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Abstract

This study focuses on enhancing the surface properties and minimizing the mechanical incompatibility between the AZ91
magnesium alloy and the coating by applying CrAIYN/CrYN gradient coatings through the HiPIMS-PVD method, com-
bined with the enlargement of a MgO intermediate layer via the Micro Arc Oxidation (MAQO) method. The duplex coat-
ing approach was designed to strengthen adhesion and structural integrity between the substrate and the coating. Coating
parameters for both MAO and HiPIMS-PVD processes were optimized using a Taguchi L4 orthogonal array, and the coat-
ings were analyzed using SEM, EDS, XRD and scratch testing. MAO coatings exhibited porous and rough surfaces with
volcanic morphologies. The best adhesion performance under MAO conditions was achieved with 650 V, 700 Hz, and a
Type B solution, resulting in a critical load value of Lc. = 24 N. CrAIYN/CrYN gradient coatings alone showed coating
thicknesses from 0.83 um to 1.66 pm with compact and homogeneous microstructures. Adhesive strength was relatively
low (Lcz = 5-10 N). In the duplex coating configuration, CrAIYN/CrYN coatings were deposited on the MAO-formed
MgO layer, significantly increasing adhesion. Critical load values (Lc2) ranged from 90 to 110 N, with the highest adhe-
sion achieved under low CrY target voltage and current conditions. The findings demonstrate that the MAO/HiPIMS-PVD
duplex coating method substantially improves adhesion and surface characteristics of AZ91 alloy, offering a promising
solution for advanced surface engineering applications.

Keywords AZ91 magnesium alloy - Micro Arc Oxidation (MAO) - High Power Impact Magnetron Sputtering
(HiPIMS) - Duplex coating - Gradient coating

Introduction

The motto of reduce, reuse and recycle has become a popu-
lar contemporary concept alongside developments in energy
efficiency and conservation. This has increased demand for
new and/or improved products in many industrial fields,
such as machinery, automotive, defence and aerospace.
This has led to the use of lightweight metals and alloys,
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such as magnesium (Mg), aluminium (Al) and titanium (T1),
which are popular engineering materials. Light metals and
alloys are generally selected for industrial purposes due to
their high specific strength and low density. However, their
relatively poor surface properties limit their use in critical
machine systems or parts. In this context, surface improve-
ment methods are required to enable machine systems made
of light metals and alloys to fulfil their functions effectively
and extend their service life [1, 2].

In addition to their excellent physical, chemical and
mechanical properties, magnesium and its alloys are widely
used in industry to meet the demand for lightweight materi-
als in many sectors [3]. These alloys have a wide range of
applications in many industrial fields, including automotive,
aerospace, electronics and biomedicine, due to their low
density, high specific strength, ease of machining and weld-
ing, excellent damping properties, large hydrogen storage
capacity, and good biocompatibility [4-10]. These advan-
tages, coupled with the convenient recycling of metallic
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materials, have attracted global interest in magnesium and
its alloys. However, their use is limited by some disadvan-
tages, such as low strength at high temperatures and poor
corrosion and tribological properties [8, 11, 12]. Examin-
ing the literature reveals that many surface treatment tech-
niques are employed to enhance the surface properties of
magnesium alloys [6, 8, 12]. One such technique is physical
vapour deposition (PVD), which is widely used in industry
for various base materials [13].

PVD methods [14] essentially involve growing a solid
or molten target material by vaporising or sputtering it onto
the base material in a controlled manner. These methods
can be used to form single or multilayer coatings that are
either thin or thick, ranging in thickness from a few nano-
meters to thousands of nanometers [15]. Hard coatings with
low surface roughness and a low coefficient of friction can
be obtained using single or multilayer coatings formed by
PVD. Low surface roughness and a low coefficient of fric-
tion are important features for tribological and corrosive
applications. When the appropriate coating parameters are
selected, this method can be used to grow coatings of the
desired thickness on the surface of temperature-sensitive
base materials such as magnesium and its alloys. In addition
to increasing the wear and corrosion resistance of magne-
sium and its alloys, the service life and commercial value
of these materials are significantly increased by the grown
coatings [6, 14, 16—18].

To date, PVD coatings, both single-layer and multilayer,
such as TiN, AITiN, AICrN, AIN, ZrN, CrN, AIN/TiN, TiN/
TiCrN, ZrO:, TiNbTaZr, have been grown on magnesium
alloys [19-23]. Li et al. investigated the microstructure and
residual stresses of smooth, compact TiN/TiCN multilayer
films grown on AZ31 magnesium alloy using DC magne-
tron sputtering [18]. They determined that TiN/TiCN coat-
ings are smooth and consecutive with small roughness; that
the stress is tensile; and that the residual tensile stress value
decreases with an increase in the reaction gas ratio, which is
one of the PVD process parameters. Sivapragash et al. [21]
grew ZrN nanocoatings on AZ91D magnesium alloy surfaces
by optimising PVD process parameters (gas type, chamber
pressure and power input) using the Taguchi-GA (Genetic
Algorithm) method, then investigated the mechanical and
tribological properties of these coatings. They found that
ZrN-coated AZ91D magnesium alloy has a higher micro-
hardness than untreated alloys and is more resistant to wear
mechanisms such as delamination, oxidation, adhesion, and
plastic deformation. Celik and Bozkurt [7] grew Ag-doped
TiN and AITiN coatings on AZ31 magnesium alloy using
the PVD method, investigating the relationship between the
wear performance of these coatings in simulated body fluid
and their biological effects. They performed liquid media
experiments under three different solutions (SBF, DMEM
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and PBS) and two different wear loads. They determined
that the hardness of the Ag-doped TiN coatings (1040 HV)
was higher than that of the AITiN coatings (920 HV), the
surface roughness of the AITiIN coatings (1.66 pm) was
lower than that of the Ag-doped TiN coatings (6.80 um) and
that the coefficient of friction increased in direct proportion
to the surface roughness. They concluded that both coatings
enhanced the corrosion resistance of the base material.

