alloys according to ASTM G1. One liter solution consisted of a
mixture of 50 ml phosphoric acid, 20 g chromium trioxide and distilled wa-
ter. This solution does not attack aluminium. The Zn coated tube samples
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TABLE 3.3: Composition of the substrate alloy.

Element Al Zn Mn Fe Si

Content (wt%) 98.92 0.005 0.72 0.21 0.09

Content (g/cm3) 2.685 0.0001 0.02 0.006 0.002

Element Mg Ni Cu Cr Pb

Content (wt%) 0.019 0.003 0.001 0.0004 0.0006

Content (g/cm3) 0.0005 0.00008 0.00003 0.00001 0.00002

were immersed in the solution heated to 90 ◦C for 10 minutes and subse-
quently thoroughly rinsed in tap and distilled water and dried. The weight
loss per area was measured as 0.53 ± 0.07 mg/cm2 based on 11 samples.
The Zn load on such samples was estimated as 2.7 ± 0.7 g/m2, with the
assumption that the underlying Al-alloy substrate was not attacked signifi-
cantly by the solution. The remaining estimated Zn weight is approximately
35% of the original Zn load (8 ± 0.2 g/m2). The samples with Zn load of 8
g/m2 and 2.7 g/m2 will be designated in this work as samples with high Zn
load and low Zn load, respectively. MPE tubes with low Zn load were heat
treated for 4 hours at 430, 470 and 510 ◦C.

3.2.2 GD-OES calibration procedure.

The GD-OES instrument used was a RF glow discharge optical emission
spectrometer GD-PROFILER 2 with a 4 mm anode supplied by HORIBA
Jobin Yvon. The plasma parameters power and pressure were adjusted to
32 W and 600 Pa, respectively, to produce flat craters on the Zn-rich layers.
These settings were used for the calibration and further characterization.
The flatness of the crater bottoms was checked by a profilometer (mobile
surface measuring unit Mar-Surf M400 supplied by Mahr).

Density ρ of the standards was calculated based on the composition of the
alloys and the densities of the pure elements ρi using the constant volume
approach [14]

1

ρ
=
∑
i

ωi

ρi
(3.5)

which was shown to work very satisfactorily for AlZn alloys. This assump-
tion is not accurate for oxides, nitrides and carbides because their atomic
volume is reduced due to strong covalent bonding. The empirical method
used, and claimed to work well, for calculating the density of the ceramic
standard is described in Reference [15]. It is assumed that the material con-
sists of a mixture of pure elements and their compounds, each with known
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(experimentally measured) density. If the nature of compounds are not
known a priori, it is assumed that these compounds are likely to form in
the order of increasing electronegativity of their elemental components. For
standard CE 650, these are TiO2, Al2O3, AlN and Al4C3. A mass balance is
performed in the following manner. The concentration of the compounds
is calculated as a sum of concentrations of the elements required to form
this compound according to the stated stoichiometries. The elements which
remain free (part of Al and all W in the standard CE 650) are included in
the density estimation in their elemental forms. The rest of the elements
(part of Al and all W) are considered to be in pure forms. The density is
then calculated by use of Equation 3.6, which includes one term on the right
for selected compounds and the second one for the remaining free elements
with respective calculated concentrations and measured densities.

1

ρ
=
∑
i

ω′
i

ρ′i
+
∑
i

ω′′
i

ρ′′i
(3.6)

where ω′
i and ρ′i are the concentration of the metal component i and its den-

sity, and ω′′
i and ρ′′i are the concentration of the compound i and its den-

sity, respectively. The required database and the algorithm for the foregoing
evaluation are included in the instrument software.

The spectral lines used (available in the GD-OES polychromator) for the
measurement of the main elements of interest are shown in table 3.4. The
calibration procedure consisted of 40 s continuous measurement at 3 dif-
ferent locations on each standard. The measured intensities at each loca-
tion were then averaged over 10 s sequential intervals and the average of
these numbers was calculated. This is a standard procedure for estimation
of variations due to noise, short-term stability of the instrument, inhomo-
geneity of the standards and variations of the distance between the anode
and the sample [8]. After the measurement was done, for each element to
be calibrated, standards were chosen considering the elements of interest
and their targeted concentration range in the actual Zn coated MPE tube
samples. Calibration plots were constructed in the form of product of con-
centration and relative sputtering rate versus intensity for every element.
Points in the plot with concentrations exceeding twice or more of the high-
est value for a given element expected in the Zn coated MPE tubes, were
excluded from the calibration data. Weighted residuals in the form of aver-
age difference between the measured values and the values estimated from
the calibration curve divided by the standard deviation of this difference at
every point, were calculated. Points on the calibration curve, with weighted
residuals being ±2.5 or higher, were also omitted.
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TABLE 3.4: Spectral lines used for measurement of elements
of interest.

Element Al Zn Mn Fe Si Mg

Line (nm) 396.152 481.053 403.448 371.994 288.158 285.213

3.2.3 Surface morphology and elemental analysis

Surface characterisation of the model AlZn binary alloys and Zn coated
AlMn samples (MPE tubes) was performed by Hitachi S-3400N thermionic
emission gun SEM equipped with EDS capability supplied by Oxford In-
struments. EDS measurements were performed on 1x0.75 mm2 areas at se-
lected positions on the specimens at an accelerating voltage of 20 kV . Com-
position of the AlZn alloys was obtained by averaging several such mea-
surements performed on each of three replicate samples cut from the same
alloy. Similar procedure was used for Zn coated Al tube samples. The lo-
cations of analysis on each sample included areas close to the tube edges to
obtain an idea about the uniformity of the Zn-rich layer, as shown in figure
3.1.

FIGURE 3.1: MPE Al tube with typical locations of analysis by
EDS (blue rectangles, size is enlarged) and GD-OES (craters in
the centre of the tube).

Cross-sections of selected samples were also studied by SEM to investigate
further non-uniformity of the Zn rich layers. The samples were cut from
MPE tubes and embedded in epoxy. Active oxide polishing to 0.04 μm
roughness was performed. Analysis was performed by use of a high res-
olution FEG-SEM XL30S equipped with INCA-Energy EDS.

Elemental profiles of Zn coated Al samples were obtained by GD-OES us-
ing the calibration procedure described above. All such measurements were
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made on locations picked close to the centerline of the flat surfaces along
the extrusion direction of the tubes, as shown in figure 3.1. At least one
measurement was made on the opposite surface of the sample in order to
take into account nonuniform Zn distribution. All profiles from different
locations on the same sample were statistically smoothed out and averaged,
and the curves presented in the next section are based on the average values.
Errors were estimated based on relative standard deviations of the concen-
tration due to experimental noise and variations at location of measurement
on the sample. Zn coating weight per unit area was calculated by integrat-
ing the mass concentration profile of Zn with respect to depth.

GD-OES analysis was performed also on uncoated Al MPE tube sample
with known composition, which was designated as Alloy 1 in table 3.1.

3.3 Results

3.3.1 Composition and dendritic structure of AlZn standard
alloys

Polished surfaces of alloys AlZn7, AlZn25 and AlZn50 are characterized by
large Al-rich dendrites and Zn-rich interdendritic regions (probably coring)
as shown in figures 3.2a, b and c, respectively. The average cell size was
approximately 150 μm for alloy AlZn7. Dendrite size decreased with in-
creasing Zn content. Dendritic structure of alloys AlZn50 (Figure 3.2c) and
AlZn70 (Figure 3.2d) was similar to that on alloy AlZn25 (Figure 3.2b). Al-
loys AlZn50 and AlZn70 showed in addition eutectoid and eutectic phases,
respectively, in the interdendritic region. AlZn95 was an eutectic alloy with
a lamellar structure, as indicated in figure 3.2e. Composition of the AlZn
alloys obtained by EDS analysis is presented in table 3.5.

TABLE 3.5: Zn concentration of the AlZn binary alloys.

Alloy AlZn7 AlZn25 AlZn50 AlZn70 AlZn95

Content (wt%) 6.8±0.5 26.4±1.8 49±1.5 71.6±2.4 94.5±0.8
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FIGURE 3.2: Backscattered SEM images of the AlZn binary
alloys a) AlZn7, b) AlZn 25, c) AlZn50, d) AlZn70, and e)
AlZn95. Al-rich dendrites (marked as A), Zn-rich interden-
dritic regions (B), eutectictoid phase (C) and eutectic phase (D)
are observed.
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3.3.2 GD-OES calibration for AlZn system

Density, measured sputtering rate and relative sputtering rate of the stan-
dards are shown in table 3.6. Sputtering rate measurements were within
3-7% error. Sputtering rate as a function of Zn concentration in the AlZn
alloys is shown in figure 3.3. The result demonstrates the large differences
between the sputtering rates of aluminium and zinc and their alloys. The
sputtering rate increases significantly above 50 wt% Zn in the alloy. The
calibration data for high Zn concentration are thus highly important for ac-
curate characterisation of the initially high Zn concentration of the coating
on the AlMn substrate before any heat treatment is applied.

TABLE 3.6: Densities and sputtering rates of the standards
measured with applied power of 32 W and Ar pressure of 600
Pa.

Standard
Density
(g/cm3)

Sputtering rate
(μm/min)

Relative
sputtering rate

AlZn7 2.818 3.1 0.32
AlZn25 3.228 3.8 0.46
AlZn50 3.880 5.3 0.78
AlZn70 4.861 7.7 1.4
AlZn95 6.542 12.4 3.03
Alloy1 2.714 2.9 0.3
Alloy2 2.715 2.9 0.3
Alloy3 2.716 2.9 0.3
Alloy4 2.713 2.9 0.3
Alloy5 2.707 2.8 0.28
Alloy6 2.711 2.9 0.3
AA8112 2.718 3.2 0.33
7075AF 2.801 4.0 0.42
2007AA 2.820 4.1 0.44
2011AC 2.838 4.2 0.45
5454AC 2.675 3.4 0.34
SQ-10WP 2.698 2.9 0.3
RA18/118 2.874 - 0.49
CE650 3.719 1.3 0.18
1766-NBS 7.863 3.4 1
Al99 2.698 2.8 0.28
Zn99 7.13 22.1 5.89

Two calibration curves were obtained for Zn. The first one shown in 3.4a
was fitted to a second degree polynomial and can be used for Zn concen-
trations up to 100 wt%. The intensity increases significantly after reach-
ing 50 wt% Zn. For low intensities, the calibration data can be fitted to a
straight line, as shown in figure 3.4b. It is expected to give higher accuracy
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FIGURE 3.3: Sputtering rate as a function of Zn concetration
in AlZn binary alloys.

in analysing Zn concentrations below 50 wt%, and it is needed particularly
for characterising lower Zn concentration layers formed by heat treatment.
The coefficient of determination, R2, is 0.937 and 0.998 for the calibration
curve for Zn concentrations up to 100 wt% and up to 50 wt%, respectively.
Higher accuracy in the calibration of Zn composition is expected to improve
the accuracy in the calibration of minor alloying elements, as explained in
Section 3.1.

Among the standards used, Alloy5 with Zn concentration of 0.19 wt% gave
the lowest detectable signal for Zn above the background level. The de-
tection limit was estimated as 0.12 wt% based on the formula 3

√
2SD [16],

where SD is the standard deviation in the measurements made on the Zn-
free standard SQ-10WP.

The calibration data for the main alloying elements in the AlMn substrate
are shown in figure 3.5. These were fitted to straight lines by least-squares
regression analysis in the concentration ranges of interest for the elements
Mn, Fe and Si, as shown in figure 3.5a, b and c, respectively. Similar analysis
of the data for Mg required fitting to a 2nd degree polynomial (figure 3.5d).
The reason must be that the 285.213 nm Mg spectral line is a resonance line
with a high self-absorption coefficient [8]. The data for Mn and Fe (figure
3.5a and b) showed satisfactory fits to straight lines, while the data for Si
(figure 3.5c) gave appreciable scatter. This is probably related to the low
sensitivity factor of the spectral line for Si [17] . The errors introduced by
sputtering rate measurements become more critical on Si calibration curve,
as discussed in Section 3.1.
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FIGURE 3.4: Calibration curves for Zn with concentration up
to a) 100 wt%, b) 50 wt%
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FIGURE 3.5: Calibration curves for a) Mn, b) Fe, c) Si, d) Mg
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3.3.3 Zn concentration profiles on coated AlMn substrate

Figures 3.6a-c show depth profiles for Zn on AlMn alloy MPE tubes, which
were originally coated with 8 g/m2 of Zn (high Zn load) and then sub-
jected to heat treatment at 350◦C (3.6a), 390◦C (3.6b) and 430 ◦C (3.6c) for
selected durations. The profile for the as-coated sample (no heat treatment)
is also included in all figures. Zn concentration at the surface of the as-
coated sample was about 5 g/cm3 (90 wt%), i.e., less than the expected 7.14
g/cm3 (100 wt%), presumably due to the nonuniformity of the thermal-arc
sprayed coating. This nonuniformity was indicated also by unexpected high
Zn concentration on the outermost surface of the heat treated samples. It
was caused by nearly pure zinc islands still remaining on the surface after
annealing. Zn concentration profile of as-coated sample decreased mono-
tonically from the surface to 0.2 g/cm3 (10 wt%) at a distance of 5 μm from
the surface, and it dropped below the detection limit of 0.0035 g/cm3 (0.12
wt%) for Zn estimated above, at a distance of 9.6 μm.

With increasing temperature or time of heat treatment, Zn concentration
on the outermost surface decreased, and the depth of the Zn-rich layer in-
creased. The surface concentration ρs and concentration at the distance of 1
μm from the surface ρ1μm are summarized in table 3.7. The layer thickness
L, also reported in table 3.7, was assumed to be the depth at which Zn con-
centration dropped to 0.0081 g/cm3 (0.3 wt%), a value selected to be slightly
larger than the detection limit 0.12 wt% for Zn. In cases where Zn concentra-
tion did not reach this value during the duration of GD-OES measurement,
the maximum depth measured is shown. The total weight of zinc WZn in
the layer was calculated by integration of the Zn mass concentration profile
with respect to depth and reported in table 3.7. The average total weight of
Zn in the heat treated samples was 8.5 ± 0.4 g/m2, which agrees well with
the value for the weight of sprayed Zn in the original coating obtained by
XRF (8 ± 0.2 g/m2).

GD-OES depth profiles of Zn coated MPE tubes with Zn load of 2.7 g/m2

(low Zn load) are shown in figure 3.6d. Zn concentration at the surface ρs
and at the distance of 1 μm from the surface ρ1μm are also reported in ta-
ble 3.7. Zn concentration of the sample without heat treatment was about
0.3 g/cm3 (13 wt%) at the very surface and increased to a maximum of
about 1.1 g/cm3 (32 wt%) at a distance of 0.6 μm. This shows that all metal-
lic Zn was removed from the outermost surface by immersion in chromic-
phosphoric acid, such that only Zn alloyed with Al remained. Zn concen-
tration dropped to the detection limit of 0.12 wt% at 8.3 μm. This implies
that the thickness of the high-load Zn coating was reduced by about 1 μm
in obtaining the low-load layer by chromic-phosphoric acid treatment. Sub-
sequent heat treatment lead to significantly lower Zn concentrations on the
surface of the samples, ranging from 0.08 to 0.03 g/cm3 (3 to 1.2 wt%), while
the penetration of Zn into the substrate became significantly large, as ex-
pected. In fact, some of the layers became too thick to be effectively detected
by GD-OES.

38



Chapter 3. Characterization of zinc-rich layers on aluminium

39



Chapter 3. Characterization of zinc-rich layers on aluminium

FIGURE 3.6: Effect of heat treatment on Zn concentration pro-
files of Zn coated AlMn alloy samples with Zn load of 8 g/m2,
heat treated for selected durations at a) 350 ◦C, b) 390 ◦C, c)
430 ◦C, and d) Zn load of 2.7 g/m2, heat treated for 4 hours at
selected temperatures. Curves for untreated samples (No HT)
are included.
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TABLE 3.7: Zn-rich layer thickness L, Zn coating weight WZn,
Zn surface concentration ρs and concentration at the distance
of 1 μm from the surface ρ1μm, estimated by analysis of Zn
depth profiles obtained by heat treatment of Zn coated AlMn
alloy samples.

Zn load
(g/m2)

Heat
treatment

L (μm)
WZn

(g/m2)
ρs
(g/cm3)

ρ1μm
(g/cm3)

8 ± 0.2

No HT 7.5 5.14 2.27
350 ◦C 2h 33.5 8.6 1.24 0.92
350 ◦C 3h >36 8.4 1.93 0.74
350 ◦C 4h >36 8.9 1.55 0.71
350 ◦C 5h 44.4 8.0 1.31 0.56
390 ◦C 1h 34.3 8.9 0.85 0.68
390 ◦C 2h 42.2 8.7 0.64 0.49
390 ◦C 3h 52.6 9.2 0.67 0.42
390 ◦C 5h 58.7 8.3 0.60 0.32
430 ◦C 1h 44.8 8.0 0.88 0.41
430 ◦C 2h 59.0 8.6 1.19 0.31
430 ◦C 3h >66 7.9 0.56 0.25
430 ◦C 4h 80.9 8.4 0.50 0.21

2.7 ± 0.7

No HT 3.1 1.08 1.02
430 ◦C 4h 67.9 3.2 0.08 0.08
470 ◦C 4h >76.1 2.8 0.09 0.05
510 ◦C 4h >75.5 2.2 0.08 0.03

The total Zn weight in low Zn load samples, calculated by integration of the
Zn mass concentration profiles with respect to depth, is also shown in table
3.7. The total weight of Zn in the sample without heat treatment and the
sample heat treated at 430 ◦C for 4 hours was around 35% of the average
Zn coating weight calculated for the heat treated samples with the high Zn
load. This agrees well with the data obtained by XRF analysis for high Zn-
load samples (8 g/m2) and weighing of the low Zn-load samples (2.7 g/m2).
Lack of data on layer thickness and lower Zn coating weight for samples
heat treated at 470 and 510 ◦C for 4 hours is due to the interruption of the
measurements too early (at Zn concentration of 0.0136 and 0.0232 g/cm3

(0.5 and 0.85 wt%), respectively).

The estimated average error in GD-OES measurements for Zn was 18%. The
error varied in a profile with a trend to increase with decreasing concentra-
tion of the element, for example, from 3% to 70% in one of the profiles. This
is illustrated in figure 3.7 which shows Zn concentration profiles for some
of the samples with error bars at selected points along the curves.
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FIGURE 3.7: Selected Zn concentration profiles of Zn coated
and heat treated AlMn MPE tubes with high Zn load with er-
ror bars indicated at selected points.

3.3.4 Profiles for alloying elements and oxygen

Uncoated samples. Depth profiles of Al, O, Mn, Fe, Si and Mg of Alloy1
(Al MPE tube) are shown in figure 3.8 for the purpose of comparison with
the profiles of the same elements on Zn coated MPE tubes although sur-
face roughness will probably not allow a straightforward comparison. The
GD-OES profiles, averaged over the analysis area of 4 mm in diameter, are
expected to become more evenly distributed in depth than a similar profile
over a smaller area. This means that a layer with high concentration gra-
dient and small thickness can appear in a GD-OES profile as a layer with
lower concentration gradient spread over a larger depth. Nevertheless it
appears from figure 3.8 and figures 3.9b and 3.10b discussed below, that the
as extruded Al tube was more oxidized than the coated sample with both
Zn loads. Unexpectedly high enrichment of Fe (0.03 g/cm3) and Cr (0.002
g/cm3 ) was observed relative to their bulk values, which are reported in
terms of mass concentration in table 3.8. The enrichment is attributed to the
contamination from the extrusion dye. Mg and Si were also enriched at the
surface relative to their respective bulk values while Mn concentration level
was smaller at the surface than in the bulk. Enrichment of Mg is expected
to be in the form of an oxide, resulting from thermomechanical processing
of the tube, as expected for Mg containing Al alloys [18, 19].

Substrate alloy. Bulk composition of the AlMn alloy substrate measured
by GD-OES, after the Zn coating has been sputtered, is compared to the as-
received alloy composition measured by SPARK OES in table 3.9, together
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FIGURE 3.8: GD-OES depth profiles for Alloy1.

with the percent deviation between the values obtained by the two mea-
surements. Quantification of the GD-OES data was performed using two
different calibration curves for Zn, given in figures 3.4a and b designated
as Cal1 and Cal2, respectively. The error was estimated based on GD-OES
measurement error and deviation between locations of analysis. Zn concen-
tration in the sample measured by Spark OES is much lower than the detec-
tion limit of Zn in the GD-OES calibration obtained, which is 0.12 wt%. Zn
concentration measured by GD-OES was an order of magnitude higher than
the one measured by Spark OES. Although GD-OES is considered a more
accurate technique, in this case the value obtained by Spark OES was more
reliable. Zn concentration obtained by GD-OES with Cal2 was 30% less than
the one obtained with Cal1. Quantification is based on the condition that all
concentrations add up to 100 wt%. As Zn concentration was calculated to
be one magnitude higher than expected, all concentrations of the alloying
elements were affected. This result was confirmed by the results for the el-
ements other than Zn in table 3.9. All concentrations measured by GD-OES
were smaller than the values obtained by Spark OES, the values obtained

TABLE 3.8: Composition of Alloy1 in g/cm3.

Element Al Zn Mn Fe Si

Content (g/cm3) 2.685 0.0005 0.019 0.005 0.003

Element Mg Ni Cu Cr Pb

Content (g/cm3) 0.0003 0.00008 0 0.0003 0.00002
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using Cal2 being closer. This implies that the calibration curve for Zn con-
centration up to only 50 wt% gives better accuracy for the alloying elements.
The deviation for Mn and Fe obtained by GD-OES with Cal2 compared to
Spark OES results were quite small, while it was higher for Mg and Si. The
reasons of poor accuracy of Si due to calibration were noted in section 3.3.2.
Moderate error for Mg can be attributed to the fact that the bulk value of
of Mg is close to the detection limit of Mg. The results obtained with Cal2
in mass fraction were also calculated in mass concentration (g/cm3) and re-
ported in table 3.9.

TABLE 3.9: Comparison of the bulk composition of the sub-
strate alloy measured by Spark OES (ωSparkOES) and GD-OES
(ωGD−OES and ρGD−OES) for mass fraction and mass concen-
tration, respectively).

Elt
ωSparkOES

(wt%)
ωGD−OES

(wt%)
Deviation
(%)

ρGD−OES

(g/cm3)

Cal1 Mn 0.72 0.65±0.02 10
Fe 0.21 0.19 ±0.01 11
Si 0.09 0.068 ±0.005 24
Mg 0.019 0.015 ±0.002 18
Zn 0.005 0.085 ±0.089 large

Cal2 Mn 0.72 0.69±0.02 4 0.019±0.0005
Fe 0.21 0.20 ±0.01 6 0.005±0.0003
Si 0.09 0.072 ±0.006 20 0.002±0.0002
Mg 0.019 0.016 ±0.002 13 0.0004±0.00005
Zn 0.005 0.062 ±0.069 large 0.0017±0.0019

High Zn load. GD-OES depth profiles of aluminium, oxygen and alloying
elements for samples with high Zn load (8 ± 0.2 g/m2) before and after
heat treatment at various conditions are shown in figure 3.9. Aluminium
profiles (figure 3.9a) showed smooth increase of Al concentration with in-
creasing depth, as expected. For the non-heat-treated sample in figure 3.9a,
aluminium concentration at the very surface of the Zn coating was appre-
ciable at about 0.7 g/cm3 (10 wt%), showing incomplete coverage by Zn, as
discussed further in Section 3.3.5. The Al concentration at the coating sur-
face increased with increasing heat-treatment temperature and time due to
inward diffusion of Zn from the coating into the AlMn alloy substrate, as
expected.

The profiles of the other elements reached their maximum plateaus as they
attained their bulk values in the AlMn alloy substrate. The distance from the
surface at which this occurs corresponded to the thickness of the Zn-rich
layer. The thickness of the layer increased with increasing heat-treatment
temperature and time, as expected.
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FIGURE 3.9: Effect of heat treatment on concentration profiles
of a) Al, b) O, c) Mn, d) Fe, e) Si, f) Mg of samples with Zn load
of 8 g/m2
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The changes observed in the oxygen concentration in figure 3.9b occured
in the direction opposite to the changes in Al profile with the exception for
the sample heat treated for 4 hours at 430 ◦C. Interpretation of these are not
as straightforward as it is for the Al profile because of irreproducible vari-
ations in O2 penetration into a rough and porous surface and its formation
of different and mixed oxides with zinc and the alloying elements, as well
as with Al. Since even small leakages unavoidable on such a rough surface
can lead to appreciable error in the oxygen signal, typical (rather than av-
eraged) oxygen profiles are presented. Therefore, the observed trend may
arise from the variations on the surface and errors introduced by leakages
into the chamber rather than due to heat treatment.

Mn (figure 3.9c) was present at the coating surface of the non-heat-treated
sample and its concentration increased with depth until it reached its bulk
value at the depth of 7 μm. The presence of Mn at the surface and in the Zn
coating can be explained by incomplete coverage of the surface by the Zn
coating. During heat treatment Mn diffused to the surface along with Al,
but its concentration remained below its level in the substrate bulk.

Fe (figure 3.9d) profiles differed from Mn due to the presence of a maxi-
mum peak, appearing at about 0.7 μm depth from the surface for the non-
heat-treated sample. After this maximum, Fe concentration profiles went
through minima at about 3.5 μm depth and then increased to their bulk
level at about 7 μm. The distance of the minimum from the surface was not
affected by the heat-treatment conditions. Fe concentration near the sur-
face increased by heat treatment from non-heat-treated to 2 hours treatment
at 350 ◦C condition. It was not affected by further increase in the degree
of heat treatment in the temperature and time ranges of interest. The maxi-
mum concentration was larger than the bulk value for Fe for all the samples.
The maximum moved closer to the surface to a depth of about 0.35 μm by
heat treatment.

Si concentration of the non-heat-treated sample (figure 3.9e) increased from
a small value at the surface to the bulk level at the distance of about 7 μm
from the surface. Heat treatment caused increase in the Si concentration
near the surface. Most of the increase relative to the non-heat-treated case
occurred already by the mildest case of heat treatment for 2 hours at 350 ◦C.
Increasing level of heat treatment conditions gave minor increase, as for the
other elements. All curves exhibited shallow minima in the range 0.1 – 1
μm away from the surface, followed by maxima for most of the curves at a
depth of about 10 μm from the surface.

Mg (figure 3.9f) was enriched at the surface of the non-heat-treated sample
and showed a minimum at about 2.5 μm from the surface. After the min-
imum, Mg concentration profile increased gradually and reached its bulk
value at about 7 μm. Heat treatment lead to higher enrichment of Mg up to
0.04 g/cm3 (1.2 wt%) after heat treatment for 4 hours at 430 ◦C. Concentra-
tion minima moved deeper to about 5-6 μm from the non-heat-treated con-
dition to the mildest level of heat treatment similar to the other elements.
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The minima were not much affected by further increase in the heat treat-
ment conditions.

Low Zn load. GD-OES depth profiles of aluminium, oxygen and alloying
elements for the samples with low Zn load (2.7 g/m2) are shown in figures
3.10a-g before and after heat treatment at various conditions. Profiles for
high Zn load samples, the non-heat-treated and heat-treated for 4 hours at
430 ◦C, are included as reference for easier comparison between the two
levels of Zn loads in figures 3.10b - f . In figure 3.10a Al profile for high Zn
load sample heat treated for 4 hours at 430 ◦C was included as reference. Al
profile of the non-heat-treated sample with low Zn load exhibited a mini-
mum close to the surface and then increased to its level in the bulk of the
AlMn substrate. Al profiles of the heat-treated samples did not exhibit such
minima. Increase in the Al level near the surface was again significant from
non-heat-treated to the heat-treated conditions. Curves for the heat-treated
conditions were quite similar to one another and to the heat-treated high
Zn-load cases, showing monotonic increase from the surface towards the
bulk substrate. Concentration variation from the surface to the bulk was
not too significant, e.g., in comparison to variation exhibited by the Zn con-
centration for comparable experimental conditions (cf. figure 3.6 and tables
3.7, 3.9 and 3.10).

