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EVALUATION OF THE QUALITY OF COATINGS DEPOSITED ON AZ31 MAGNESIUM ALLOY USING THE ANODISING

METHOD

OCENA JAKOSCI POWEOK WYKONANYCH NA STOPIE MAGNEZU AZ31 METODA ANODOWANIA

The paper presents results of a study on the quality of coatings deposited on surfaces of AZ31 magnesium alloy products.
In order to obtain protective coatings (corrosion and erosive wear protection), the methods of anodising (specimens A, B and C)
and, for comparison, electroless plating (specimen D) were applied. The assessment of coating quality was based on the
scratch test results. The results were used for determination of critical loads resulting in coating rupture. The best result was
obtained for the specimen B (sulphuric acid anodising in combination with sealing): the critical load was 7.5 N. The smallest
value (5.5 N) was observed for the specimen D, i.e. the coating produced using the electroless plating method. Moreover,
erosion resistance of the coatings was assessed. In this case, a depth of the wear trace due to an erodent agent (SiC powder)
effects was investigated. The results are comparable to those obtained in the scratch test. The poorest erosion resistance is
demonstrated by the coating D and the best resistance is observed for the coating B.
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W artykule przedstawiono wyniki badan jakos$ci powlok wytworzonych na powierzchni wyrobow ze stopu magnezu
AZ31. Dla wytworzenia powlok o charakterze ochronnym (ochrona przed korozja i zuzyciem erozyjnym), zastosowano
metod¢ anodowania (probki A, B i C) oraz dla poréwnania metod¢ bezpradowa (probka D). Oceng jakosci powlok oparto
o wynik proby zarysowania (scratch-test). Na podstawie uzyskanych wynikéw wyznaczono krytyczne obcigzenie, przy ktérym
nastepuje przebicie powloki. Najlepszy wynik uzyskano w przypadku probki B (anodowanie w kwasie siarkowym potaczone
z uszczelnianiem), wartos¢ krytycznego obcigzenia wynosita 7.5 N. Najmniejszg warto$¢ obcigzenia krytycznego 5.5 N,
zarejestrowano w przypadku probki D tj. powloki wytworzonej bezpradowo. Oceniono takze odporno$¢ powlok na zuzycie
erozyjne. W tym przypadku badano glgbokos¢ sladu powstatego wskutek oddziatywania na powierzchni¢ probek $cierniwa
(proszek SiC). Uzyskane wyniki sg podobne do zarejestrowanych w probie zarysowania. Najmniejsza odpornoscia na erozje
charakteryzuje si¢ powloka wytworzona bezpradowo (D) a najwigksza powltoka anodowana i uszczelniana (B).

1. Introduction

Most of common magnesium alloys are based on a binary
magnesium-aluminium system. Over the last decade, Mg-
Al-Zn (AZ) alloys have been of special interest due to their
good tensile strength, atmospheric corrosion resistance, good
casting properties and small production costs compared with
other magnesium alloys. This set of properties makes the AZ
alloys useful materials for certain structural applications in
the aerospace, automotive and electronic industries [1-4].
Other advantages of Mg-Al-Zn alloys, as well as of other
light-metal alloys like Ti and Al, and of the composites

based on their matrixes, are: a high damping coefficient, size
stability, stiffness and a high recycling potential [2, 6-10].
It is estimated that in the nearest future, magnesium alloy
applications will increase yearly by about 15-20%, mainly
as complementary for advanced composite materials used in
aviation industry [11-14]. At present, the AZ31 alloy is of
a very high practical importance among magnesium casting
alloys due to its good strength and plastic properties as well
as high corrosion resistance and wear resistance [15-17]. It is
used for production of rolled articles (i.e. strips, sheets) and
extruded products [4, 9, 15]. Basic strength properties of the
AZ31 alloy are presented in Table 1 [1, 4, 13, 18, 20].
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TABLE 1
Physical and mechanical properties of the AZ31 alloy
AZ31 alloy properties Value Symbol Unit

2.8 Density 1.78 p g/em?
£ 2
~ =

-1? Tensile strength 250 —-290 R MPa

e

-3

Q . .