The most significant disadvantage of PVD-grown coat-
ings is their mechanical incompatibility and low adhesion
and corrosion properties with the base material due to the
lower elastic modulus and hardness of light metals such as
magnesium and its alloys compared to PVD coatings [6, 17,
24, 25]. Weak chemical bonding between the base material
and the coating can lead to delamination under cyclic loads,
as well as separation and cracking along the coating/base
material interface due to high residual stress [15, 26]. Addi-
tionally, the weak chemical bond between the coating and
the base material can result in high galvanic corrosion [25].

As a result of technological advances, new and/or
improved production and coating methods are emerging and
developing rapidly. These methods, such as duplex coating
prepared by a hybrid process, are used to form thin film coat-
ings and eliminate mechanical incompatibility [16, 24]. One
such method is Micro Arc Oxidation (MAO), which is used
to grow hard, wear-resistant and chemically bonded oxide
coatings on light metallic materials such as magnesium and
its alloys [8, 16, 27, 28]. The MAO process is based on an
anodic reaction caused by ionisation resulting from plasma
micro-discharges on the surface when the electrolytic volt-
age applied to the base material exceeds the breakdown
voltage [27]. The ceramic coatings that result from this pro-
cess are a combination of oxides from the base material and
oxides of the chemical particles present in the electrolytic
solution. Consequently, hard, wear-resistant and corrosion-
resistant coatings with excellent chemical bond strength are
obtained at the interface of the coating and base material
[27, 29, 30]. The present study aims to grow an MgO layer
using the MAO method to minimise the mechanical incom-
patibility of HIPIMS-PVD coatings with magnesium alloy.

In this study, CrAIYN/CrYN gradient coating was grown
as an interlayer on AZ91 magnesium alloy by MAO method
and then the surface properties of magnesium alloy were
improved by HiPIMS-PVD coating method. First, an MgO
interlayer was grown on the base material using the MAO
method according to the L4 experimental plan proposed by
the Taguchi test design method. The adhesion strength of the
oxide layer grown to the AZ91 base material was then opti-
mised according to the levels of the coating parameters. The
new MgO coating, grown using the optimized values, forms
the interlayer beneath the CrAIYN/CrYN gradient coating.
The CrAIYN/CrYN gradient coating was then obtained on
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Table 1 The chemical composition of AZ91 magnesium alloy (% weight)
Alloy %Mg %Al %Zn %Fe %Ni %Cu
AZ91 Bal. 8.7-8.9 0.8-0.9 <0.005 <0.001 <0.001
'[I')ablez Coatings parameters and levels for MAOL 1 from Taguchi test design methods. The frequency, voltage
arameters leves—z and electrolyte solution, which affect the properties of the
i 1 .T iff
< Frequency (12) =00 1000 c?at;ngl, :vere lsi .ected as process p;r?mgters .tvlz/([) (g erf:nt
L Voltage. (V) 500 650 electrolyte solutions were prepared to deposit MgO using
M Type of electrolyte solution A B the MAO method on AZ91 base rgaterlals. Electrglyte A
contained 8 g of Na2Si0s.5H,0 (Sigma-Aldrich, in bead
3 . 1 . o
Table 3 Taguchi L, experimental plan form, molecular welght. 212. 14.1 g/rpol an.d purity: 2' %95.0),
Experiment No Levels of Parametors 12 g of Na-HPOu4 (Sigma-Aldrich, in white crystalline pow-
K L M der form, molecular weight: 141.96 g/mol and purity: >
1 700 500 A %99.0) and 6 g of KOH (Sigma-Aldrich, in pelet form and
2 700 650 B purity: %99.99), and Electrolyte B contained 12 g of KOH
3 1000 500 B and the same amounts of Na»Si03.5H,0 and Na:HPO.. The
4 1000 650 A coating processes were performed in bipolar mode using an

Table 4 Process parameters and their levels for HIPIMS-PVD coatings

Parameters Levels

1 2
K CrY Voltage (V) 400 600
L Al-Target Current 0.5 1.5
M N, Amount (g) 2.5 4.5

the MgO layer using the HIPIMS-PVD coating method. The
structural properties of the resulting duplex coating were
evaluated using SEM, XRD and EDS analyses, while the
adhesion properties were evaluated using a scratch tester.
It was observed that the MgO+CrAlYN/CrYN gradient
duplex coating, which was optimized for adhesion, elimi-
nated the mechanical incompatibility of the coatings on the
AZ91 magnesium alloy with the base material.

Materials and methods
Preparation of the substrates

A 20 %20 mm? magnesium AZ91 alloy with a thickness of
2 mm was used as the base material. The chemical compo-
sition of the AZ91 magnesium alloy is shown in Table 1.
The selected samples were polished using SiC sandpaper
with grain sizes of 800 and 1200, respectively, until the
surface roughness value reached Ra~0.1 pm. The polished
samples were cleaned and dried with ethanol in preparation
for coating.

MgO coating using MAO method

The process was performed using an MgO intermediate
layer on AZ91 alloys according to the L4 experimental plan

AC power supply for a fixed coating time of 10 min in the
specified aqueous solutions produced by Faraday Electronic
Corporation. In all experiments, the AZ91 samples were
used as the anodes and the stainless steel bathroom wall was
used as the cathode. The temperature of the electrolytic solu-
tion was cooled by passing water through the stainless steel
tank. After the MAO process, the samples were washed and
dried in ethanol. According to the Taguchi L4 test plan, four
different experiments were carried out at various levels of
the selected process parameters in order to optimise the lev-
els of parameters that affect the MAO method. The selected
process parameters and their levels are shown in Table 2.
The Taguchi L4 experimental plan is shown in Table 3.