Oxygen profiles (figure 3.10b) were also quite similar to those of the high
Zn-load samples. They were high at the very surface, ranging from around
0.3 g/cm3 (10 wt%) for non-heat-treated sample to 0.7 g/cm3 (25 wt%) for
the sample heat treated at 510 C for 4 hours. O concentration decreased
monotonically with increasing depth.

Mn concentration profile of the non-heat treated sample in figure 3.10c ex-
hibited a maximum at around 50-60 nm from the surface and a minimum at
around 0.2 μm. After the minimum Mn concentration increased smoothly
until it reached its bulk value at around 6 μm. Heat treatment at 430 ◦C
and higher lead to increase of Mn level closer to the surface, and maxima
and minima became less pronounced. The curves showed wavy patterns
around the bulk value of 0.018 g/cm3 (0.6 wt%) already starting from 0.4
μm depth from the surface.

Fe concentration profiles (figure 3.10d) showed high enrichment of Fe at
the surface ranging from 0.007 g/cm3 (0.2 wt%) for the non-heat treated
sample to 0.018 g/cm3 (0.55 wt%) for the sample heat treated at 510 ◦C for 4
hours. In the latter case, this high level of Fe persisted up to about 100 nm
depth from the surface. Fe profiles of the other samples showed maxima
at about the same depth. Fe profiles of all samples in the figure showed
minima at about 3 μm depth before the profiles reached the bulk value of Fe
in the AlMn substrate. The level of the minimum was not affected by heat
treatment.

Si profiles were quite similar for all heat-treatment conditions and further
similar to those of the heat-treated, high Zn-load samples, as shown in fig-
ure 3.10e. The curves indicate Si enrichment at the surface, followed by
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FIGURE 3.10: Effect of heat treatment on concentration pro-
files of a) Al, b) O, c) Mn, d) Fe, e) Si, f) Mg and g) Cr on
samples with Zn load of 2.7 g/m2. In a)-f) the reference pro-
files correspond to the non-heat-treated sample with Zn load
of 8 ± 0.2 g/m2 (Ref 1) and to the sample heat-treated for 4 h
at 430 ◦C (Ref 2).

shallow minima with the same concentration level at around 1 μm depth.
After the minima, concentrations increased with depth until the bulk level
was reached at about 6 μm. The level of enrichment increased slightly with
increasing degree of heat treatment.

Mg (figure 3.10f) was enriched at the surface at the level close to the bulk
value for the non-heat-treated sample and up to the order of 0.05 g/cm3

(1.5 wt%) for the heat treated ones. The non-heat-treated sample showed a
minimum at a depth of about 1.5 μm from the surface and reached the bulk
value at 6 μm. The minima occured at around 6, 7 and 8 μm for samples heat
treated for 4 hours at 430, 470 and 510 ◦C, respectively. Mg concentration
at the minima decreased with increasing degree of heat treatment. With
increasing depth past the minima, Mg concentration increased gradually to
its bulk value.

Significant enrichment of Cr was detected near the surface resulting from
the Cr-P treatment, as shown in figure 3.10g. The Cr concentration at the
surface was higher for the heat treated samples. Cr level dropped to the
bulk level of 0.00001 g/cm3 (0.0004 wt%) at about 6-7 μm depth from the
surface.

Comparison: high and low Zn load. Surface mass concentration ρs, depth of
the maximum point dmax, concentration at the maximum point ρmax, depth
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of the minimum point dmin, and concentration of the minimum point ρmin

of Al, O, Mn, Fe, Si, Mg and Cr in the samples with high and low Zn load
heat treated at different conditions are summarized in table 3.10. The data
for the uncoated sample discussed above in relation to figure 3.8 above is
also included. The data for the Zn profiles was reported in table 3.9.

For non-heat-treated samples, low Zn load gave smaller level of oxygen
concentration in the depth profile for O than the high Zn load. O-profile for
the latter case persisted deeper than the former (cf. figures 3.9b and 3.10b).
The depth difference was about 1 μm. For most of the heat-treated samples
the O-profiles for low Zn load were at slightly lower concentrations than
high Zn load for correponding heat-treatment conditions. Heat treatment
of low Zn load samples at 510 ◦C lead to higher oxidation of the surface
than any other due to the highest temperature applied.

For the non-heat treated sample with high Zn load, concentration of all mi-
nor alloying elements reached their bulk levels at about 7 μm depth from
the surface. This value corresponds approximately to the as-sprayed thick-
ness of the Zn-rich layer, as seen in figure 3.6. Concentration of the minor
alloying elements in the samples with low Zn load reached their bulk level
at about 6 μm. The difference between these two values corresponded to
the difference in the thicknesses of the Zn-rich layers for high and low Zn
load, which was estimated to be about 1 μm in section 3.3.3.

Concentration of Mn and Mg increased with the degree of heat treatment
close to the surface for both Zn loads. Moreover, Mg, Si and Fe were en-
riched towards the surface (i.e., with decreasing depth) for all cases, with
the exception of Mn (decreased towards the surface for all cases) and Si in
the non-heat-treated high Zn load case. Mn concentration was higher for the
low Zn load than high Zn load for the comparable tempers at the surface.

Mg concentration profile for the non-heat-treated samples was lower for the
low Zn load samples than for the high Zn load ones. Heat treatment caused
significant enrichment for both Zn loads commensurate with the degree of
heat treatment, except at the minima. The minima attained by the low Zn
load samples were appreciably smaller than the minima for the high Zn load
samples. Minimum in the Mg profile of the non-heat-treated sample shifted
closer to the surface by about 1 μm after chromic phosphoric acid treatment,
same value as the shift in the O profile. The position of the minima for the
heat-treated samples was significantly deeper from the surface for the low
Zn (6 - 8 μm) than for the high Zn (about 5 - 6 μm) samples. For the low
Zn load, the depth of the minimum increased with increasing level of heat
treatment while for the high Zn load there was no clear trend. After heat
treatment Mg concentration profiles at the outermost surface continued to
follow O concentration profiles. Both O and Mg surface concentration level
increased and both of their concentrations decreased further into the sample
with increasing heat treatment.

Fe concentration profiles were significantly higher for the low Zn load than
for the high Zn load. Fe was the only alloying element in figures 3.9 and
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TABLE 3.10: Summary of the results shown in figures 3.9 and
3.10 in terms of the critical parameters: surface concentration
(ρs), depth (dmin, dmax) and concentration (ρmin, ρmax) of the
extremum points in Zn depth profiles obtained by heat treat-
ment of Zn coated AlMn alloy samples and the uncoated sam-
ple.

Elt
Zn load
(g/m2)

Heat
treatment

ρs
(g/cm3)

dmax

(μm)
ρmax

(g/cm3)
dmin

(μm)
ρmin

(g/cm3)

Al

8.0 ± 0.2

No HT 0.69
350 ◦C 2h 2.05
390 ◦C 1h 2.16
390 ◦C 5h 2.19
430 ◦C 1h 2.27

2.7 ± 0.7

No HT 2.44
430 ◦C 4h 2.47 0.5 2.27
470 ◦C 4h 2.45
510 ◦C 4h 2.34

0 No HT 2.49

O

8.0 ± 0.2

No HT 0.16
350 ◦C 2h 0.46
390 ◦C 1h 0.55
390 ◦C 5h 0.58
430 ◦C 1h 0.54

2.7 ± 0.7

No HT 0.30
430 ◦C 4h 0.41
470 ◦C 4h 0.42
510 ◦C 4h 0.70

0 No HT 0.51

Mn

8.0 ± 0.2

No HT 0.002
350 ◦C 2h 0.005
390 ◦C 1h 0.006
390 ◦C 5h 0.007
430 ◦C 1h 0.010

2.7 ± 0.7

No HT 0.010 0.05 0.015 0.22 0.013
430 ◦C 4h 0.013 0.05 0.018 0.22 0.017
470 ◦C 4h 0.012 0.06 0.019 0.22 0.018
510 ◦C 4h 0.013 0.07 0.017 0.18 0.016

0 No HT 0.006

Fe

8.0 ± 0.2

No HT 0.0019 0.70 0.0069 3.6 0.0045
350 ◦C 2h 0.0046 0.38 0.0070 3.5 0.0047
390 ◦C 1h 0.0049 0.40 0.0072 3.5 0.0046
390 ◦C 5h 0.0047 0.36 0.0074 3.5 0.0047
430 ◦C 1h 0.0046 0.35 0.0071 3.5 0.0047

2.7 ± 0.7

No HT 0.0069 0.1 0.0079 3.2 0.0045
430 ◦C 4h 0.0085 0.1 0.0111 3.0 0.0043
470 ◦C 4h 0.0057 0.1 0.0088 3.2 0.0044
510 ◦C 4h 0.0183 3.0 0.0045

0 No HT 0.0266

55



Chapter 3. Characterization of zinc-rich layers on aluminium

Elt
Zn load
(g/m2)

Heat
treatment

ρs
(g/cm3)

dmax

(μm)
ρmax

(g/cm3)
dmin

(μm)
ρmin

(g/cm3)

Si

8.0 ± 0.2

No HT 0.0012 7.3 0.0020 0.2 0.0011
350 ◦C 2h 0.0020 11.0 0.0020 0.2 0.0014
390 ◦C 1h 0.0024 17.0 0.0022 0.7 0.0016
390 ◦C 5h 0.0023 1.0 0.0016
430 ◦C 1h 0.0025 8.8 0.0020 0.8 0.0016

2.7 ± 0.7

No HT 0.0028 1.4 0.0015
430 ◦C 4h 0.0027 1.1 0.0016
470 ◦C 4h 0.0025 1.3 0.0016
510 ◦C 4h 0.0031 1.5 0.0016

0 No HT 0.0029

Mg

8.0 ± 0.2

No HT 0.0014 2.4 0.00021
350 ◦C 2h 0.0128 5.0 0.00017
390 ◦C 1h 0.0134 4.9 0.00020
390 ◦C 5h 0.0192 6.2 0.00021
430 ◦C 1h 0.0403 6.3 0.00017

2.7 ± 0.7

No HT 0.0004 1.4 0.00007
430 ◦C 4h 0.0173 5.9 0.00010
470 ◦C 4h 0.0383 7.0 0.00006
510 ◦C 4h 0.0509 8.0 0.00003

0 No HT 0.0139

Cr 8.0 ± 0.2

No HT 0.007
430 ◦C 4h 0.010
470 ◦C 4h 0.011
510 ◦C 4h 0.010

0 No HT 0.002

3.10 which had maxima in the concentration profiles except for Mn in the
non-heat-treated low Zn load sample. Fe maxima shifted much closer to the
surface after chromic-phosphoric acid treatment.

Si profile of the non-heat-treated sample with low Zn load was much higher
than of the sample with high Zn load. Concentration at the minimum of Si
profile was roughly the same for all samples except for high Zn load non-
heat-treated sample.

Minima were present in all concentration profiles for Mg, Si and Fe and in
the Mn concentration profile of the low Zn load samples. Heat treatment
lead to broadening/evening out of both maxima and minima in the Mn
profiles.

The average errors in GD-OES profiles were 0.6% for Al, 19% for O, 4% for
Mn, 20% for Mg, 8% for Fe, 8% for Si and 27% for Cr. The errors varied in
each profile with a trend to increase with decreasing concentration of the
element.
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3.3.5 Surface characterization

Figure 3.11 shows SEM micrograph of typical morphology and elemental
nonuniformity of Zn coated Al MPE tubes with Zn load of 8 g/m2 (not heat
treated). Zn coverage of the surface is non-uniform, with some regions re-
maining not covered (dark areas). As shown at a higher magnification in
figure 3.12a, there are regions with almost 100 wt% Zn (bright areas) as well
as regions of Zn alloyed with Al (grey areas) and Zn-free areas (dark areas).
This was confirmed by EDS maps of Al and Zn (figures 3.12b and c, respec-
tively) and point analysis (not shown). Intermetallic particles on the top
right corner are probably (Fe,Mn)Al6, as suggested by qualitative EDS anal-
ysis (not shown), which are typical for this type of alloy [20]. They can also
be (Fe,Mn)3Si2Al15 particles as Si concentration can be below the detection
limit of EDS.

FIGURE 3.11: Backscattered electron image of Zn thermal arc-
sprayed coating on Al MPE tube with Zn load of 8 g/m2.

Figure 3.13a shows that most of the Zn has diffused into the substrate after
heat treatment for 2 hours at 350 ◦C. However, islands with high Zn content
and uncoated areas are still observed on the surface. The figure also shows
the nonuniformity of Zn concentration on the surface of the Zn-rich layer.
After heat treatment for 2 hours at 390 ◦C (figure 3.13b) high Zn islands
and Zn lean areas and variations in the Zn concentration are significantly
reduced. As can be seen in figure 3.13c, Zn concentration on the surface
appears quite uniform as a result of heat treatment for 4 hours at 430 ◦C,
with Zn islands still present.

EDS elemental analysis of 1 mm x 0.75 mm areas of the heat treated samples
was performed at several locations on the samples. The average values and
scatter limits are shown in table 3.11. The scatter limits
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FIGURE 3.12: EDS maps of Zn thermal-arc sprayed coating on
Al MPE tube with Zn load of 8 g/m2. a) Backscattered electron
image, b) Al, c) Zn.
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FIGURE 3.13: Backscattered electron images of surfaces of Zn-
rich layers obtained by heat treatment of AlMn samples with
Zn load of 8 g/m2 for a)2 hours at 350 ◦C, b) 2 hours at 390 ◦C,
c) 4 hours at 430 ◦C. The arrows show the Zn-free (marked as
ZF) and high-Zn (HZ) areas.
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Chapter 3. Characterization of zinc-rich layers on aluminium

indicate the nonuniformity of the lateral distribution of element composi-
tions on the Zn-rich layers in as-sprayed and heat-treated conditions. The
scatter in Zn and Al concentration is reduced with increasing heat treat-
ment which indicates increasing uniformity of the Zn distribution. The data
confirm the increase of Mn and Mg concentration with increasing heat treat-
ment temperature and time, and general enrichment of Fe at the surface. Si
concentration was below the detection limit of EDS. Zn concentration at the
surface decreased with increasing temperature and time of heat treatment,
as expected.

Low magnification back-scattered SEM images of cross sections of Zn coated
Al MPE tubes in figure 3.14 confirm the non-uniformity of the as-sprayed
Zn thickness (figure 3.14a) and the non-uniformity of lateral Zn distribution
(figure 3.14b, c and d) resulting from different degrees of heat treatment.
Diffusion of Zn into the substrate due to heat treatment is also observed.
With increasing temperature and time of heat treatment, the Zn-rich layer
becomes more uniform laterally as it becomes deeper. Nevertheless, fig-
ure 3.14d shows that the layer thickness and the lateral Zn concentration
are still non-uniform after 4 hours of heat treatment at 430 ◦C. Higher mag-
nification image in figure 3.15a shows Al-rich dendrites and Zn-rich inter-
dendritic regions. The micrograph indicates that Zn starts to diffuse along
the grain boundaries when it is sprayed. It continues to diffuse along the
grain boundaries during subsequent heat treatment (figure 3.15b). After
heat treatment at higher temperatures and durations this effect becomes less
visible (figure 3.15c).

Figure 3.16 shows low magnification back-scattered SEM images of surfaces
of Zn coating with Zn load of 2.7 g/m2 and Zn-rich layers obtained by heat
treatment of such samples at 430 C and 510 C for 4 hours.. Zn-free areas
were observed on the coating without heat treatment (3.16a) as was the case
for the coating with the high Zn load (figure 3.8). Some grain boundaries
also became visible. However, no high-Zn islands were visible. These were
probably dissolved by immersion in chromic-phosphoric acid. However,
lateral variation in Zn concentration existed, indicated qualitatively by the
presence of high and low zinc areas in figure 3.16a. These probably corre-
spond to the Zn islands and AlZn alloy areas on the original high Zn load
samples (cf. figure 3.9a), with Zn content diluted. After heat treatment at
430 C for 4 hours (figure 3.16b), Zn concentration at the surface became
more uniform while small islands with Zn content higher than the average
remained. Heat treatment at 510 C for 4 hours has evened out the Zn con-
centration further, as shown in figure 3.16c. Higher magnification images
in figure 3.17 indicate that a large number of intermetallic particles were
exposed at the surface after treatment in chromic-phosphoric solution.
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Chapter 3. Characterization of zinc-rich layers on aluminium

FIGURE 3.14: Backscattered electron images of cross sections
of a) Zn coating on Al, and Zn-rich layers obtained by heat
treatment for b) 2 hours at 350 ◦C, c) 2 hours at 390 ◦C, d) 4
hours at 430 ◦C for samples with Zn load of 8 g/m2.
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FIGURE 3.15: Higher magnification, backscattered electron
images of cross sections of a) Zn coating on Al, and Zn-rich
layers obtained by heat treatment for b) 2 hours at 350 ◦C, c)
4 hours at 430 ◦C for samples with Zn load of 8 g/m2. Mark-
ings: HZ - high Zn region, LZ - low Zn region, DL - Zn dif-
fusion layer, ZL - Zn-rich layer, A - Al substrate, GB - grain
boundaries with Zn diffusing along them.
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Chapter 3. Characterization of zinc-rich layers on aluminium

FIGURE 3.16: Backscattered electron images of surfaces of a)
Zn coating on Al, and Zn-rich layers obtained by heat treat-
ment for b) 4 hours at 430 ◦C, c) 4 hours at 510 ◦C for sam-
ples with Zn load of 2.7 g/m2. Arrows indicate the Zn-free
areas (marked as ZF), higher-Zn areas (HZ), lower-Zn areas
(LZ) and grain boundaries (GB).
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FIGURE 3.17: Higher magnification, backscattered electron
images of surfaces of a) Zn coating on Al, and b) Zn-rich layers
obtained by heat treatment for 4 hours at 510 ◦C for samples
with Zn load of 2.7 g/m2. Arrows show intermetallic particles.

3.4 Discussion

3.4.1 GD-OES calibration

Calibration of Zn achieved for 0 to 100% concentration range in Al by use
of model binary AlZn standards, which were prepared in the laboratory for
the present work, is considered reliable. This is indicated by the good agree-
ment obtained between the weight of Zn coating before heat treatment, cal-
culated by integration of mass concentration profile of Zn, and the value
obtained by XRF within the reported error range. The calibration curve de-
veloped for up to 50 wt% Zn covers well the range needed for characteri-
sation of Zn-rich layers in the present study. The use of a few AlZn alloys
in terms of Zn concentration appears to be sufficient to obtain a satisfactory
calibration curve for the present purposes. The detection limit of the 481.053
nm Zn line, estimated from the calibration measurements, is not sufficiently
accurate at concentrations below about 0.1%. Selection of another spectral
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line, which is more sensitive to low concentrations, would be recommended
along with a separate calibration curve tailored for small Zn concentrations.

Dendritic structures of the model binary alloys were similar to that reported
in references [21–24]. Lamellar structure of AlZn95 eutectic alloy was also
observed in [24]. However, the local concentration variations resulting from
solidification morphology, are considered to be negligible with respect to
the average concentration corresponding to an analysis area of 4 mm in di-
ameter obtained by GD-OES.

The calibration curves for Mn and Fe, obtained from the other available
standards listed in table 3.1, also gave good results in measuring the concen-
tration of these elements in the AlMn alloy substrates. The values obtained
by GD-OES agreed well with the data obtained by spark OES (table 3.9). The
calibration for these elements satisfactorily cover the concentration ranges
relevant to the Zn-rich layers and the MPE bulk substrate investigated. Al-
though the calibration data for Si was scattered, the depth-profile results for
the AlMn alloy samples show that the changes in Si concentration due to
heat treatment are adequately traceable for the present purposes. For Mg,
which becomes enriched at the surface at concentrations up to around 50
times higher than in the bulk, the calibration data had to be fitted to a poly-
nomial rather than a straight line, covering both the high surface and low
bulk concentrations. This may have lead to reduced accuracy in quantifying
the Mg profiles. For higher accuracy, selection of a non-resonant Mg spec-
tral line is recommended. However, since the GD-OES data for Mn, Fe and
Mg were confirmed by EDS measurements, the calibration curves presented
for these elements are considered to be suitable for the present purposes.

The calibration procedure used in this work improves the methods described
in references [11] and [13] for Al-Zn system. It is straight forward, covers
full concentration range of Zn and is based on requirement that sum of con-
centrations of all elements including minor allying ones are equal to 100%
(which is not the case in reference [11]). Calibration for O was also achieved.

The sputtering rates measured during calibration are divided by the sputter-
ing rate of the low alloyed iron standard to obtain relative sputtering rates.
The effect of Zn concentration on the sputtering rate of AlZn alloys, mea-
sured in the present study, compares favourably with the results reported
in reference [12]. However, the relative sputtering rates of samples with
high Zn and high Al concentrations (nearly pure metals), measured in this
work (5.89 and 0.28, respectively), were lower than the results reported in
reference [8] (7.8 to 8.6 for Zn and 0.34 to 0.39 for Al). It is known that these
values can vary significantly among laboratories due to variation of appa-
ratus for crater depth measurement, method for calculation of the crater
depth from the crater profile, including a method of compensation for un-
evenness of the crater, and the number of replicate measurements done [8].
Therefore, as long as there are no rigid standard procedures available for
measurement of the sputtering rates, the reported relative sputtering rates
may not be consistent between the laboratories.
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In addition to the foregoing, present SEM and GD-OES measurements on
the Zn-coated MPE specimens revealed non-uniformity of the Zn coating
and Zn-rich layer thicknesses and Zn concentration of the Zn-rich layers
laterally and in depth. However, despite all these challenges, GD-OES ap-
pears to be well suited for depth profiling of the Zn-rich layers for obtaining
information averaged over the analysis area. In depth Zn concentration pro-
files obtained are reproducible within the 18% error limit, and this confirms
the validity of the assumptions related to the present analytical approach.
This conclusion seems to be valid despite the roughness of the Zn-rich sur-
face and local variations in the layer thickness. With increasing degree of
heat treatment, the Zn concentration in the layer becomes increasingly uni-
form laterally. Since this applies also to the concentration distribution of
Zn on the crater surface during measurement, the depth resolution of the
measurement must also improve.

3.4.2 Element profiles

SEM micrographs indicate high roughness of the samples surface, especially
in case of low Zn load, which lead to alteration of the concentration profiles
and makes it difficult to make comparisons and explain some of the results.
Effect of heat treatment on the profiles of the alloying and trace elements
originally present in the AlMn base alloy is relatively small when compared
between the temperatures applied within the range of interest (350 - 510 ◦C)
in relation to the effect of heat treatment observed compared to the non-
heat-treated state. This is especially the case for Al, O and Si. It is true
for Fe only for the high Zn-load case. For Al and Si, the changes observed
appear as if they are partial recovery of the profiles to their bulk values
as the Zn coating diffuses into the material. The concentration difference
between the surface and the bulk is not too different for Al and Si in relation
to the other elements. Since inward diffusion of Zn causes mutual outward
diffusion of Al in a nearly binary system, a significant enrichment of Al
toward the surface occurs, rendering a more uniform depth profile not too
different from its bulk concentration, even after the mildest heat treatment
applied (2 h at 350 ◦C). Therefore, the diffusion rate of Al appears to become
significantly reduced relative to that of Zn for the heat-treated samples, a
factor which may facilitate the theoretical treatment of Zn diffusion in Al
alloys. These theoretical issues will be discussed further in the next chapter.

Surface enrichment of Fe and Mg on non-heat-treated Al sample is assumed
to be related to the areas which did not become covered with Zn. Unex-
pected high enrichment of Fe near the surface can be attributed to contami-
nation from the extrusion die. (Fe,Mn)Al6 and (Fe,Mn)3Si2Al15 intermetallic
particles [20], which are the most common phases in the AlMn alloy sub-
strate, were possibly enriched closer to the surface of the Zn coating due
to the physical processes, such as melting, solidification and deformation,
occurring during Zn arc spraying. Some of these could have formed as a
result of precipitation of additional Fe-rich phases including contaminants
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from the extrusion dye, due to extremely small solubility of Fe in Al. Con-
centration distribution of Fe contained in particles will not be affected by
heat treatment. These phases are also known to incorporate Mn and Si,
which may be available in solid solution due to their small (but higher
than Fe) solubilities, during heat treatment. Increasing Si and Mn concen-
trations toward the surface can be attributed to the resulting formation of
(Fe,Mn)3Si2Al15 intermetallic particles near the surface. Thus, the depth pro-
files of the minor elements Fe, Mn and Si will depend partly on the complex
dissolution and precipitation mechanisms of intermetallic phases.

High segregation of Mg at the surface of as extruded Al tube is expected
because diffusion coefficient of Mg in Al alloy is at least one order of magni-
tude higher than that for Fe and Mn (table 2.2). Enrichment of Mg, as stated
earlier, is mainly due to its enrichment in the form of MgO in the Zn-rich
layer. This is enhanced by high diffusion rate of metallic Mg in the sub-
strate and Zn-rich layer during heat treatment and its oxidation in the Zn-
rich layer as oxygen becomes increasingly available near the surface. This
leads to depletion of Mg on the metal side and its further diffusion closer to
the surface during heat treatment.

Comparison of the concentration profiles for Zn, O and alloying elements
in the non-heat-treated samples with high and low Zn load indicates thin-
ning of the Zn coating after chromic phosphoric treatment. The Al substrate
had enrichment of Fe, Mg and Si at the surface. Removal of metallic Zn
by immersion in chromic phosphoric acid lead to a surface with higher en-
richment of Fe and Si elements compared to the samples with the original
coating. This is confirmed by SEM analysis which shows presence of in-
termetallic particles on the surface of the samples after chromic-phosphoric
treatment. This trend was observed for the heat treated samples also. Mg
enriched at the surface of as coated samples, assumed to be in oxide form,
was partly removed by the chromic-phosphoric treatment. This was con-
firmed by lower Mg level in the low Zn load non-heat treated samples and
sample heat treated for 4 hours at 430 ◦C.

3.5 Conclusions

• The sputtering rates of the major components in the AlZn system dif-
fer widely with concentration, which seems to be a concern in GD-OES
calibration. The present work showed that this is not a drawback in
GD-OES calibration, even by using a few standards covering the full
concentration range, which makes GD-OES well suited to study such
systems.

• Calibration of secondary alloying elements and oxygen in such alloys
is also possible and the accuracy depends on the sensitivity and self-
absorption of the spectral lines and the errors introduced by measure-
ments of the sputtering rate of the standards.
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• Zn depth profiles obtained by GD-OES, using the present calibration
curves (up to 100 wt% Zn for the non-heat-treated high Zn load sam-
ple and up to 50 wt% Zn for the heat-treated samples), agree well with
the Zn content of samples and standards obtained independently by
other methods (XRF and SEM), thereby validating the present calibra-
tion for the AlZn system with Mg, Fe, Mn and Si as the secondary
alloying elements.

• By limiting the calibration curve to 50 wt% Zn, the precision of com-
positional analysis of alloying elements was improved in terms of re-
duced variation of the sputtering rate in this range due to Zn.

• Metallic Zn is removed by immersion of Zn-rich surfaces in chromic
phosphoric acid. This is an easy and reproducible method to obtain
samples with lower Zn load from Zn arc-sprayed MPE Al tubes.

• Exposure of the sample to heat during thermal-arc spraying of AlMn
substrates by Zn and subsequent heat treatment of the Zn coated sur-
faces causes a significant enrichment of Mg in the Zn-rich surface layer,
as a result of rapid Mg diffusion to the surface and its subsequent seg-
regation into the layer as MgO.

• The elements Si and Mn, also become enriched in the Zn-rich layer by
heat treatment due to inward diffusion of Zn into the AlMn substrate.
Enrichment of Fe close to the surface is attributed to contamination of
the extruded Al surface by the extrusion die. Due to low solubility in
Al, Fe enrichment occurs in the form of Fe-rich intermetallic particles.
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Chapter 4

Modelling of Zn diffusion in Al
alloy

Abstract

The purpose of this work is to study the possibility of modelling of Zn dif-
fusion from a Zn coating into a commercial Al alloy substrate. The rigorous
formulation of unsteady-state binary diffusion was reduced to the simple
one-dimensional form of Fick’s second law by defining an effective binary
diffusion coefficient Deff

ZnAl for the system. Zn depth profiles of Zn-rich lay-
ers, obtained by heat treatment of Zn thermal-arc sprayed coating on AlMn
substrate, were fitted to an analytical solution of Fick’s second law for dif-
fusion from a layer into a semi-infinite region. The Deff

ZnAl values obtained
from fitting were reproducible, justifying the assumptions made in the mod-
elling procedure. The activation energy of diffusion was calculated to be 103
kJ/mol based on the Deff

ZnAl values obtained in the temperature range 350 –
470 ◦C. A procedure for prediction of Zn concentration profiles in Zn-rich
layers on commercial Al alloy substrate for different Zn loads was estab-
lished.

