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Purpose: Main purpose of the paper is results share of AISi9Cu and AISi9Cu4 cast

aluminium alloys treatment investigation. Processing was performed using CAE-PVD
method in order to obtain gradient coatings.

Design/methodology/approach: CAE-PVD method was used to obtain gradient
coatings on AISi9Cu and AISi9Cu4 cast aluminium alloys after heat treatment. Investigation
of resulting material was performed using SEM, TEM, GDOS, ball-on-disk wear resistance
test and microhardness test.

Findings: The investigations presented in this paper reveal that it was possible to successfully
deposit Cr/CrN/CrN, Cr/CrN/TiN, and Ti/Ti(C,N)/(Ti,A)N nano-crystalline coatings on
Al-Si-Cu aluminium substrate using CAE-PVD method. Investigations of the coatings reveal a
microstructure that adhere tightly to the aluminium substrate without any visible delamination
but with visible transition zone between the investigated layers and the substrate material.

Research limitations/implications: There is need for further research activity in field
of nanocomposite films and coatings that should concentrate on following problems:
controlled grain size of coatings/films, development of hybrid coatings with unique physical
and functional properties, e.g. nanophase biomaterials.

Practical implications: Better understanding of mechanisms that proceed during
CAE-PVD treatment of AISi9Cu and AISi9Cu4 cast aluminium alloys. Creation of material,
that, thanks to the treatment, can be coated with layer characterized by gradient chemical
composition with unique physical and functional properties (e.g. higher microhardness or
corrosion resistance, lower friction coefficient, etc.) that can be successfully applied within
aerospace and automotive industry or even on field of biomedical applications with use of
nanophase biomaterials or nano-crystalline amorphous materials.

Originality/value: Cr/CrN/CrN, Cr/CrN/TiN, and Ti/Ti(C,N)/(Ti,A)N nano-crystalline
coatings were deposited on Al-Si-Cu aluminium substrate. They are characterized by visible
transition zone (gradient) between the investigated layers and the substrate material.
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1. Introduction

In recent years, there has been growing interest in light
metals and especially in materials with low density and
relatively high strength properties. This group of materials
includes, in particular, aluminium, magnesium, and their
alloys [1-5]. Non-ferrous alloys find applications in the
automobile and aviation industries. The big popularity of the
aluminium and magnesium alloys in these branches of
industry is connected with their general functional
properties, namely their low density, good mechanical
properties, and very good machinability [1,2]. The
deposition of hard coatings on material surfaces by PVD
technology, among all methods to improve the mechanical
properties of materials, is a rapidly evolving group of
improving functionality technology. This technology makes
it possible to modify the surface by shaping the physical and
chemical properties. New operating characteristics of the
commonly known non-ferrous alloys may be frequently
obtained by depositing simple monolayer, multilayer,
gradient, or nanocomposite coatings using the PVD methods.
Among the surface-engineering techniques employed in the
last two decades, gas and plasma nitrating, hard-coating
PVD, and duplex treatments are the most popular methods
reported in the literature. Hard coatings are usually
chemically resistant at moderate temperature, provided they
have the relevant thickness, are tight, and do not show the
columnar structure. However, the majority of coatings
deposited by the PVD and CVD processes have a high defect
density in the form of pores and a columnar microstructure,
which allows penetration of aggressive agents into the
material [11-13]. Deposition of hard layers of nitrides,
carbides, or oxides on the surface of engineering materials in
the PVD processes is the most intensive direction of
development for extending the lives of the functional
elements [6-18]. Selection of the substrate material onto
which the investigated coatings are deposited by the PVD
technique in the presented project is not incidental either.
Traditionally, automotive components and products used in
the building and power industries should have, in addition to
their special aesthetic features, high corrosion-, erosion-, and
wear-resistance. Thin, hard PVD coatings on a soft substrate
turn out to be an advantageous material combination from
the material point of view [6-10]. The high mechanical
properties, including hardness and strength of the
nanocomposite coatings, are the result of hindering the
movement of dislocations through the small grain and in the
spaces between them, resulting in a loss of cohesion and
incoherent deformation. This is the main concept in the
achievement of good mechanical properties, including high
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hardness of nanostructure coatings and high strength related
to it, and particularly in the case of nanocomposite coatings,
the increase and movement of dislocations is restricted.
Another important issue is when the grain size is reduced to
nanometre size, restricting the activity of dislocations as the
causation of the material ductility [6,12,13]. According to the
Hall-Petch equation, the strength properties of the material
increase with the reductions of the grain size. In the case of
the coatings deposited by the PVD process, the structures
obtained with a grain size of ~10 nm achieve the maximum
mechanical properties. Coatings of such structures present a
very high hardness of > 40 GPa, ductility, and stability at
high temperatures [12].
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Fig. 1. Exemplary beam performance of PVD process