CrAlYN/CrYN coating by the HiPIMS-PVD method

The CrAIYN/CrYN gradient was produced using the High
Power Impact Magnetron Sputtering (HiPIMS-PVD)
method in a physical vapour deposition (PVD) system
manufactured by Teer Coating Ltd on AZ91 base materi-
als. These materials were coated using one aluminium (Al)
target, one chromium (Cr) target, one chromium-yttrium
(CrY) target and two chromium-yttrium (CrY) targets. Dur-
ing the coating process, the base materials were rotated
between the aluminium, chromium and yttrium targets at a
speed of 2 rev./min. The surfaces were cleaned with 30 min
of ionized cleaning just before the coating process. Four dif-
ferent experiments (R1, R2, R3 and R4) were performed at
various levels of the selected process parameters according
to the Taguchi L4 experimental plan, in order to optimise
the levels of parameters affecting the HIPIMS-PVD process.
The selected process parameters and their levels are shown
in Table 4. The Taguchi L4 experimental plan is shown in
Table 4. The Taguchi L4 experimental plan is shown in
Table 5.
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Table 5 Taguchi L, experimental plan

Experiment No Levels of Parameters

K L M
R1 400 0.5 2.5
R2 400 1.5 4.5
R3 600 0.5 4.5
R4 600 1.5 2.5

While coating AZ91 base materials with the HiPIMS-
PVD method, the experiments were performed in pulsed
direct current mode. Following ionised cleaning during the
coating process at a Cr operating pressure of 2.5 x 1072 Torr
for 10 min, the following fixed parameters were selected:
CrN for 15 min, CrAIYN for 20 min and CrYN for 30 min
at an operating pressure of 3 x 10~ Torr.

Duplex coatings

MgO coatings, created using the Taguchi test design method
in a series of experiments and enlarged on AZ91 base mate-
rials, were systematically evaluated, with the results of each
condition optimised in terms of adhesive properties. The
optimum conditions were verified according to the levels
of the determined parameters, with the highest adhesion
value being reached in the output. New coatings were made
under the conditions determined by this experiment using
the MAO method. Each sample was made according to the
coating conditions shown in Tables 4 and 5, based on four
different experimental plans shown in Table 4. Duplex coat-
ings were obtained by creating a CrAIYN/CrYN gradient
coating according to the conditions in Table 4.

Characterisation of the coatings

An X-ray diffractometer (XRD) was used to detect the
phases in the structure of the materials after the AZ91 base
material and MAO processes. XRD measurements of MgO
coatings generated on AZ91 base material were performed
using a Panalytical Empyrean model XRD device with
Cu-Kao radiation at a wavelength of A=1.5404 A.

The AZ91 base material was coated with MgO using the
MAO method. A scanning electron microscope (SEM) was
used to determine the surface morphology and coating thick-
ness of CrAIYN/CrYN samples coated by the HIPIMS-PVD
method. The chemical composition of the CrAIYN/CrYN
gradient coats coated using the HiPIMS-PVD method was
analysed using an energy-dispersive X-ray spectrometer
(EDS), which was integrated into the same device.

The adhesion of the coating to the base material of the
MAO intermediate layer and the CrAIYN/CrYN gradient
coatings was measured using a ReveTester test device pro-
duced by CSM Instruments. Adhesion tests were performed
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at shift rates of 10 mm/min and 100 N/min under increas-
ing load using a Rockwell C cone diamond indenter with a
radius of 200 pum.

Optimisation of the experimental parameters

The optimisation process focused on adhesion of the
enlarged coatings, using the Taguchi test design method.
Within the scope of this thesis, the data collected from
scratch tests performed on the enlarged MgO coatings were
analysed using the ANOVA-TM package program. ‘Perfor-
mance statistics’ were selected as the optimisation criterion.
To observe the effects of the parameters on the optimisation
criterion, a review of the literature was conducted. Accord-
ing to the results of the scratch tests, the Lc2 value was based
on the critical load of the coatings in the adhesion tests. For
the Lc2 critical load value, ‘larger is better’ performance
statistics were used. The study determined the experimen-
tal requirements with the optimum Lc2 value. The effect
of each parameter on the optimisation criterion was calcu-
lated, and the results were presented in graphics and charts.
The optimisation process has been completed, meaning that
the numerical value of the maximum points on the graphs
shows the optimum value of the relevant parameter, while
the numerical value of the minimum points shows the worst
value according to ‘larger is better’ performance statistics.

Results and discussion

Optimisation of structural and adhesion properties
of MgO coatings

Figure 1 shows the surface morphologies of the coatings
produced after the MAO process was applied to the AZ91
alloy in accordance with the Taguchi L4 experimental plan.
Figure 2 presents cross-sectional images of the coatings.
Images taken from the coating surface using a scanning
electron microscope (SEM) show that the oxide structure
is distributed evenly across the entire surface. Examination
of the SEM images reveals that the coatings on AZ91 in
the MAO process, depending on micro-eliminations (dis-
charge), have a rough surface with a large number of micro-
cavities (pores) of various diameters, as well as volcanic
formations caused by micro-meltings. This result is consis-
tent with related literatiire [31-33].

Zhang et al. [34] stated that a circular pathway of regional
melting, followed by solidification, caused the micro gaps
formed in the coating to be almost circular in geometry. In
the MAO method, the applied voltage causes the forma-
tion of discharge ducts, enabling the growth of the coating
layer by locally exceeding the dielectric breakdown voltage
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Fig. 1 Surface morphology of the coating grown using the MAO method on AZ91 alloy in all Experiments

on the surface of the enlarged oxide coating (as shown in
Fig. 6). The resulting discharge creates high pressure and
temperature within the discharge duct, allowing the coating
to form. The high pressure and temperature during coating
formation cause melting and evaporation in some regions,
forming circular or nearly circular gaps on the coating sur-
face near the gaps formed by discharge ducts [32, 35].
Examining the surface morphology of the coatings in
Fig. 1 in detail reveals that there are many circular micro-
gaps with a fairly uniform distribution across all samples.
Examining the sample images of the micro-gaps at the
same enlargement rate reveals that the dimensions of the
pores and their dispersion on the surface change depend-
ing on the experimental parameters. The number of micro
gaps is lower and their diameters are smaller in experiment
1 (700 Hz, 500 V, Type A solution). This is thought to arise
from the progression of current values that remain at very
low levels throughout the coating period compared to other
experiments [33]. Hussein et al. [36] stated that the dimen-
sions of the micro-gaps are related to the energy formed
on the surface, which can be controlled by various coating

parameters. Additionally, studies examining the effect of
frequency on surface morphology have shown that the num-
ber of micro gaps increases while their diameters decrease
as the frequency increases [33, 37, 38]. Martin et al. [39]
explained the reason for the differences in the uniform and
non-uniform distribution of the micro-gaps, stating that
these resulted from local melting within the arc ducts and
the distribution of molten material. The relevant literature
clearly shows that coating parameters affect the structure of
micro-gaps on the coating surface. The effect of frequency,
voltage, processing time and solution concentration on coat-
ing morphology is quite remarkable in the MAO process
[40].