4.1 Introduction

Successful development of Zn-rich coatings on Al alloys for protection against
corrosion, especially pitting, over a given service period, requires optimiza-
tion of the layer thickness and composition by optimizing the original Zn
load applied to the Al surface and its concentration distribution in depth,
obtained by heat treatment. In chapter 3 Zn-rich layers on AlMn alloy multi-
port extruded (MPE) tubes were characterised by glow discharge optical
emission spectroscopy (GD-OES). Zn was deposited by thermal-arc spray-
ing and subsequently subjected to heat treatment, allowing controlled dif-
fusion of Zn into the AlMn substrate. Zn coating with lower Zn load was
produced by chromic-phosphoric treatment. Concentration profiles of Zn,
Al, O and alloying elements for selected heat treatment conditions were ob-
tained.
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The purpose of present work is to study the possibility to model Zn diffu-
sion in such samples. Experimental Zn concentration profiles were fitted
to a solution of Fick’s second law to obtain an effective diffusion coefficient
of Zn in Al as a function of heat treatment temperature in the range 350 -
510 ◦C. The obtained values of activation energy and pre-exponential fac-
tor were used for establishment of a procedure for simulation of such Zn
concentration profiles in heat treated Zn coated AlMn samples.

Diffusion of Zn in Al was studied extensively in the past experimentally [1–
5] and theoretically [6, 7]. The diffusion coefficients were found to be of the
order of 10-14 m2/s for 390 ◦C and the activation energy was between 100
and 130 kJ/s. In References [1–5] diffusion of Zn in AlZn alloys was also in-
vestigated and activation energy was found to depend on Zn concentration
[1, 2, 4, 5].

4.2 Theory

Diffusion of a soluble element A, in this case Zn, into a multicomponent
commercial alloy is quite complex. The problem can be simplified by ne-
glecting the effect of small concentration secondary elements existing in the
alloy, in this case the AlMn alloy, and treating the problem as diffusion of
pure A (Zn) into pure B (Al). Fick’s first law for such a binary system can be
expressed rigorously as [8]

nA = ωA(nA + nB)− ρDAB∇ωA = vρA − ρDAB∇ωA (4.1)

where ni is mass flux of component i (kg/(m2s)), ρi is the mass concentration
of component i (kg/m3), DAB is the diffusion coefficient of the binary system
A and B (m2/s),

ρ = ρA + ρB (4.2)

is the density of the binary alloy (kg/m3),

ωi = ρi/ρ (4.3)

is the mass fraction of species i (wt%),

v = (ρAvA + ρBvB)/ρ (4.4)

is the mass average velocity (m/s), and vi is the mass velocity of component
i. The bold symbols are vectors.

It is possible to define a reference frame based on the mass average velocity
by setting v = 0. If diffusion occurs only in one dimension, perpendicular to
the sample surface, then equation 4.1 reduces to

jZn = −ρDZnAl
dωZn

dx
(4.5)
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where jZn is the diffusion flux of Zn with respect to the mass average ve-
locity, and the subscripts A and B are replaced with Zn and Al, respectively.
Mass balance for component Zn in the x-direction leads to

dρZn

dt
= −djZn

dx
=

d

dx
ρDZnAl

dωZn

dx
(4.6)

Diffusion of Zn in a commercial Al alloy with grain boundaries and a non-
uniform porous coating is quite complex. It is common in such situations,
especially for diffusion in porous media [8], to replace the binary diffusion
coefficient by an effective diffusivity Deff , which is vaguely defined and can
only be applicable for the present surface morphology and structure of the
Zn coating and underlying AlMn substrate. Furthermore, we assume that
ρDeff is independent of concentration (constant). This is difficult to justify
considering significant change in ρ that can occur with concentration change
in the Al-Zn system. With these assumptions equation 4.1 reduces further
to

dρZn

dt
= Deff

ZnAl

d2ρZn

dx2
(4.7)

which is the familiar form of Fick’s second law. We went through the deriva-
tion to show the assumptions involved in using Fick’s second law, some of
which are not easily justifiable. In the present case, justification of these
will be based on a discussion as to which extent the calculated results are
representative of the experimental diffusion data obtained in Chapter 3.

When ρZn << ρAl, equation 4.5 can be obtained without defining of refer-
ence frame as described above. In this case flux nZn >> nAl and equation
4.1 becomes

nZn = ωZnnZn − ρDeff
ZnAl

dωZn

dx
= − ρDeff

ZnAl

1− ωZn

dωZn

dx
(4.8)

for diffusion occurring in one dimension. The term

1− ωZn → 1 for ρZn << ρAl (4.9)

and equation 4.8 reduces to 4.5.

The physical model consists of the Zn coating, which can be represented
at the outset (t = 0) as a slab of ZnAl alloy of uniform Zn concentration
ρZn,0 of thickness h, in contact with the semi-infinite AlMn substrate, as
shown in figure 4.1. This is another assumption made for simplifying the
numerical calculation instead of using the rigorous initial condition ρZn,0 =
f(x), where f(x) would be the actual Zn profile obtained at the surface by
thermal-arc spraying of Zn. The practical convenience and possible justifi-
cation of the assumption will be discussed further in connection with the
proposed numerical method.
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FIGURE 4.1: Approximation for the concentration-depth pro-
file for the Zn coating on the surface of AlMn alloy at t = 0.

The boundary conditions for solving equation 4.7 for this system are

∂ρZn

dx
= 0 at x = 0 and (4.10)

ρZn = 0 as x → ∞ (4.11)

In addition, the initial condition,

ρZn = ρZn,0 for 0 ≤ x ≤ h at t = 0 (4.12)

has to be satisfied.

The solution to equations 4.7 and 4.10 to 4.12 can be expressed as [9]

ρZn =
1

2
ρZn,0

{
erf

h− x

2
√
(Deff

ZnAlt)
+ erf

h+ x

2
√
(Deff

ZnAlt)

}
(4.13)

The temperature dependence of the diffusion coefficient can be expressed
by the Arrhenius equation [10]:

Deff
ZnAl = Deff

ZnAl,0exp

(
−Ea

RT

)
(4.14)

where Deff
ZnAl,0 is the pre-exponential factor (m2/s), Ea is the activation en-

ergy (J/mol), R is the gas constant (J/K/mol) and T is the temperature (K).
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4.3 Experimental

Materials. The coated MPE tube substrates were provided by Sapa AS.
Composition of the substrate alloy, measured by Spark OES, was shown in
table 3.3, both in mass fraction and mass concentration. The Zn coating was
applied by thermal-arc spraying immediately after extrusion. Typical Zn
load on the surface, determined by X-ray fluorescence (XRF) spectrometer
(CMI 900 from Oxford Instruments) was 8.0 ± 0.2 g/m2. The tubes were cut,
rinsed in distilled water, acetone and ethanol and subsequently heat treated
for 1, 2, 3, 4 and 5 hours at 350, 390 and 430 ◦C to obtain Zn-rich layers
with varying thickness and Zn concentration profiles on the surface of the
AlMn substrate. The procedure used to produce Zn rich layers with lower
Zn loads than that possible by thermal-arc spraying was described in the
previous chapter. The Zn load on such samples was estimated as 2.7 ± 0.7
g/m2. The samples with Zn load of 8 g/m2 and 2.7 g/m2 will be designated
in this work as samples with high Zn load and low Zn load, respectively.
MPE tubes with low Zn load were heat treated for 4 hours at 430 ◦C, 470 ◦C
and 510 ◦C.

Elemental analysis. Zn concentration profiles of Zn-rich layers on MPE Al
substrate were obtained by GD-OES RF glow discharge optical emission
spectrometer GD-PROFILER 2 with a 4 mm anode sup- plied by HORIBA
Jobin Yvon using the calibration and measurement procedure described in
Chapter 3.

4.4 Numerical Procedure

Experimental concentration profiles of Zn-rich layers on AlMn substrate ob-
tained by GD-OES were fitted to equation 4.13 to obtain the parameters
Deff

ZnAl and h. Concentration profiles in mass per unit volume were used.
Zn concentration in the Zn-rich coating before heat treatment ρZn,0 was set
to 100 wt% (7.14 g/cm3) and 32 wt% (1.09 g/cm3) for high and low Zn load,
respectively, and these values were assumed to be constant within the thick-
ness h, as indicated in the description of the physical (figure 4.1) and math-
ematical models (equation 4.12) in section 4.2. The value selected for the
low-Zn load is the maximum Zn concentration in Zn depth profile for the
low Zn load sample, which was at a distance of 0.6 μm from the surface,
as reported in Chapter 3. Curve-fitting was performed by least-square re-
gression analysis. The values Deff

ZnAl and h were adjusted to maximize the
coefficient of determination, R2. Thus with these assumptions, the parame-
ter h became an effective initial thickness rather than the actual thickness in
the present analysis.

The assumptions related to the initial condition are in principle not neces-
sary because solving Fick’s law by using any initial concentration distribu-
tion f(x) for Zn is tractable [11]. However, the data, which would have to
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be measured experimentally, to determine f(x) may not be readily avail-
able. Such a measurement may not be feasible for pure model calculations
for practical design purposes. The proposed assumptions for the initial con-
dition further introduces significant simplifications to the mathematics, first
of all in the form of an analytical solution.

The assumption of 100% Zn for this region may be acceptable for the high-
load case because of the presence of undisturbed thermally sprayed coating.
However, a small fraction of the Zn diffuses into the AlMn substrate already
during spraying and before application of further heat treatment. In the
case of the low-load case, pure Zn is dissolved by chromic-phosphoric acid
treatment. The value 32 wt% selected for this case as the initial condition,
and that this value is constant within a depth of h from the surface, is an
assumption. Since h could not be measured accurately on surfaces with
non-uniform thickness of Zn (or Zn-rich layer), it is suggested to determine
h, which became an effective parameter, by curve fitting the experimental
data to equation 4.7. This is also one of the assumptions to be justified.

The points in the Zn concentration profiles with high Zn concentration at the
outermost surface are due to the non-uniformity of the thermal-arc sprayed
coating, as discussed above and in chapter 3. These parts of the curve have
non-fickian behavior, i.e., they could not be fitted to the solution to Fick’s
second law. They are characterized by high slopes, while the slope of the
curves calculated from equation 4.13 are required to be zero at x = 0. In-
spection of figure 3.6 indicates that the depth profiles flatten out, or reach a
shallow maxima very close to x = 0, nearly satisfying the zero slope bound-
ary condition before the significant anomalous increase in the slope with
further decrease in x. The data points giving this anomalous behaviour
were not included in the data analysis. It was also discussed in chapter 3
that GD-OES calibration is not reliable for Zn concentrations close to the de-
tection limit of 0.12 wt%. The Zn-rich layer thickness, L, was estimated as
the depth at which Zn concentration dropped to 0.3 wt% or 0.008 g/cm3 in
chapter 3. The data measured at depths larger than the Zn-rich layer thick-
ness were also excluded from the data for curve fitting.

The depth of the crater obtained during GD-OES measurement of the low
Zn load sample heat treated for 4 hours at 510 ◦C was much smaller than the
Zn rich layer thickness of this sample (as discussed in sections 4.5 and 4.6).
Therefore this profile was excluded from further analysis due to inadequate
result of fitting. The effective diffusion coefficients obtained by fitting of all
the other profiles were plotted in the form of ln(Deff

ZnAl) = f(1/T ) according
to equation 4.14 and fit by least square regression analysis to a straight line.
Activation energy and pre-exponential factor were estimated from the slope
and y-intercept of this plot.
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4.5 Results

The experimental Zn concentration profiles of high Zn load samples (8.0
g/m2) heat treated for selected durations at 350 ◦C, 390 ◦C and 430 ◦C were
shown in chapter 3 in figures 3.6a-c. Zn concentration profiles of Zn rich
layers obtained by heat treatment of low Zn load samples (2.7 g/m2) for 4
hours at 430 ◦C, 470 ◦C and 510 ◦C were shown in chapter 3 in figure 3.6d.
These data are reproduced below in each plot of figure 4.2 as red discrete
data points. The continuous black curves in the figures are obtained by
fitting the data to equation 4.13, in the manner described above. The curves
for samples with high Zn load heat treated for 2 hours at 350 ◦C and 4 hours
at 430 ◦C (figures 4.2a and d, respectively) show satisfactory fits. The fits
for the high Zn load samples heat treated for 1 and 5 hours at 390 ◦C and
low Zn load sample heat treated for 4 hours at 430 ◦C (figures 4.2b, c and e,
respectively) are very good. Figures 4.2f and g show satisfactory fits for low
Zn load heat treated for 4 hours at 470 ◦C and 510 ◦C, respectively, up to a
depth of about 60 μm, the fit for 510 ◦C being worse of the two.

Table 4.1 is a summary of the results, including the (effective) initial Zn coat-
ing thickness h, effective diffusion coefficient Deff

ZnAl and Zn-rich layer thick-
ness L, obtained by curve fitting. The table reports also the experimental
values of L and Zn coating weight WZn, obtained by GD-OES (chapter 3),
and WZn, given by

WZn = ρZn,0h (4.15)

In cases where Zn concentration did not reach the values suggested for esti-
mating L during the length of experiment due to limitations of the GD-OES
crater depth, the maximum depth measured is indicated.

Thickness of the Zn coating h estimated from curve-fitting is reproducible
for different heat treatment procedures with little scatter among the high
Zn load samples. The h-values obtained for the low-Zn load samples heat
treated for 4 hours at 430 ◦C and 470 ◦C are also quite close to one another,
while they are much higher for the sample heat treated at 510 ◦C. The total
Zn content in the Zn-rich layers, calculated according to equation 4.15, agree
well with the values obtained by GD-OES except for the low Zn-load sam-
ples heat treated for 4 hours at 510 ◦C. The effective diffusion coefficients
also agree well with little scatter for each selected temperature of heat treat-
ment, which is expected since Deff

ZnAl is a material property and should not
be affected by other factors, such as the period of heat treatment at a given
temperature and the Zn load, within the stated assumptions. The thickness
of the Zn-rich layer L obtained by curve-fitting is much smaller than the
L obtained from GD-OES measurements for the low degrees of heat treat-
ment conditions. It is closer to the measured values for the medium degrees
of heat treatment and agrees well for the higher degrees of heat treatment.

As indicated above, the Zn depth profile obtained by GD-OES for the low
Zn load sample, which was heat treated at 510 ◦C, was limited to about half
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FIGURE 4.2: Zn concentration profiles fitted to the solution
of Fick’s second law (eq. 4.13) for samples with Zn load of 8
g/m2 heat treated for: a) 2 hours at 350 ◦C, b) 1 hour at 390 ◦C,
c) 5 hours at 390 ◦C, d) 4 hours at 430 ◦C and 2.7 g/m2 heat
treated for 4 hours at: e) 430 ◦C, f) 470 ◦C and g) 510 ◦C.

of the Zn-rich layer. At the end of the measurement Zn concentration drops
by only 15% from the value on the surface. These data did not give a good
fit to equation 4.13 (see figure 4.2g). The values obtained for h and WZn

were too high. Therefore, this sample was disregarded in the estimation of
the activation energy described below.

In order to check the sensitivity of the assumption related to the initial con-
dition, where the low-Zn load coating is approximated as a layer with fixed
concentration and depth, the data for Zn concentration profiles for the low
Zn load samples, heat treated for 4 hours at 430 ◦C and at 510 ◦C, were
analyzed by curve fitting as above to equation 4.13 by using different ini-
tial Zn concentrations, selected as ρZn,0 = 100 wt% (7.14 g/cm3), and 17 wt%
(0.5 g/cm3) and compared to the results for 32 wt% (1.09 g/cm3) in table 4.1.
The Deff

ZnAl and h values obtained are summarized in table 4.2. The estimated
weight of Zn coating, diffusion coefficient and thickness of the Zn-rich layer
are seen to be nearly the same for all three ρZn,0 for a given type of sample.
It is observed that the Deff

ZnAl value obtained for heat treatment at 430 ◦C
is very similar for different heat-treatment periods and Zn-loads given in
tables 4.1 and 4.2, as expected along the lines for the material-property ar-
gument above. The L values in table 4.2 for each of heat treatments are also
similar which implies that the concentration profiles calculated for these
cases are similar despite the differences in the initial conditions specified.

Figure 4.3 shows the Zn concentration profiles for the initial conditions and
diffusion coefficients given in table 4.2 after different times of heat treatment
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TABLE 4.1: Results of fitting of Zn concentration profiles of
Zn-rich layers in AlMn substrate to a solution of Fick’s sec-
ond law (eq. 4.13) to obtain thickness of the Zn coating h, Zn
coating weight WZn , effective diffusion coefficient Deff

ZnAl and
Zn-rich layer thickness L. WZn and L obtained by GD-OES
measurements are included.

Heat GD-OES
results

Fitting results

treatment WZn

(g/m2)
L
(μm)

h
(μm)

WZn

(g/m2)
Deff

ZnAl

(m2/s)
L
(μm)

High Zn load, ρZn,0 = 100 wt % (7.14 g/cm3)

350◦C 2h 8.6 34 1.2 8.2 3.8×10-15 23
350◦C 3h 8.4 >36 1.1 8.2 3.6×10-15 27
350◦C 4h 8.9 >36 1.2 8.7 3.4×10-15 29
350◦C 5h 8.0 44 1.1 7.8 3.6×10-15 33

390◦C 1h 8.9 34 1.2 8.8 1.4×10-14 30
390◦C 2h 8.7 42 1.2 8.6 1.4×10-14 40
390◦C 3h 9.2 53 1.3 9.2 1.4×10-14 49
390◦C 5h 8.3 59 1.2 8.2 1.2×10-14 56

430◦C 1h 8.0 45 1.1 8.0 3.4×10-14 44
430◦C 2h 8.6 59 1.2 8.7 3.3×10-14 59
430◦C 3h 7.9 >66 1.1 8.1 3.2×10-14 69
430◦C 4h 8.4 81 1.2 8.6 4.0×10-14 86

Low Zn load, ρZn,0 = 32 wt % (1.09 g/cm3)

430◦C 4h 3.2 68 2.9 3.2 3.4×10-14 68
470◦C 4h 2.8 >76 3.0 3.2 9.2×10-14 98
510◦C 4h 2.2 >76 4.0 4.4 4.5×10-13 187

at 430 ◦C. ρZn,0, h and Deff
ZnAl values from table 4.2 were inserted into the so-

lution of Fick’s second law (equation 4.13), and the time of heat treatment
was selected as 1, 10 and 60 minutes. The profiles of the initial coating slabs
are shown by the dashed lines. After 1 minute of heat treatment Zn concen-
tration profiles vary widely for different initial coatings (figure 4.3a). The
difference is reduced significantly after 10 minutes of heat treatment (figure
4.3b) and becomes negligible after 60 minutes (figure 4.3c), i.e, the concen-
tration distributions for Zn converge to a common solution with increasing
time of heat treatment.

Temperature dependence of the effective diffusion coefficient is shown in
figure 4.4. Activation energy and pre-exponential factor were calculated to
be Ea = 103 kJ/mol and Deff

ZnAl,0 = 2 ×10-6 m2/s, respectively.

Zn concentration profiles of Zn-rich layers on Al were simulated by using
equation 4.13 and the average h values 1.2 μm and 2.9 μm from table 4.1 for
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FIGURE 4.3: Calculated Zn depth profiles of heat treated Zn
coated AlMn alloy samples with Zn load of 2.7 g/m2. Simu-
lation was done using equation 4.13, Zn concentration in the
initial coating were ρZn,0 = 0.5 g/cm3 (red curves), 1.09 g/cm3

(green curves) and 7.14 g/cm3 (blue curves). For each ρZn,0,
the corresponding initial coating thickness and effective diffu-
sion coefficient were taken from table 4.2. Dashed lines rep-
resent the assumed initial concentration distributions for the
coatings. Solid lines represent Zn depth profiles of the samples
heat treated for a) 1 minute, b) 10 minutes and c) 60 minutes.
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TABLE 4.2: Results of fitting of Zn concentration pro- files of
Zn-rich layers in low Zn load samples heat treated for 4 hours
at 430 ◦C and 510 ◦C to the solution of Fick’s second law (eq.
4.13) with different assumed Zn concentrations on the coating
ρZn,0 to obtain thickness of the Zn coating h, Zn coating weight
WZn, effective diffusion coefficient Deff

ZnAl and Zn-rich layer
thickness L.

Heat
treatment

ρZn,0

(g/cm3)
h (μm) WZn

(g/m2)
Deff

ZnAl

(m2/s)
L (μm)

430◦C 4h
7.14 0.4 3.2 3.4×10-14 68
1.09 2.9 3.2 3.4×10-14 68
0.50 6.4 3.2 3.4×10-13 68

510◦C 4h
7.14 0.6 4.4 4.5×10-14 187
1.09 4.0 4.4 4.5×10-14 187
0.50 8.9 4.4 4.5×10-13 187

FIGURE 4.4: Arrhenius plot of effective diffusion coefficient
(in m2/s) for Zn-rich layers on AlMn substrate. Symbols rep-
resent experimental data, the line represents the least-squares
fit of the data to a straight line.

high and low Zn load, respectively. The diffusion coefficient was estimated
by equation 4.14 using the calculated activation energy and pre-exponential
factor. The initial Zn concentrations for the coating, ρZn,0, used in the calcu-
lation were the same as in the curve fitting procedure described in section
4.4 (100 wt% (7.14 g/cm3) and 32 wt% (1.09 g/cm3) for high and low Zn
load, respectively). The results are shown as blue dashed lines in figures
4.2a-g. The simulated Zn concentration profiles are quite close to the fitted
curves except for the low Zn load sample heat treated for 4 hours at 510 ◦C.

We would now like to compare the Zn-rich layer thicknesses, L, obtained
from the three approaches discussed above, viz., a) measured directly from
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the experimental GD-OES depth profiles, b) obtained by using the curve-
fitting procedure described by using the GD-OES data and equation 4.13
(already reported in table 4.1), and c) estimated analytically from the sim-
ulated profiles by direct use of the equations 4.13 and 4.14 together with
the reported activation energy and pre-exponential factor. The L values ob-
tained by the three approaches are compared in table 4.3. Table 4.3 includes
the values of Deff

ZnAl, which were calculated using equation 4.14.

The simulated L-values for all high Zn load samples, heat treated at 350
◦C, and the sample heat treated for 5 hours at 390 ◦C are closer to the di-
rectly measured GD-OES values than the L obtained by curve-fitting of the
GD-OES data. In case of high Zn load samples heat treated for 1-3 hours
at 390 ◦C, the simulated L is even lower than the values obtained by curve-
fitting. For the samples heat treated at 430 ◦C for both Zn loads, simulated
L is higher than the values obtained by both GD-OES and curve-fitting ex-
cept for the high Zn load sample heat treated for 4 hours, for which it is
quite close to the L obtained from GD-OES. The variations in L are gener-
ally quite small except for the high Zn load samples heat treated at 350 ◦C.
The simulated profiles are believed to be the most useful of the three high-
Zn depth profiles, for which the errors introduced by local variations on the
sample and due to GD-OES measurements are minimized.

In an attempt to improve the Zn depth profile for the low Zn load sample
heat treated for 4 hours at 510 ◦C, the following procedure was used. The
value of h was fixed at 2.9 μm, which is the average value based on the
two lower temperature, low Zn samples reported in table 4.1. The initial
Zn concentration in the coating ρZn,0 was again 1.09 g/cm3 for the low-Zn
samples as in table 4.1. The available GD-OES depth profile data was again
fitted to equation 4.13 with these premises. The data-fitting was performed
in this case by adjusting Deff

ZnAl to maximize the coefficient of determination,
R2 (rather than adjusting both h and Deff

ZnAl as in the general case described
above). The Deff

ZnAl obtained by this approach was 2.2×10-13 m2/s. The same
value is calculated by using equation 4.14 and the activation energy and
pre-exponential factor obtained from the Arrhenius correlation in figure 4.4
(reported in table 4.3). Similar approach can be used in analyzing GD-OES
data to develop or validate an Arrhenius expression for the temperature
dependence of Deff for different alloyed metallic coatings.

As an example of generating depth profiles for cases where experimen-
tal data are not available, Zn depth profiles for low Zn load samples heat
treated for 1-3 hours at 430 ◦C and 470 ◦C were simulated by using the pro-
cedure described above, as shown in figure 4.5. A hypothetical pure Zn
coating with load of 3.9 g/m2 was also chosen for simulation as an inter-
mediate option between high and low Zn loads. The parameters used were
ρZn,0 = 7.14 g/cm3, h = 0.55 μm. The diffusion coefficients were obtained
using equation 4.14 together with the calculated activation energy and pre-
exponential factor. Simulated Zn depth profiles are shown in figure 4.6.
Zn-layer thicknesses for all simulated profiles are reported in table 4.4. The
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TABLE 4.3: Comparison of Zn-rich layer thickness L obtained
experimentally by GD-OES, by fitting these results to equation
4.13 and from simulation. The effective diffusion coefficients
Deff

ZnAl calculated using equation 4.14 and used in the simula-
tion are included. ρZn,0 used in the calculations was 100 wt%
(7.14 g/cm3) and 32 wt% (1.09 g/cm3) and the h was 1.2 μm
and 2.9 μm for high and low Zn load, respectively.

Heat
Deff

ZnAl (m2/s)
L (μm)

treatment GD-OES Curve fitting Simulation

High Zn load

350◦C 2h

3.7×10-15

33 23 23
350◦C 3h >36 26 27
350◦C 4h >36 29 31
350◦C 5h 44 33 34

390◦C 1h

1.2×10-14

34 30 28
390◦C 2h 42 40 38
390◦C 3h 53 49 46
390◦C 5h 59 56 57

430◦C 1h

3.6×10-14

45 44 45
430◦C 2h 59 59 61
430◦C 3h >66 69 73
430◦C 4h 81 86 82

Low Zn load

430◦C 4h 3.6×10-14 68 68 69
470◦C 4h 9.3×10-14 >76 98 99
510◦C 4h 2.2×10-13 >76 187 132

profiles presented in figures 4.5 and 4.6 will be discussed in the following
chapters considering the optimal Zn concentration profile for reducing the
pitting of the Al alloy substrate and minimizing corrosion rate of the Zn-rich
layer.
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FIGURE 4.5: Simulated Zn depth profiles of heat treated Zn
coated AlMn alloy samples with Zn load of 2.7 g/m2 (low Zn
load). Simulation was done using equation 4.13, Zn concentra-
tion in the initial coating ρZn,0 = 1.09 g/cm3 and initial coating
thickness h = 2.9 μm.

FIGURE 4.6: Simulated Zn depth profiles of Zn coated and
heat treated AlMn alloy samples with Zn load of 3.9 g/m2.
Simulation was done using equation 4.13, Zn concentration in
the initial coating ρZn,0 = 7.14 g/cm3 and initial coating thick-
ness h = 0.6 μm.
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TABLE 4.4: Zn-rich layer thickness L obtained from simula-
tion of Zn depth profiles using equation 4.13. Zn concentra-
tion in the initial coating ρZn,0 = 1.09 g/cm3 and 7.14 g/cm3,
and initial coating thickness h = 2.9 μm and 0.55 μm for Zn
loads of 2.7 and 3.9 g/m2, respectively.