The aim of this work was to use the cathodic arc
evaporation (CAE) PVD process to obtain the best possible
hybrid coatings, consisting of a gradient with an intermediate
layer, with a continuous change of one or more components
in scope from the substrate to the surface top, as well as an
outer coating on the surface of the cast aluminium alloys, in
order to increase the low stiffness of the substrate material
(Fig. 1). This article focuses on a very important surface
engineering issue, namely, surface treatment using vacuum
techniques of selected aluminium cast alloys. These alloys
are currently recognised by materials science experts as
future materials that combine low density and high strength.
This improves their functional properties as well as provides
the possibility of employing the finite element method
(FEM) assessment of stress in the examined coatings. The
key question here seems to be the provisioning of
simultaneous development of both production technology
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and processing of the light construction materials and
technology of forming and protecting their surfaces, which
will, in consequence, enable the maintenance of a balance
between the modern substructure material and new
generation coatings [2,16,17].

2. Mateials and investigation procedure

Investigations were performed on samples made of
AlSi9Cu and AlSi9Cu4 cast aluminium alloys after heat
treatment (Table 1).

The applied method was implemented using a Dreva
ARC400 device supplied by Vakuumtechnik, fitted with
the electric arc cathodic evaporation method. The device is
equipped with three separate sources of metal vapours.
Samples in the form of discs 65 mm in diameter were used
for PVD coatings containing pure target metals Cr and Ti
as well as TiAl alloys, and were cooled with water. The
coatings were deposited in a reactive N, atmosphere and an
inert atmosphere of Ar, in order to generate a mixture of
nitrides, as well as respectively, in an N, and C,H, mixture,
in order to obtain layers of carbo-nitrides. The gradient
change of chemical composition concentration of the
coating cross-section was achieved by changing the
evaporation current on the arc sources or changing the
proportion of reactive gas. The applied coating process

(coating and substrate) was obtained by using the glow
discharge optical spectrometer GDOS-850 QDP supplied
by Leco Instruments. The following working conditions of
the Grimm-type glow discharge lamp spectrometer were
fixed during the tests: a lamp inner diameter of 4 mm, lamp
supply voltage of 1000 V, lamp current of 40 mA, and
working pressure of 100 Pa.

Wear resistance investigations were performed using
the ball-on-disk method. A tungsten carbide ball with a
diameter of 3 mm was used as the counterpart. The tests
were performed at room temperature for a defined time
under the following test conditions: a load of Fn-5N, disk
rotation of 200 rpm, wear radius of 2.5 mm, and shift rate
of -0.05 m/s. The microhardness tests of the coatings were
carried out with a Shimadzu DUH 202 ultra-microhardness
tester. Measurements were made with 10 mN load to
eliminate the influence of the substrate on the coating
hardness. The measurement of the roughness of the surface
of the obtained coatings was carried out using a Diavite
Compact profilographometer from Asmeo Ag Company.
The measurement length was Lc = 0.8 mm and the
measurement accuracy was * 0.02 um.