Figure 2 shows cross-sectional images of the coatings
enlarged at different parameters on AZ91 alloy. Addition-
ally, the coating thickness was measured at different points
using SEM images of the samples, and the average values
are shown in Fig. 2. The lowest average coating thickness
was obtained in experiment 1 at approximately 26 um,
while the highest was approximately 60 um in experiment
2. It is thought that the coating parameter levels and the
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Fig. 2 The cross-sectional view of the coating grown by the MAO method on AZ91 alloy under the conditions of all experiment

phase structures produced by these parameters are effective
in determining the coating thickness. Figure 2 shows the
three-layered structure of the MAO coating in detail. It is
difficult to clearly determine the flimsy barrier layer formed
on the base material using SEM images alone. However, the
thick main MAO layer located just below the porous surface
with a large number of micro-gaps can be clearly seen. The
SEM images obtained are consistent with the literature [36].

Figure 3 shows the XRD graphs of the coatings enlarged
according to different parameters, substrates (AZ91 alloy),
the MAO method and the Taguchi experimental plan. The
literature reports in detail that MgO is formed by the MAO
method in different crystal structures [32, 41-44]. These
studies emphasise that the basic phase formed as a result
of MAO coatings on magnesium alloys is MgO. Chen et
al. [45] stated that the high temperatures formed during the
MAO coating process allow the MgO phase to form. They
also revealed that the chemicals in Na.SiOs.5H,0, Na:HPO4
and KOH aqueous solutions formed Mg>SiO4 and Mg(PO4
phases in the XRD analysis of MAO-coated samples. Liang
et al. [46] found that MgO and Mg:SiO4 phases occurred

@ Springer

in the structure of the coatings in experiments performed
in Na:Si0s.5H,0+KOH aqueous solutions. The XRD
analyses in this study revealed other small peaks, which
are thought to be caused by elements in the alloy. Differ-
ent phases can also be obtained depending on the chemical
composition of the solution used.

However, it is very difficult to obtain these phases by
XRD analysis. The XRD results indicate that the MgO
phases at 26=36.39°, 38.02°, 42.98°, 62.36°, 74.71° and
78.66° were found to be much more abundant in experiments
2 and 4 than in the other experiments. This is reflected in the
thickness of the oxide layer when the enlarged coatings are
examined together. Similarly, Fig. 3 shows that the Mg»SiO4
and Mg(POs) phases, which are thought to be caused by the
chemicals in the solution, had a higher intensity in experi-
ments 2 and 4. This demonstrates the significant impact of
different frequencies, voltages, and solutions on the coating
structure. The results obtained by XRD analysis are consis-
tent with those reported in the literature [33, 43].

In terms of the performance of coatings whose substrate
is enlarged, the coating and adhesion are of great importance
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Fig. 3 XRD analysis of the AZ91 magnesium alloy and of the coatings grown by the MAO method on the AZ91 alloy in all experiments

in surface engineering and design. One of the most com-
monly used methods to measure adhesion between the base
material and the coating is the scratch test [47]. In this study,
the increased load scratch test (progressive load scratch) was

used to measure the adhesion between the AZ91 alloy and
the coating after the MAO process. During the scratch test,
the coating surface is scratched with a diamond tip under a
linear force, and the force caused by the resulting damage is
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Fig. 4 Scratch test of coatings grown using the MAO method on the AZ91 alloy for all experiments

determined. This force is defined as Lc(Critical Load) and
is considered to be the adhesion force between the coating
and the base material. Four different critical loads (Lc1, Lca,
Lcs and Lca) are defined as the coating is damaged. In the
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literature, the Lc, value is based on the critical load of oxide
coatings in adhesion tests [47].

According to the Taguchi experimental plan, Fig. 4 shows
the curves depicting the change in normal load in relation
to friction force, as obtained from the scratch test of MgO
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Fig. 4 (continued)

coatings on AZ91 alloy at various parameters and levels.
In this study, the Lc2 value was considered to represent the
adhesion force that damages the coatings. The scratch test
involved applying increased loads to each sample, starting
from 0.2 N and increasing to a maximum of 30.2 N. It was
found that the Lc1 values, which indicate cohesive strength,

ranged from 0 to 5 N in experiments 1 and 3, and increased
to between 10 and 15 N in experiments 2 and 4. The high-
est critical load frequency was 700 Hz for Type B (3 g/L)
solution and 650/—150 V for experiment 2, with Lc2 ~ 24 N.

The MAO coatings with the highest Lc2 value in experi-
ment 2 can be explained by coating density and phase
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structure (Mg2Si0O4 and Mg(POs) as shown in Fig. 3). The
Mg>SiO4 and Mg(POs) phases, which are denser than in the
other experimental conditions, are thought to increase adhe-
sion between the base material and the coating. Examining
the enlarged coatings under the conditions of experiment 2
reveals that their microstructure is denser than that of other
coatings (see Fig. 1). In the study by Demirci et al. [32], it
was found that the thickness of the oxide coating increased
with the load-carrying capacity of the coatings, thus increas-
ing adhesion resistance. Figure 5 shows Lc: values.

The results obtained from the scratch test on the AZ91
alloy after the MAO process were optimised using the Tagu-
chi experimental design method. When evaluating the adhe-
sion of the enlarged MAO layers to the base materials, the
parameters that were most effective in achieving the highest
critical load value (Lc2) were voltage, solution type and fre-
quency, respectively. According to these performance statis-
tics, the Taguchi test design method proposed the following
values: frequency (700 Hz), Type B solution (3 g/L) and
voltage (650/-150 V), as determined in Experiment 2.