Zn load (g/m2) Heat treatment L (μm)

2.7

430◦C 1h 40
430◦C 2h 52
430◦C 3h 62
470◦C 1h 58
470◦C 2h 76
470◦C 3h 89

3.9

430◦C 1h 41
430◦C 2h 54
430◦C 3h 64
430◦C 4h 72
470◦C 1h 60
470◦C 2h 79
470◦C 3h 93
470◦C 4h 104

4.6 Discussion

A methodology is developed for predicting Zn concentration profiles of Zn-
rich layers produced by heat treatment of Zn thermal arc-sprayed coating
on commercial Al alloy substrate by solution of Fick’s second law for bi-
nary diffusion from a pure Zn or ZnAl alloy slab with initially uniform con-
centration into a semi-infinite aluminium alloy. Reducing the equations of
mass transfer to the simple form of Fick’s first law (equation 4.7) was based
on working with respect to a reference frame centered on mass average ve-
locity and using an effective diffusion coefficient for a porous Zn-rich layer
of non-uniform thickness. The effective diffusion coefficient was obtained
from curve fitting experimental Zn profiles obtained on commercial AlMn
alloys coated with different Zn loads and heat treated in the temperature
range 350 – 510 ◦C. The fits of Zn profiles to the solution of Fick’s law were
satisfactory except for the low Zn load sample heat treated for 4 hours at 510
◦C. Initial thickness values obtained in this manner agreed well for samples
coated similarly, but subjected to different heat treatments, to give different
Zn profiles with the abovementioned exception.

The average total weight of the Zn coating, WZn, calculated as 8.4 ± 0.4
g/m2 and 3.2 ± 0.2 g/m2 for high and low Zn load, respectively, agree well
with the data obtained by XRF analysis for the high Zn load samples (8.0
± 0.2 g/m2) and weighing of the low Zn load samples (2.7 ± 0.7 g/m2).
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The reproducibility of the effective diffusion coefficient obtained from the
replicate specimens analyzed for a given heat-treatment temperature was
also satisfactory, despite significant variations in the concentration levels
and gradients among the samples. The diffusion coefficient is reproduced
even for samples with different Zn loads treated at the same temperature of
430 ◦C. The obtained diffusion coefficients and calculated activation energy
Ea = 104 kJ/mol agree well with the values found in literature [1–7].

The approximation used for the initial thickness and composition of the Zn
thermal-arc sprayed coating, which is quite non-uniform both laterally and
in depth, as a layer with fixed Zn concentration and thickness for both Zn
loads can be questioned. The diffusion coefficient, which is assumed to be
constant, may also change with depth near the surface for cases where the
Zn concentration is high. Nevertheless, the arguments in the previous para-
graph suggest that these assumptions seem to work quite well for obtaining
reliable data for the effective diffusion coefficients and the Arrhenius-law
parameters (activation energy and the pre-exponential factor). An accuracy
within two significant digits is not very common in the measurement of
solid-state diffusion coefficients.

The fact that the parameters obtained by curve fitting the depth profile data
do not depend much on the initial Zn concentration ρZn,0 selected for the
coating in the example shown in table 4.2 indicate that the assumptions
made in formulating the mathematical model, in particular in reducing the
basic equation for the flux (equation 4.1) to the simple form of Fick’s 1st law
(equation 4.5) and further to Fick’s 2nd law, and the assumptions involved
in obtaining the analytical solution for the Zn concentration (equation 4.13)
are justified. The variation in ρZn,0 naturally requires corresponding varia-
tion in h to satisfy the macroscopic mass balance. The fact that the Deff

ZnAl ob-
tained by curve fitting does not vary with ρZn,0 justifies the assumption that
it is independent of concentration at a given temperature. Although it does
not seem to affect the depth profiles under the heat treatment temperatures
and durations of interest, ρZn,0 and h do not correspond to the actual Zn
concentration and thickness. These are the "effective" values obtained for
the initial concentration and coating thickness, respectively, during curve
fitting by maximizing the coefficient R2 during the least-squares analysis.

This study has shown by practical examples and mathematical arguments,
that the exact values of these parameters are not important in estimating
the Zn depth profile for a given Zn load and heat treatment temperature
and duration in the range of values important for the present purposes, as
long as the macroscopic mass balance for Zn content of the Zn-rich layer,
equation 4.15, is satisfied. A mathematical proof of independence of Zn
concentration profiles on ρZn,0 and h for large heat treatment times, as long
as the macroscopic mass balance is satisfied, is described in the Appendix
to this chapter.

The observed apparent independence of the depth profiles on the details of
the initial Zn profile may be related to relatively high diffusion coefficients
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at the temperatures investigated, together with long heat treatment times.
The initial conditions would be expected to become increasingly important
with decreasing heat-treatment temperature and time, as shown in figure
4.3 and the Appendix. However, such conditions are neither compatible
with each other nor feasible in practice since lower heat-treatment tempera-
tures would require longer heat treatment times, and higher heat-treatment
temperatures could affect the microstructure and deteriorate the mechanical
properties of the aluminium alloy substrate.

A possible example to the above was the behavior of the low Zn-load sam-
ples heat treated at 510 ◦C. This heat treatment leads to quite small Zn con-
centrations in the Zn-rich layer, which are comparable with concentration of
minor alloying elements in the Al substrate (Mn, Fe, Si and Mg). The diffu-
sion process can no longer be assumed to be binary. At this temperature the
alloying elements attain higher solubilities [12] and higher diffusion coeffi-
cients in Al [6]. The diffusion coefficient of Al also increases [7]. However,
at such small concentrations the alloy can be considered dilute. The concen-
trations of Zn as well as alloying elements are so small that Zn atoms do not
interact with other solute atoms [10]. Therefore, theoretical model described
in section 4.2 can still be valid. It was also shown in section 4.2 that at small
concentrations the model can be more easily justified.

It can be concluded from the foregoing arguments that the modelling proce-
dure described here can be used to simulate Zn concentration profiles with
different Zn loads on Al within the range 3 – 8 g/m2 due to heat treatment
in the range 350 ◦C - 510 ◦C. The modelling procedure is the following:

1. Estimate the effective diffusion coefficient for a given temperature from
the Arrhenius equation

Deff
ZnAl = 2× 10-6exp

(
−103× 103

RT

)
(4.16)

which is equation 4.14 with the presently determined values 103 kJ/mol
and 2×10-6 m2/s for the activation energy and the pre-exponential
term substituted.

2. Specify/determine the values of the average coating thickness h and
initial concentration of Zn in the coating ρZn,0. If the coating is pure
Zn, ρZn,0 = 7.14 g/cm3. If it is a ZnAl alloy, the ρZn,0 value should
be corrected for the density of the alloy. h can be obtained from the
equation

h = WZnρZn,0 (4.15)

where WZn is the Zn load.

3. Calculate the Zn distribution ρZn from equation 4.13 as a function of
x.
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4.7 Conclusions

• Zn concentration profiles of Zn rich layers on commercial Al alloy sub-
strate, obtained by heat treatment in the temperature range 350 - 510
◦C and heat-treatment time range 1 - 5 hours, were successfully fitted
to a solution of Fick’s second law for binary diffusion from an ini-
tial Zn-rich layer, representing the initial coating, into a semi-infinite
region representing the Al alloy. The assumptions made by using a
uniform average thickness for the initial Zn thermal arc-sprayed coat-
ing and use of a constant effective, rather than a well-defined binary,
diffusion coefficient, worked well for the stated heat-treatment condi-
tions.

• The temperature dependence of the effective diffusion coefficient was
also described satisfactorily by use of an Arrhenius-type expression
with the values for activation energy and pre-exponential factor de-
termined as 103 kJ/mol and 2×10-6 m2/s, respectively. This value of
the activation energy agrees well with the literature data.

• The described procedure for modelling of Zn concentration profiles
can be employed for estimation of the necessary heat treatment pa-
rameters for obtaining the desired Zn concentration profile by heat
treatment of Zn coated Al alloy MPE tubes within the specified heat-
treatment limits.

Appendix

For z < 1, the error function can be expressed by the Taylor series expansion
[10]

erf(z) =
2√
π

{
z − z3

3× 1!
+

z5

5× 2!
− z7

7× 3!
+ ...

}
(4.17)

or, in a closed form

erf(z) =
2√
π

∞∑
n=0

{
(−1)nz2n+1

n!(2n+ 1)

}
(4.18)

The expansion of equation 4.13 by using equation 4.17 gives

ρZn =
ρZn,0h√

π

{
1√

(Deff
ZnAlt)

− 2h(h2 + 3x2)

(3× 1!)
(
2
√

(Deff
ZnAlt)

)3+

+
2h(h4 + 10h2x2 + 5x4)

(5× 2!)
(
2
√
(Deff

ZnAlt)
)5 − ...

}
(4.19)
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For large x and since ρZn,0h = WZn (= Zn coating load = constant), equation
4.19 reduces to

ρZn =
2WZn√

π

{
1√

(Deff
ZnAlt)

− 3x2

(3× 1!)
(
2
√

(Deff
ZnAlt)

)3+

+
5x4

(5× 2!)
(
2
√
(Deff

ZnAlt)
)5 − ...

}

=
WZn√

π(Deff
ZnAlt)

∞∑
n=0

(−1)n

n!

(
x

2
√
(Deff

ZnAlt

)2n

=
WZn√

π(Deff
ZnAlt)

e−z2 (4.20)

where
z =

x

2
√
(Deff

ZnAlt
(4.21)

which is the well-known "thin-film solution" to Fick’s 2nd law [10]. Thus,
for constant WZn and h << x, the depth profile becomes a function of x and
t only (no explicit h dependence). For small x, equation 4.13 reduces to

ρZn = ρZn,0erf
h

2
√
(Deff

ZnAlt
(4.22)

For large t equations 4.20 and 4.22 reduce to the simple well-known solution
expression for the surface concentration for diffusion from a thin film [10]

ρZn =
WZn

π
√
(Deff

ZnAlt
(4.23)

applicable at x = 0.
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Chapter 5

Continuous immersion corrosion
testing of zinc-rich layers on
aluminium in acidified chloride
solution

Abstract

This chapter investigates electrochemical and corrosion behaviour of Zn-
rich layers on AlMn alloy, obtained by heat treatment of thermal-arc sprayed
Zn coating, with reference to 99.99% purity Zn and bare AlMn alloy sub-
strate in acidified artificial sea water solution of pH 3. Pure Zn, bare AlMn
alloy, and AlMn alloy with the Zn-rich layer were potentiodynamically po-
larized, and their electrochemical parameters were analysed. It was found
that AlMn alloy can be protected anodically against pitting by both the pure
Zn coating and Zn-rich layer at the expense of high self-corrosion rate of the
Zn coating and Zn-rich layer. During continuous immersion test the poten-
tial of Al was maintained far below the repassivation potential by both types
of layers. High self-corrosion rate of Zn-rich layers during immersion can
be decreased by reducing the Zn load of the initial thermal-arc sprayed coat-
ing and, subsequently, Zn concentration in the layer to a level which is still
sufficient for protection of the substrate against pitting.

5.1 Introduction

Zn-rich layers are believed to improve resistance of Al alloys to pitting cor-
rosion [1–6]. However, the effect of the Zn depth profile and layer thickness
on the corrosion properties have not been much investigated. In chloride en-
vironment above the critical pitting potential Ec Al oxide becomes unstable
and Al undergoes pitting corrosion [7]. Pitting can then propagate further
at potentials lower than Ec due to local acidification of the environment in
the pit. In order to protect Al from further pitting the corrosion potential is
suggested to be reduced below the repassivation potential Erp. Erp of about
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-0.85 VSCE is supposed to be sufficient for protection of Al against pitting
[8, 9] by maintaining the surface stably in the passive condition. However,
this may still be considered as a conservative value if the potential does not
exceed the critical pitting potential Ec, which is about -0.75 VSCE, during ex-
posure to chloride environment. Al alloys cannot be protected cathodically
in the conventional sense [8, 9], as in the case of more noble alloys, such
as steel, by reducing its potential close to its reduction potential, due to the
danger for cathodic corrosion [10]. The protection potential has therefore to
be maintained between Erp and the cathodic corrosion potential to obtain
stable passivity [9].

Zn is more active than Al [11]. ZnAl alloys are also more active, the ac-
tivity decreasing with increasing amount of Al in the alloy [12–14]. Coat-
ings of pure Zn and AlZn alloys on a number of other types of Al alloys,
such as AlMn, are therefore expected to reduce the corrosion potential suf-
ficiently below the critical pitting potential of the substrate alloy to provide
protection against pitting in chloride environment [1–3, 15–17]. However,
determination of the optimum amount of Zn in the coating and the opti-
mal in-depth concentration distribution and thickness of the Zn-rich layer
formed by heat treatment for effective protection and optimal service life of
the substrate alloy is not well clarified in the available literature. Another
challenge in this respect is the possibility of high self-corrosion imparted
to the Zn-rich layer by the Zn component in acidified chloride solutions
[2, 11, 18], reducing the current efficiency of the layer in protecting the sub-
strate against pitting. Based on limited literature available, corrosion rate is
expected to increase with increasing Zn content in the Al alloy [2, 11, 13].
Possible mechanisms of dealloying in this process and its added effect on
the electrochemical properties of the layer have not been investigated.

In chapter 3 Zn rich layers on AlMn alloy multi-port extruded (MPE) tubes
were characterised by glow discharge optical emission spectroscopy (GD-
OES). Zn was deposited by thermal-arc spraying and subsequently sub-
jected to heat treatment, allowing controlled diffusion of Zn into the AlMn
substrate. Zn coating with lower Zn load was produced by controlled etch-
ing of excess zinc by hot chromic-phosphoric acid treatment. Zn concentra-
tion profiles were obtained for selected heat treatment conditions.

The purpose of the present work is to study the electrochemical and corro-
sion behaviour of such samples relative to that of pure Zn and bare AlMn
alloy substrate immersed in acidified chloride solution. The effectiveness of
the sacrificial Zn-rich layers in reducing pitting corrosion of Al will be in-
vestigated by monitoring the development of their corrosion potential over
time, in comparison to the thinning of the samples by increased self corro-
sion of the layer due to the Zn component. Possibility of minimizing self-
corrosion of the Zn-rich layer by optimizing the Zn concentration profile
and thickness of the Zn-rich layer, without decreasing the pitting resistance,
will be studied.

It will be attempted to correlate the corrosion potential of the samples with
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Zn concentration of the corroding surface. It will be investigated, further-
more, whether such a correlation can be combined with the Zn-depth pro-
files of the uncorroded sample to estimate the corrosion rate of the samples
from measured corrosion potential during exposure to the same solution.

5.2 Experimental

Materials. AlMn alloy MPE tube samples were provided in bare and coated
form by Sapa AS. Composition of the bare alloy, designated as Alloy1, was
measured by spark optical emission spectroscopy (Spark OES). The results
were shown in chapter 3 in table 3.1. Zn samples were 99.99% purity thin
Zn plates.

The Zn coating was applied by thermal-arc spraying at the plant immedi-
ately after extrusion. Typical Zn load on the surface, determined by X-ray
fluorescence (XRF) spectrometer (CMI 900 from Oxford Instruments), was
8.0 ± 0.2 g/m2. Composition of the tube alloy, which was later coated with
Zn, measured separately by Spark OES, was shown in chapter 3 in table 3.3,
both in mass fraction and mass concentration. The tubes were cut, rinsed
in distilled water, acetone and ethanol and subsequently heat treated for
1, 2, 3, 4 and 5 hours at 350, 390 and 430 ◦C to obtain Zn-rich layers with
varying thickness and Zn concentration profiles on the surface of the AlMn
substrate.

The procedure which involved the use of hot chromic-phosphoric acid treat-
ment to produce Zn-rich layers with lower Zn loads than that possible by
thermal-arc spraying was described in chapter 3. The Zn load on such sam-
ples was estimated as 2.7 ± 0.7 g/m2. The samples with Zn load of 8 g/m2

and 2.7 g/m2 will be designated in this work as samples with high Zn load
and low Zn load, respectively. MPE tubes with low Zn load were heat
treated for 4 hours at 430, 470 and 510 ◦C.

Potentiodynamic polarization. The sample area to be exposed to the solu-
tion was covered with tape. The samples were then immersed into beeswax
heated to about 60 ◦C with one edge of the sample remaining free of beeswax
for connecting the sample to the potentiostat. The beeswax around the tape
was cut with a scalpel and the tape was removed, exposing the predeter-
mined metal surface to the test solution, as shown in figure 5.1. The area
exposed to the solution was 2.2, 2.8 and 3.3 cm2 for Al alloy, Zn and high Zn
load sample, respectively, depending on the dimensions of samples made
available by the supplier. The high Zn-load sample was heat treated for 2
hours at 390 ◦C.

The samples were immersed in acidified artificial sea water solution pre-
pared according to ASTM D1141 with pH between 2.9 and 3 and constant
temperature of 25 ◦C. This is the same solution used for the corrosion po-
tential measurements to be discussed below. The cell geometry, stirring and
the solution volume were the same for all samples.
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FIGURE 5.1: Zn sample masked with beeswax for potentiody-
namic polarization test. The length and width of the sample
was 6.5 and 2.9 cm, respectively.

The corrosion potential was measured with respect to a saturated calomel
electrode (SCE) until it stabilized. Stabilization time was 75 and 2 minutes
for Al and Zn samples, respectively. Cathodic polarization curves were
measured for these samples starting from the corrosion potential with the
sweep rate of 0.1 mV/s until the potential reached -1.4 VSCE. Subsequently
back at open circuit again, the corrosion potential stabilized to the same
value as in the beginning after 10 minutes. Anodic polarization curves were
then measured starting from the corrosion potential with the same sweep
rate until the potential reached -0.48 VSCE and -0.85 VSCE for Al and Zn, re-
spectively.

A slightly different procedure was used for the heat treated high Zn load
sample. After 5 minutes of stabilization at the corrosion potential, the sam-
ple was polarized to 20 mV below the corrosion potential. The anodic po-
larisation curve was then measured with the sweep rate of 0.1 mV/s until
the potential reached -0.7 VSCE.

Continuous immersion corrosion test combined with corrosion potential
measurements. In order to prevent concentration cells and crevice corrosion
at the solution-air interface and internal corrosion by solution ingress into
the tubes, the samples were coated with beeswax as shown in figure 5.2 to
expose an average sample area of 23 ± 4 cm2. The samples were immersed
in solution, such that the solution air interface corresponded to the coated
area on the left (upper edge). The coating sealed the tube openings at the
edge on the right hand side (figure 5.2). A small area of beeswax at the
upper edge of the samples (left edge in figure 5.2) was removed to obtain
electrical contact to the multimeter or potentiostat. The same cell geometry
and solution volume were used for all samples.

The samples were immersed in acidified artificial sea water solution pre-
pared according to ASTM D1141 at pH between 2.9 and 3 and constant tem-
perature of 25 ◦C. This is the solution specified for the standardized SWAAT
test (ASTM G85) normally used to rank aluminium components to be used
in automotive applications. However, electrochemical behaviour is difficult
to investigate during a salt-spray test. Immersion tests in the same solution
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FIGURE 5.2: Zn coated MPE tube sample masked with
beeswax for corrosion potential measurement. The length and
width of the sample was 9.6 and 2.6 cm, respectively.

were suggested in earlier work [19, 20] to enable electrochemical monitor-
ing and characterising in a similar environment. Selection of the solution for
corrosion potential measurements was also based on earlier practice in this
laboratory to observe the change in this parameter with respect to time as
layers, whose electrochemical properties varied with depth, were corroded
off the surface in an accelerated manner. The temperature of the SWAAT test
is 49 ◦C. However, acid solution at elevated temperature is very aggressive
and in immersed conditions corrosion could be too accelerated. Long im-
mersion tests at elevated temperatures require building of additional equip-
ment to eliminate fast evaporation of solution. Therefore, solution tempera-
ture of 25 ◦C was chosen instead, which is more likely to be the temperature
in real applications.

Test durations were 4 and 11 days for AlMn alloy MPE sample. High Zn
load heat treated samples were immersed for predetermined intervals be-
tween 10 hours and 11 days. High Zn load non-heat-treated samples were
immersed for the same durations with additional tests of 2, 3 and 8 hours.
Low Zn load samples were immersed for 3, 6 and 11 days. 3 replicate test
were performed for each sample and immersion interval. Immersion tests
of the non-heat-treated sample for durations less than 10 hours were not re-
peated. For selected samples, rapid potential transients at short times after
immersion were recorded by a potentiostat every 10 seconds for the first
several hours of the measurement and every 2 minutes for the rest of the
experiment. For most samples the corrosion potential was measured by a
multimeter every 24 hours or right before the test was finished for durations
less than 24 hours. Distilled water was added every 2 days to the solution
to compensate for the evaporated water.

The corroded samples were removed from the solution, rinsed and cleaned
by a wiper tissue in tap and distilled water, and the parts covered with
beeswax were finely cut, as shown in figure 5.3. The corrosion morphol-
ogy will be discussed in chapter 6. The corrosion products were removed
by immersion in standard hot chromic-phosphoric acid solution for 10 min-
utes at 90 ◦C according to ASTM G1 and subsequently thoroughly rinsed in
tap and distilled water. The samples were dried in a furnace for 3 hours at
90 ◦C. Their weight and size were measured and weight loss per area was
calculated. There was no effect of chromic-phosphoric acid treatment on
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weight loss of the Zn coated and heat treated samples, and this step was
skipped for some of these.

FIGURE 5.3: Zn coated MPE tube sample after continuous
immersion in acidified artificial sea water solution followed
by cutting the edges covered with beeswax. The length and
width of the sample was 3.7 and 2.6 cm, respectively.

Average values for weight loss were calculated based on three replicate
measurements and errors in the form of standard deviations were calcu-
lated. The standard deviation of the initial weight per unit area (237.2 ±
0.2 mg/cm2 for the uncoated samples and 124.1 ± 0.1 mg/cm2 for the Zn
coated samples) was taken into account.

Reduction in thickness d was estimated from the measured weight loss ΔW
and the density profiles ρ(x) calculated from the GD-OES measurements
(figure 3.6) by numerical solution of the integral

ΔW =

d∫
0

ρ(x)dx (5.1)

Standard deviation in d was based on standard deviation of weight loss. For
the uncoated samples, reduction in thickness was calculated by dividing the
weight loss with the density of the alloy.

Zn concentration on the surface ρZn after corrosion was estimated next by
using the Zn concentration profiles in which the x-axis (distance from the
surface) was replaced by the values of reduction in thickness, d, obtained
above. This is shown in figure 5.4. In performing these transformations, the
error margins (standard deviation) based on the weight loss data were also
transformed over to the calculated parameters, as also sketched in figure 5.4.
For this purpose profiles calculated as described in chapter 4 were used.
For the non-heat-treated sample GD-OES profile shown in figure 3.6 was
used. The estimated value of ρZn in this manner is the average for the whole
sample surface. Local non-uniformity of ρZn is expected to occur due to
non-uniform corrosion originating from the non-uniformity of the Zn-rich
layer. Corrosion rate was calculated from reduction in thickness between
two subsequent measurements divided by the corresponding time interval.

Corrosion potential measurements in GD-OES craters. Selected Zn coated
and heat treated AlMn samples with high Zn load were sputtered by Ar ions
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FIGURE 5.4: Example for estimation of surface Zn concentra-
tion during corrosion using Zn concentration profiles (green
curve), simulated as described in chapter 4, in this case for
high Zn load sample heat treated for 2 hours at 390 ◦C . The
blue arrows show the process of correlating reduction in thick-
ness, d, with Zn concentration at the surface. This is done sim-
ply by substituting d for the distance from surface on the x-
axis to obtain the red circles on the green curve and reading
off the corresponding Zn concentration on the y-axis. The red
arrows show the analogous process of transforming the error
in reduction in thickness into error in the estimated Zn con-
centration on the corroding surface.

using GD-OES RF glow discharge optical emission spectrometer (HORIBA
Jobin Yvon GD-Profiler 2) to form craters with 4 mm diameter and vary-
ing depths, using the plasma parameters of 32 W power and 600 Pa pres-
sure. During this process, Zn concentration profiles were obtained using
the procedure and calibration described in chapter 3. A drop of an acidified
artificial sea water as above was placed on the surface of the craters and
corrosion potential was measured by a capillary Luggin probe attached to a
SCE reference electrode, as an attempt to establish a correlation between the
corrosion potential and Zn concentration in the Zn-rich layer.

5.3 Results

5.3.1 Potentiodynamic polarization

Potentiodynamic polarization curves for Al alloy substrate, pure Zn sample
and AlMn alloy coated with 8 g/m2 of Zn heat treated for 2 hours at 390
◦C in acidified artificial sea water solution are shown in figure 5.5. The Al
substrate, pure Zn and the heat treated high Zn load sample are designated
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in this section as Al, Zn and ZAS, respectively. The curves indicate that Zn
was much more active than Al, while ZAS was less active than Zn but more
active than Al, as expected.

FIGURE 5.5: Potentiodynamic polarization curves for Al al-
loy substrate (Al), pure Zn sample (Zn) and AlMn alloy tube
coated with 8 g/m2 of Zn heat treated for 2 hours at 390 ◦C
(ZAS) in acidified artificial sea water solution at 25 ◦C. The
dashed lines represent dissolution of Al (blue), ZAS (orange),
Zn (red) and reduction of Al (green) and Zn (purple) curves.
Points (a), (b) and (c) indicate corrosion rate of Al, ZAS and
Zn, respectively, at the corrosion potentials which are indi-
cated by dashed arrows.

Partial current densities for the reduction and oxidation reactions of the
samples were estimated by fitting the parts of the polarization curves near
the corrosion potential on a semi-logarithmic scale to straight lines in the
conventional manner. The reduction curves appear to fit approximately
straight lines by this empirical approach, with slopes of 189 mV/decade
and 178 mV/decade for Al and Zn samples, respectively. These values sug-
gest that water reduction dominates at higher overpotentials by alkalization
of the solution at the electrode surface [21, 22]. The fact that the anodic part
of the polarization curves for Al and ZAS were nearly horizontal, indicated
non-polarizability of the anodic process, therefore a pitting-type of mecha-
nism [23]. The corrosion potentials of pure Al and Zn-rich layer can there-
fore considered equal to their corresponding critical pitting potentials [7].
The anodic part of the Zn curve suggests a Tafel-type of oxidation mech-
anism. The Tafel slope of 43 mV/decade agrees well with other work for
pure Zn in acidified chloride solutions [24, 25].
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Corrosion rate icorr and corrosion potential Ecorr were estimated in the con-
ventional manner by use of the mixed potential theory [26]. Due to the
absence of the cathodic part of polarization curve for ZAS (the data only for
20 mV below the corrosion potential was available), the corrosion rate was
estimated as the current density corresponding to the straight-line fit of the
oxidation curve at the corrosion potential, which could easily be obtained
from figure 5.5 because of a nearly horizontal anodic polarization curve, as
discussed above. These results are summarized in table 5.1.

Ecorr(ZAS) after polarisation test increased to -0.95 VSCE, which implies that
Zn concentration at the surface became smaller due to corrosion during the
test, as the Zn concentration decreased with depth.

TABLE 5.1: Corrosion potentials Ecorr(i), corrosion currents
icorr(i), Tafel slopes for anodic ba(i) and cathodic bc(i) part of
the polarization curves for AlMn alloy substrate (AlMn), pure
Zn sample (Zn), AlMn alloy tube coated with 8 g/m2 of Zn
heat treated for 2 hours at 390 ◦C (ZAS) in acidified artificial
sea water solution. The results were obtained from the analy-
sis of the potentiodynamic data, as shown in figure 5.5.

Sample Ecorr(i)

(VSCE)
icorr(i)
(μA/cm2)

ba(i)
(mV/decade)

bc(i)
(mV/decade)

Al -0.73 3 small 189
Zn -1.07 36 43 178
ZAS -0.98 7 small not measured

5.3.2 Corrosion potential measurements during immersion

Picture of a sample after immersion in acidified artificial sea water for 96
hours and removal of beeswax in figure 5.6 illustrates that the beeswax pro-
vided good protection against crevice corrosion. Surface darkening was due
to roughening of the corroded surface. Corrosion morphology will be dis-
cussed in the next chapter.

FIGURE 5.6: Zn coated MPE tube sample heat treated for 2
hours at 390 ◦C after continuous immersion in acidified artifi-
cial sea water solution for 96 hours and removal of beeswax.
The length and width of the sample was 11.8 and 2.6 cm, re-
spectively.
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FIGURE 5.7: Typical corrosion potential curves of uncoated Al
alloy MPE tube (Al), as coated AlMn alloy MPE tubes with 8
g/m2 of Zn (No HT) and Zn coated sample heat treated for 2
hours at 350 ◦C in acidified artificial sea water solution. Blue
arrows indicate test durations of (1) 2 hours, (2) 3 hours and
(3) 8 hours for the as coated sample.