Table 1.
Chemical composition of the investigated aluminium alloys
Mass concentration of the elements, %

conditions are prgsented in Table 2. ' ' Type Si Fo Cu Mn
An SEM microscope was equipped with energy Rest
dispersive X-ray emission (EDX) to perform the chemical 9.09 0.72 1.05 0.36
P y p
composition analysis presented in this paper. AlSi9Cu Mg Zn Ti Al 0.08
Examinations of the thin foils microstructure and the 0.27 0.14 0.07 88.17 '
phase identification were carried out on a JEOL 3010 Mass concentration of the elements, %
transmission electron microscope (TEM) at an accelerating Type Si Fe Cu Mn
voltage of 300 kV using the s'elected area 'dlffraf:tlon (SAD) 927 017 164 0.01 Rest
method for phase investigations. The diffraction patterns . ,
from TEM were solved using dedicated computer software. AlSi9Cu4 Mg Zn Ti AL 0.09
The cross-sectional atomic composition of the samples 0.28 0.05 0.09 85.4
Table 2.
Deposition parameters of the investigated coatings
Coating parameters Valu§ for the Cr/C'rN- Valu<? for the Cr/C'rN- Valqe for the Ti/Ti(C,N)-
gradient/CrN coating gradient/TiN coating gradient /(Ti,AD)N coating
Base pressure [Pa] 5% 107 5% 107 5% 107

Working pressure [Pa] 1.0/1.4-2.3/2.2

1.0/1.4-2.3/2.2 0.9/1.1-1.9/2.8

Argon flow rate measurement,

3. 80*, 8O**, 20%**
cm”/min

80, 8Qksk D)tk 80, 10k 1 (ks

Nitrogen flow rate

3, . 0—250%*, 250%**
measurement, cm’/min

0—250%%*, 250%+** 0—225%%, 0—350%+*

Acetylene flow rate
3, .
measurement, cm /min

- 14007

Substrate bias voltage, V 60%*, 60%*, 6O***

60%, 60**, 100%*** TO*, TOHE, TOHAE

Target current, A 60 60 60
Process temperature, °C <150 <150 <150
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3. Investigation results

The obtained solution-reinforced coatings of selected
types, produced as a result of synthesis of unbalanced
(metastable) phases, are characteristic of the high surface
heterogeneity related to the occurrence of numerous micro-
particles with different shapes and congealed droplets that
fall out of the obtained layer during the deposition process,
as well as hollows obtained as a result of drops falling out
during the solidification process (Figs. 2-5).

S
®  *Date :26 Mar 2012

EHT=2000KV o  Signal A% SE2
WD= 15 mima, Mag= 500KX

Fig. 2. Surface morphology of the Cr/CrN/CrN layer coated
on the AlSi9Cu aluminium substrate

10 pm EHT = 20.00 kv Signal A= SE2
Wo= 14mm Mag= 500KX

Fig. 3. Surface morphology of the Cr/CrN/TiN layer coated
on the AlSi9Cu aluminium substrate

Among the coating surfaces investigated, the highest
non-uniformity of the surface was obtained by the coating
of the applied Ti/Ti(C,N)/(Ti,Al)N system, where
numerous particles of the solidified vapour were found
(Fig. 5). The lowest amount of solidified droplets of the
vaporised metal was identified in the case of the
Cr/CrN/TiN coating (Figs. 3 and 4) for both types of
substrates. This is connected with the nature of the CAE
method used for coating deposition. Depending on the
process conditions, including the kinetic energy of the
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drops sputtered into the metal substrate and the nature of
the metal vapour source, the observed particles are clearly
different in terms of shape and size. Moreover, it was also
observed that characteristic cavities, formed as a result of
droplets falling out after completion of the PVD process,
are present on the surface of the obtained coatings.

10 pm EHT = 20,00 kV Signal A= SE2
W= 12mm Mag= 500 KX

Fig. 4. Surface morphology of the Cr/CrN/TiN layer coated
on the AlSi9Cu4 aluminium substrate

As a result of metallographic fracture investigations of
samples made from aluminium alloys coated with the
analysed coatings, performed using SEM, clear transition
zones between the substrate and the coating were
identified. The obtained coatings reveal a compact structure
without visible delamination or defects; they are uniform
and adhere tightly to each other as well as to the substrate
(Figs. 6-8). Investigations of fractures confirm that shells of
the type Ti/Ti(C,N)/(Ti,ADN show a clearly layered
structure with a clearly visible transition zone between the
coating and the wear-resisting gradient coating, achieved
by the appliance of separate sources of the metal vapour
(Fig. 8).

