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ABSTRACT

Different industries, including aerospace, marine, and automotive, widely use titanium alloys such as Ti-
6AIl-4V. Although, this alloy has excellent properties; it is highly susceptible to corrosion and has low
thermal stability and tribological characteristics, limiting its application. In this research, after preparing
the AlgsCussFerps quasi-crystalline (QC) powder mixture and appropriate target, the magnetron
sputtering method was employed to deposit the QC coating on the Ti-6Al-4V substrate. The powder
mixture and AlCuFe thin films were annealed at 700°C for 2 h. The scanning electron microscope (SEM)
analysis and X-ray diffraction (XRD) methods were used to investigate the microstructure and
morphology of mixed powders and Al-Cu-Fe QC coatings. NaCl solution (3.5 wt.%) was utilized to
conduct the electrochemical measurements. Al-Cu-Fe thin layer deposited on the Ti-6Al-4V alloy
surface without any cracks. The XRD patterns related to the annealed powders and the coating after heat
treatment indicated the presence of CusAl, AlFes, and quasi-crystalline ternary phases of AlgsCuzoFess,
AlsFe, AlTi,, and AlgsCuyoFess phases, respectively. Based on the polarization test results, the annealed

coating at 700°C showed better electrochemical behavior than the Ti-6Al-4V substrate.

doi: 10.5829/ije.2023.36.10a.13

1. INTRODUCTION

Titanium and its alloys are extensively employed in
automotive, biomedical, and aerospace industries due to
their unique properties including biocompatibility, high
strength-to-weight ratio, and low modulus of elasticity.
In contempt of the different pleasant assets of Ti—-6Al-
4V alloy, the operation of this alloy is restricted,
especially when it comes to tribological applications
characteristics [1]. Although Ti-6Al-4V alloy has several
unique characteristics, its durability in engineering is
restricted because they are not hard enough and also
highly sensitive to corrosion.

Quasicrystals not only show different structural
features, such as the absence of translational symmetry
that is representative of non-crystalline materials but also
represent the feature of crystalline materials (e.g.,
generating sharp peaks in XRD). Quasicrystalline
materials are appropriate for many practical applications
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due to their unique characteristics, including significant
hardness, and notable resistance to corrosion. Previous
studies [2] have shown that the developing of mixed
quasi-crystalline (QC) coatings can enhance the titanium
alloy’s wear resistance (grade five). The performance of
wear resistance for the Al-Cu-5Fe coating was 2.8 times
that of the substrate. Although QCs have limited
applications as structural materials due to their brittle
nature, their distinctive characteristics raise the
possibility of applications as functional materials in
several fields such as a catalytic agent to produce
hydrogen [3,4].

According to the type of coating, the methods of
obtaining quasicrystalline coatings are divided into two
groups (including powder and film coatings). While
powder coatings are made using thermal-gaseous and
electrochemical procedures, film coatings are obtained
through various physical procedures, including chemical
vapor deposition (CVD). Plasma spray and High-
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Velocity Oxygen Fuel (HVOF) are widely used to make
quasicrystalline coatings, but these methods are
associated with problems such as porosity, unmelted
particles, cracks, and oxides [5, 6].

Magnetron sputtering is a widely used method for
deposition wear and corrosion-resistant coatings. This
method is economic and can be applied on samples with
complex shapes. The quasi-crystalline phase formation
depends on the substrate temperature [7, 8]. As
experimentally shown, the substrate temperature should
be higher than 500°C to obtain a single-phase
quasicrystalline coating. The deposition of QCs on the
substrates at room temperature leads to the evolution of
the semicrystalline phase after subsequent heat treatment.
The advantages of this method are high spraying speed at
low operating voltages (700-800 V), low working gas
pressure, low degree of pollution of the resulting film,
and the possibility of obtaining uniform film thickness.
However, the adjustment of stoichiometry in QCs is the
main challenge [9-12].