Figure 5.7 shows typical corrosion potential - time curves for uncoated AlMn
alloy MPE tube and Zn coated AlMn alloy MPE tubes, in acidified artificial
sea water solution, for the first 4 days of immersion. The coated tubes had
high Zn load (8 g/m2) and the heat treated sample was subjected to tem-
perature of 350 ◦C for 2 hours. The time scale is logarithmic to emphasize
the short-time behaviour. Corrosion potential of the uncoated sample sta-
bilized at around -0.73 VSCE after 70 minutes and decreased to -0.74 VSCE

after 4 days of immersion. The potential of -0.73 VSCE is considered to be the
critical pitting potential Ecorr(Al) according to [7] and the potentiodynamic
results presented above.

The initial corrosion potential of the non-heat-treated high Zn load sample
was around the potential of pure Zn according to data in table 5.1, which
confirms that the metallic Zn coating was corroding at the outset. Within
two to three hours of immersion (points (1) and (2) in figure 5.7), the po-
tential surged up to a plateau at -0.93 VSCE,indicating that, while pure Zn
became depleted, the AlZn alloy layer underneath started to corrode. Sub-
sequently, the potential continued to increase slowly, with a small peak at 8
hours (point (3) in figure 5.7), up to a value of around 30 mV more negative
than Ecorr(Al). The initial corrosion potential for the high Zn load sample
heat treated for 2 hours at 350 ◦C was also close to the potential of pure Zn.
After 6 minutes the potential stabilized around -1.045 VSCE and then rapidly
increased to -0.98 VSCE after 45 minutes of immersion. This indicates that
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the pure metallic Zn, whose presence on the surface of heat treated samples
was confirmed by GD-OES and SEM in chapter 3, was removed, and the
Zn-rich layer began to corrode. After 4 days of immersion the potential was
about -0.85 VSCE.

Corrosion potential in acidified artificial sea water solution, measured at se-
lected intervals of immersion time based on at least three replicates for high
Zn load non-heat treated and heat treated samples are shown in figure 5.8
with error bars indicating standard deviations. The corrosion potential after
10 hours of immersion was roughly the same for the heat treated samples
and was about 40 mV higher for the non-heat-treated sample. The potential
of the untreated sample increased rapidly to about -0.8 VSCE during the first
2 days of immersion and stabilized at about -0.75 VSCE after 4 days, which
it maintained for the subsequent 7 days. The corrosion potential of the heat
treated samples increased monotonically. The potential of the samples heat
treated for 2 hours at 350 ◦C increased more rapidly than those of the others
presumably due to faster decrease of Zn concentration at the surface during
corrosion for such low heat treatment temperature. After 11 days the corro-
sion potential was in the range from -0.785 VSCE (heat treatment for 2 hours
at 350 ◦C) to -0.87 VSCE (heat treatment for 4 hours at 430 ◦C). Corrosion po-
tential of the samples heat treated for 5 hours at 390 ◦C and 4 hours at 430
◦C stayed below -0.85 VSCE, which is considered to be sufficiently negative
for protection of the Al substrate against pitting. The samples heat treated
for 2 hours at 350 ◦C and 1, 2 and 3 hours at 390 ◦C exceeded this value after
about 3, 7, 10 and 11 days of immersion, respectively.

Typical corrosion potential change with time for heat treated Zn coated
AlMn alloy MPE tubes with Zn load of 2.7 g/m2 (low Zn load) is shown in
figure 5.9 for the first 4 days of exposure in acidified artificial sea water so-
lution. The time scale is logarithmic to emphasize the short-time behaviour.
The initial corrosion potentials of the sample heat treated for 4 hours at 430
◦C and 510 ◦C were about -0.95 VSCE and -0.91 VSCE, respectively. Thus, no
pure Zn was present at the surface, which was confirmed by SEM in chapter
3, and the Zn-rich layer formed by heat treatment of the AlZn alloy remain-
ing after pretreatment of the surface in chromic-phosphoric acid solution
was corroding from the beginning of the immersion test. The potential tran-
sients for the samples heat treated at 430 ◦C, 470 ◦C (not shown) and 510 ◦C
exhibited a maximum and a minimum during first 30 minutes of immersion.
The 510 ◦C sample showed a second maximum and minimum at about 13
and 28 hours of immersion, respectively. After these extrema points, which
were reproducible, the potential increased monotonically above the -0.85
VSCE limit.

Figure 5.10 shows the corrosion potentials of Zn coated and heat treated
MPE tubes with low Zn load. All three curves, for samples heat treated
for 4 hours at different temperatures, show slow increase of the potential
after 2 days of immersion compared to more rapid change in the potential
between first and second days. Corrosion potential curve for the samples
heat treated at 430 ◦C lies around 10 mV lower than for the samples heat

105



Chapter 5. Continuous immersion corrosion testing of zinc-rich layers on
aluminium in acidified chloride solution

FIGURE 5.8: Effect of heat treatment on the corrosion potential
of Zn coated and heat treated AlMn alloy MPE tubes with 8
g/m2 of Zn during immersion in acidified artificial sea water
solution. The data for the non- heat-treated sample (No HT) is
included. The symbols correspond to the average for at least
three replicate specimens, with scatter bars included.

FIGURE 5.9: Typical corrosion potential curves of heat treated
Zn coated AlMn alloy MPE tubes with 2.7 g/m2 of Zn in acid-
ified artificial sea water solution.
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treated at 470 ◦C, which, in turn, is around 30 mV lower than the samples
heat treated at 510 ◦C. After 11 days of immersion the samples heat treated
at 430 ◦C and 470 ◦C did not exceed -0.85 VSCE. The sample heat treated at
510 ◦C exceeded this value already after 10 hours of immersion.

FIGURE 5.10: Effect of heat treatment on the corrosion po-
tential of Zn coated AlMn alloy MPE tubes with 2.7 g/m2 of
Zn during immersion in acidified artificial sea water solution.
The symbols correspond to the average for at least three repli-
cate specimens, with scatter bars included.

5.3.3 Continuous immersion corrosion test

High Zn load samples. Results for the immersion corrosion test of the non-
heat-treated and heat treated AlMn alloy MPE tubes, which were originally
coated with 8 g/m2 of Zn (high Zn load), in acidified artificial sea water
solution are shown in figures 5.11a-c. Corrosion rate is plotted in figure 5.12
with respect to the middle of the time interval.

The weight loss after two hours of immersion of the untreated alloy (point
(1) in figures 5.7 and 5.11) corresponded roughly to the weight loss mea-
sured after chromic-phosphoric acid treatment (0.5 mg/cm2) of identical
samples, which is believed to be due to the dissolution of the pure Zn con-
stituent of the Zn thermal-arc sprayed coating. The average thickness of the
pure Zn layer was thus roughly estimated as the reduction in thickness af-
ter two hours of immersion, which was 1.3 ± 0.3 μm. The weight loss after
three hours of immersion (point (2) in figures 5.7 and 5.11) was higher than
the total weight of Zn in the coating (0.80 ± 0.02 mg/cm2), and the Zn con-
centration on the surface was 1.4 ± 0.2 g/cm3 (40 wt%) according to figure
5.11c. This indicates that the AlZn alloy layer was corroding at this stage. 8
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hours of immersion (point (3) in figures 5.7 and 5.11) corresponded to dou-
bling of reduction in thickness with respect to the value after 3 hours. Zn
concentration at this point was 0.45 ± 0.09 g/cm3 (16 wt%) on the surface.
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FIGURE 5.11: Results of immersion corrosion testing in the
test solution for AlMn alloy tubes as coated with 8 g/m2 of
Zn and heat treated at different temperatures and durations:
a) weight loss data, b) reduction in thickness, c) Zn concentra-
tion. Blue arrows indicate test durations of (1) 2 hours, (2) 3
hours and (3) 8 hours for the as coated sample.

FIGURE 5.12: Corrosion rate of AlMn alloy MPE tubes as
coated with 8 g/m2 of Zn and heat treated at different tem-
peratures and durations in the test solution.
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After 4 days, overall reduction in thickness was 6.7 ± 0.6 μm. Zn concen-
tration corresponding to this depth was 0.04 ± 0.03 g/cm3. The corrosion
potential stabilized at a value 30 mV more negative than the critical pitting
potential of the AlMn alloy (-0.73 VSCE, as reported in table 5.1). This in-
dicates that most of the Zn coating, including the pure Zn and Zn-rich Al
layers, had corroded after 4 days, and the depth of 6.7 μm appears to be the
approximate thickness of the Zn coating. Increase in the thickness reduc-
tion and corrosion rate (figure 5.12) between 4 and 11 days of immersion
was quite small and is considered to be negligible in relation to the reduc-
tion in thickness due to the corrosion of the entire Zn and Zn-rich layers.

For most of the heat treated samples, weight loss, ΔW , and reduction in
thickness, d, were higher than those for the untreated samples after 10 hours
of immersion (figures 5.11a and b). Among the heat treated samples, ΔW
was higher for lower degrees of heat treatment. Between 10 and 24 hours of
immersion, a shift occurred in ΔW and d. The lowest values were attained
by the untreated sample while the highest values corresponded to the sam-
ple heat treated for 2 hours at 350 ◦C. ΔW and d for the other heat treated
samples showed no trend based on the degree of heat treatment during this
period. The values were close to one another and slightly lower than for the
sample heat treated for 2 hours at 350 ◦C. After two days of immersion a
new shift occurred. ΔW and d became much lower for the untreated sam-
ple. Among the heat-treated samples, these parameters became increasingly
larger with immersion time and with increasing degree of heat treatment.

Zn concentration ρZn, shown in figure 5.11c, decreased monotonically dur-
ing immersion of the heat treated samples on a log-log scale. After 10 hours
of immersion, ρZn was not easily distinguishable between the heat treated
and untreated samples within the scatter limits. ρZn was highest for the
sample treated for 1 hour at 390 ◦C and lowest for that treated for 4 hours
at 430 ◦C. Zn concentration of the latter remained at the same level dur-
ing the first 24 hours of immersion. ρZn for the sample heat treated for 2
hours at 350 ◦C dropped to the same level as the sample heat treated for 4
hours at 430 ◦C after 18 hours of immersion and decreased below it after 24
hours. The other heat treated samples attained roughly the same concentra-
tion level, which was higher than for the sample heat treated for 4 hours at
430 ◦C. During longer times of immersion ρZn of the heat treated samples
decreased monotonically. For the sample heat treated for 2 hours at 350 ◦C
it remained lowest. The sample heat treated for 1 hour at 390 ◦C attained a
higher ρZn than the latter. ρZn of the other heat treated samples were quite
close to each other, the samples with lower degrees of heat treatment having
lower ρZn, which was again higher than for sample heat treated for 1 hour
at 390 ◦C.

The changes in ρZn described above during immersion in acidified artificial
sea water solution can be analysed based on the Zn depth profiles of the
Zn-rich layers shown in figure 3.6. High ρZn measured on the lower-degree
treated samples during the first 10 hours of immersion can be attributed
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to the higher Zn concentrations of these samples close to the surface in the
depth profiles (figure 3.6) in relation to the higher-degree samples, with the
exception of the sample heat treated for 2 hours at 350 ◦C. In this latter case,
which had the lowest degree of heat treatment and the highest reduction in
thickness during the first 18 hours of immersion (figure 5.11b), ρZn under-
went a significant decrease from its surface value on the uncorroded sam-
ple (figure 3.6a). With further increase in immersion time, ρZn for the same
sample decreased at a slower rate. For higher degrees of heat treatment Zn
diffused deeper into the surface and ρZn was higher for these after long im-
mersion times compared to the lower degrees of heat treatment (2 hours at
350 ◦C and 1 hour at 390 ◦C).

Figure 5.12 shows that the corrosion rate of non-heat-treated samples was
lower than of the other samples except for the first 10 hours of immersion.
Among the heat treated samples, corrosion rate was higher for the lower
degrees of heat treatment during this period in general. The sample heat
treated for 2 hours at 350 ◦C showed the highest corrosion rate (22.8 ± 1.9
μm/day) among all samples after 10 hours of immersion time. Corrosion
rate of the untreated sample was slightly higher than for the sample heat
treated for 4 hours at 430 ◦C. Corrosion rate of the lower heat-treated sam-
ples (2 hours at 350 ◦C, 1 hour at 390 ◦C and 2 hours at 390 ◦C) decreased
with immersion time from the start of the experiment. The rates of the
higher level heat-treated samples (3 hours at 390 ◦C, 5 hours at 390 ◦C and
4 hours at 430 ◦C) increased up to 18 hours of immersion. Corrosion rate of
the sample heat treated for 4 hours at 430 ◦C, which was the highest level
of heat treatment used, became the highest of all types of samples after 18
hours of immersion (23.9 ± 2.4 μm). Further immersion lead to monotonic
decrease of log (corrosion rate) with immersion time for most of the samples
within the error limits. At any selected immersion time during this period,
the corrosion rate decreased with the decreasing level of heat treatment.

Higher degrees of heat treatment lead to more uniform depth profiles for
Zn, as was reported in chapter 3 in figure 3.6. As a result, corrosion rate
during the first 10 hours of immersion was lower for higher degrees of heat
treatment. The increase in the corrosion rate between 10 and 18 hours of
immersion for samples heat-treated for 3 hours at 390 ◦C and higher tem-
peratures cannot be explained by the Zn concentration alone, as it continued
to decrease during gradual consumption of the Zn-rich layer. This increase
can be attributed to increasing active area as a more passive oxide layer, re-
sulting from higher degree heat treatment, dissolved from the surface at a
slower rate. Enrichment of Fe-rich intermetallic particles at the surface, at-
tributed to contamination from the extrusion die (discussed in chapter 3),
could also increase the corrosion rate.

Between 6 to 11 days of immersion, corrosion rate of the untreated sam-
ple and the sample heat treated for 2 hours at 350 ◦C was about 0.2 ±
0.1 μm/day. Corrosion rate of the higher-treated samples was significantly
higher, varying from 0.5 ± 0.2 μm/day for the sample heat-treated for 1 hour
at 390 ◦C to 1.0 ± 0.4 μm/day for that treated for 4 hours at 430 ◦C. Higher
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corrosion rates for the higher-treated samples at this interval corresponded
to higher Zn concentrations at the surface in relation to the lower-treated
samples, according to figure 5.11c. This suggests that the Zn coating on the
untreated sample and most of the Zn-rich layer on the sample heat-treated
for 2 hours at 350 ◦C corroded before 6 days, and the Zn concentration on the
surface of these samples became significantly reduced, in agreement with
the corrosion potential results in figure 5.8. In general, the Zn concentration
on samples with lower degrees of heat treatment decreased faster, indicat-
ing that most of the Zn-rich layer corroded away sooner, compared to the
samples with higher degrees of heat treatment. Corrosion rate of the lat-
ter group did not decrease as fast as the former due to the lower gradient
of the Zn depth profile, which lead to higher weight loss and reduction in
thickness.

Low Zn load samples. Weight loss, reduction in thickness and Zn concentra-
tion of heat treated AlMn alloy MPE tubes coated with 2.7 g/cm2 of Zn (low
Zn load) during the immersion corrosion test are shown in figures 5.13a-c,
respectively, for the samples heat treated for 4 hours at 430 ◦C, 470 ◦C and
510 ◦C. Corrosion rate is shown in figure 5.14. Weight loss and reduction in
thickness (figures 5.13a and b, respectively) for low Zn load samples were
lower for higher degrees of heat treatment, attributed to correspondingly
lower Zn concentration of these samples (figure 5.13c). Zn concentration
of the samples heat treated at 430 ◦C decreased faster with immersion time
than those heat treated at 470 ◦C, and decreased to the same level after 11
days of immersion. Zn concentration of the samples heat treated at 510 ◦C
remained nearly constant and lower than that for the other samples during
the test period of 11 days. Corrosion rate (figure 5.14) during the first three
days was also lower for the samples with higher degrees of heat treatment.
It became of the same order of magnitude for all variants with increasing
time of immersion. Weight loss and reduction in thickness (13.7 ± 1.8 μm)
of the samples heat treated at 510 ◦C after 11 days of immersion was much
smaller than for the other low Zn load samples and smaller than for all heat
treated high Zn load samples.

Uncoated samples. Weight loss and reduction in thickness data for immer-
sion of the bare AlMn substrate in acidified artificial sea water solution for
4 and 11 days are reported in table 5.2. Results show that uniform corrosion
of AlMn alloy in such solution was very small in relation to Zn and Zn-rich
coating, reported above.

TABLE 5.2: Results of immersion corrosion test for AlMn alloy
MPE tubes in the test solution: weight loss ΔW , reduction in
thickness d and corrosion rate (CR).

Time (days) ΔW (mg/cm2) d (μm) CR (μm/day)
4 0.4 ± 0.2 1.4 ± 0.8 0.4± 0.2
11 0.7 ± 0.2 2.5 ± 0.9 0.2 ± 0.1
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FIGURE 5.13: Results of immersion corrosion testing in the
test solution of AlMn tubes coated with 2.7 g/m2 of Zn and
heat treated at different temperatures: a) weight loss data, b)
reduction in thickness, c) Zn concentration.

FIGURE 5.14: Corrosion rate of AlMn tubes coated with 2.7
g/m2 of Zn and heat treated at different temperatures in the
test solution.
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The corrosion rate for the AlMn substrate can be compared to that obtained
by potentiodynamic data shown in figure 5.5 (about 3 μA/cm2, table 5.1),
which would be about 0.86 μm/day when converted to thickness loss. This
would then correspond to the corrosion rate of the AlMn alloy after a few
hours of exposure to the test solution. In any event, these results show that
uniform corrosion of AlMn alloy in such solution was much smaller than
those of the Zn-rich layers.

5.3.4 Corrosion potential measurements in craters produced
by GD-OES Ar-sputtering

Zn coated AlMn alloy MPE tubes with 8 g/m2 of Zn and heat treated for 1
hour at 350 ◦C and 3 hours at 390 ◦C were used for corrosion potential mea-
surements in craters produced by GD-OES Ar-sputtering. Figure 5.15 shows
the depth of these craters and Zn concentration on their surface, obtained
by GD-OES analysis during sputtering. Corrosion potential measured by a
capillary electrode in a drop of acidified artificial sea water solution in these
craters and averaged over 60 seconds is shown in figure 5.16 with respect to
Zn concentration in the craters. The results are compared to data from refer-
ences [12, 14] for high purity binary AlZn alloys and the agreement is quite
good for Zn concentrations higher than 2 wt%. At lower Zn concentrations
corrosion potential measured in this work was somewhat lower compared
to the literature data. It can be concluded that there is an exponential rela-
tionship between the corrosion potential and Zn concentration. However,
for the data obtained in this work, there was a valley between 3 and 10 wt%
Zn where the corrosion potential did not seem to depend on concentration.

FIGURE 5.15: Zn concentration as a function of depth of the
craters produced by GD-OES Ar-sputtering in Zn coated and
heat treated AlMn alloy MPE tubes with 8 g/m2 of Zn.
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FIGURE 5.16: Effect of Zn concentration on corrosion poten-
tial of Zn-rich layers in AlMn alloy MPE tubes with 8 g/m2

of Zn at selected depths measured by a capillary electrode in
a droplet of acidified artificial sea water solution. The data
for high purity AlZn binary alloys from references [12] in syn-
thetic sea water and [14] in deaerated 0.5 M NaCl solution are
included.

5.3.5 Correlation between corrosion potential, Zn concen-
tration and reduction in thickness

As an attempt to estimate Zn concentration, ρZn,of the corroding surface
and reduction in thickness from the measured corrosion potential, Ecorr, the
corrosion potential data measured on the crater surfaces with respect to the
Zn concentration of the surface measured by GD-OES (figure 5.16) were
fitted to an exponential function by least squares regression analysis in the
form of ρZn = f(Ecorr) (figure 5.17). It was thought that such relationship
should allow calculation of Zn concentration on the corroding surface based
on the measured corrosion potential, if the Zn concentration can be assumed
to be uniformly distributed at the surface. Zn mass fraction used in figure
5.16 was converted to mass concentration in plotting figure 5.17 in order to
correlate the result later with Zn concentration profiles.

The ρZn = f(Ecorr) correlation was used to convert the corrosion potential
during the continuous immersion experiments above into ρZn – immersion
time curves. These curves were in turn combined with the correspond-
ing ρZn - depth profiles, measured by GD-OES, to estimate the reduction
in thickness during immersion. This conversion assumes also uniform dis-
tribution of Zn concentration at the surface. The procedure for these calcu-
lations was the following:
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FIGURE 5.17: Zn concentration in Zn-rich layers in AlMn alloy
MPE tubes with 8 g/m2 of Zn at selected depths as a function
of corrosion potential in the test solution. Red circles represent
experimental data, black line is the fitted curve.

1. Corrosion potential, Ecorr, vs. immersion time measured during con-
tinuous immersion tests, shown in figures 5.8 and 5.10, were corre-
lated with the Zn concentration, ρZn, at the surface, using the fitted
curve ρZn = f(Ecorr) in figure 5.17. This resulted in calculated surface
ρZn vs. immersion time curves as plotted in figures 5.18a and b for
high and low Zn load, respectively.

2. Surface ρZn was converted into reduction in thickness by using ρZn -
depth profiles from figure 3.6, similar to the sketch in figure 5.4 with
conversion in the opposite direction. Knowledge of ρZn at the corrod-
ing surface was assumed to allow estimation of the depth of attack
using the GD-OES profiles. The assumption involved in this step was
uniform corrosion of the surface.

3. Calculated reduction in thickness was plotted as a function of immer-
sion time, as shown in figures 5.19a and b for high and low Zn load,
respectively.

The points with ρZn below the GD-OES detection limit of 0.0035 g/cm3 (cal-
culated in chapter 3) were excluded from the ρZn data for estimation of re-
duction in thickness. For some of the samples, the sputtering depths re-
quired for the conversion step 2, involving small ρZn, could not be obtained
due to limitation of the measurement depth by GD-OES. Therefore, the re-
sults for the low Zn load sample heat treated at 470 ◦C are incomplete, and
none of the data for the low Zn load samples heat treated at 510 ◦C were
reliable for the present calculations.
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FIGURE 5.18: Surface Zn concentration of Zn-rich layers in
AlMn alloy MPE tubes with a) 8 g/m2 and b) 2.7 g/m2 during
corrosion in the test solution calculated based on the relation-
ship between corrosion potential and Zn concentration shown
in figure 5.17.
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FIGURE 5.19: Reduction in thickness of Zn-rich layers in
AlMn alloy MPE tubes with a) 8 g/m2 and b) 2.7 g/m2 during
corrosion in the test solution estimated from Zn concentration
in 5.18 using GD-OES depth profiles, as described above.

119



Chapter 5. Continuous immersion corrosion testing of zinc-rich layers on
aluminium in acidified chloride solution

The calculated results for ρZn and reduction in thickness, d, as a function
of immersion time in figures 5.18 and 5.19, respectively, differ significantly
from the corresponding data obtained from weight loss measurements in
figures 5.11 and 5.13. According to figures 5.18a and b ρZn drops at a fast
rate during first two days of immersion for both Zn loads and then contin-
ues to decrease monotonically at a much lower rate. Figure 5.19a suggests
that d of the high Zn load samples was quite high already after 10 hours
of immersion, and then it showed a decreasing rate with time. This is in
contradiction with d-values calculated based on the measured weight loss,
which are 1.5-30 times lower. Moreover, while d after 10 hours of immer-
sion was lower for higher degrees of heat treatment, the trend according
to figure 5.19a was the opposite. These results disagree with the premise
that corrosion rate should decrease with decreasing ρZn in the AlZn alloy
resulting from higher degrees of heat treatment.

Based on figure 5.19a, the calculated d for high Zn load samples was 1.5-2
times higher than that based on weight loss measurements after 11 days of
immersion. In case of low Zn load samples heat treated at 430 ◦C and 470 ◦C,
calculated d according to figure 5.19b was also much higher than that based
on weight loss measurements. The data for the low Zn load samples heat
treated at 510 ◦C indicates that the whole Zn-rich layer (assumed to be more
than 100 μm in chapter 4) was corroded already during first 24 hours of im-
mersion. However according to figure 5.13, d was only 5.3 μm after 3 days
of immersion. These results indicate that the procedure suggested for esti-
mating the surface concentration and corrosion rate of the Zn-rich layer on
Al, based on Ecorr measurements by use of the ρZn = f(Ecorr) correlation ob-
tained by potential measurements in craters produced by Ar-sputtering, fail
to satisfy the experimental data obtained by direct measurement of weight
loss of samples exposed to the standard continuous immersion test.

5.4 Discussion

The present results confirm that Zn-rich layers on Al effectively maintain the
corrosion potential at values more negative than the critical pitting potential
of the AlMn substrate Ec and further below the repassivation potential Erp,
which is considered as an important factor for preventing formation of deep
pits on the AlMn substrate [8, 9]. This is a critical factor in the design and use
of thin-walled AlMn heat exchangers. At this potential AlMn alloy does not
become immune, but passivates, and this type of protection can be called
anodic rather than cathodic. However, uniform corrosion rate of the alloy
increases significantly with increasing Zn concentration, such that it may
become more important than pitting in practice.

Potentiodynamic polarization confirmed that both pure Zn and AlMn alloy
sample with Zn-rich layer are electrochemically more active than the un-
coated AlMn alloy substrate at the temperature investigated in this work
(25 ◦C). Corrosion rates of Zn and Zn-rich Al were also found to be higher
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than that of the AlMn substrate. Anodic part of the polarization curve for
Zn shows Tafel-type behavior with Tafel slope of about 40 mV/decade,
which agrees well with other work for pure Zn in acidified chloride solu-
tions [24, 25]. On the contrary, corrosion mechanism of the Zn-rich layer,
as well as AlMn alloy substrate, was indicated to be of pitting type by the
shape of the anodic polarization curve in figure 5.5 [23], as discussed in
section 5.3.1. Anodic polarisation of AlZn binary alloys with Zn concentra-
tion varying from 1 to 4.85 wt% was also reported to show pitting type of
corrosion [13]. However, deep pits were not observed on the AlZn layer
surface in acidified chloride solution (figures 5.3 and 5.6). The corrosion
morphology can be described as uniform etching with certain roughening
of the surface. The mechanism can still be similar to that of dense pitting
rather than formation of discrete deep pits, which is the common pit mor-
phology on aluminium alloys in acidified chloride solution [20, 27]. This
behaviour may suggest that the anodic dissolution kinetics is influenced by
the aluminium component in terms of pitting-type of behaviour, with the
reservations discussed below.

The reduction kinetics of both Al and Zn appeared to be dominated by hy-
drogen evolution in alkaline environment [21, 22], as inferred from the Tafel
slopes reported above as about -180 mV/decade, discussed also in section
5.3.1. Alkaline environment may be created locally at the surface by hydro-
gen evolution in unbuffered solution, although the bulk solution is acidic.
Heavy-metal containing Al-based intermetallics of the substrate AlMn alloy
are expected to become exposed to the solution through the Zn-rich layer as
a result of corrosion. These will be functioning as the localized cathodes, un-
til they themselves may corrode, as fresh particles of the same type become
exposed. Oxygen reduction can occur although not clearly evident from the
cathodic part of the polarization curves. This is restricted by mass transfer
to the small area fraction of the cathodic intermetallic particles. Oxygen re-
duction can further become restricted by deposition of calcareous scale on
the cathodic sites, while the hydrogen evolution reaction will become en-
hanced [28].

From polarization curves in figure 5.5 it can be assumed further that hydro-
gen evolution kinetics on the AlZn surface is similar to that on pure Zn, in-
dicating that it appears to be controlled by the Zn component of the Zn-rich
layer. The figure shows also that the rate of hydrogen evolution at a given
potential is smaller on Zn and AlZn alloy relative to the AlMn substrate.
This is one possible factor in causing apparently more active behavour of
the AlZn alloy surface relative to the AlMn substrate. Reduction of the rate
of hydrogen evolution on aluminium by alloying with Zn is well known
[13]. The surface analysis, which will be discussed in detail in chapter 6, did
not indicate a significant enrichment of Zn or Al at the surface of the AlZn
layers either. This observation contradicts also the presumption that alu-
minium should become enriched at the surface due to dealloying of the Zn
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component. This would be expected to cause a more passive electrochemi-
cal behaviour in the course of corrosion in acidified chloride solution. Cor-
rosion and surface-analytical data do not suggest such a specific effect due
to Al enrichment. On the contrary, the surface appears to be activated even
by quite small Zn concentration in the Zn-rich layer (of the order 1 wt%), as
deduced from the corrosion potential and self-corrosion rate during immer-
sion in acidified chloride solution, as will be discussed further below. The
mechanism behind these unexpected results cannot be explained presently
other than its possible implications in practice.