5 Conventional yield

g point 150 -220 | Rpo. MPa

3

= Hardness 46-173 HB

£

= Elongation 12-21 A5 %

Anodising of magnesium and its alloys is one of the most
effective methods of corrosion prevention and, therefore,
it is a commonly used process. Various types of coatings,
produced under specific electric current conditions (the major
process parameters), have been developed. A protective
coating is a result of a chemical reaction between the anode
substrate, oxygen, electrolyte and other components of the
bath [18-19]. When a voltage is applied, the electrolyte near
the anode surface is heated to a high temperature that allows
for complex chemical (coating deposition), electrochemical
(magnesium alloy oxidation) and physical (high-temperature
component deposition) reactions [16, 18-19]. In the anodising
process, the key factor that differentiates specific methods is
the type of applied electrolyte. It highly influences the quality
and intended use of the coating. So far, a lot of methods for
anodising of magnesium and its alloys have been developed.
Parameters of selected processes, described in literature
sources, are presented in Table 2.

The examples of coating processes, presented in Table 2,
are conventional solutions that have been modified for many
years to yield better coating parameters and to reduce production
costs or the environmental impact of the applied technologies
[1]. Types of coating that is based on the conventional Dow 17
and HAE processes as well as meets current requirements
regarding the aerospace and automotive industries are the
Tagnite® and Eltron’s coatings [1]. Electrolytes that are used
in these processes contain less harmful substances such as
chromic acid, permanganates, fluorides or other heavy metals
[15, 18-20]. At present, a lot of research on compositions of
alkaline baths with additions of phosphates, silicates, borates
and organic substances is conducted [15-16]. However, to
obtain an effective anodic coating, proper electrical parameters
must be selected.

2. The coating process

The coatings were deposited on the AZ31 casting
magnesium alloy. Its chemical composition is presented in
Table 3.

TABLE 3
Chemical composition of the AZ31 alloy as per the ASTM standards
[18,20]

Chemical composition [%]
Mg Al Zn Mn Cu
25-35107-13(02-1.0 0.05

The other fraction

The investigations were performed using 4 specimens of
starting material: onto 4 discs (30 mm in diameter), protective
coatings were deposited. In Table 4, the process parameters are
presented.

TABLE 2
Parameters of anodising processes [1, 18-20]
Bath composition o Current density Time [min] /
Type of the process (/1] Temperature [°C] [A/dm?] Voltage [V] Comments
120 KOH
35KF Opaque, brown, hard, brittle
HAE 20 KMnO, 21-30 1.2-1.5 90/85 coating; corrosion and abrasion
34A1(OH); resistant; 25-50 pm
35N213P04
360 (NH4)HF, Opaque, dark green coating;
Dow 17 100 Na,Cr,0; 70-85 0.5-5 10-100/ max110 | corrosion and abrasion resistant;
97 H;PO, thickness: 25 pm
4-8 KOH White coating;
TAGNITE 5-10 KF 4-16 - - pH 12.8-13.2
15-25 silicate
Alkgline sqlution 40 NaOH . . .
with sodium . 20 1 30/- Corrosion resistance improvement
silicate additive 90 Na,SiOs




TABLE 4
Process parameters of coating deposition onto the AZ31 alloy
specimens
Specimen | Electrolyte Currént Time
o tvoe density [min] Comments
P [A/cm?]
A 5S¢/l H,SO, 0.13 3 HZS.Q4
anodising
Anodising,
sealing
B 5g/l H,SO, 0.13 3 100°C/30min/
water
Anodising,
5g/1 H,SO, sealing
¢ 3g/l KMnO, 0.275 3 100°C/30min/
water
10 g/1 Electroless
b CsH;50, 0 720 coating