Al-Cu-Fe-based quasicrystalline thin films show
exceptional surface and mechanical properties. The direct
growth of quasicrystals was reported in multilayer Al-
Cu-Fe thin films after subsequent heat treatment [13].
Successful application of AlsoCuzsFes, quasicrystalline
and film coating obtained through three-electrode ion-
plasma sputtering of assembled targets was reported, and
this coating contained a quasi-crystalline i-phase that was
stable up to 723K [14]. The formation of the
Als25CuzsFerns quasicrystalline phase was achieved by
the Al-Cu system at temperatures relatively higher than
500 (T>500°C). It is important to know that there are
seven various compounds (Al.Cu, Al:Cug, AlCu, AlCu,
AlgFe, Al;CuzFe, and Al1oCusoFe) in the phase formation
sequence before the icosahedron phase [15]. There was
an increase in the amount and grain size of the i-phase
throughout the process of annealing [16]. Phases that
have a polyhedral atomic substructure in QCs, have
greater nucleation rates within the system [17].

Uniaxial hot pressing was used to fabricate targets in
the magnetron sputtering deposition process. The
creation of cracks within the targets throughout film
deposition can lead to statistical deviations in the coating
composition when the AICuFeB coating is applied in this
way [7].

The Al-Cu-Fe QCs reveal high corrosion resistance
and good hydrogen storage for use in catalytic reactions.
These alloys, at low temperatures, have similar thermal
properties to zirconia oxides, which are considered
excellent insulators [18]. The investigation of corrosion
resistance of AlCuFe thin film in NaCl solution approved
its excellent performance [19]. The Corrosion behavior
investigation of the quasicrystalline AlgzsCuzsFesz alloy in
a5 % sodium chloride solution confirms the formation of
a stable quasicrystalline icosahedral (y) phase [20].
According to corrosion experiments performed for 1, 2,

3, 4, and 8 days using 5% NaCl solution at 293 K, the Al-
Cu-Fe films showed excellent corrosion resistance [21].

The limitations of titanium alloys, such as easy
oxidation, and simple reaction with other materials can
be overcome by adding Al and Cu to Ti. This procedure
leads to the formation of significantly stable intermetallic
metallurgical bonds and consequently, increases
corrosion resistance. The AI-Cu-Ti combination is
comparable to some icosahedrons like Al-Cu-Fe, which
perform efficiently in surface engineering, as well as
composite production [22, 23].

In the latest studies, icosahedral quasicrystals [24,
25], and characterization of thin films on the Ti6AI4V
alloy substrate have been reported [26-29]. Als, in recent
years, magnetron sputtering has received great attention
for developing thin films [30].

Due to the above-mentioned problems of titanium
alloys, and considering the necessity of applying an
appropriate coating to improve the performance of
titanium alloys, in this study, after the preparation of
Alg25CuzsFerzs quasi-crystalline powder mixture and
appropriate target, the magnetron sputtering method was
employed to deposit the QC coating on Ti-6Al-4V
substrate. ~ The  microstructural  aspects  and
electrochemical behavior of the substrate and the coated
sample were studied and compared.

2. EXPERIMENTAL DETAILS

2. 1. Materials and Substrate Specifications
Aluminum, iron, and copper powders with a purity of
99.9% were weighed using a scale with the precision of
0.0001 g in appropriate proportions to reach
Alg25CuzsFer2 s composition. The substrate of the desired
alloy was cut to 1 cm x 1 cm x 1 cm dimensions. The
Spark Emission Spectroscopy test was used to investigate
the alloy’s chemical composition, the results of which are
reported in Figure 1.

2. 2. Target Preparation Method The powder
mixture was milled using a planetary ball-mill. The ball-
to-powder weight ratio of 5:1 and a rotation speed of 220
rpm for 3 h were considered. After drying, the powders
were compressed into discs having a 70 mm diameter and
a 4 mm thickness in a uniaxial hydraulic press.