Fig. 5. Surface morphology of the Ti/Ti(C,N)/(Ti, AN
layer coated on the AISi9Cu aluminium substrate
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1 pm EHT = 20.00 kv
WD= 18 mm

Signal A = SE2
Mag = 30.00 K X

Fig. 6. Fracture of the Cr/CrN/CrN coating on the
AlSi9Cu4 aluminium substrate

1pm EHT =2000 kV
WD= 14mm

Signal A = InLens
Mag = 30.10KX

Fig. 7. Fracture of the Cr/CrN/TiN coating on the AlSi9Cu
aluminium substrate

2pm EHT = 20.00 kY
WD= 14 mm

Signal A = SE2
Mag = 10.00 KX

Fig. 8. Fracture of the Ti/Ti(C,N)/(Ti,Al)N coating on the
AISi9Cu aluminium substrate

In the case of the Cr/CrN/CrN coating, where are the
same chemical elements in the gradient layer, only small
differences on the cross-section structure have been found
(Fig. 6).
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Fig. 9. X-ray diffraction pattern of: a) Cr/CrN/CrN coating
deposited on the AlSi9Cu4 aluminium alloy,
b) Cr/CrN/TiN coating deposited on the AlSi9Cu
aluminium alloys obtained by Bragg-Brentano method and
GIXRD method

Qualitative phase composition analysis carried out
using the X-ray diffraction method has allowed to evaluate
the quality of the achieved Ti(C,N), (Ti,Al)N, CrN, TiN
coatings based on the resulting X-ray diagrams, collecting
by the appliance of the Bragg-Brentano technique (Fig. 9).
Because of the overlapping reflections of the substrate and
the coating material, as well the relatively small thickness
of each layer, difficulties occurred by the identification of
the phases. It was also confirmed the presence of reflexes
coming from the phases occur in the substrate, e.g. Si, Al,
and Al,Cu (Fig. 9). A very small fraction of other phases
present in the substrate material does not allow to realise
explicit identification of the observed X-ray spectrum. The
presence of substrate reflections was confirmed on every
reach X-Ray diffraction collected from the coating due to



the thickness <3.5 pum of the obtained coatings, which is
smaller than the X-ray penetration depth. Using the fixed
incidence angle technique (GIXRD method), only reflections
from the thin surface layers were collected (Fig. 9).

0.09 pm

A2 -1 1]

Fig. 10. Structure of the transition zone between the
AlSi9Cu substrate and the Cr/CrN/CrN coating: a) bright
field, b) dark field, c¢) diffraction pattern from the area in
Figs. 10a and 10b; d) solution of the diffraction pattern
from Fig. 10c for the Al phase with the zone axis [2-11]
and the CrN phase with zone axis [-12-1]. Structure of the
Cr/CrN/TiN coating deposited on the AlSi9Cu4 alloy

The TEM investigation results are presented in Figures
10, 11 and 13. For the investigated aluminium alloy, a
nanocrystalline microstructure of the CrN surface layer was
detected using the dark field TEM technique. The character
of the transition zone is visible as a very sharp and rapid
change from the substrate phase to the coating layer. For
the Cr/CrN/CrN-coated aluminium, the CrN phase was
determined (Fig. 10d) as a cubic phase of the 225-Fm3m
space group with a= b= c= 0.414 nm of the d-spacing, and
the TiN (Fig. 11d) phase was also specified as a cubic
phase of the 225-Fm3m space group with the d-spacing of
a= b=c = 0.424 nm. Moreover, thanks to isomorphology, it
was impossible to distinguish the phases TiN and TiAIN
using electron diffraction investigations for cases where the
titanium atoms were replaced by aluminium atoms:
(Ti,ADN (Fig. 12d). The polycrystalline character and grain
shape of the coatings were identified based on structural
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investigations using the TEM dark field method. Also, the
electron diffraction patterns confirm the polycrystalline
nature of the structure, revealing diffraction circles on the
diffraction pattern obtained from the area selected by the
SA-aperture (selected area aperture). Based on the structure
of the image obtained in the dark, in some cases it was also
possible to determine that the average grain size of the
investigated coatings was <20 nm (Figs. 11b,12b).