Before placing in the electrolyser, the specimens
were polished and degreased. The electrolyte was a 5 g/l
aqueous solution of sulphuric acid. Due to high reactivity
of the magnesium specimen, a low solution concentration
was selected. When higher concentrations were applied, the
magnesium alloy was too rapidly dissolved by the acid. The
specimen was connected to the positive pole as the anode.
The cathodes, i.e. stainless steel plates, were connected to
the negative pole. The target current density was 0.13 A/cm?.
The anodising process was carried out for 3 minutes at the
ambient temperature. After three minutes, the system was
disconnected; then, the specimen was rinsed with distilled
water and air-dried (Fig. 1a). Following the anodising process,
the specimen B was immersed in 100°C water for 30 minutes in
order to seal the coating. Regarding the specimen C (Fig. 1c),
KMnO, was added to the electrolyte. Potassium permanganate
was used due to its strong oxidising effects. The procedure
was partially inspired by environmetal friendly treatment of
natural reinforcing fibres for composites [19-21]. Following
the anodising process, the specimen was sealed. The resulting
layer was darker and less uniform than those obtained for the
specimens anodised without KMnO,. The specimen D was
subjected to electroless plating through immersing in a 10 g/l
citric acid solution for 24 hours to produce an opaque, light
coating on the specimen surface (Fig. 1d).

Fig. 1. The specimens following the coating process
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3. Scratch test

The evaluation of produced layer quality was based
on results of scratch resistance testing by means of the
scratch test. The test was performed using a CSM tester with
a diamond indenter (spherical tip radius 200 pm; Rockwell,
no. C-233). During the test, the specimen surface was
scratched with an indenter of known stylus geometry. The
specimen is moved at a constant velocity perpendicular to
the stylus which, when a defined force is applied, penetrates
its surface. Throughout the test, contact force, penetration
depth, friction force, acoustic signal related to cracking
and detaching of the coating were measured. The analysis
of the layer adhesion strength was based on a microscopic
observation and profilometric measurements of the scratch.
As a result, the critical load that leads to characteristic
defects was determined. Moreover, an analysis of the friction
coefficient changes was performed and the critical load
(LcW), corresponding to the layer rupture, was determined.
Also, the critical load (LcO), based on the analysis of the
wear trace, was specified. The critical load values, at 1 N to
15 N, were identified based on three test runs. Durability and
a quality of the obtained coating can be compared when the
wear trace length until the substrate exposure is determined.
Mean critical load values are presented in a bar chart (Fig. 2).
Mean values of the friction coefficient, measured during the
scratch test, are presented in Figure 3.

LcW

7,2
6,6 6,8 7 6,9 6,5
5558

A B C D

Fig. 2. Critical loads for the investigated coatings at 1 N to 15 N:

ELcO

S = N W A U
!

(LcW — critical load resulting from the friction force analysis, LcO —
critical load determined in the wear trace analysis)

In Figure 4a, a 3D image of the wear trace at the coating
A (anodised in sulphuric acid) rupture location is presented.
While analysing the microscopic image of the wear trace
(Fig. 4c) and the profile height change (Fig. 4b), location of
the coating rupture, following the distance of 3.5 mm, was
determined. It corresponds to the critical load of 6.6 N.
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Fig. 3. Mean values of the friction coefficient for the range of 1 N to
I5N

Fig. 4. Substrate exposure in the specimen A (distance: 3.5 mm): a)
a 3D image of the surface topography, b) a 2D profile determined
along the scratch, ¢) a microscopic image

In the case of coating B (a result of anodising and sealing
processes), the coating rupture location was observed following
the distance of 6 mm (Figs. 5a, 5b), which corresponds to the
critical load of 7.2 N.

. um
40
I 35

30
25

20

¢)
Fig. 5. Substrate exposure in the specimen B (distance: 6.5 mm): a)
a 3D image of the surface topography, b) a microscopic image

For the specimen C (anodising with addition of KMnO4 and
sealing), the coating rupture was observed following the distance
of 4.5 mm (Figs. 6a, 6b), corresponding to the critical load of
6.9 N (comparable to the result for the coating B). The wear trace
on the specimen C surface shows no cracks or disconuities that
are observed for the specimen B (Figs. 5c and 6a).