2. 3. Thin Film Preparation Before the coating
deposition, the surfaces of the samples were sanded,
degreased, and washed. Deposition of Al-Cu-Fe thin
films on Ti6AI4V alloy substrates was carried out within
a magnetic sputtering chamber, which had a 10* mbar
base pressure. The deposition was accomplished at a
pressure of 2.5x10° mbar under Argon gas (purity
99.998%) and at room temperature. A sputtering
deposition technique using an AICuFe ternary target with
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Figure 1. a) Schematic of the Magnetron Sputtering process: b) XRD results of primary powders, the morphology of the primary
powders: c) Al, d) Cu, e) Fe, f) chemical composition of Ti6AI4V alloy

a composition of Alsz5CuzsFer2s was used to deposit the
film. Figure 1 illustrates a schematic of the magnetron
sputtering process. After the sputtering process, the
samples were annealed with a continuous flow of 95%
Argon and 5% H, at 700°C for 2 h [9, 10].

2. 4. Analysis Methods After annealing, the X-ray
diffraction of the coated samples was performed by the
Grazing-XRD method (XRD Philips PW1730 model)
with the specifications of the 2.2 KW X-ray lamp. The
identification of phases was done using Xpert HighScore
software. The XRD method (Siemens, D500 system)
with Cu K, radiation at a 30-kV accelerating voltage was
used to characterize the crystalline phases of different
powders. SEM (VEGA Il SCAN) and FESEM (Mira3
TESCAN model) were used to study the samples’
microstructure. The EDS method was also employed to
determine the chemical composition of the formed
phases. A 3.5 wt% NaCl solution was considered to
perform electrochemical measurements on the Ti6AlI4V
and AlICuFe samples (QC coated). The potentiodynamic
polarization curves were examined to analyze the
corrosion behavior. Model Prinston Applied Science
EG&G parsta 2273 equipment was used for the

electrochemical analysis. The standard corrosion test was
used STM G59- 97 conducting potentiodynamic
polarization resistance measurements.

3. RESULTS AND DISCUSSION

3. 1. Ale2.5CuzsFe12.s Powder Composition  Figure
2 shows the morphology of AlesCuzsFeizs powder
mixture after 3 h of mixing before and after heat
treatment at 700°C for 2 h. The comparison of the
morphology of starting powders including aluminum,
copper, and iron powders (Figure 1(c), (d) and (e)) with
those after mixing (Figure 2(a)) revealed that the
morphology of the primary powders transformed into
laminar shapes. Also, as can be seen in Figure 2(b), heat
treatment of the powder mixture changes the morphology
and leads to the evolution of the polyhedral particles in
the mixture.

The elemental distribution map of Ales5CuzsFerss
powder composition before and after annealing were
shown in Figure 3. The presence of aluminum, copper,
and iron elements in the distribution of elements indicate
the AlCuFe mixing composition.
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Figure 2. a) Morphology of Alez 5CU25F€12 5 powder composrtron after 3 h of mixing, b) Morphology of Alez. 5CU25F€12 5 powder

composition after heat treatment at 700°C for 2 h

As Sputtered

Flgure 3. Elemental distribution map of Ale2sCuzsFe1.s powder composition before and after annealrng

Figures 4 shows the XRD results of the
Alg25CuzsFerzs powder mixture after 3 h of mixing
before and after heat treatment at 700°C for 2 h.

The XRD pattern of the powder mixture before heat
treatment confirmed that aluminum, copper, and iron
powders were present and no new phase or solid solution
appeared. The XRD pattern of the annealed powder
mixture demonstrated the presence of CusAl (B), and
AlFes (B1) phases, as well as the quasi-crystalline ternary
phase of AlgsCuzFeis (y). The evolution of thepost-
annealing quasi-crystalline phase of AlgsCuzFe1s has
also been reported in other studies [31, 32]. Crystal
structures and stable phases of Al-Cu-Fe ternary
mechanisms were listed in Table 1.