Fig. 11. Structure of the Cr/CrN/TiN coating deposited on
the AIlSi9Cu4 alloy: a) bright field; b) dark field;
c¢) diffraction pattern from the area in Figs. 11a and 11b;
d) solution of the diffraction pattern from Fig. 11c for the TiN
phase

As a result of X-ray quantitative and qualitative
microanalysis performed by means of the energy dispersive
spectrometer, it was possible to confirm the presence of the
major alloying elements like Ti, Al, Cr, C, and N as
compounds of the obtained coatings Cr/CrN/CrN,
Cr/CrN/TiN, and Ti/Ti(C,N)/(Ti,ADN (Fig. 13).

Concentration changes of the coating component and
the substrate material were examined by glow discharge
optical spectrometry (GDOS) and the results are presented
in Figs. 14 and 15. The tests carried out with GDOS
confirmed the occurrence of a transition zone between the
coating and substrate material, which results in higher
adhesion between the substrate and the coatings. In the
transition zone between the substrate and the coatings, the
element concentration of the substrate increases,
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accompanied by a rapidly decreased concentration of
coating elements. The existence of the transition zone
should be associated with effects of high-energy ions,
causing mixing of the elements in the interface zone. Such
results, however, cannot be interpreted explicitly due to the
non-homogeneous evaporation of the material from the
sample surface. In the case of the investigated coatings, the
thin chromium and titanium interlayer, whose role is to
increase the adhesion of the main coating to the substrate,
can be clearly seen.

-
20.00 nm

Fig. 12. Structure of the Ti/Ti(C,N)/(Ti,Al)N coating
deposited on the AlSi9Cu4 alloy: a) bright field; b) dark
field; c) diffraction pattern from the areas in Figs. 12a and
12b; d) solution of the diffraction pattern from Fig. 10k for
the (Ti, AI)N phase

The highest value of surface roughness equal to 0.3 mm
was measured for the coating of the Ti/Ti(C,N)/(Ti,ADN
type determined probably due to the presence a number of
microparticles in the shape of droplets on the substrate
(Table 4, Figs. 5,8,13). The found high homogeneity of the
Cr/CrN/CrN  and Cr/CrN/TiN  surface coatings is
characterised by a smaller amount of crystallised droplets
of liquid metal (Table 4, Figs. 2-4,6), which leads to a
lower surface roughness within the range from 0.14 to
0.19 mm. The performed investigations of the surface of
the aluminium cast alloys with coated layers partly
confirmed a lack of the substrate type effect on the surface
roughness (Table 4).
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2um EHT =20.00 kv

F—— wo= 13mm
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Mag = 25.00 KX

Fig. 13. Fracture of the Ti/Ti(C,N)/(Ti,Al)N coating
deposited onto the AlSi9Cu substrate
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Fig. 14. Changes of constituent concentration of the
Cr/CrN/CrN and the AlSi9Cu substrate material
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Fig. 15. Changes of constituent concentration of the
Cr/CrN/TiN and the AlSi9Cu4 substrate material



Microhardness investigation using the Vickers method
revealed that the applied coatings on aluminium alloys
substrate allow the plastic deformation resistance of the
analysed surfaces to be enhanced effectively (Table 4). The
hardness of the uncoated aluminium alloy substrate was
92 HV. In the case of coatings of the Cr/CrN/CrN and
Cr/CrN/TiN type produced by the cathodic PVD process in
N, nitrogen atmosphere, the evident increase in
microhardness was found to be above 1900 HV. However,
the highest microhardness growth of the surface of above
2000 HV was confirmed for the nitride-carbide coating of
the type Ti/Ti(C,N)/(Ti,Al)N obtained in an atmosphere
containing CH, and N, (Table 4).

In order to compare the wear resistance under
conditions simulating the real operating conditions of cast
aluminium alloys after surface treatment, investigations of
the metal-metal system were carried out at a given load of
5 N (Table 4). The wear resistance of the test surfaces was
determined on the basis of the friction path performed by
the counter specimen until breakthrough of the coating.