Open circuit potential of the uncoated AlMn alloy showed typical behaviour
for an Al alloy [29] with pit initiation and propagation stages observed. Thin
Zn layers obtained by thermal-arc spraying, without heat treatment, effec-
tively protect AlMn alloy substrate against pitting. However, the Zn layer
is consumed by self-corrosion quite fast, after which self-corrosion is sig-
nificantly reduced, but the exposed AlMn substrate becomes susceptible to
pitting. In contrast to the untreated coating, deep Zn-rich layers with low Zn
content, obtained by heat treatment, give both decreasing self-corrosion rate
and protection against pitting. Self-corrosion rate was found to be propor-
tional to the Zn concentration. However, it remains significant even at Zn
concentrations as low as 1 wt% (0.03 g/cm3), such that significant thickness
reduction can still occur, which may become undesirable for a thin-walled
tube. At the same time, there is a danger of the corrosion potential rising
above Erp for Al (-0.85 SCE) with decreasing Zn concentration and thereby
increasing the danger for pitting corrosion. Therefore, the use of Zn coat-
ings combined with heat treatment does not appear to be straightforward
for effective protection of thin-walled AlMn extrusions in acidified artificial
seawater solutions at 25 ◦C, investigated in the present study.

To be able to obtain sufficiently low self-corrosion rate of the AlMn alloy,
as well as sufficiently low Ecorr for protection against pitting, optimization
of the Zn depth profile, taking into account the reduction in the effective
thickness of the Zn-free substrate, due inward diffusion of Zn, will be re-
quired. This is seen as a difficult task because of the difficulty in scaling up
the results from laboratory testing to real practice. Based on the results of
the immersion test, Zn load in the thermal-arc sprayed coating should be
reduced to decrease self-corrosion of the Zn-rich layer. Among the low Zn
load samples, heat treatment for 4 hours at 430 ◦C gave the lowest total re-
duction in thickness and corrosion rate while its potential remained 10 mV
lower than Erp.

The high Zn load sample heat treated for 4 hours at 430 ◦C showed the high-
est corrosion rate among all samples between 10 and 24 hours of immersion.
This can be attributed to enrichment of Fe-rich intermetallic particles close
to the surface due to contamination from the extrusion die, as discussed
in chapter 3, section 3.4.2. Heat treatment is expected to enhance precip-
itation of Fe in the form of AlMnFeSi-particles by heat treatment [30, 31].
These particles are expected to behave as local cathodes and enhance the
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corrosion rate [27, 32]. Therefore, higher degrees of heat treatment are un-
favourable for corrosion properties of the Zn-rich layers obtained by heat
treatment as long as the die contamination cannot be prevented. However,
if one considers Ec as the potential below which the substrate is protected
against pitting, all heat treated samples examined would be acceptable for
the present purpose, since Ec was not exceeded for any of these sample dur-
ing the immersion tests. In this case the high Zn load coating with the lowest
degree of heat treatment (2 hours at 350 ◦C) can be considered as the optimal
alternative. This sample showed lowest total reduction in thickness after 11
days of immersion and lowest corrosion rate between 6 and 11 days, which
was approximately the same as that of the AlMn substrate. Optimization
of the Zn-rich layers, which takes these issues into consideration, will be
discussed further in chapter 6.

The failure of the method proposed in section 5.3.5 for estimating the corro-
sion rate of Zn-rich protective layers on AlMn substrate needs to be critically
analyzed in view of the assumptions made and possibly revised to develop
an improved approach. First of all, the assumption of lateral uniformity
can be questioned. This is determined by the interrelated factors, viz., sur-
face metallurgy and composition of the coated surface, local corrosion and
reduction rates, and solution chemistry.

The apparent success of diffusion modelling, based on Fick’s second law,
with the assumption of lateral uniformity of Zn concentration, in predict-
ing depth profiles of Zn in the Zn-rich layer, suggested the use of similar
assumptions in developing the method. Corrosion potential of simple Al
alloys in chloride solutions has often been correlated with the type and con-
centration of the alloying elements [12, 13]. However, the corrosion poten-
tial is a mixed potential determined by the rates and distribution of each ox-
idation and reduction reaction occurring on the surface, often locally down
to microscopic dimensions. These in turn are affected by the surface mor-
phology and microstructure, which were shown to be highly complex in
chapter 4. The original Zn coating has a non-uniform thickness. As a result,
the AlZn alloy formed by heat treatment has laterally non-uniform concen-
tration, as shown in chapter 3. Both pure Zn islands and Zn-free areas on
the AlMn alloy are also expected to be present.

In addition to the above, surface concentration of the heat treated samples
was altered during corrosion, which was detected by increase in the cor-
rosion potential. This is related to the increase of Al concentration at the
surface as a result of decreasing Zn concentration with depth and possible
higher rate of selective corrosion of the more active Zn component. Local-
ized chemistry of the solution can be quite different between these areas of
varying Zn concentration and intermetallic particle type and distribution.
The same is true in experiments involving restricted volume of a droplet of
electrolyte and a larger area sample in a larger volume electrolyte. These
factors will affect further the passivity of the surface and the degree of lo-
calization of the corrosion process.
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The corrosion potential can thus be affected by a large number of parame-
ters, suggesting that the corrosion potential measured in a 4 mm diameter
crater can be determined by factors quite different from that measured on a
larger surface immersed in a much larger volume of electrolyte. However,
non-uniformity of the corrosion process does not imply non-uniformity of
the potential distribution at the sample surface. The measured potential cor-
responds to a uniform potential characteristic of the entire surface. Devel-
opment of a non-uniform potential distribution is not possible during free
corrosion of the present electrode geometries without applied current, due
to high conductivities of the solution and the metallic sample exposed to it,
unless significantly occluded deep pits develop. It is more likely that local-
ization of the anodic attack and existence of passivated areas will be shifting
continuously at the surface, giving the observed nearly uniform corrosion
at macroscopic scale, at the same time drifting from a more active, high-
Zn area, to a more passive high-Al surface as the Zn-rich layer corrodes.
This continuous shift during exposure is reflected in a highly negative cor-
rosion potential for the high-Zn surface ("cathodic control") at the outset,
drifting to more positive potentials as the Zn concentration decreases with
increasing reduction in thickness and possibly increased passivity due to in-
creasing concentration of Al ("anodic control") [13]. During this process, the
corrosion potential is believed to be controlled by the localized active sights.
This is more likely to be the case if the oxidation process can be described
as a pitting type of mechanism, characterised by a pitting potential, above
which polarization of the surface becomes kinetically restricted, although
deep pits do not form in the present experiments using an acidified chlo-
ride solution [27]. This means that the surface concentration of the localized
corrosion site must be determining the corrosion potential, which would be
expected also to correspond to the critical pitting potential of the AlZn alloy.
This hypothesis is further tested in Chapter 6.

5.5 Conclusions

• Zn-rich layers formed by thermal-arc spraying, followed by heat treat-
ment for diffusing Zn into the surface of AlMn alloy MPE tubes in a
controlled manner, maintain the corrosion potential of Al below the
pitting potential at the expense of increased self-corrosion.

• Non-uniformity of the Zn-rich layers laterally and in depth lead to
galvanic corrosion in which pure Zn islands corrode first, followed
by corrosion of the underlying AlZn alloy layer, while the areas of
uncoated Al alloy substrate remain protected from pitting.

• Zn load in the Zn thermal-arc sprayed coating should be reduced to
minimize self-corrosion of the Zn-rich layer, which was found to de-
crease with decreasing Zn concentration.
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• The optimal Zn-rich layer should have lowest self-corrosion rate and
at the same time maintain the corrosion potential below -0.85 VSCE suf-
ficiently long. The best option among the Zn-rich layers studied was
the one produced by heat treatment of Zn coating with low Zn load
(2.7 ± 0.1 g/cm2) for 4 hours at 430 ◦C.

• The sample heat treated for 2 hours at 350 ◦C had lowest total reduc-
tion in thickness and corrosion rate during 11 days of immersion test.
Its corrosion potential increased above -0.85 VSCE during the test but
maintained at about 50 mV below the critical pitting potential Ec. As
long as there is no danger for exceeding Ec, the Zn-rich layer obtained
in this manner would be optimal.

• The presence of Zn activates the AlZn layer electrochemically by re-
ducing its corrosion potential, while increasing its self-corrosion rate,
even in quite small amounts (of order 1 wt%). The Al component
transforms uniform corrosion kinetics of pure Zn, which is electro-
chemicaly active, to pitting-type of kinetics in the acidified chloride
solution. These observations could not be unified in a specific mech-
anism for the corrosion of AlZn alloys, requiring further work in this
direction.

• Non-uniformity of concentration distribution of Zn and Al in the craters
produced by GD-OES Ar-sputtering and their galvanic coupling did
not allow a straightforward correlation of the corrosion potential mea-
sured in these craters in chloride solution with the Zn concentration of
AlZn alloys for estimation of corrosion rates from corrosion potential
measurements.

• Empirical correlations of the corrosion potential, which is a mixed po-
tential, with respect to bulk composition of an alloying element for
aluminium alloys should be used with care since the surface chem-
istry and structure are expected to change significantly in relation to
the bulk properties during corrosion, influencing the corrosion kinet-
ics in a complex manner.
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Chapter 6

Characterisation of corrosion
morphology and surface chemistry
of zinc-rich layers on aluminium
in acidified chloride solution

Abstract

The purpose of this chapter is to make a new attempt at correlating cor-
rosion potential with mass concentration of Zn, ρZn, of Zn-rich layers on
AlMn alloy multi-port extruded tubes in acidified artificial sea water solu-
tion, this time taking into account localized nature of corrosion morphology
and surface chemistry by use of SEM and EDS area analysis. Regions with
higher ρZn ccorroded first and protected galvanically regions with lower
ρZn. With increasing immersion time in the test solution, ρZn in corroding
regions decreased and corrosion spread to a larger area. Corrosion mor-
phology of high ρZn regions was highly porous and had a finer topography
than low ρZn corroded regions. The approach was successful in obtaining
a correlation between the corrosion potential and ρZn of the corroded ar-
eas. This allowed determination of the effect of ρZn on the corrosion rate of
the Zn-rich layers. No evidence of enrichment of either Al or Zn was ob-
served. Zn coating with Zn load of 3.5 g/m2 heat treated for 3 hours at 470
◦C was suggested as the optimal in terms of maintaining the potential of the
AlMn substrate below its repassivation potential to protect against pitting
and providing the lowest self-corrosion rate.

6.1 Introduction

In chapter 3, Zn-rich layers on AlMn alloy multi-port extruded (MPE) tubes
were characterised by glow discharge optical emission spectroscopy (GD-
OES), scanning electron microscopy (SEM) and X-ray energy dispersive spec-
troscopy (EDS). Zn was deposited by thermal-arc spraying and subsequently
subjected to heat treatment, allowing controlled diffusion of Zn into the
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AlMn substrate. Elemental depth profiles were obtained for different Zn
loads and selected heat treatment conditions. In chapter 5 these tubes were
subjected to continuous immersion corrosion testing in acidified artificial
sea water solution combined with corrosion potential measurements. Cor-
rosion rate decreased significantly with increasing time of immersion, which
was correlated to decreasing Zn concentration, questioning the need for
high Zn-loads.

In chapter 5, 4 mm diameter craters with different Zn concentrations, ρZn,
were obtained by GD-OES Ar-sputtering of Zn coated and heat treated AlMn
alloy tubes to predetermined depths. Corrosion potential was measured in
a drop of electrolyte on these by use of a capillary Luggin probe, in attempt
to correlate ρZn with the corrosion potential. It was further attempted to
correlate these results with the purpose of estimating reduction in thickness
on Zn coated samples during immersion in the acidified chloride solution
based on corrosion potential measurements. Failure of this approach was
attributed to lateral non-uniformity of the Zn-rich layers reported in chap-
ter 3. It was suspected that the anodic attack was localized on areas with
high ρZn, and therefore, the measured corrosion potential corresponded to
ρZn of the corroded areas rather than the average ρZn measured by GD-OES.

The purpose of the present work is to make another attempt to correlate ρZn

with the corrosion potential, this time focusing on the ρZn of the locally cor-
roding areas unlike chapter 5, where correlation of average ρZn of the sur-
face with the corrosion potential was considered. Corrosion type, morphol-
ogy and chemistry of the Zn coating and Zn-rich layers on AlMn alloy MPE
tube samples after immersion in acidified artificial sea water solution and
their change with immersion time will be examined by SEM and EDS. These
methods are expected to allow local area measurements of corroded and un-
corroded regions, which is not possible with GD-OES. It will be furthermore
attempted to correlate Zn concentration of the corroded areas with corrosion
morphology and corrosion rate calculated in chapter 5. Optimization of the
Zn-rich layer properties for minimizing its self-corrosion rate while main-
taining the corrosion potential sufficiently low for protection against pitting
will be discussed.

In order to understand the mechanism of protection of Al by alloying with
Zn, the mechanism of dealloying of Al or Zn from Zn-rich layers on Al need
to be investigated. Dealloying results in a highly porous surface morphol-
ogy if a sufficient difference in the potentials of the pure components exist,
and the concentration of the less noble metal component exceeds the min-
imum partial limit [1–3]. Formation of a porous surface morphology can
thus be used as an indication of dealloying, although it cannot serve as a
proof. Partial limit is, for example, 20 at% of Zn in Zn-Cu system. How-
ever, it is not known for the Zn-Al system. The porosity decreases with
increasing concentration of the more noble metal [3]. Another condition is
the homogeneity of the alloy [4].
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Dealloying of AlZn system is not much discussed in the literature. Selective
dissolution of Zn from 55 wt% Al-Zn coating on steel is reported to occur
in chloride solution [5–7] without much information about the type of sur-
face microstructure and morphology formed. Localized selective corrosion
of Zn-rich interdendritic phases was reported to initiate at sites with higher
Zn concentration, and this was attributed to poor passivity of these sites
relative to the Al-rich denrites [5]. Selective dissolution of Zn from AlZn
alloys in HNO3 at open-circuit conditions did not cause the formation of a
nanoporous morphology [8]. Corrosion under applied potential in the same
solution lead to appearance of nanopores on the Al-rich regions in addition
to macroporosity due to removal of Zn-rich phases. X- ray diffraction anal-
ysis of corroded 15 at% Zn alloy indicated selective removal of Zn from the
alloy.

The necessity of creation of Zn diffusion layer with Zn concentration de-
creasing with depth for improved corrosion protection compared to Zn-
rich coatings with fixed concentration, suggested in reference [9], has to be
verified. Such layers were considered to work in the same way as multi-
cladding, meaning that higher Zn regions at the surface protect the rest of
the diffusion layer due to its lower Zn concentration. Corrosion attack is
claimed to spread laterally this way, and localized pitting is prevented.

6.2 Experimental

Materials. AlMn alloy MPE tube samples were provided in bare and coated
form by Sapa AS. Composition of the bare alloy, designated as Alloy1, was
measured by spark optical emission spectroscopy (Spark OES). The results
were shown in chapter 3 in table 3.1. The Zn coating was applied by thermal-
arc spraying at the plant immediately after extrusion. Typical Zn load on
the surface, determined by X-ray fluorescence (XRF) spectrometer (CMI 900
from Oxford Instruments), was 8.0 ± 0.2 g/m2. Composition of the sub-
strate, which was later coated with Zn, measured separately by Spark OES,
was shown in chapter 3 in table 3.3, both in mass fraction and mass concen-
tration. The tubes were cut, rinsed in distilled water, acetone and ethanol.
Zn coated tubes were subsequently heat treated for 1, 2, 3, 4 and 5 hours at
350 ◦C, 390 ◦C and 430 ◦C to obtain Zn-rich layers with varying thickness
and Zn concentration profiles on the surface of the AlMn substrate.

The procedure which involved the use of hot chromic-phosphoric acid treat-
ment to produce Zn-rich layers with lower Zn loads than that possible by
thermal-arc spraying was described in chapter 3. The Zn load on such sam-
ples was estimated as 2.7 ± 0.1 g/m2. The samples with Zn load of 8 g/m2

and 2.7 g/m2 will be designated in this work as samples with high Zn load
and low Zn load, respectively. MPE tubes with low Zn load were heat
treated for 4 hours at 430, 470 and 510 ◦C.
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Corrosion testing. The samples were immersed in acidified artificial sea
water solution for various periods. After removal from the test solution,
corrosion products were removed in chromic-phosphoric solution accord-
ing to the procedures described in chapter 5.

Surface charecterization. Surface characterisation of the Zn coated AlMn
samples at low magnification was performed by Hitachi S-3400N thermionic
emission gun SEM equipped with EDS capability supplied by Oxford In-
struments. EDS measurements were performed at an accelerating voltage
of 20 kV. The EDS area analysis of corroded regions was performed on 0.20
- 0.04 mm2 areas at positions on the specimens indicated in figure 3.1. The
size of area analysed was limited by the size of corroded regions and grain
size. Composition was obtained by averaging several such measurements
performed on each of three locations of analysis on each sample. High mag-
nification images of the corroded samples were obtained using field emis-
sion electron microscope Zeiss Supra 55VP (FEG-SEM).

Cross sections of selected corroded samples were also studied by SEM for
further investigation of corrosion morphology. The samples were cut from
corroded MPE tubes, embedded in epoxy and polished with diamond paste
to 0.25 μm roughness. Analysis was performed by use of a JEOL JSM-7000
F FEG SEM.

Concentration depth profiling of the corroded samples was performed by
HORIBA Jobin Yvon RF glow discharge optical emission spectrometer (GD-
PROFILER 2) with a 4 mm anode. The plasma parameters power and pres-
sure were adjusted to 32 W and 600 Pa, respectively. Calibration described
in chapter 3 was used. Due to absence of calibration curves for H and Cl,
the profiles for these elements were reported in terms of intensity (V).

6.3 Results

6.3.1 Corrosion morphology

Uncoated samples. Corrosion morphology on uncoated AlMn alloy MPE
tube sample after 11 days of immersion in acidified artificial sea water solu-
tion is shown in figure 6.1. A backscattered SEM image of uncorroded sur-
face is included (figure 6.1a). The surface of the Al MPE tubes before corro-
sion showed distinct horizontal extrusion lines and a significant amount of
intermetallic particles (bright spots). After 11 days of immersion, the surface
of the Al sample was slightly non-uniformly etched (figure 6.1b). The extru-
sion lines were still observed (vertical lines in figure 6.1b). Surface etch-
ing had crystallographic nature and crystallocraphic micropits were also
observed, as shown at higher magnification in figure 6.1c.
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FIGURE 6.1: SEM micrographs of uncoated AlMn alloy MPE
tube sample: a) backscattered SEM image before corrosion, b)
secondary electron image after immersion in acidified artifi-
cial sea water solution for 11 days, c) area marked with a red
square in (b).
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As coated samples with high Zn load. Figure 6.2 shows EDS maps of ele-
ments Al and Zn of as coated sample with 8 g/m2 of Zn (high Zn load) after
immersion in acidified artificial sea water solution for three hours. Smooth
uncorroded regions in the backscattered image (marked as ZF in figure 6.2a)
correspond to light-green areas in Al map (figure 6.2b) and black areas in
Zn map (figure 6.2c), which implies that these regions are Zn-free. Black
channels around bright areas in the electron image in figure 6.2a (marked
as ZC), which resemble dendritic structure, correspond to black channels in
Zn map (6.2c). The same concerns the grain boundaries, marked as GB in
figures 6.2a and 6.2c. Zn concentration of the bright regions in figure 6.2a
was about 40 wt% Zn (marked as HZ) while grey regions had about 30 wt%
Zn (marked as LZ) according to EDS point analysis (not shown). Such vari-
ation of Zn concentration was observed also on the Zn map in figure 6.2c.
EDS maps of elements Al and Zn on Zn coated AlMn alloy MPE tube sam-
ple with high Zn load before corrosion were shown in chapter 3 in figure
3.12. Comparison of EDS maps in figures 3.12 and 6.2 shows that all pure
Zn part of the coating corroded after three hours.

The fact that pure Zn corrodes quickly after immersion of the samples in the
test solution, according to the results shown in figure 6.2, is supported also
by the corrosion potential transients and weight loss data in chapter 5 (point
(2) in figures 5.7 and 5.11, respectively). It was reported in chapter 3 that
Zn diffused into the grain boundaries already during thermal-arc spraying
(figure 3.15a). EDS map in figure 6.2 shows that after immersion for three
hours corrosion propagated into these Zn-rich grain boundaries.

Figure 6.3 shows SEM micrographs of non-heat-treated high Zn load sam-
ples corroded for 8 hours (figure 6.3a) and 11 days (figures 6.3b and c) in
the test solution. During rinsing of the sample immersed for 8 hours, a
dark coating (light contrast on the right in figure 6.3a) began to flake off the
surface revealing a lighter surface (dark contrast on the left in figure 6.3b)
of the sample, as illustrated in the optical macro-image, figure 6.4a. After
thorough cleaning a small part of the coating remained on the surface, as
shown in figure 6.4b. Corrosion at the grain boundaries was observed on
both coating and exposed substrate (figure 6.3a). EDS area analysis (not
shown) revealed that the Zn concentration was about 30 wt% and 1.5 wt%
on the coating and substrate surfaces, respectively.

According to these results, most of the pure Zn layer appeared to corrode
during the first three hours of immersion, exposing the AlZn alloy dendrites
formed on the surface and underneath the pure Zn layer during solidifica-
tion of the thermally sprayed coating. Existence of pure Zn and AlZn alloy
dendrites was shown in figure 3.15a. It appears that AlZn alloy dendrite
layer was undermined during the next stage of corrosion and the Zn dif-
fusion layer (marked as DL in figure 3.15a) was exposed to the solution.
After 8 hours of exposure, corrosion of the Zn diffusion layer propagated
significantly and the AlMn alloy surface, containing about 1.5 wt% Zn, was
exposed. At the same time, uncorroded Zn-free regions were also observed
on the left side of the micrograph in figure 6.3a. Such areas were detected by

134



Chapter 6. Characterisation of corrosion morphology and surface
chemistry of zinc-rich layers on aluminium in acidified chloride solution

FIGURE 6.2: EDS map of AlMn alloy coated with 8 g/m2 of
Zn (not heat treated), after corrosion in the test solution for 3
hours. a) Backscattered electron image, b) Al map, and c) Zn
map. Markings: ZF – Zn-free uncorroded region, ZC – Zn-
rich interdendritic channels (corroded), GB – corroded grain
boundaries, HZ – higher Zn regions, LZ – lower Zn regions.
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FIGURE 6.3: Corrosion morphology of AlMn alloy MPE tube
sample coated with 8 g/m2 of Zn (not heat treated) after im-
mersion in the test solution for a) 8 hours, b) and c) 11 days.
Intermetallic particles are visible in (c) as white spots.
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FIGURE 6.4: Zn coated AlMn alloy MPE tube sample after cor-
rosion in the test solution for 8 hours. a) shows a high Zn
coating flaking off the surface sample, b) shows sample sur-
face after rinsing. The length and width of the sample in (b)
was 4.4 and 2.6 cm, respectively.

use of EDS maps of Zn and Al (not shown for figure 6.3a), similar to those
in figure 6.2.

Corrosion morphology after 11 days of immersion in figure 6.3b showed
etching with a cellular structure. A higher magnification image (figure 6.3c)
revealed that the cell surface had a fine scalloped structure. The region in
the top left corner of figure 6.3c showed less corrosion than the rest of the
surface in the micrograph, indicating that it was corroding for a shorter pe-
riod of time than the rest of the surface.

Heat treated high Zn load samples. In the macroscopic images of the cor-
roded, Zn-coated AlMn samples, presented below, the samples lie horizon-
tally with respect to the direction of extrusion. During the corrosion test, the
samples were immersed vertically in the direction of extrusion. The top and
bottom edges were the cut edges. Therefore, in the macroscopic images, the
samples lie perpendicular to their position during immersion.
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Figure 6.5 shows macrograph of a high-Zn load sample, heat treated for 2
hours at 350 ◦C and immersed for 10 hours in the test solution. Most of the
surface (the dark-contrast area), which was originally Zn-rich, was attacked.
The small, bright areas spread over surface are localized uncorroded re-
gions, characterized as Zn-lean regions by EDS analysis as discussed above
in connection with figures 6.2 and 6.3. The figure demonstrates lateral non-
uniformity of corrosion of the Zn-rich layer on a macroscopic level. The
bright areas corrode slowly as the lateral distribution of Zn concentration
evens out. Corrosion of these Zn-lean spots took several days. After 4 days
of immersion the entire surface was corroded except several such areas still
remaining near one edge (not shown; see below (figure 6.9) for analogous,
more detailed macrographs).

FIGURE 6.5: AlMn alloy sample coated with 8 g/m2 of Zn and
heat treated for 2 hours at 350 ◦C, after immersion in the test
solution for 10 hours. The sample dimensions were 2.6 x 4.2
cm.

SEM micrograph in figure 6.6a confirms that most of the surface of the high
Zn load sample, heat treated for 2 hours at 350 ◦C, was corroded after 10
hours of immersion. Several uncorroded regions are observed (the protrud-
ing dark regions in figure 6.6a). Figure 6.6a shows further that the grain
boundaries started to corrode due to diffusion of Zn (figure fig:CSHMb).
After 4 days of immersion (figure 6.6b), almost entire surface was attacked.
Corrosion along the grain boundaries propagated significantly, causing de-
tachment of some of the grains (figure 6.6c).

Changes in the morphology and structure of this sample due to corrosion
are illustrated further by high magnification images in figure 6.7. A highly
porous surface with fine structure of crystallographic nature was formed af-
ter 18 hours of immersion (figure 6.7a). This developed further into a coarser
and significantly less porous structure with crystallographic features after 4
days of immersion (figure 6.7b). Corrosion resulting from 11 days of immer-
sion (figure 6.7c) showed an even coarser corrosion morphology with more
distinct crystallographic features. No porosity was observed.
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FIGURE 6.6: Corrosion morphology of AlMn alloy MPE tube
sample, coated with 8 g/m2 of Zn and heat-treated for 2 hours
at 350 ◦C, after immersion in the test solution for a) 10 hours
and b) 4 days in plain view and c) 4 days in cross section in the
backscattered electron mode.
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FIGURE 6.7: High magnification SEM micrographs of corro-
sion morphology on AlMn alloy, coated with 8 g/m2 of Zn
and heat treated for 2 hours at 350 ◦C, after immersion in the
test solution for a) 18 hours, b) 4 days and c) 11 days.
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Development of corrosion morphology on high Zn load samples, heat treated
for 2 hours at 390 ◦C was quite similar to that described above for samples
heat treated for 2 hours at 350 ◦C, with the exception, that the lateral prop-
agation of corrosion was delayed in the case of heat treatment for 2 hours
at 390 ◦C. About half of the surface was corroded after 10 hours of immer-
sion, while the other half, which was Zn-lean, remained uncorroded. After
immersion for 18 hours, the attacked area increased significantly and the
surface resembled the one shown in figure 6.5 for the sample heat threated
for 2 hours at 350 ◦C. After immersion for 4 days, corrosion spread to almost
entire surface, as in the case of the samples heat threated for 2 hours at 350
◦C.

Corrosion morphology of the sample heat treated 2 hours at 390 ◦C resem-
bled, after 18 hours of immersion, the morphology shown in figure 6.7a
for the sample heat treated for 2 hours at 350 ◦C after the same immersion
period. The attack morphology on the sample heat treated for 2 hours at
390 ◦C became coarser after 4 days of immersion, yet still with significant
porosity (figure 6.8), compared to the sample heat treated for 2 hours at 350
◦C (figure 6.7b). 11 days of immersion lead to a notably coarser structure
with crystallographic features, similar to the sample heat treated for 2 hours
at 350 ◦C after the same period of immersion (figure 6.7c). No porosity was
observed.

FIGURE 6.8: High magnification SEM micrograph of corro-
sion morphology on AlMn alloy coated with 8 g/m2 of Zn
and heat-treated for 2 hours at 390 ◦C after immersion in the
test solution for 4 days.