3. 2. AlCuFe Thin Film Figure 5 shows the
cross-section and the elemental distribution map taken

from the cross-section of AICuFe coating. The current
thickness of the AICuFe thin film was about 800
nm. No cracks or breaks were observed in the target
during 135 min of sputtering due to the appropriate
preparation of the target by mixing method, eventually
leading to the formation of an AICuFe thin film. The
cross-section image in Figure 5 is displayed in the
backscattered electrons (BSE) mode, accordingly
indicating the area related to the thin film is brighter than
the substrate.

Similar studies have reported a thickness of 85-260
nm for Al-Cu-Fe and Al-Co-Cu thin films accumulated
on sodium chloride or glass, and ceramic substrates with
three-electrode plasma [33]. Also, Al-Cu-Fe and Al-Cu-
Fe-Sc quasi-crystalline films with 200 to 260 nm
thicknesses have been obtained by ion-plasma sputtering
of three electrodes [34]
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Figure 4. XRD patterns of AlCuFe powder mixture before
and after heat treatment

The distribution of titanium and vanadium elements
and Al, Cu, and Fe emphasized forming AICuFe coating

on the Ti-6Al-4V alloy as the substrate. As noted, there
was neither Cu nor Fe in the substrate areas, and gradients
were increasing for Cu and Fe and decreasing towards the
thin film areas for Ti and V. Similarly, the very high
catalytic performance of this alloy for methanol steam
reforming was proven using the distribution map of
aluminum, copper, iron, and oxygen elements of AICuFe
quasi-crystalline coating [35].

In another research, AlCuFe coating was deposited by
the electron beam method. The study reported the
microstructure of the coating in the cross-section and the
distribution of chemical elements of aluminum, copper,
and iron compared to the thickness of the coating. The
results confirmed a relatively uniform distribution of
elements along the cross-section of the coating [36].

Figures 6 shows the morphology of Als25CuzsFerzs
thin film before and after heat treatment at 700°C for 2 h.
The surface of the coating is completely continuous and
without any visible cracks in two modes, as sputtered and
after annealing. In the higher magnification, the
morphological changes and multifaceted shapes are

TABLE 1. Crystal structures and stable phases of Al-Cu-Fe ternary mechanisms

Phase Ideal formula Present research References Code Structure Other Researches

B1 AlFe; 00-050-0955 [25]
Body-centered cubic

B CusAl Figure 3 00-028-0005 [24]

v AlgsCusFess 00-042-1043 Quasicrystal [17]

4] N6AI4V Substrate

2pm

2pm

2pum : L 2pm

Figure 5. Cross section and distribution of cross-sectional elements of as sputtered AlCuFe coating applied on Ti-6Al-4V

Substrate
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Figure 6. Morphology of AlCuFe coating applied on Ti-6Al-4V substrate before and after heat treatment at 700°C for 2

h

visible. Also, the five-facet morphology, which
represents the presence of quasicrystal, is visible in the
annealed thin film morphology. Figure 7 shows the
distribution map of AICuFe coating elements applied on
the Ti-6Al-4V alloy substrate before and after annealing.
As indicated in as sputtered thin film (before annealing),
aluminum, copper, and iron elements had an even
regional distribution on the coating surface. The identical
distribution of aluminum, copper, and iron elements on
the surface of the coating corroborates the AICuFe
coating formation. On the other hand, the distribution
map of titanium element confirmed the entity of Ti-6Al-
4V alloy substrate.

In the map images AlICuFe thin film after annealing,
there are some areas empty of titanium, which indicates
the creation of a coating on the substrate.