The test results obtained from the scratch test after the
MAO process on the AZ91 alloy were optimised using
the Taguchi test design method. It is known that two basic
parameters affect the performance of the MAO process.
These parameters are categorised as electrical or electrolytic
variables [33]. The electrical variables include the type of

Table 6 Statistical data of the ANOVA-TM package program

power supply, current density, discharge current type, duty
cycle, duty time, frequency and applied voltage. Electrolytic
variables include the type, temperature and pH of the elec-
trolyte [32]. Following preliminary attempts and a review
of the literature, the most effective parameters and their lev-
els were selected for the MAO process, and MAO coatings
were applied to the AZ91 alloy according to the Taguchi L4
experimental plan given in Table 5.

Data obtained from scratch tests performed on MgO
coatings enlarged on the AZ91 base material were analysed
using the ANOVA-TM package program. ‘Performance
statistics” were selected as the optimisation criterion. To
determine the effects of the parameters on the optimisation
criterion, the Lc2 value was considered the critical load in
adhesion tests of the coatings, according to the results of
the scratch tests. For the Lc: critical load value, ‘larger is
better’ performance statistics were used [32]. The aim of
the process was to determine the optimum Lc2 value for the
experimental conditions. The effect of each parameter on the
optimisation criterion was calculated, and the performance
statistics were displayed in graphics and tables. The opti-
misation process has been completed, with the numerical
value of the maximum points in the graphics showing the
optimum value of the relevant parameter, and the numeri-
cal value of the minimum points showing the worst value
according to ‘larger is better’ performance statistics.

Examination of the values shown in Table 7, one of the
outputs of the ANOVA-TM program, revealed that the most
effective parameter for the MAO process was the ‘voltage
value’, symbolised by L. The electrolytic solution type, sym-
bolised by M, was found to be the second active parameter.

Table 6 shows the statistical values of the data obtained
under all the experimental conditions of the ANOVA-TM
programme. When the adhesion of the MAO coatings on the
AZ91 base material was evaluated, the parameters with the
greatest impact on the critical load value (Lc2) were iden-
tified as voltage, electrolytic solution type and frequency,
respectively (Fig. 6).

According to these performance statistics, the Tagu-
chi test design method proposed for the largest Lc, value
includes B-type electrolytic solution, a voltage of 650 V,
and a frequency of 700 Hz. These results were found to

Experiment No Data Total Mean S(squares) S(squares) Variation S(squares) Variance
n t m Ss Sr St Sm Ve
1 1 8.0000 8.0000 64.0000 0.0156 0.0000 64.0000 0.0000
2 1 24.0000 24.0000 576.0000 0.0017 0.0000 576.0000 0.0000
3 1 11.0000 11.0000 121.0000 0.0083 0.0000 121.0000 0.0000
4 1 20.0000 20.0000 400.0000 0.0025 0.0000 400.0000 0.0000
All data N T M SS SR ST SM VE
4 63.0000 15.7500 1,161.0000 0.0281 168.7500 992.2500 56.2500
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Fig. 6 Performance statistics plot affecting the adhesion of MgO coat-
ings grown on AZ91 alloy

align well with the experimental plan made in accordance
with the L4 orthogonal series.

The confidence interval was evaluated for the difference
between the estimated and found values. Here, the estimated

— 1L R—

Erzincan University

WD P —— 10 ym

11.0 mm | E Erzincan University

o v wo det | 5
%~ | High vacuum | 15.00 kV 16.1 mm | ETD 3

error is the relationship between the theoretical experimen-
tal conditions, the application of the verification experi-
ment, and the values found. The confidence interval for
the estimated error was calculated using the ANOVA-TM
package program. The adhesion properties optimised using
the Taguchi experimental design method were found to lie
within the 95% confidence interval. As the performance val-
ues obtained in the verification experiments fall within the
calculated confidence interval, the experimental results can
be considered acceptable at a 5% error level. This process is
consistent with the literature [32].

Structural and adhesion properties of CrALYN/
CrYN gradient coatings grown on AZ91 alloy by the
HiPIMS-PVD method

Figure 7 shows SEM images of the coatings enlarged at
different parameters and levels. Examination of the SEM
images reveals that the lowest coating thickness was
obtained in R1 test conditions at t ~ 0.83 pm, as shown in
Fig. 7, while the highest coating thickness was obtained in

WE

el 1T E—"

vac mode HY
Erzincan University

-
pressure | —— 5 ym

2.09e-4 Pa Erzincan University

Fig.7 Cross-section SEM image of a CrAIYN/CrYN gradient coating grown by HiPIMS-PVD method on a glass substrate under R1-4 conditions
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Table 7 Order of influence of parameters on adhesion properties

K L M
Level 1 16.0000 9.5000 14.000
Level 2 15.5000 22.0000 17.5000
Delta 0.5000 12.5000 3.5000
Rank 3 1 2

R2 test conditions at t ~ 1.66 um. The coating thickness
values for all tests are shown in Fig. 7. Under R2 test con-
ditions, the highest thickness value was detected at levels
where the voltage applied to the CrY target was 400 V, the
target current applied to the Al target was 1.5 A and the
amount of N> was 4.5 g, according to the parameters affect-
ing CrAIYN/CrYN coatings. Examining the four different
experimental conditions (R1, R2, R3 and R4), it was found
that the target current applied to the Al target and the amount
of N2 (g) given to the system in the R2 conditions resulted
in the highest coating thickness (as shown in Table 4 and 5).

Examining the existing literature, it is evident that there
is a decrease in the thickness of fine films as the amount
increases. Aihua et al. [48] explained that this decrease is
due to the reactive gas forming a nitride phase on the tar-
get surface as the amount of N increases. This nitride layer
reduces the splashing rate of the target material. However,
although the amount of N> given to the system in experi-
ment 2 is higher than in the other conditions (R1 and R4),
the higher coating thickness (t ~ 1.66 um) clearly plays a
more active role in determining the thickness of the coating
produced by the target current. He et al. [49] stated that,
with an increase in the current value applied to the target
materials, an intensive columnar structure was obtained
in the coating layer, resulting in an increase in the coating
thickness.