Figure 6.9 shows macrographs of localized corrosion initiation and spread-
ing of the localized attack into a more uniform etching type of corrosion as
a function of immersion time for samples heat treated for 4 hours at 430
◦C. Somewhat similar to the sample types previously described, corrosion
initiated locally only on a small part of the surface after 10 hours of immer-
sion, as visualized by the dark contrast areas (figure 6.9a). Immersion for
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18 hours lead to spreading of corrosion to approximately half of the sur-
face area (figure 6.9b). After 11 days of immersion (figure 6.9c) most of the
surface was corroded except for limited number of regions near the bottom
edge of the sample in light contrast.

Changes in the spreading of corrosion on this type of sample were also
observed at higher magnification on SEM, as shown in figure 6.10. After
immersion for 10 hours less than half of the surface was corroded (figure
6.10a). After 18 hours of immersion about half of the surface was attacked,
as shown in figure 6.10b. A limited amount of uncorroded regions remained
after 11 days of immersion (figure 6.10c). No significant corrosion at the
grain boundaries was visible. This is expected since this type of sample
showed no visible enrichment of Zn at the grain boundaries according to
figure 3.15c. Corrosion morphology on these samples at higher magnifica-
tion, after 18 hours and 4 days of immersion, was similar to the morphology
of the samples heat treated for 2 hours at 390 ◦C, with the difference that a
smaller area fraction corroded for a given time of immersion. Surface with
fine porous structure after 4 days of immersion developed into a coarser
porous structure with crystallographic features after 11 days of immersion,
as shown in figure 6.11. In comparison, a coarser structure was observed for
the sample heat treated for 2 hours at 350 ◦C and 390 ◦C after immersion for
the same period, and no porosity was observed (figure 6.7c).

Heat treated low Zn load samples. The macroscopic appearance of corro-
sion propagation on the low Zn load sample (2.7 g/m2 of Zn), heat treated
for 4 hours at 430 ◦C, was quite similar to the cases discussed above. Figure
6.12 shows SEM micrographs of a low Zn load sample, heat treated for 4
hours at 430 ◦C, after 11 days of immersion in the test solution. The lower
magnification image in figure 6.12a shows that most of the surface was cor-
roded. Slight grain-boundary attack visible occurred during hot chromic
phosphoric treatment before heat treatment, as was shown earlier in chap-
ter 3 (figure 3.16a). It is assumed that no further grain boundary attack
occurred during immersion after heat treatment. Higher magnification of
the image, shown in figure 6.12b, reveals quite porous morphology with
crystallographic features.
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FIGURE 6.9: AlMn alloy, coated with 8 g/m2 of Zn and heat
treated for 4 hours at 430 ◦C, after immersion in the test solu-
tion for a) 10 hours, b) 18 hours and c) 11 days. Dark contrast
areas are corroded. Tube lengths were 4.6, 4.2 and 5.5 cm, re-
spectively. Tube width was 2.6 cm for all samples.

Most of the surface of the low Zn load sample, heat treated for 4 hours at
510 ◦C, remained uncorroded after 3 days of immersion, as shown in figure
6.13a. Corroded regions (dark contrast) were concentrated near the top one
edge of the tube. The same pattern was observed after 11 days of immer-
sion (figure 6.13b). The corroded area increased slightly and was still con-
centrated near the same edge of the tube. High magnification SEM image
of such area (figure 6.14a) showed grain boundary attack, which occurred
during hot chromic phosphoric treatment before heat treatment. Further
magnification (figure 6.14b) revealed slightly coarser and non-porous cor-
rosion morphology compared to the low Zn load sample heat treated for 4
hours at 430 ◦C (figure 6.12b).
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FIGURE 6.10: Corrosion morphology of AlMn alloy, coated
with 8 g/m2 of Zn and heat treated for 4 hours at 430 ◦C, after
immersion in the test solution for a) 10 hours, b) 18 hours and
c) 11 days. Dark areas are uncorroded.
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FIGURE 6.11: High magnification SEM micrograph of corro-
sion morphology on AlMn alloy, coated with 8 g/m2 Zn and
heat treated for 4 hours at 430 ◦C, after immersion in the test
solution for 11 days.
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FIGURE 6.12: Corrosion morphology of AlMn alloy, coated
with 2.7 g/m2 of Zn and heat treated for 4 hours at 430 ◦C,
after immersion in the test solution for 11 days. (b) is a higher
magnification image from the site marked by a red arrow in
(a).

FIGURE 6.13: AlMn alloy coated with 2.7 g/m2 of Zn and heat
treated for 4 hours at 510 ◦C after immersion in the test solu-
tion for a) 3 days and b) 11 days. Areas with dark contrast
are corroded, while the regions with lighter contrast are un-
corroded. The length of samples were 5.7 and 5.1 cm, respec-
tively. Tube width was 2.6 cm for all samples.
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FIGURE 6.14: Corrosion morphology of AlMn alloy, coated
with 2.7 g/m2 of Zn and heat treated for 4 hours at 510 ◦C
after immersion in the test solution for 11 days. (b) is a higher
magnification image of the site marked by a red arrow in (a).
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6.3.2 Local elemental analysis after immersion test

Corroded areas. EDS analysis of the corroded areas, performed as described
in section 6.2, on as coated and heat treated high-Zn load samples are shown
in figure 6.15 for the elements Zn, Al, O, Mn and Fe. Concentrations at the
surface before immersion test reported in table 3.11 are included at time
equal to zero.
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FIGURE 6.15: Effect of immersion in the test solution on com-
position measured by EDS for Zn coated AlMn alloy MPE tube
samples with 8 g/m2 of Zn, as coated and heat treated. a) Zn,
b) Al, c) O, d) Mn, e) Fe.

Figure 6.15a shows the change in mass concentration of the corroded re-
gions, ρZn(corr), as a function of immersion time in the test solution. ρZn(corr)

decreased monotonically for the as coated (non-heat-treated) sample and
sample heat treated for 2 hours at 350 ◦C. After 10 hours of immersion,
ρZn(corr) for samples treated for 2 hours at 390 ◦C and 4 hours at 430 ◦C
increased relative to their values before immersion. After these maxima,
ρZn(corr) for these cases decreased monotonically with immersion time. Af-
ter 11 days of immersion ρZn(corr) for the higher degrees of heat treatment
exceeded that for the lower degrees.

Al concentration (figure 6.15b) for the untreated sample and the sample
treated for 2 hours at 350 ◦C (low degree treatment) increased monotoni-
cally during immersion and reached values close to the bulk level sooner
than for higher degrees of heat treatment, as expected. The Al concentra-
tion for samples treated for 2 hours at 390 ◦C and 4 hours at 430 ◦C showed
minima relative to their pre-immersion values after 10 hours of immersion
before increasing monotonically to their bulk values.

O concentration shown in figure 6.15c dropped significantly for non-heat-
treated and heat treated for 2 hours at 350 ◦C samples after 18 hours of im-
mersion and continued to decrease slowly. In the case of samples heat treat-
ment for 2 hours at 390 ◦C and 4 hours at 430 ◦C, O concentration increased
after 10 hours of immersion and then decreased monotonically. After 4 days
of immersion O concentration of the heat treated samples was higher for
higher degrees of heat treatment.
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The concentration profiles for Mn and Fe, shown in figures 6.15d and e,
respectively, showed similar behaviour with one another. Mn and Fe con-
centration of the non-heat-treated sample and samples heat treated for 2
hours at 350 ◦C increased to their bulk levels monotonically within the first
18 hours of immersion. For samples heat treated for 2 hours at 390 ◦C and 4
hours at 430 ◦C, concentrations of these elements increased to maxima after
10 hours of immersion. The values for the latter treatment were the highest
among all samples for both Mn and Fe at this point. After their respective
maxima Mn and Fe concentrations decreased and stabilized at their bulk
levels after about two days of immersion.

Uncorroded areas. On all of the samples analysed by EDS, Zn concentration
of uncorroded regions, ρZn(uncorr), varied significantly and was lower than
average ρZn(corr). This is illustrated by the backscattered electron SEM image
in figure 6.16 for high Zn load sample heat treated for 2 hours at 390 ◦C
and immersed in acidified artificial sea water solution for 10 hours. ρZn of
several regions on the SEM image measured by EDS is reported in the figure
caption with scatter limits based on standard deviation of the measurement.
ρZn(uncorr) in regions B, C and D varied significantly and was lower than
ρZn(corr) in region A. ρZn(corr) showed smaller scatter than ρZn(uncorr) on all
samples, as can be seen from the scatter limits indicated in figure 6.15a.

FIGURE 6.16: Backscattered SEM image of corrosion morphol-
ogy on Zn coated AlMn alloy MPE tube sample with 8 g/m2

of Zn heat treated for 2 hours at 390 ◦C after immersion in the
test solution for 10 hours. Zn concentration of the marked re-
gions measured by EDS analysis: (A) 15.2 ± 0.3 wt%, (B) 2.7 ±
0.1 wt%, (C) 7.4 ± 0.2 wt% and (D) 9.8 ± 0.2 wt%.
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6.3.3 Correlation between corrosion potential and Zn con-
centration

Figure 6.17 compares corrosion potential, a) measured on samples immersed
in large volume of test solution, as a function of Zn concentration at local-
ized corroded areas, ρZn(corr), measured by EDS, as reported in the previ-
ous section (red points) and b) average concentration for sputtered craters,
measured by GD-OES, and corrosion potential measured in a drop of test
solution in the crater, as reported in section 5.3.5 (blue points). The scatter
in the EDS data for Zn concentration is based on replicate measurements at
different locations on the same specimen, while the GD-OES data are based
on potential measurements in replicate craters, also on the same specimen.
Zn concentration is presented in wt% to compare the correlation with data
from references [10, 11] for high purity AlZn alloys which agree fairly well
with the present EDS results.

FIGURE 6.17: Effect of Zn concentration on corrosion poten-
tial of Zn-rich layers on AlMn alloy samples with 8 g/m2 of
Zn load. Zn concentration after immersion in acidified arti-
ficial sea water solution was measured by EDS (red symbols)
at different locations for each sample. Analogous correlation
from figure 5.16 based on measurements in GD-OES craters
(blue symbols) and literature data for high purity AlZn bi-
nary alloys are included for comparison. The literature data
were measured in synthetic sea water [10] (green symbols) and
deaerated 0.5 M NaCl solution [11] (purple symbols).

For a given corrosion potential in figure 6.17, ρZn(corr) measured by EDS was
higher than the average Zn concentration ρZn(av), measured by GD-OES in
craters. As was discussed in chapter 5, Zn concentration measured by GD-
OES is the average for 4-mm diameter area. This concentration does not
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correspond to the concentration of the localized corroding areas, owing to
the fact that the composition of the Zn-rich layers (discussed in chapter 3)
and their corrosion rate (discussed in section 6.3.1) are non-uniform later-
ally. Potential measured in a drop (small volume) of electrolyte can also be
affected by rapidly changing chemistry of the solution due to corrosion and
reduction processes. In contrast, EDS measurements were performed on
corroded regions of the samples after full immersion of a larger area sam-
ple in a large volume of electrolyte. Therefore, correlation of the corrosion
potential in this manner and Zn concentration measured by EDS on locally
corroded areas is considered to be reasonable.

The data shown in figure 6.17 was fitted to a sum of two exponential func-
tions by least squares regression analysis in the form of

ρZn(corr) = Aexp(−aEcorr) + Bexp(−bEcorr) (6.1)

as shown in figure 6.18, with fitting parameters A = 4.3 × 10-54, B = 125.8, C
= 5.3 × 10-9, D = 18.6. The coefficient of determination, R2, was 0.95. This
relationship was used to convert the corrosion potential measured during
immersion into ρZn(corr) – immersion time curves. The results were similar
to the ones reported in 6.3.2 and therefore not shown. The fitted curve in
figure 6.18 indicates that in order to maintain corrosion potential below the
repassivation potential of -0.85 VSCE Zn concentration should be higher than
0.040 ± 0.002 g/m3.

FIGURE 6.18: Zn concentration of corroding regions in Zn
coating and Zn-rich layers in AlMn alloy MPE tubes with 8.0
g/m2 of Zn as a function of corrosion potential in acidified ar-
tificial sea water solution. Red circles represent experimental
data, black line is the fitted curve.
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6.3.4 Correlation between corrosion rate and Zn concentra-
tion

In chapter 5 corrosion rate was estimated as increase of reduction in thick-
ness between two subsequent measurements divided by the correspond-
ing time interval. Reduction in thickness, in turn, was calculated based
on weight loss measurements after continuous immersion tests with var-
ied duration in acidified artificial sea water solution. Figures 5.12 and 5.14
in chapter 5 showed corrosion rate change with time for Zn-rich layers on
AlMn alloy MPE tube samples with Zn loads of 8 g/m2 (high Zn load) and
2.7 g/m2 (low Zn load), respectively. In order to correlate Zn concentration
of the corroded regions ρZn(corr) with corrosion rate, the following procedure
was used:

1. The mean corrosion potential Ecorr for each time interval (two adjacent
points of measurement on the time axis) in figures 5.12 and 5.14 was
calculated.

2. ρZn(corr) was estimated based on Ecorr, using correlation ρZn(corr) =
f(Ecorr) shown in figure 6.18.

3. Corrosion rate calculated in chapter 5, as summarized above, was cor-
related with ρZn(corr) on log-log scale, as shown in figure 6.19.

Use of figures 6.18 and 6.19 allows estimation of the concentration of Zn at
the corroding areas from simple corrosion potential measurements within
the error limits of the correlations. The upper limit for the corrosion poten-
tial in these correlations is -0.79 VSCE because of the limitation of the analyt-
ical methods used in determining Zn concentrations. Corrosion rates corre-
sponding to the first time interval of the tests (first 10 hours for high Zn load
and 3 days for low Zn load) are not shown because of apparent effect of the
intermetallic particles precipitated during heat treatment on corrosion rate
for short times of immersion, as was discussed in section 5.3.3.

Figure 6.19 shows that corrosion rate decreases significantly with decreasing
Zn concentration. The data on a log-log scale appears to fit a straight line.
The data was fitted to a straight line by least squares regression analysis.
The fitted line with coefficient of determination R2 = 0.75 is also shown in
figure 6.19. Based on this fitted curve, corrosion rate is 1 ± 0.25 μm/day for
the minimum Zn concentration required (0.04 g/cm3, as determined in the
previous section) for lowering the corrosion potential below repassivation
potential of -0.85 VSCE.

6.3.5 Comparative summary of corrosion morphology and
chemistry of Zn-rich layers

Table 6.1 summarizes and compares corrosion morphology, Zn concentra-
tion and corrosion potential, Ecorr, after immersion in acidified artificial sea
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FIGURE 6.19: Effect of Zn concentration of the corroded re-
gions, ρZn(corr), on Zn coated and heat treated AlMn alloy
MPE tubes, with 8 g/m2 (HZ) and 2.7 g/m2 (LZ) of Zn, on cor-
rosion rate in acidified artificial sea water solution. ρZn(corr)

was calculated based on the relationship between corrosion
potential and ρZn(corr) shown in figure 6.18. Corrosion rate
was taken from figures 5.12 and 5.14 for HZ and LZ, respec-
tively. Data for non-heat-treated high HZ sample is included.

water solution for the Zn-rich layers obtained by heat treatment of AlMn
alloy coated with 8 g/m2 (high Zn load) and 2.7 g/m2 (low Zn load) of
Zn. Corrosion morphology was reported in section 6.3.1. Area of corrosion
attack was roughly estimated based on the macrographs of the corroded
samples. Morphology structure and porosity were based on high magnifi-
cation SEM micrographs. Zn concentration of the corroded areas, ρZn(corr),
was calculated based on measured Ecorr, using the correlation between Ecorr

and ρZn(corr), as described in section 6.3.3. Average Zn concentration, ρZn(av)

was estimated by correlation of reduction in thickness after immersion test
and simulated GD-OES profiles, as described in section 5.2. Concentration
estimated in this way is an average value for the exposed sample surface
and does not take into account the local non-uniformity of corrosion, in-
cluding the presence of uncorroded regions and preferential attack at the
grain boundaries. Ecorr measured on samples during immersion test, re-
ported in section 5.3.2, is also included. Significance of Ecorr is discussed in
the next chapter.
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ρZn(av), estimated from the weight loss measurements using GD-OES depth
profiles, was higher than ρZn(corr), obtained by EDS analysis of the corroded
areas, for high Zn load sample heat treated for 2 hours at 350 ◦C for im-
mersion time of 4 days and longer. The reason must be Zn diffusion along
the grain boundaries (figure 3.15b), which increased average concentration,
measured by GD-OES. During immersion localized attack of these Zn-rich
grain boundaries was observed, which resulted in overestimation of ρZn(av),
while ρZn(corr) was not influenced by grain boundaries, as it was measured
on the grains themselves. For shorter immersion times, the sets of data for
local and average concentrations for this type of samples agree well, as well
as for all immersion intervals for the high Zn load samples heat treated for
2 hours at 390 ◦C. The exception is immersion for 11 days, where ρZn(av) was
larger than ρZn(corr). This difference originates also from the grain boundary
attack, discussed above. For heat treatment for 4 hours at 430 ◦C, ρZn(av) for
high and low Zn load was lower than ρZn(corr) during the first 2 and 3 days
of immersion, respectively. The reason in this case must be localization of
the attack on high Zn areas, also reported in table 6.1, which was discussed
in section 6.3.2, while average concentration of the surface was smaller.

Corrosion attack spread over the sample surface slower for higher degrees
of heat treatments and lower Zn concentrations. Corrosion morphology was
very fine for corroded areas with high ρZn(corr), and became coarser with
decreasing ρZn(corr). The same trend was observed for porosity.

6.3.6 GD-OES of corroded surfaces

Figures 6.20a-e show depth profiles for Zn, Al, O, H and Cl, respectively, for
AlMn alloy coated with 8 g/m2 of Zn and heat treated for 2 hours at 390 ◦C,
after immersion in the test solution for 2 days. The figures include profiles
of two samples subjected to different treatments after immersion in the test
solution. The first sample was cleaned with distilled water and dried for
3 hours at 90 ◦C, while the other was subjected to the chromic-phosphoric
treatment for removal of corrosion products according to the procedures
described in chapter 5, in addition to rinsing and drying mentioned above.

Zn (figure 6.20a) was slightly enriched at the outermost surface, and its con-
centration decreased logarithmically with depth above 50 nm. During first
50 nm Zn concentration in the sample untreated by Cr-P acid was slightly
higher than Zn concentration in the sample after Cr-P acid treatment. Al
depth profile (figure 6.20b) showed reciprocally opposite behaviour to the
Zn profile. Depletion of Al was observed up to larger depths than enrich-
ment of Zn. The sample after Cr-P acid treatment had smaller depletion in
Al than the sample without such treatment. Concentration of O, and H and
Cl signals (figures 6.20c, d and e, respectively) had their maximum at the
surface, decreasing to negligible bulk values with depth, as expected. The
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profiles of these elements were higher for the untreated surfaces as com-
pared to their respective CrP-treated surfaces. Cl signal on the Cr-P-treated
surface was nearly at the noise level.
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FIGURE 6.20: EGD-OES depth profiles of AlMn alloy coated
with 8 g/m2 of Zn and heat treated for 2 hours at 390 ◦C, after
immersion in the test solution for 2 days: a) Zn, b) Al, c) O, d)
H, e) Cl.

GD-OES profiles shown in figure 6.20 suggest that corrosion products in
the form of Zn and Al oxides, hydroxides and chlorides were present on
the surface of the corroded samples. Part of the corrosion products seem to
be removed by the Cr-P acid treatment. No evidence for enrichment and
depletion of either Al or Zn was observed.

6.4 Discussion

Lateral and in-depth non-uniformity of Zn-rich layers on AlMn alloy MPE
tube samples obtained by heat treatment of Zn thermal-arc sprayed coat-
ing resulted in significant non-uniformity of corrosion. Zn concentration
of the corroded regions, ρZn(corr), did not vary notably on a given sample
(figure 6.15a). On the contrary, Zn concentration of the uncorroded regions,
ρZn(uncorr), varied considerably, as shown in figure 6.16. The SEM and EDS
analysis of corroded surfaces confirmed the assumption made in chapter 5
that corrosion attack was localized at regions with higher Zn concentration,
ρZn. As was discussed in chapter 5, non-uniformity of potential distribution
is impossible in the present work due to high conductivity of both solu-
tion and sample. Corrosion potential, Ecorr, appeared to be determined by
ρZn(corr), which was roughly the same at all corroding locations, where it was
measured on a given sample. The uncorroding areas with large differences
in the measured ρZn(uncorr) were probably passive and did not contribute
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significantly to the oxidation and reduction processes on the surface. With
increasing time of immersion and propagation of corrosion attack, ρZn(corr)

decreased and corrosion attack spread over a larger surface area with sim-
ilar ρZn, as shown by the present results. The assumption that ρZn(corr) was
roughly the same at all corroding locations is supported by low standard
deviation of the correlation between ρZn(corr) and Ecorr, shown in section
6.3.3. In view of the forgoing, the correlations in the literature between the
concentration of a critical alloying element (Zn in the present case) and the
corrosion potential should therefore be viewed with care.

Since Ecorr is a mixed potential, the types of reduction reaction and their
rates have to be taken into consideration along with the oxidation processes
in order to understand its significance. It was shown in section 5.3.1, that
hydrogen evolution is the dominating reduction reaction, which can occur
on the locally corroding sites as well as on the noble intermetallic particles.
There is a reason to believe that hydrogen evolution, which is activation
controlled, will dominate over the diffusion controlled oxygen reduction
on microscopic sites [12]. This will further be enhanced by MgO (and/or
Mg(OH)2) deposition on these sites [13]. If the oxidation reaction is further
controlled by a pitting-type of mechanism, then Ecorr will be equal to the
pitting potential independent of the type and rate of the reduction process,
as in section 5.3.1. For such cases, it is possible to postulate that Ecorr is a
function of ρZn(corr) at the surface, which can be quite different from ρZn in
the bulk. Despite other complications to be discussed, this work showed
that a certain empirical correlation between the corrosion rate and ρZn(corr)

(figure 6.19) is viable for AlZn alloys.

A complicating factor in the measurement of ρZn(corr) is the need to deter-
mine the surface concentration of metallic Zn. It has to be analytically dis-
tinguished from its oxide. Determination of the surface concentration of
metallic Zn on a localized corroded area is not an easy task. Poor depth
resolution of the EDS method used in this chapter, selected in consideration
of its advantage over GD-OES in lateral resolution, can also be questioned.
Neither of these methods can determine the oxidation state of Zn. Use of
other advanced characterization techniques, such as Auger electron spec-
troscopy or X-ray photoelectron spectroscopy (XPS), was not possible due
to the roughness and porosity of the corroded surfaces and due to poor lat-
eral resolution in the case of XPS.

An important factor determining the surface concentrations of Zn and Al,
which in turn determine the electrochemical and corrosion behaviour, is
dealloying. The difficulty in determining the surface concentration of these
elements at the localized corrosion sites has impeded a detailed investiga-
tion of the role of dealloying in the present work. The literature study (sec-
tion 6.1) suggested that nanoporosity of the corroded surface can possibly be
used as an indirect indication of dealloying. Corrosion morphology of Zn-
rich layers with relatively high ρZn(corr) (≥ 10 wt%) is significantly porous.
Corrosion morphology in figures 6.7a and 6.8 resembles results of dealloy-
ing of Zn from AlZn alloys at an applied potential shown in reference [8].
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However, the same study was restricted to ρZn > 30 wt%, while ρZn of the
corroded regions investigated in this work was < 12 wt%. GD-OES profiles
of Zn and Al in figure 6.20 a and b, respectively, on corroded surfaces did
not indicate enrichment of either Al or Zn. Therefore, no definite conclu-
sions about dealloying can be drawn from the results reported in this work.

Concentration maxima for Fe and Mn near the surface, which were appre-
ciably higher than the respective bulk and surface concentrations, observed
after immersion for 10 hours of the samples heat treated for 2 hours at 390
◦C and 4 hours at 430 ◦C, can be attributed to enrichment of intermetallic
particles near the surface. Particles of type Al(Fe,Mn)Si precipitated close to
the surface due to heat treatment of the AlMn alloy MPE tube, which was
originally contaminated with Fe from the extrusion dye, as was discussed
in section 3.4.2. Such enrichment was presumably also due to exposure of
the intermetallic particles by preferential corrosion of the solid-solution al-
loy around the particles, which acted as the local cathodes. High density of
intermetallic particles could lead to high corrosion rate for higher level heat
treatments, as reported in chapter 5, figure 5.12. Corrosion rate was highest
for the samples with highest heat treatment, which had the lowest surface
ρZn (figure 5.12), as well as the highest surface enrichment of intermetallic
particles.

SEM of uncoated AlMn alloy MPE tube sample after 11 days of immersion
in acidified artificial sea water solution showed slight crystallographic etch-
ing of the surface with micropits and no macropits were found. Neverthe-
less, corrosion of AlMn alloy is of pitting type, as was discussed in chapter
5 based on potentiodynamic polarisation curve in figure 5.5. Pourbaix di-
agram for a commercial Al alloy in chloride solution [14] shows that both
pitting and general attack can occur at pH = 3. No micro- or macropits were
found on Zn coated and heat treated samples, although the attack observed
on a macroscopic scale is highly localized, which can be interpreted as pits.
However, these localized attacks, which are nearly two-dimensional pits,
propagate laterally following the Zn-rich layer, as documented by several
macro-images in section 6.3.1. They spread over most of the surface within
a few days of exposure to the test solution, producing as a result superficial
etching-type of morphology. Based on the potentiodynamic polarization
data in figure 5.5, corrosion of Zn-rich layers also appear to suggest charac-
teristic pitting type of mechanism. The spread of corrosion attack laterally
instead of deeper pitting can also suggest that Zn concentration gradient
is restricting corrosion to propagate deeper instead of two-dimensional at-
tack. Due to non-uniformity of the Zn-rich layer and influence of Fe-rich
intermetallic particles on corrosion rate, discussed in section 5.3.3, influence
of Zn concentration gradient on corrosion rate could not be estimated.

Immersion of untreated Zn thermal-arc sprayed coating in acidified chlo-
ride solution lead to undermining of the coating due to poor adhesion and
non-uniformity of the Zn coating, which was observed in figure 3.15a. There-
fore, this confirms the conclusion made in chapter 5, that the untreated Zn
coating produced by themal-arc spraying cannot provide sufficiently long
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protection of the substrate against pitting. Certain heat treatment is nec-
essary to obtain a Zn-rich layer (a solid-solution alloy) or minimal metal-
lurgical bonding by diffusion of the Zn into the substrate. Minimal heat
treatment required to achieve this, which was outside the present scope, is
worth investigating in future work.

Lateral non-uniformity of corrosion due to non-uniformity of the Zn-rich
coating makes it challenging to find optimal coating properties for mini-
mizing the self-corrosion rate of the coating, while preventing the pitting of
the AlMn substrate. Despite the non-uniformities, we showed in chapter 4
that a fairly reliable theoretical method can be developed for estimating the
Zn concentration profiles as a function of depth. In the previous and present
chapters, we investigated whether the surface concentration of Zn could be
correlated with the corrosion rate of the Zn-rich coating. With appreciable
scatter limits, this appeared to be possible if the correlation was based on
the concentration of the locally corroding sites on a sample. The present ap-
proach assumes that the entire exposed specimen area corrodes uniformly,
which is far from reality for short immersion times. This assumption is the
largest source of error on the scatter limits in the correlation discussed, espe-
cially for higher heat treatments and small immersion times, as discussed in
section 6.3.5. At large times of exposure, the decreasing self-corrosion rate
is expected to become more uniform as the decreasing Zn concentration be-
comes increasingly more uniform with depth, as shown in figure 6.9. With
increasing immersion time, ρZn(corr) approached the average Zn concentra-
tion estimated based on weight loss measurements, as was reported in table
6.1.

Combination of the prediction of depth profiles for Zn, described in chapter
4, with the correlation of corrosion rate with ρZn(corr) , as shown in figure
6.19, can allow prediction of corrosion rate for any Zn concentration profile
in the present test environment. Similar correlations will have to be devel-
oped for corrosion in different environments. Measurement of the corrosion
potential, if possible during corrosion test, should also indicate the Zn con-
centration of the corroding sites. Optimal Zn load and heat treatment condi-
tions can be selected based on these considerations. However, the scatter in
the data in figure 6.19 suggests that such calculations will at best be limited
to rough estimates. Further validation of the suggested methodology and
investigation of the restrictions imposed by the empiricism involved were
unfortunately outside the present scope.