Fig. 6. Substrate exposure in the specimen C (distance: 4.5 mm): a)
a 3D image of the surface topography, b) a 2D profile determined
along the scratch, ¢) a microscopic image

The last investigated coating (specimen D) was obtained
using the electroless plating method. Its scratch resistance



was the poorest of all investigated specimens. In Figure 7, the
coating D rupture location, following the distance of 3 mm, is
presented. In this case, the critical load is 5.5 N. The electroless
coating demonstrates a high roughness level and discontinuity
of the wear trace.

0
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Fig. 7. Substrate exposure in the specimen D (distance: 3 mm): a)
a 3D image of the surface topography, b) a 2D profile determined
along the scratch, ¢) a microscopic image

For the tested coatings, surface roughness levels were
determined based on profilographometric measurements. The
results were expressed as the Ra parameter values in a bar chart
(Fig. 8). The lowest level of surface roughness was observed
for the coating A (Ra=1), while the highest level (over 2-fold
higher) was found for the coating D (Ra=2.2).

Ra

1,5
g
1 4
0’5 ]
0 -
A B C D

Fig. 8. A comparison of surface roughness levels for the AZ31 alloy
specimens following the coating process
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4. Erosion resistance testing

In order to determine performance characteristics of the
produced coatings, erosive wear tests were performed. Due
to potential applications of the magnesium alloy products
in the aerospace industry, it was assumed that in addition to
corrosion, erosive wear would be the essential factor affecting
the coating durability. For each investigated specimen, two
tests were carried out. During each test, 2 grams of an erodent
agent were applied to the specimen at 45° for 1 minute. An
image of the test device is presented in Figure 9 [7, 10, 15].

Fig. 9. A device for erosive testing of the coatings

Wear traces, observed on the specimen surfaces,
are shown in Figure 10. For the purpose of wear trace
quantitative assessment, profilographometric measurements
were performed to determine its size and depth. The size
measurement results, based on the surface topography
analysis, are presented in Table 5. The deepest trace of 35 um
was observed for the electroless coating D, which suggests
its poor erosion resistance (Fig. 11b). The smallest value of
27 um was found for the coating B (anodising combined with
sealing) (Fig. 11a). The results are consistent with the scratch
test outcomes.

Fig. 10. Wear traces observed on the specimen surfaces following the
erosive wear test
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Fig. 11. Topographies of the wear traces on the specimen surfaces: a)
specimen A, b) specimen D

TABLE 5
Sizes of erosive wear traces
. Wear trace depth, | Surface area of the wear

Specimen label N
wm trace, mm

A 3.2 18

B 2.7 16

C 2.9 17

D 3.5 20

5. Summary

The investigations allowed for assessment of the quality of
protective coatings produced by means of various techniques.
Based on the profilometric measurements, differences in
the roughness levels of the coatings were determined. The
differences are considerable and affect the coating durability.
The highest level of roughness is observed for the coating D
(obtained by means of the electroless plating method) which
also shows the poorest scratch resistance. This result suggests
no practical applications for this type of coating. However,
a highly rough coating, obtained with the use of electroless
plating technology, may be successfully used as an interlayer
in the polymer-based coating processes regarding structural
elements. This promotes enhancement of the polymer layer
- substrate bonding. The electroless plating method is cheap
and environmentally friendly. For elements of more complex
geometry, it is easier to be performed, for the purpose of
surface preparation, than mechanical working. In the group
of anodic coatings, the highest level of durability is observed
for the specimen B resulted from anodising combined with
sealing in 100°C water. It shows the highest durability
determined in the scratch test (a 6 mm distance until the
coating rupture). Moreover, this type of coating demonstrated
the most favourable result of erosive wear testing. Compared
with the anodic coating A, the coating B shows a higher level

of surface roughness and it is less aesthetic. The coating A
demonstrates the lowest scratch and erosion resistance in the
group of anodic coatings. Its advantage is a light, uniform
colour and a low roughness level (Ra=1.0). The aesthetic
values of this coating can be considered for applications with
poor tribological effects, for example to protect vehicle interior
elements (dashboards, seats etc.). Summing up the research
results, it can be concluded that despite the differences in wear
resistance and surface quality of the obtained coatings, their
practical applications are possible.
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