Table 3.
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Comparing the friction coefficient results with the friction
path length, it was found that the best wear resistance was
characteristic ~ for ~ materials  coated  with  the
Ti/Ti(C,N)/(Ti,Al)N layer. By applying a load of 5 N, the
average friction coefficients for the Ti/Ti(C,N)/(Ti,ADN
coating with a sliding rate of 0.05 m/s are in the range of
0.16-0.33, and these values were compared with the other
examined coatings’ friction coefficient. However, the
friction path length results for the Ti/Ti(C,N)/(Ti,ADN
coatings exceeded the results of the friction path length
achieved for the Cr/CrN/TiN coatings by as much as 10
times. Due to the small decrease in mass of the sample after
the wear test for the investigated Cr/CrN/CrN and
Cr/CrN/TiN surfaces, it was not possible to determine the
average mass loss. The friction curve has an initial
transitional state of an unstabilised way, during which the
friction coefficient is reduced together with the increase of
sliding distance until the stabilised state is reached, which
in the case of the Ti/Ti(C,N)/(Ti,Al)N coating is around
20 m (Figs. 16,17).

The results of quantitative chemical analysis from areas points 1 and 2 on Fig. 11) of the Ti/Ti(C,N)/(Ti,Al)N coating

deposited onto the substrate from AISi9Cu alloy

Chemical elements

The mass and atomic concentration of main elements, %

mass at.
Analysis 1 (point 1)
N 5.53 14.08
Al 26.93 35.61
Ti 67.54 50.31
Analysis 1 (point 2)
C 27.26 55.72
N 4.01 7.03
Al 3.72 3.38
Si 1.52 1.33
Ti 63.50 32.55

Table 4.
Summary of results of mechanical properties

Coating Microhardness, HV Roughness Ra, ym Sliding distance, m Friction coefficient
AlSi9Cu
Cr/CrN/CrN 1951 0.14 10 0.2-0.3
Cr/CrN/TiN 1929 0.17 5.3 0.13-0.42
Ti/Ti(C,N)/(Ti,A)N 2159 0.30 52.3 0.16-0.33
AlSi9Cu4
Cr/CrtNCrN 1960 0.15 18 0.3-0.57
Cr/CrN/TiN 1940 0.19 9.3 0.15-0.26
Ti/Ti(C,N)/(Ti,A)N 2106 0.29 53.4 0.16-0.32
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CriCrNICIN Cr/CrNITIN —— TUTI(C, NY/(Ti, AN |

0.7 o]

Friction coefficient

Sliding distance, [m]

Fig. 16. Dependence of friction coefficient on sliding
distance during the wear test for A1Si9Cul alloy

| —— CrCMICIN —— CrCTNITIN —— TiTi(C,N)/(Ti, AN |
0.8 e Rt e e S LR

Friction coefficient

Sliding distance, [m]

Fig. 17. Dependence of friction coefficient on sliding
distance during the wear test for A1Si9Cu4 alloy

4. Conclusions

The investigations presented in this paper reveal that it was
possible to successfully deposit coatings on Al-Si-Cu
aluminium alloy substrate. In general, the particular findings
are as follows:

e Cr/CrtNCrN, Cr/CrN/TiN, and Ti/Ti(C,N)/(Ti,Al)N
coatings were deposited successfully on Al-Si-Cu
aluminium  substrate. =~ The  performed SEM
investigations of the coatings reveal a microstructure
that is tightly adhered to the aluminium substrate
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without any visible delamination. The morphology of
the surface of the obtained coatings is characterised by
a significant inhomogeneity connected with occurrences
of multiple drop-shaped particles on the surface.

e The investigation indicates the occurrence of a
transition zone between the investigated layers and the
substrate material, which affects the improvement of
the adhesion.

e Tests carried out using TEM confirmed the
polycrystalline nature of the investigated layer and also
confirmed that the average grain size of the investigated
coatings was < 20 nm based on the structure of the
image obtained in the dark field.

e Under the technically dry friction conditions, the
friction coefficient for the associations tested is within
the range of 0.13-0.57 for the investigated coatings, and
it was also confirmed that the best wear resistance is
determined  for  materials  coated with a
Ti/Ti(C,N)/(Ti,Al)N layer, which are also characterised
by the lowest hardness among the investigated coatings.
Further research activity in the field of nanocomposite

films and coatings should concentrate on the following
problems: development of films with a controlled grain size;
increased utilisation of coatings in many types of
applications, including in the aerospace and automotive
industries; development of hybrid coatings with nanophase
biomaterials for biomedical applications; development of
new advanced coatings with unique physical and functional
properties; and nano-crystallisation of amorphous materials.
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