For the present corrosion data in acidified artificial sea water at 25 ◦C, the
minimum ρZn required for protection of the substrate against pitting, con-
sidering a maximum potential limit of -0.85 VSCE, was estimated as 0.04
g/cm3 from the correlation of corrosion potential and ρZn(corr) in figure 6.18.
Optimal Zn depth profile should give the lowest ρZn , while at the same time
ρZn should be maintained above 0.04 g/cm3 as long as possible. Among the
Zn-rich layers studied in this work and simulated Zn depth profiles shown
in section 4.5, the optimal depth profile appears by inspection to correspond
to the Zn coating with 3.5 g/m2 load, heat treated for 3 or 4 hours at 470 ◦C.
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For these cases, ρZn at the surface is 0.07 and 0.06 g/cm3, decreasing to 0.04
g/cm3 at depths 47.5 and 47 μm, respectively. The corresponding corrosion
rates at the surface are 1.9 ± 0.5 and 1.6 ± 0.4 μm/day, respectively, accord-
ing to the correlation in figure 6.19. As expected, corrosion rates for the
two heat treatments are quite similar. Shorter heat treatment time should be
chosen as it is more beneficial from technological point of view and would
lead to smaller precipitation of the Fe-rich intermetallic particles during heat
treatment, attributed to contamination from the extrusion die, as discussed
in section 5.3.3. If, on the other hand, maintaining the corrosion potential be-
low the critical pitting potential of Al alloy is sufficient for protection against
pitting, then high Zn load sample heat treated for 2 hours at 350 ◦C would
be optimal, as discussed in section 5.4.

As a final note, it is interesting to mention, that the corrosion rate corre-
sponding to the minimum Zn concentration (0.04 g/cm3) required for the
Zn-rich layer to maintain the corrosion potential above -0.85 VSCE for pro-
tection of the AlMn alloy against pitting, is 5 times larger than the self-
corrosion rate of the AlMn substrate in the environment of interest. Such
result does not make sense for cathodic protection, but it is possible if one
accepts the fact that the protection method in question is in principle an-
odic protection. Nevertheless, the example suggests that the use of pure Zn
coating for the protection of an Al alloy is not the best choice. Alloying the
AlMn substrate with 1.5% Zn may be considered a more practical solution,
but this would increase the self-corrosion of the entire thickness of the heat-
exchanger tube wall by a factor of 5. Seeking coatings of metallic alloys of
type AlZnIn, with much lower self-corrosion than pure Zn may be a better
choice.

6.5 Conclusions

• The lateral non-uniformity of Zn depth profile in the Zn-rich layer
causes non-uniform self-corrosion. This restricts the development of
models to predict corrosion rate as a function of Zn depth profile and
thereby optimize the effective lifetime of Zn-rich layers in protection
against pitting.

• The relationship between the corrosion potential of AlZn alloys and
surface concentration of Zn, ρZn, was verified and extended over a
wide concentration range. In localized corrosion, the corrosion poten-
tial is controlled by the electrochemical processes at the active sites
and ρZn at these sites, which may be quite different from the bulk con-
centration.

• Relationship between the corrosion rate of Zn-rich layers in chloride
solution and ρZn was established within the restrictions specified above.
Combined with the previous conclusion, correlation between the cor-
rosion potential and corrosion rate may be possible.
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• ρZn as low as 0.04 g/cm3 (1.5 wt% Zn) in Al appears to be the mini-
mum value sufficient to protect the alloy against pitting by maintain-
ing the corrosion potential below -0.85 VSCE at room temperature in
chloride solution. Corrosion rate at this concentration was estimated
to be 5 times higher than the corrosion rate of the AlMn alloy itself.

• The following conditions for production of optimal Zn-rich layer were
suggested for protection against pitting by maintaining the corrosion
potential below -0.85 VSCE in the specified environment: Zn load of 3.5
g/m2, heat treatment for 3 hours at 470 ◦C.
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Chapter 7

Discussion

This chapter aims to summarize the important results of the thesis, discuss
their overall significance in improving the understanding of the relevant
phenomena, their possible practical significance, the extent to which the ob-
jectives (chapters 1 and 2) have been satisfied, and propose further work for
further improvement of the experimental approach and understanding of
the mechanisms.

7.1 Anodic protection of Al by Zn

The results verify and support some of the earlier work that about 1 wt%
of Zn in solid solution or as an alloying element is sufficient to protect
the metal against pitting in chloride solution at the expense of a signifi-
cant increase in the self-corrosion of the layer or alloy. The increase in self-
corrosion for such low level of Zn was estimated to be about a factor of 5.
The obvious question to raise is the need to deposit a significant amount of
Zn (8 g/m2). It is of course based on current industrial practice (chapters 1
and 2) and the cost and convenience of using thermal spray (although a sig-
nificant amount of Zn is wasted), in relation, e.g., to the zincating process,
in view of the fact that conventional galvanizing (as for steel) does not work
for aluminium (chapter 1).

Clearly, possible methods for lowering the Zn level used should be inves-
tigated for conserving the Zn metal. Alloying the entire component with
Zn is not desirable since the component becomes susceptible to high rate
of self-corrosion instead of limiting this process to an essentially sacrificial
surface layer. The aqueous zincating processes should certainly be investi-
gated. Electrolytic deposition is an option for better control of the amount
of Zn deposited. Other possibilities, such as using alternatives to pure Zn
as the coating material will further be discussed later in this chapter.

The mechanism of high self-corrosion imparted by Zn is not clarified de-
spite the long practical experience with Zn as a common alloying element
for certain classes of Al alloys. As discussed in chapter 2, the hydrogen
overpotential of Zn metal in aqueous solution is high (the rate of hydrogen
evolution is low) in relation to comparable elements, such as Al and Mg [1].
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This is an important factor in depressing the corrosion potential of Zn in the
negative direction. It appears that the presence of Zn in solid solution with
Al, even at small concentrations, also imparts a significant depression of the
corrosion potential. The mechanistic cause of this is not clear in the available
literature other than the higher electrochemical activity of Zn as an empir-
ical fact. Based on the difference in the corrosion potential, Zn is expected
to be more active than aluminium under the conditions of present interest.
Therefore, selective corrosion of Zn would be expected for the Zn-rich layer
in aqueous chloride media, causing enrichment of the Al component. As a
result, the surface would be expected to passivate faster than that normally
observed in contrast to the present results and literature data for AlZn alloys
(section 2.3).

Detailed study of this phenomenon has not been within the scope of the
present thesis. However, this chapter allows further speculation of possible
causes. Based on the results and discussion in chapter 6, selective dissolu-
tion of Zn does not seem to occur on Zn-rich Al if the Zn concentration is
less than 30 wt%, which is supposed to lie around the parting limit for deal-
loying of Zn on AlZn alloys. The present study showed that the amount of
Zn remaining in the Zn-rich layer, after the pure Zn areas corrode away, is
smaller than this limit for most cases. Since the Zn level does not become
reduced by dealloying, the presence of Zn on the surface down to 1 wt%
appears to have a significant effect on the surface properties on the Zn-rich
layer, such as passivity, self-corrosion, cathodic behaviour and corrosion po-
tential.

High self-corrosion due to Zn is synonymous with poor passivity of the Zn
containing Al-alloy surface. It is a chemical process controlled by the dis-
solution of the passivating oxide [2]. Therefore, self-corrosion cannot be
controlled by electrochemical means. If its rate is as high as the case for Zn,
it may become as important as pitting, i.e., protection provided for pitting,
which is an electrochemical process, may not be sufficient if self-corrosion
leads to significant thinning. Therefore, successful protection against pit-
ting at the expense of significant self-corrosion of a Zn-rich layer may not
be acceptable. The Zn-rich layer will ultimately become consumed, proba-
bly locally. Remnants of the Zn-rich layer will probably continue to protect
the areas, where the aluminium alloy substrate is exposed, against pitting.
At these areas, self-corrosion will be decreased significantly because of su-
perior passivity of the exposed Zn-free Al alloy. In this regard, the present
practice of Zn-rich coatings, based on thermal spray of Zn followed with
heat treatment can be regarded as an effective protection method against
pitting for thin-walled AlMn heat exchangers. However, the ability of these
layers to provide sufficiently long service life has to be investigated further.

Insofar as design criteria are concerned, reduction of Al potential below its
repassivation potential, Erp = -0.85 VSCE, below which the existing pits can-
not propagate, has been considered as the condition for protection of Al
against pitting in this work, based on the references [3, 4]. However, this
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condition may be too conservative, if pits do not initiate as long as the po-
tential does not exceed the critical pit initiation potential Ec, such that main-
taining the potential below Ec ccan be regarded as sufficient for the present
purpose [5]. The present work could not clarify which of the potential re-
quirements is more relevant since no pitting was observed on any of the
specimens investigated in the immersion tests used in acidified artificial sea
water solution. Uncoated AlMn alloy showed slight non-uniform etching
with crystallographic micropits. However, unpolarizability of the surface
above the critical potential indicated pitting-type of kinetics for both AlMn
alloy and Zn-rich layers 5.3.1 as was observed also for binary AlZn alloys in
neutral chloride solution in earlier work [1].Acidified chloride solution and
immersion conditions resulted in the formation of large amount of small
pits, which gave the appearance of uniform etching, rather than formation
of easily visible deep pits [6].

In the development of aluminium heat exchangers in practice, the sea water
acidified accelerated test (SWAAT) (ASTM G85), is often used for quality
control for the corrosion resistance of the materials used. During this test
the samples are subjected to consecutive cycles of spray with acidified arti-
ficial sea water for 30 minutes and soaking in 98% humidity for 90 minutes.
While the spray solution in this test is the same as was in the immersion
test used in this work, the test temperature (49 ◦C) is significantly higher
than the present 25 ◦C. Correlation of the results between these two tests
would be difficult since temperature is an important parameter determin-
ing the properties of the materials used. Aluminium becomes more active
with increasing temperature [7], while corrosion potential of Zn is almost in-
dependent of temperature [8]. However, the corrosion rate of Zn is believed
to decrease with increasing temperature due to accumulation of corrosion
products on the surface [9]. Continuous immersion testing according to the
same procedure, as in this work, but at 49 ◦C, would possibly be able to
help to correlate the results of this work with the corrosion test performed
in practice and give a better perspective on the behaviour of the materials in
real life applications, although the validity of SWAAT for the present pur-
pose can also be questioned. The suggestion is, therefore, purely empirical
for practical application because of the following.

In reference [10], as sprayed Zn coating on AlMn substrate formed pits
deeper than 200 μm after two weeks of exposure in SWAAT, while no deep
pits were observed on the Zn-rich layers obtained by heat treatment of this
coating, i.e., qualitatively similar to the present results. Immersion testing
gave higher corrosion rates, i.e., more accelerated than the SWAAT, despite
the lower temperature.

7.2 Characterisation of Zn-rich layers on Al

Data base and methodology needed for calibration for the use of elemen-
tal depth profiling of Zn-rich layers on Al alloys by glow discharge optical
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emission spectroscopy (GD-OES) was developed in chapter 3. Calibration
of Al and Zn, as well as secondary alloying elements and oxygen, allowed
concentration profiling of Zn coating and Zn-rich layers obtained by heat
treatment of the coating on AlMn alloys with high depth resolution. The
method was validated by showing that the bulk compositions of the alloy-
ing and trace elements in the AlMn samples measured by GD-OES agreed
well with the values determined by other techniques, such as spark opti-
cal emission spectroscopy and X-ray energy dispersive spectroscopy (EDS).
The coating load specified for the coated multi-port extruded (MPE) speci-
mens was verified from the measured depth profiles for Zn. Enrichment of
Si and Mn close to the surface due to inward diffusion of Zn into the AlMn
tube was detected. Enrichment of Fe close to the surface on the uncoated
and non-heat treated AlMn MPE tube was attributed to the contamination
by the extrusion die. Precipitation of AlMnFeSi intermetallic particles dur-
ing heat treatment and possible depletion of the surrounding matrix with
the Mn and Si resulted in increase of area of cathodic sites, which lead to
activation of the AlZn matrix, as will be discussed in the following sections.
These findings must have practical significance in the production and ther-
momechanical processing of the heat-exchanger tubes.

Scanning electron microscopy (SEM) characterisation of the as sprayed and
as heat treated coatings revealed their non-uniformity both laterally and in
depth, which could not be detected by GD-OES, since it characterised 4-mm
diameter areas and did not have the necessary lateral resolution. EDS anal-
ysis allowed much better lateral resolution in the detection of high Zn and
low Zn areas, as well as Zn-free areas. Such non-uniformity introduced a
certain averaging error in the concentration profiles obtained by GD-OES.
However, EDS lacked the depth resolution necessary for surface charac-
terisation of these areas. Nevertheless, combination of GD-OES profiling
and EDS analysis is believed to complement one another in providing suf-
ficiently complete characterisation of Zn-rich layers for present purposes.
More information about the differences in the oxide thickness and composi-
tion, and enrichment of the alloying elements on these areas can be obtained
by advanced surface characterisation techniques, such as Auger and X-ray
photoelectron spectroscopy, although the surface roughness could make it
a challenging task. Such study was outside the scope of this thesis.

7.3 Modelling of corrosion of Zn-rich layers

A methodology for prediction of Zn concentration profiles of Zn-rich lay-
ers on commercial Al alloys, obtained by heat treatment, using a solution of
Fick’s second law for binary diffusion from a coating into a semi-infinite re-
gion, with certain simplifications for the initial condition in the formulation,
was developed in chapter 4. The lateral non-uniformity of the Zn concen-
tration was successfully incorporated into an effective diffusion coefficient,
as it is common, e.g., in modelling diffusion of reactants and products in
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the pores of a catalyst in chemical reaction engineering [11]. This method-
ology can be used for selection of the Zn coating load and heat treatment
parameters necessary to obtain desired Zn concentration profiles. The ef-
fective diffusion coefficients calculated from the GD-OES depth profiles of
samples subjected to different heat treatments obeyed the Arrhenius law for
the temperature dependence. As a result, the lateral average of the depth
profiles for Zn could be satisfactorily predicted for the present specimens
and heat-treatment conditions, which was a promising conclusion for pre-
dicting these profiles without laborious experimental determination for the
present specimens and heat treatment conditions. The same approach can
be used for predicting the Zn-depth profiles for any other type of samples,
for which a temperature correlation of the effective diffusion coefficient for
Zn can be obtained.

Due to non-uniformity of the Zn-rich layers, obtained by heat treatment of
thermal-arc sprayed coatings, laterally and in depth, corrosion was local-
ized at regions with higher Zn concentration, ρZn, which was roughly the
same on all corroded regions on the same sample. Regions with lower ρZn

remained passive until ρZn of the corroded regions decreased with increas-
ing reduction in thickness to the lower ρZn level, and the attack spread to a
wider area with similar ρZn. It was shown that the corrosion potential was
determined by the ρZn of the corroding areas (chapter 6). ρZn of the corrod-
ing areas approached average ρZn on the surface with increasing immersion
time, as corrosion spread over the surface and became more uniform.

The well known relationship between the corrosion potential of AlZn al-
loys in chloride solution and ρZn, which is normally based on the ρZn of
the bulk alloy composition (figure 2.2) was improved and extended over
a wider concentration range by using the EDS data for the Zn concentra-
tion on the localized corroding areas instead of the bulk Zn concentration.
Based on this correlation the measured corrosion potential can be correlated
with the ρZn of the corroding sites. Similarly, the minimum ρZn required for
maintaining the corrosion potential of Al at a certain critical level, can be
estimated. If, for example, the repassivation potential of Al alloys is used,
the relationship gives ρZn of 0.040 ± 0.002 g/cm2 (1.5 wt%).

Moreover, in chapter 6, corrosion rate calculated based on weight loss mea-
surements, was correlated with ρZn of the attacked regions. The obtained
relationship can give a rough estimate of the corrosion rate of the Zn-rich
layer based on its concentration profile. The approach used for calculation
of the corrosion rate assumed that the corrosion was uniform, which is far
from reality and an important source of error. Such error is common in the
use of electrochemical measurement and quantification of localized corro-
sion.

Based on the modelling procedure for simulation of Zn diffusion in Al al-
loys substrate and the relationship obtained for corrosion rate vs. ρZn, an
empirical methodology for modelling of corrosion of Zn-rich layers in acid-
ified artificial sea water is developed. The procedure is the following:
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1. Zn concentration profile can be calculated, as was described in chapter
4, based on the Zn coating parameters (Zn load, coating thickness, Zn
concentration in the coating) and heat treatment conditions (tempera-
ture and time).

2. Corrosion rate can be estimated for a given Zn concentration in the
profile using the correlation shown in chapter 6 (figure 6.19).

3. Reduction in thickness during a certain (small) period of immersion
time can be calculated based on the corrosion rate.

4. Zn concentration of the corroded surface after that period of immer-
sion can be estimated using the Zn concentration profile calculated in
step 1 and calculated reduction in thickness from step 3, as was de-
scribed in section 5.2.

5. Points (1)-(4) can then be repeated to obtain the reduction in thickness
and corrosion rate as a function of immersion time in the test solution.

Corrosion rate of the Zn-rich layer during immersion in acidified artificial
sea water solution can also be estimated from its corrosion potential, which
can be measured easily during the immersion test. The procedure is to esti-
mate first ρZn by using the relationship between the corrosion potential and
Zn concentration shown in chapter 6 (figure 6.18). Corrosion rate can then
be estimated based on ρZn using the correlation in figure 6.19.

The methodology developed can be used for optimisation of the Zn con-
centration profile and thickness of the Zn-rich layer. Given a maximum
allowable corrosion depth during immersion, an optimal Zn concentration
profile can be selected using the procedure described above. The expected
variation in the corrosion potential can then be estimated from figure 6.18,
to determine the immersion time or extent of corrosion required before ex-
ceeding a critical protection potential for the alloy.

Due to non-uniformity of the Zn-rich layers causing non-uniform distribu-
tion of corrosion at the surface and other possible complicating factors, such
as the contamination of the surface with Fe by the extrusion die, only rough
estimates of the corrosion rate can be made. Zn thermal-arc sprayed coat-
ing, although useful for many practical applications, appeared not to be
well suited as a model system to study the influence of Zn on corrosion of
Zn-rich layers obtained by heat treatment of the coating.

7.4 Improvement of protection of Al alloys

The results presented throughout this work show that Al alloys can be pro-
tected against pitting by alloying with Zn. The properties of the Zn-rich
layer can be modified to a certain degree by using the procedure described
in the previous section for improved corrosion protection and extended ser-
vice life. The effect of Zn gradient in the Zn-rich layer, which was suggested
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to be beneficial for protection against pitting [12], could not be verified in
the present work due high scatter of corrosion rate originating from non-
uniformity of the layers.

An important, frequently mentioned challenge is that self-corrosion of the
Zn-rich layers is too high. While the layer may be successful in preventing
pitting corrosion, it introduces the challenge of self-corrosion. Self-corrosion
occurs non-uniformly because of the non-uniformity of the Zn coating and
may become a challenge comparable to pitting in causing local thinning of
already thin heat-exchanger walls, leading to failure. A coating material
with lower self-corrosion rate may be a better choice. The use of AlZnIn
coatings can be suggested by analogy to the sacrificial anodes used for the
protection of offshore steel structures. Zn anodes were used earlier for this
purpose. These were replaced with the AlZnIn anodes later for weight
reduction and better current efficiency due to much smaller self-corrosion
[13, 14]. Zn anodes were found to passivate and cause polarity reversal be-
tween Zn and steel at certain conditions, such as temperature higher than
65 ◦C [15]. The passivation was suggested to be promoted by formation of
Zn carbonates. If such polarity reversal occurs on AlZn alloys, the Al sub-
strate will no more be protected against pitting. In case of sacrificial anodes,
this problem was solved by the introduction of indium as an activator [14].
Similar solution can be suggested for heat exchange applications. However,
spraying of an AlZn(In) coating on an Al alloy may pose a new challenge if
the temperature needed for thermal spraying has to be increased.

Another way of improvement can be application of a more uniform AlZn
coating with low Zn concentration, for example, 2 wt%, and using a low
level of heat treatment, sufficient for creation of Zn gradient, and, at the
same time, maintaining Zn concentration at the level necessary for protec-
tion of Al against pitting [12]. In this case, corrosion rate of the Zn-rich layer
will be minimized and non-uniformity of the attack will be reduced. Such
coatings can be developed by using electroplating or metal cladding. Hot
dip galvanizing in AlZn alloy melt with low Zn content is another possibil-
ity to investigate.

7.5 Suggestions for future work

The results of this work are believed to shed light on mechanism of corro-
sion protection of Al alloy substrate by Zn-rich layers and its optimisation.
However, further work is required in order to achieve deeper understand-
ing of these effects and their practical significance. The suggestions for fu-
ture work are the following:

• Electrochemical characterisation and corrosion testing of AlZn al-
loys.

Potentiodynamic polarisation measurements and corrosion behaviour
of model AlZn alloys with low Zn concentrations (0.5 - 10 wt% Zn) can
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improve understanding of mechanism of Al activation by Zn further.
Comparison of the results with the behaviour of the Zn-rich layers
with the same Zn concentration can give insight to the effect of Zn con-
centration gradient on the corrosion properties of the Zn-rich layers
[12]. This type of investigation was not possible in the present work
due to non-uniformity of corrosion, which introduced a high scatter to
calculated corrosion rate. Testing of commercial alloys with varying
Zn content can help to evaluate influence of the minor alloying ele-
ments on the corrosion properties. Another possibility to obtain better
understanding of the processes in the Zn-rich layer is to perform lin-
ear polarisation measurements to obtain instantaneous corrosion rate
during immersion test of these layers at exposure times corresponding
to sufficiently uniform corrosion.

• Measurement of non-uniformity of corrosion.

An attempt to correlate non-uniformity of the Zn-rich layers with non-
uniformity of corrosion can be made. Estimation of non-uniformity of
corrosion can help to obtain better correlation between corrosion rate
and Zn concentration. Propagation of corrosion can be filmed in situ
during immersion test. Ex situ interferometry can provide information
about roughness of corroded samples and be correlated with concen-
tration maps, obtained by EDS.

• Testing at 49 ◦C.

In order to try to correlate results of this work with the SWAAT test,
electrochemical and corrosion experiments at 49 ◦C are required. Po-
tentiodynamic polarisation and immersion testing of bare Al alloys,
pure Zn and Zn-rich layers at 49 ◦C will give insight into changes of
their behaviour due to temperature increase and provide information
necessary for such correlation. Alternatively, SWAAT test, modified to
allow measurement of corrosion potential can be done.

• Testing in NaCl solution.

In order to study the effect of corrosion products and calcareous de-
posits formed in sea water on corrosion rate and passivation of Zn-
rich layers on Al, testing in other solutions, such as NaCl, has to be
performed.

• Zn coating improvement.

A more uniform coating produced for laboratory experiments will al-
low to exclude errors originating from the change in the attacked area
during immersion tests and, subsequently, give a more reliable cor-
relation between corrosion rate and Zn concentration. Modelling of
corrosion of Zn-rich layers obtained by heat treatment of a more uni-
form coating using the methodology described in section 7.3 will be
more reliable. Deposition of such coating can be done by electroplat-
ing on a laboratory scale. The coating can then be applied on an alloy
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sample free of contamination with Fe. In this way influence of Fe-rich
intermetallic particles on the corrosion rate of Zn-rich layers can also
be investigated.

• AlZnIn spray coating.

Minimization of self-corrosion rate of Zn-rich layers on Al alloy can
probably be achieved by using other types of metallic coatings, such
as AlZnIn. Electrochemical and corrosion testing of such coatings and
effect of heat treatment on these has to be studied.
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Conclusions

• Zn-rich layers, formed by thermal-arc spraying and subsequent heat
treatment for diffusing Zn into the surface of AlMn alloy multi-port
extruded tubes in a controlled manner, provide protection of Al against
pitting by maintaining the corrosion potential below the pitting poten-
tial, at the expense of increased self-corrosion. Poor passivity of the Zn
containing Al alloy surface can lead to general corrosion, which may
become more important than pitting in acidified synthetic sea water.

• Zn-rich layers formed with Zn load smaller than possible by Zn thermal-
arc spraying (5-8 g/m2) and heat treated at high levels, such as 4 hours
at 430 ◦C, which lead to small Zn concentrations in the layer, can
maintain the corrosion potential of Al below its repassivation poten-
tial against pitting, -0.85 VSCE, longer than the test duration (11 days)
used in continuous immersion in acidified sea water of pH 3. At Zn
concentration of 1.5 wt%, which is sufficient to reduce Al potential to
-0.85 VSCE, self-corrosion rate of the layer is 5 times larger than the
corrosion rate of the uncoated AlMn alloy itself.

• Use of more positive potentials than the conservative level specified
above, with the premise that pitting does not initiate if the critical pit-
ting potential, -0.73 VSCE, is not exceeded, allows relaxation of the re-
strictions imposed on the thermal processing of the Zn-rich layers in
the previous conclusion. Low level heat treatment, such as 2 hours
at 350 ◦C of 8 g/m2 Zn coating, can be sufficient for protection of Al
against pitting and providing lowest total reduction in thickness dur-
ing the test period.

• Alloying of Al with Zn even in small amounts activates Al electro-
chemically by reducing its corrosion potential. Al component trans-
forms uniform corrosion kinetics of pure Zn to pitting-type of kinetics
in the acidified chloride solution. Two-dimensional pits are formed,
which propagate laterally following the Zn-rich layer. During this pro-
cess, the underlying AlMn substrate is protected.

• Dealloying of Zn, expected from the difference in the corrosion poten-
tials of Al and Zn, was not observed. Further studies are necessary for
development of improved understanding of the mechanism of activa-
tion of Al with Zn.
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• Non-uniformity of the Zn-rich layer causes non-uniform self-corrosion,
where areas with higher Zn concentrations corrode first, while the ar-
eas with lower Zn concentrations are protected. The corrosion poten-
tial is controlled by the electrochemical processes at the active sites
and their Zn concentration. This restricts the development of a model
to predict the corrosion rate and reduction in thickness as a function
of Zn concentration.

• With the restrictions in mind, the existing relationships between the
corrosion potential of AlZn alloys and surface concentration of Zn in
chloride solutions were verified and extended over a wide concentra-
tion range. An approximate relationship between the corrosion rate
of Zn-rich layers in chloride solution and Zn concentration was also
established, using which a rough estimate of corrosion rate based on
Zn concentration profile can be obtained. Combination of the rela-
tionships mentioned can in principle allow modelling of corrosion of
Zn-rich layers and thereby optimize the properties of the Zn-rich layer
for longer service life.

• Glow discharge optical emission spectroscopy is well suited to mea-
sure concentration profiles of major and minor alloying elements, as
well as oxygen, in the Zn-rich surfaces in depth, in which the sput-
tering rates of major components, such as Al and Zn, vary widely.
Coating load can also be estimated.

• A methodology was developed for predicting Zn concentration pro-
files of Zn-rich layers obtained by heat treatment of Zn coatings on Al
commercial alloys using solution of Fick’s second law for binary dif-
fusion from layer with fixed thickness and concentration into a semi-
infinite region. The lateral non-uniformity of the Zn concentration was
successfully incorporated into an effective binary diffusion coefficient,
for the system. Values of activation energy and pre-exponential factor
were determined as 103 kJ/mol and 2 × 10-6 m2/s, respectively, based
on the temperature dependence of the effective diffusion coefficient
and the Arrhenius law. The method was incorporated into the mod-
elling work above in predicting the necessary Zn depth for given Zn
load and heat-treatment conditions.

• Enrichment of Fe on the bare AlMn substrate occurred during extru-
sion due to contamination from the extrusion die. Fe-rich intermetal-
lic particles precipitated close to the surface due to exposure to heat
during thermal-arc spraying and subsequent heat treatment, which
caused also enrichment of Si and Mn, which was attributed to inward
diffusion of Zn into the AlMn substrate. Precipitation of AlMnFeSi in-
termetallic particles lead to increase of the area of cathodic sites and
corresponding increase of corrosion rate of the surface layer.
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