When the coatings obtained under the R1, R2, R3 and R4
experimental conditions were examined, they were found
to have a very dense, homogeneous, smooth and compact
microstructure. In addition to achieving the ideal coat-
ing thickness, an intensive microstructure is an important
parameter for hardness. Liu et al. [35] stated that itrium (Y)
atoms replaced chromium (Cr) and aluminium (Al) atoms in
the CrAIN cage structure, forming a solid solution coating.
They also suggested that CrAIYN coatings possess conical
particles and columnar structures in their surface and cross-
sectional morphology. Qi et al. [50] stated that, in CrAIYN
coatings, the size of the conical particles and the width
of the columnar structures in the cross-sectional structure
decreased with an increasing Y ratio (see Fig. 7 for SEM
images).

The EDS analysis results for CrAIYN/CrYN gradi-
ent coatings enlarged using the HiPIMS-PVD method on
an AZ91 alloy are shown in Fig. 8. EDS analysis of CrA-
IYN/CrYN gradient coatings, produced under the same
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conditions, was performed on glass substrates. According
to EDS analyses taken from the surface of the coatings,
the atomic quantities of Cr, Al, Mg, Y and N are given in
Fig. 8. Under R2 experimental conditions, the aluminium
content in the CrAIYN/CrYN coatings is higher than in the
other tests (see Table 4). This can be considered an indica-
tor of increased coating thickness. The literature shows that
increasing the current value applied to target materials can
increase coating thickness to a certain extent [49—51].

Figure 9 shows the XRD analysis results for CrAIYN/
CrYN gradient coatings. The phase structure of CrAIYN/
CrYN gradient coatings shows the formation of CrN, AIN
and Cr2N phases. XRD analysis revealed that the presence of
CrN and AIN phases at 20 ~ 37° and 260 ~ 44°, respectively,
was significantly higher in intensity in R1, R2 and R4 exper-
imental conditions than in R3 when CrAIYN/CrYN coat-
ings enlarged on glass materials were examined together.
The presence of the CrN phase was also observed in R3.
Ma et al. [52] enlarged CrAIYN/CrYN gradient coatings on
Ti6Al4V base materials using the HiPIMS-PVD method,
determining that high-intensity CrN and AIN phases occur
in the coatings’ structure. This finding is consistent with
results from similar studies [35, 51-54].

According to the Taguchi test plan, Fig. 10 presents the
results of the scratch test of CrAIYN/CrYN gradient coat-
ings on AZ91 base materials at different levels and param-
eters. The Lc2 value is considered as the adhesion force that
damages the CrAIYN/CrYN gradient coatings. Figure 10
shows a graph of the Lc2 force values for all the enlarged
CrAIYN/CrYN gradient coatings on the AZ91 base mate-
rial. The scratch test involved applying increased loads to
each sample, starting from 0.2 N and increasing to a maxi-
mum of 50.2 N. The Lcl values, which indicate cohesive
strength, ranged from 0 to 5 N across all experimental
conditions, while the Lc2 values, which indicate adhesive
strength, ranged from 5 to 10 N. Examination of the scratch
test results revealed that the critical load value was approxi-
mately 8 N in the experimental condition where the highest
Lc2 value, which defines adhesive damage to the CrAIYN/
CrYN gradient coatings enlarged on the AZ91 alloy, was
obtained. The critical load values were similar in the R1 and
R4 conditions (Lc2 ~ 8 N), while they were lower in the R2
and R3 conditions (Lc2 ~ 7 N). The results revealed that
the adhesion strength between the CrAIYN/CrYN gradient
coatings and the AZ91 alloy base materials was very low.
This thesis study therefore focused on enlarging CrAIYN/
CrYN gradient coatings and MgO intermediate layers using
HiPIMS-PVD and MAO methods, with the aim of minimis-
ing mechanical incompatibility between the base material
and the coatings.
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Optimisation of adhesion and structural properties
of duplex coatings enlarged on AZ91 by HiPIMS-PVD
method

According to the Taguchi L4 experimental plan, the opti-
mum conditions were determined by analysing the results

of the scratch test of the MgO coatings enlarged on the
AZ91 alloy using the MAO method. The MgO layers were
enlarged on AZ91 base materials using the MAO method
according to the levels of the specified parameters. Follow-
ing this, the CrAIYN/CrYN gradient coatings were enlarged
using the HiPIMS-PVD method, after which duplex surface
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Fig.9 XRD analysis of CrAIYN/CrYN gradient coatings grown on glass substrate by HIPIMS-PVD method under R1-R4 experimental conditions

processing was performed. The thickness of the coatings
was determined using SEM images taken from the cross-
sectional surface of the duplex coatings. SEM images of the
duplex coatings enlarged on the AZ91 alloy are presented in
Fig. 11. As can be seen in Fig. 11, a prominent line formed
where the MAO layer separated from the base materials,
and the CrAIYN/CrYN gradient coatings that were enlarged
under four different experimental conditions on this layer
were found to grow in a columnar structure with a very
dense, homogeneous, smooth and compact microstructure.
According to the Taguchi L4 test plan, the EDS analysis
results for the duplex coatings on the AZ91 alloy are pre-
sented in Fig. 12. In the R1, R2, R3 and R4 experimental
conditions, the presence of Al and Cr, which are believed
to originate from the Al, Cr and CrY target materials, was
determined. In the R2 experimental conditions, the alu-
minium content was higher than in the other conditions. As
shown in Fig. 11, the highest coating thickness was obtained
in the R2 conditions. However, carbon was present in the R2
and R4 conditions. In both of these conditions, the current
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value applied to the target was 1.5 A, which, in addition
to being higher than in the other conditions, increased the
amount of aluminium by percentage, allowing the formation
of carbon. It is thought that phosphorus (P) formed in the R3
conditions and silicon (Si) formed in the R1 and R3 condi-
tions derived from the electrolytic solutions used to create
the MAO oxide layer.