Figure 8 reports the XRD results of as-sputtered
AICuFe coating applied on Ti-6Al-4V after annealing.
The XRD pattern of the AICuFe coating shows the
presence of AlsFe, and AlTi; phases, as well as the quasi-
crystalline ternary phase of AlgCuzFeis. The quasi-
crystalline phase of AlgCuxFeis after annealing is
reported in similar studies [1, 37]. According to the XRD
analysis of the powders (Figure 4), the quasi-crystalline
phase y was also visible in the AlCuFe thin film after
annealing.

According to distribution map (Figure 7) the light
areas were Cu- rich and Fe-rich, indicating wy-phase
whereas the other ones were Ti-rich revealing the AlTi;
phase, in agreement with the phases detected by XRD
(Figure 8).

The EDS results of the as-sputtered AICuFe coating
applied on the Ti-6Al-4V substrate are shown in Figure
9. The atomic percentages of aluminum, copper, and iron
elements of the coating were 40.61, 9.23, and 22.71,
respectively. The amount of aluminum in the coating
(40.61 atomic percent) was lower than the amount of
aluminum in the initial mixture (62.5 atomic percent),
caused by the low deposition rate of aluminum. On the
other hand, the high deposition rate led to a high amount
of copper in the coating compared to the initial powder
mixture.

Figure 10 shows the EDS results of the AlCuFe
coating applied on the Ti-6Al-4V substrate by magnetic
sputtering after heat treatment. Comparing the EDS
results of the coating before annealing (Figure 9) and
after annealing (Figure 10), the atomic percentage of the
coating elements did not change significantly. According
to Figure 10(b), the atomic percentage of aluminum,
copper, and iron have been measured to be 41.15, 21.28,
and 7.79, respectively, and the amount of titanium in the
substrate is 29.78 atomic percent. The XRD (Figure 8)
and EDS results (Figure 10(b)) confirmed the presence of
the AlsFe and AlTi, phases. As can see in FigurelOc, the
EDS results related to y area show values of 59.25, 10.64,
and 20.58 atomic percentages for aluminum, copper, and
iron elements, respectively, which are very close to the
EDS results of as sputtered thin film (Figure 9).

According to the EDS results from Figure 10(c) and
the XRD results (Figure 8), this area indicates the
presence of compounds with the stoichiometry of the
initial powder (Als25CuzsFeizs). It is also related to the
formation of the AlgsCugoFess quasi-crystalline phase ().
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3. 3. Investigating the Corrosion Properties of
AlCuFe Thin Film Figure 11 displays the Nyquist
curves (Z'in terms of -Z") of Ti-6Al-4V alloy (substrate)
and Al-Cu-Fe thin film after annealing. In these curves,
the increase in diameter demonstrates an increase in the
corrosion resistance of the system. Therefore, it is clear
from the shape of the Nyquist curves that the diameter of
the curve in the substrate sample (Ti-6Al-4V alloy) is
significantly greater than that of the Al-Cu-Fe thin film
after annealing. The corresponding Bode-modulus
impedance and Bode-phase angle curves of Ti-6Al-4V
alloy (substrate) and Al-Cu-Fe thin film after annealing
are shown in Figure 12. As indicated in Figure 12(a), the
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Figure 9. The EDS results of the as-sputtered AICuFe coating applied on the Ti-6Al-4V substrate
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(substrate) and Al-Cu-Fe thin film after annealing (points of
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impedance at the lowest frequency of the substrate was
higher than the annealed Al-Cu-Fe thin film. Also, it is
possible to obtain information about the anti-corrosion
properties of the system from the Bode-phase angle

diagrams. This evidence shows that the higher the phase
angle value, the greater the resistance to electrolyte
penetration [38]. Accordingly, it is obvious in the graphs
of Figure 12(b) that the phase angle for the Ti-6Al-4V
alloy (substrate) was higher in most frequencies
compared to the Al-Cu-Fe thin film after annealing.