XRD analysis of the duplex coatings on the AZ91 alloy
was performed within a screening range of 20-90°, with a
screening step of 0.1° and a screening rate of 2.5°/min. The
results of the XRD analysis of the duplex coatings produced
using the MAO/HiPIMS-PVD method under the R1, R2,
R3 and R4 experimental conditions are presented in Fig. 13.
The XRD analysis showed that these coatings contained
CrN, AIN, Cr:N, CrAlYN and CrY. The intensity of CrN
was particularly high in the R1, R2, R3 and R4 experimental
conditions. However, the SHP-AIN phase was also found to
be present in the coating structure. Myandoab [55] stated
that the formation of the AIN phase was caused by excessive
nitrogen in the coating environment. He also explained that
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Fig. 10 Scratch test graph of CrAIYN/CrYN gradient coatings grown by HiPIMS-PVD method on AZ91 alloy under R1-R4 experimental
conditions
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Fig. 10 (continued)

excessive nitrogen penetrates the CrN cages and reduces
the soluble amount of AIN. If there is an excessive amount
of Cr, Cr is not included in the CrN content. The results
obtained are consistent with those reported in the literature.
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Figure 14 shows the scratch test results for AZ91 base
materials of duplex coatings enlarged at different param-
eters and levels according to the Taguchi L4 experimental
plan. During the process, Lc2 values were considered as
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Fig. 11 The cross-sectional view of duplex coatings grown on AZ91 alloy under R1-R4 experimantal conditions

they relate to the adhesion force that damages duplex coat-
ings. Figure 14 shows the numerical values of the critical
load force (Lc2) of the enlarged duplex coatings on AZ91
base materials. In the R1 and R2 experimental conditions, a
scratch test was performed under increasing loads, starting
from 0.2 N and reaching a maximum of 130 N (see Fig. 14).
In the R3 and R4 conditions, a scratch test was conducted up
to a maximum load of 120 N.

Examining the scratch test graphs revealed that the high-
est Lc2 critical load value between the duplex coatings on
the AZ91 alloy occurred in the R1 conditions (Lc2 ~ 110 N).
Examining the parameter levels in the R1 test conditions
revealed that the lowest voltage (400 V) was applied to the
CrY target, the lowest current (0.5 A) to the Al target, and the
lowest amount of N2 (2.5 g) to the system (as seen in Table 4
and 5). In the R1 conditions, Lc1 values indicating cohesive
strength were found to be approximately 70 N; however,
cracks were observed on the edges of the scratch trail of four
different duplex coatings when the scratch test images were
examined. These cracks are thought to be caused by stress.
These cracks, which are circular and quite small within the
scratch trail, can be considered as conformal cracks [32].

These cracks, which were both conformal and under
stress, enlarged with an increase in load. This caused the
AZ91 base material coating layer to separate from the base
material, resulting in flaking on the trail edges. Examining
the coating thickness revealed that it had the lowest value (t
~ (.83 um) in the R1 experimental conditions where adhe-
sive strength was obtained (Fig. 14). This study concluded
that adhesion increased by approximately 4.5 times more
than with CrAIYN/CrYN gradient coatings directly applied
to an AZ91 base material.

After the MAO process, CrAIYN/CrYN was coated and
the AZ91 alloy’s scratch test results were obtained using
the Taguchi experimental design method. It is well known
that mechanical incompatibility between the base material
and the coating is an important obstacle, since the elastic-
ity modulus and hardness of hard coatings on magnesium
and its alloys are lower. In recent years, various surface
improvement techniques have been developed to eliminate
this incompatibility. One of these techniques is the duplex
coating method. To remove the mechanical incompatibil-
ity between the CrAIYN/CrYN gradient coatings and the
base material, an MgO layer was enlarged using the MAO
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method on the AZ91 magnesium alloy. The MgO layer
formed during the MAO process, which was optimised in
terms of adhesion properties on AZ91 base materials, was
applied to the base materials as an intermediate layer. The
CrAIYN/CrYN gradient coatings formed on the interme-
diate layer were analysed using the ANOVA-TM package
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programme after scratch tests on the duplex coatings were
performed to optimise the adhesion properties of the gradi-
ent coatings. ‘Larger is better’ performance statistics were
selected as the optimisation criterion.

To identify the effects of the parameters on the opti-
misation criterion, a review of the relevant literature was
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Fig. 13 XRD analysis of duplex coatings grown on an AZ91 alloy under R1 test conditions

conducted. According to the results of the scratch test, the
Lc2 value was considered a critical load in the adhesion tests
of the coatings. For the Lc2 critical load value, ‘larger is bet-
ter’ statistics were used. The objective of this process was
to determine the optimal Lc2 value under the experimental
conditions. The effect of each parameter on the optimisa-
tion criterion was calculated, and the performance statistics
graph is presented in Fig. 15. The optimisation process has
been completed, meaning that the numerical value of the
maximum points in the graph shows the optimum value of
the relevant parameter, while the numerical value of the
minimum points shows the worst value according to ‘larger
is better’ performance statistics.

The values shown in Table 8 are the outputs of the
ANOVA-TM program. It was found that the most effec-
tive parameter for duplex coatings was the ‘voltage value to
CrY target’. Table 9 shows the statistical values of the data
obtained under the R1, R2, R3 and R4 experimental condi-
tions using the ANOVA-TM package program. When the

adhesion of the duplex coatings to the AZ91 base material
was evaluated, it was found that the most effective param-
eters for achieving the highest critical load (Lc2) were the
voltage applied to the CrY target, the current applied to
the Al target, and the amount of N: used during coating,
respectively.

The confidence interval was evaluated for the difference
between the estimated and found values. Here, the estimated
error is the relationship between the theoretical experimen-
tal conditions, the application of the verification experi-
ment, and the values found. The confidence interval for
the estimated error was calculated using the ANOVA-TM
package program. The adhesion properties optimised using
the Taguchi experimental design method were found to lie
within the 95% confidence interval. As the performance val-
ues obtained in the verification experiments fall within the
calculated confidence interval, the experimental results can
be considered acceptable at a 5% error level. This process is
consistent with the literature [32].
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Fig. 14 Scratch test plot of duplex coatings grown on an AZ91 alloy under R1-R4 test conditions
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Fig. 14 (continued)

Conclusions

This study examined the structural properties of duplex-
coated AZ91 alloy, the effects of changing the process

parameters on the structure of the coatings, and the adhe-
sion behaviour of the coatings enlarged with the base mate-
rial, using MAO and HiPIMS-PVD methods. The results
obtained in the study are presented below:
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Fig. 15 Performance statistics graph affecting the adhesion of duplex
coatings grown on an AZ91 alloy