The impedance test results were matched on the
electrochemical equivalent circuit of Figure 13 to more
accurately determine the electrochemical parameters.
The equivalent circuit shown in Figure 13 has three
resistances (from the left, solution, coating, and charge
transfer resistance) and two fixed phase elements (related
to coating and double layer). This equivalent circuit is
used when there is a coating on the surface, but the
electrolyte has passed through the coating and reached
the metal surface. Therefore there are two contact points
between the electrolyte and the sample, including one
between the electrolyte and the coating and another
between the electrolyte and the metal surface. Therefore,
the equivalent circuit of two-time constants is used. Ti-
6AIl-4V alloy (substrate) and Al-Cu-Fe thin film after
annealing show an acceptable match with this equivalent
circuit.
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As can be seen, the modeling could match the Nyquist
and Bud diagrams well, indicating the modeling results'
reliability. The parameter values obtained from this
modeling are reported in Table 2. According to Table 2,
the substrate sample has a much higher total resistance
than the substrate; thus, from the results of the
electrochemical impedance test, it can be concluded that
the substrate sample (Ti6Al4V alloy) was the optimal
sample with the highest corrosion resistance value. It is

TABLE 2. Estimated values of the equivalent electric circuits of the Ti-6Al-4V alloy (substrate) and Al-Cu-Fe thin film after)

Sample Rs (ohm.cm?) YO, (S.sec” .cm?) n R.(0chm.cm?)  Y0q (S.s".cm?) n; R.t(ohm.cm?)  R¢(ohm.cm?)
Substrate 18.00 3.15E% 0.89 6.01E° 2.86E%° 0.88 5.43E*% 6.55E%
T700 17.96 8.74E°% 0.78 70.3 1.36E% 0.83 3.13E*% 3.13E"®

suggested to use higher annealing temperatures to
achieve a quasi-crystalline structure with higher
corrosion properties. Adding a fourth element such as
chromium to the target is also suggested to attain the
extraordinary corrosion properties of the quasi-
crystalline coating. The polarization curves of the
annealed coating and the substrate are shown in Figure
14. Data related to the current density and corrosion
potential of the annealed coating and the substrate are
reported in Table 3. Based on the polarization test results
the annealed coating at 700°C showed a nobler behavior
than the substrate (Ti-6Al-4V alloy). The data resulting
from the calculations resulting from fitting the tangent to
the cathodic and anodic branches are also positive (Table
3). Also, the coating annealed at 700 has become nobler
by about 300 mV compared to the substrate, but its
exchange current density remains almost close to the
substrate. In a similar study evaluation of corrosion
resistance of Bi-layered plasma-sprayed coating on

titanium implants was investigated [39].

—T700
Substrate
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Figure 14. Polarization curves of annealed coating and
substrate
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TABLE 3. Current density and corrosion potential of annealed
coating and substrate

Sample E corr (mV) i corr (A/lcm?)
Substrate -0.54 1.31*107
T700 -.022 1.25*107

4. CONCLUSION

The following conclusions are summarized below:

1) After 3 h of mixing, the primary aluminum, copper,
and iron powders were well mixed, and the mixed
powders with Als25CuzsFe12.s composition were prepared
for the target of the magnetic sputtering process.

2) A thin layer of AICuFe alloy free from cracks and
discontinuities was coated on the Ti-6Al-4V substrate
with an approximate thickness of 800 nm.

3) According to the distribution map of the AlICuFe
coating elements applied on the Ti-6Al-4V alloy
substrate, aluminum, copper, and iron elements’ uniform
distribution on the coating surface indicates post-
annealing coating stability. There were no cracks,
separations, or heterogeneous distribution in the map of
the coating elements and surface morphology
distribution.

4) XRD patterns related to the annealed powders and
coating after heat treatment indicate the presence of
CusAl, AlFes, and quasi-crystalline ternary phases of
A|55CU20F€‘15 and AI3Fe, A|Ti2, and A|550U20F815 phases,
respectively

5) Based on the polarization test results, the annealed
coating at 700°C showed a better electrochemical
behavior than the substrate (Ti-6Al-4V alloy).
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