Table 8 Order of influence of parameters on adhesion properties

K L M
Level 1 105.000 101.0000 100.000
Level 2 91.0000 95.0000 96.0000
Delta 14.0000 6.0000 4.0000
Rank 1 2 3

Micro Arc Oxidation

e Depending on the micro-discharge incident caused by
the MAO method, it was observed that the AZ91 coat-
ings had rough surfaces, micro-gaps of various sizes
(pores) and volcanic structures. It was also found that
the dimensions of the microporosity and their distribu-
tion on the surface changed depending on the coating
parameters and their respective values. In experiment 1,
with one parameter (700 Hz, 500 V and Type A solu-
tion), there were fewer micro gaps and they were small-
er in diameter.

e In the coatings that were enlarged as a result of XRD
analyses at 20 levels of 36.39°, 38.02°, 42.98°, 62.36°
and 74.71°, the presence of MgO phases was found to
be more intense in experiments 1 and 4 than in the other
experimental conditions. The basic phase in the coat-
ing structure was MgQO, but the Mg:SiO4 and Mg(PO.)

Table 9 Statistical data of the ANOVA-TM package program

phases formed as a result of the chemicals in the
Na2Si0;.5H,0, Na:HPO4 and KOH aqueous solution.

e [t was also observed that coating thicknesses changed
depending on the level values of the coating parameters
enlarged on the AZ91 alloy. The lowest average coat-
ing thickness obtained was 26 um in Experiment 1 con-
ditions, while the highest was 60 um in Experiment 2
conditions.

e When evaluating the adhesion of the enlarged MgO
coatings to the base materials, the parameters that were
most effective in achieving the largest critical load value
(Lc2) were found to be voltage, solution type and fre-
quency. According to the performance statistics of the
Taguchi test design, the greatest value was found to be
a frequency of 700 Hz, a Type B solution (3 g/l) and a
voltage of 650 V (experiment 2).

e As a result of the verification experiments conducted
according to the levels of the parameters determined
by optimisation, the critical load value was found to be
L.2=24N.

o When the surface roughness values obtained from the
surfaces of the enlarged MgO coatings were evaluated,
the lowest values were found to be Ra=~1.53 pm and
Rz=11.4 pm under experiment 3 conditions, while
the highest values were found to be Ra~4.34 um and
Rz~27.8 um under experiment 2 conditions.

CrAlYN/CrYN Gradient Coating;

e According to the measurements, the lowest coating
thickness was obtained in R1 test conditions at t =~
0.83 wm, while the highest coating thickness was ob-
tained in R2 test conditions at t ~ 1.66 pm.

e The coatings obtained in all experimental conditions
had a very dense, homogeneous, smooth and compact
microstructure.

e According to EDS analyses taken from the surface of
CrAIYN/CrYN gradient coatings in R2 experimental
conditions, it was found that the aluminium content was
higher than in the other conditions, as was the current
value applied to the Al target. It is thought that this con-
dition also increases the coating thickness.

Experiment No Data Total Mean S(squares) S(squares) Variation S(squares) Variance
n t m Ss Sr St Sm Ve
1 1 110.0000 110.0000 12,100.000 0.0001 0.0000 12,100.000 0.0000
2 1 100.0000 100.0000 10,000.000 0.0001 0.0000 10,000.000 0.0000
3 1 92.0000 92.0000 8,464.0000 0.0001 0.0000 8,464.0000 0.0000
4 1 90.0000 90.0000 8,100.0000 0.0001 0.0000 8,100.0000 0.0000
All data N T M SS SR ST SM VE
4 392.0000 98.0000 38,664.000 0.0004 248.0000 38,664.00 82.6667
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e CrN, AIN and Cr2N phases were observed in the struc-
ture of the coatings, which were enlarged as a result of
XRD analyses. The presence of CrN and AIN phases at
20 ~ 37° and 26 ~ 44° was found to be very high in the
R1, R2 and R4 experimental conditions compared to R3.

e When the adhesion of the enlarged CrAIYN/CrYN
gradient coatings to the base materials was evaluated,
it was found that the values ranged between 0 and 5 N
for all experimental conditions, indicating cohesive
strength. The Lc. values indicating adhesive strength
ranged between 5 and 10 N. These results suggest that
the adhesion strength between the enlarged CrAIYN/
CrYN gradient coatings and the AZ91 alloy base mate-
rial is very low.

Duplex Coating (CrAIYN/CrYN on MgO Intermediate
Layer)

e According to the measurements, the highest coating
thickness was obtained in R2 experimental conditions,
with CrAIYN/CrYN gradient coatings enlarged on the
base material. According to the R2 test conditions, the
highest thickness was detected at the levels at which
voltage was applied to the CrY target material. Of the
parameters affecting duplex coatings, the current value
applied to the Al target was 1.5 A, and 4.5 g of N2 was
given to the system.

e Based on SEM images, it was found that a prominent line
was formed where the MAO oxide layer separated from
the base materials. CrAIYN/CrYN gradient coatings
grown on this layer under four different coating condi-
tions exhibited a columnar structure with a very dense,
homogeneous, smooth and compact microstructure.

e XRD analysis showed that the coatings contained CrN,
AIN, Cr:N, CrAIN and CrY. The CrN intensity was
found to be particularly high in the R1, R2, R3 and R4
experimental conditions.

e When the adhesion of duplex coatings on AZ91 alloy
base materials was evaluated, the values ranged between
60 and 80 N for all experimental conditions, indicating
cohesive strength. The Lc2 values expressing adhesive
strength ranged between 90 and 110 N, with the highest
value (Lc2 ~ 110 N) occurring in R1 test conditions.
This value occurred at the lowest applied voltage to the
CrY target (400 V), the lowest current applied to the Al
target (0.5 A), and the lowest amount of N2 introduced
to the system (2.5 g).

e [t was concluded in the study that, when the adhesion of
duplex coatings was evaluated against the base material,
the adhesion increased four-and-a-half-fold. CrAIYN/
CrYN gradient coatings were found to enlarge directly
on the AZ91 base material.
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