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 Abstract In the production of car exhaust system parts, for protection against corrosion and high-temperature oxidation, 
alumina and AlSi alloy hot-dip coatings are currently especially effective. The authors of this study are 
conducting investigations into the application of AlSi alloys made by the traditional casting technology to the 
fabrication of AlSi PVD coatings by the magnetron sputtering method. For the purposes of the present study, 
three discs of AlSi alloys were subjected to magnetron sputtering. The assessment of the wear of the discs was 
made by microscopic observations, by mapping the geometric features and roughness of the disc surface with 
a profilometer, and by making the statistical analysis of the results by the bootstrap method. A similar degree of 
wear of discs made of all the examined alloys, expressed as the depth of losses, was shown. It was also found 
that the surface of discs of alloys with a higher silicon content was characterized by a lower roughness compared 
to the AlSi7 alloys. The wear rate of discs in the PVD process was estimated at approx. 150 µm/h. 

 Słowa kluczowe: rozpylanie magnetronowe, aluminiowanie, powłoki AlSi, tłumik samochodowy.

 Streszczenie W produkcji detali układów wydechowych w celu ich ochrony przed korozją i przed wysokotemperaturo-
wym utlenianiem szczególnie skuteczne są ogniowe powłoki aluminiowe i ze stopów AlSi. Autorzy pracy 
prowadzą badania nad aplikacją stopów AlSi wykonanych tradycyjną technologią odlewania, do wytwarzania 
powłok PVD metodą magnetronowego rozpylania. Na potrzeby niniejszej pracy rozpylaniu magnetronowe-
mu poddano trzy tarcze ze stopów AlSi. Oceny zużycia tarcz dokonano w obserwacjach mikroskopowych, 
poprzez odwzorowanie profilometrem geometrycznych cech powierzchni tarcz i chropowatości oraz analizie 
statystycznej wyników metodą bootstrap. Wykazano podobny stopień zużycia tarcz ze wszystkich stopów 
wyrażony głębokością ubytków oraz że powierzchnia tarcz ze stopów z większym stężeniem krzemu cecho-
wała mniejsza chropowatość w porównaniu do stopy AlSi7. Szybkość zużycia tarcz w procesie PVD ocenio-
no na ok. 150 µm/h.

INTRODUCTION

In the automotive industry, steel sheets hot-dip 
covered with aluminium coatings are currently used 
for production of vehicle exhaust system parts. Such 
coatings provide an aesthetic appearance of the part, 
as well as the protection of the steel against corrosion, 
especially that caused by the action of hot exhaust gas 
[L. 1]. Considering the fact that the majority of parts, 
including exhaust silencers, are plastically formed by 

sheet-metal stamping technology, it is essential that 
the coatings also exhibit adequate abrasion resistance, 
which is provided by silicon crystallites immerged in the 
aluminium matrix of the coatings [L. 2, 3].

The structure of hot-dip AlSi coatings, as dependent 
on the silicon concentration and cooling conditions, may 
be made up in different proportions of a solid solution, 
silicon crystals, and an aluminium-silicon eutectic, and 
precipitates of intermetallic compounds (FeSi, FeMnSi). 
The aluminium coating matrix easily undergoes 
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stamping, but it is submitted to abrasion. The latter is 
reduced due to Si crystallites, which reduce the friction 
during stamping and, as a result, the general abrasive 
wear of the coating [L. 4, 5]. Both primary and eutectic 
silicon crystallites are brittle, and they are characterized 
by sharp edges. Therefore, during stamping, they are 
prone to spalling and may cause discontinuities in the 
coating. For this reason, it is reasonable to consider either  
the modification of the morphology of Si crystallites in 
the hot-dip coating prior to the stamping operation or 
using another coating deposition technology [L. 6, 7, 8].

In their earlier studies [L. 8], the authors reported 
the results of the modification of Si crystallites in AlSi 
coatings obtained from thermal treatment combined with 
stamping of an exhaust silencer with such a coating. This 
study presents the results of further investigations into 
the application of AlSi alloys made by the traditional 
casting technology to the fabrication of PVD coatings 
by the magnetron sputtering method. The technique 
provides the maximal effect of structure refinement 
and homogeneity [L. 9, 10]. The innovativeness of the 
investigation undertaken in the present paper consist in 
that, instead of sputtering of two pure materials (Al disc 
and Si disc), the binary two-phase AlSi target is used. 
According to information from literature, the phases 
in the AlSi cast alloy show different sputtering rates. 

It is estimated that Al-matrix is sputtered about 2 times 
faster than silicon; therefore, the sputtering parameters 
should be properly selected in order to provide uniform 
homogenous coatings without systematic depletion of 
aluminium [L. 11]. The assessment of the uniformity 
of the sputtering of AlSi targets was based on the 
measurement of their surface roughness and the use of 
statistical techniques of analysis.

MATERIAL

AlSi targets under investigation were made from the 
standard hypo-, peri- and hypereutectic cast alloys type 
AlSi7, AlSi12, and AlSi20, respectively. The targets 
were used for the production of coatings by magnetron 
sputtering technique, applied to a steel substrate used in 
the manufacture of car exhaust silencers.

The PVD process was conducted on a B-901 device 
with an Ø900×900 mm vacuum chamber equipped 
with four WK100 disc magnetrons. The magnetron 
Ø100×10 mm disc tested in the study, mounted on the 
magnetron, was sputtered for 4 hrs at a power density 
of 190 kW/m2. A general view of the surface of the disc 
before and after sputtering is shown in Figs. 1 a, b.

METHODOLOGY

In order to characterize the surface of the discs after 
magnetron sputtering, measurements of their surface 
roughness were taken using a Form Talysurf PGI contact 
profilometer. During measurement, the profilometer 
was furnished with a cone-shaped gauging tip with an 
apex angle of 90o and a tracing blade rounding radius of 
rtip=2µm. The measurements were taken along the disc 
radius, starting from the disc centre, which resulted in 
a 45 mm measuring length. The measuring speed was 
1mm/s. The analysis of the recorded profiles was made 

using TalyMap Platinum 6.2.7200 software in order to 
determine the following: the arithmetic mean deviation 
of the roughness profile, Ra, and the root mean square 
deviation of the roughness profile, Rq.

Twelve measurements were taken on the magnetron 
disc made from AlSi7 alloy every 30o beginning from 
the primary vertical position shown in Fig. 1c, and next 
the statistical analysis of surface roughness parameters 
Ra and Rq was performed using the bootstrap method 
[L. 12, 13]. The analysis was made using statistic 
package in R language, which had the bootstrap method 
implemented in the boot library. This method enables 

Fig. 1. Magnetron disk made from AlSi alloy: disc surface before (a) and after 4 hrs sputtering 
(b) and scheme of registration of surface profiles (c)

Rys. 1.  Tarcza magnetronu ze stopu AlSi: powierzchnia dysku przed (a) i po rozpylaniu przez  
4 godziny (b) oraz schemat rejestracji profili powierzchni (c)

a)                                                     b)                                                          c)
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the estimation of the parameters 
describing the distribution of the 
probability of a random variable 
X in the case, where the function 
describing the probability 
distribution is unknown. In the 
majority of practical problems, 
the probability distribution of 
a random variable X is unknown. 
Using bootstrap analysis 
techniques, the estimators of the 
desired parameters related to the 
distribution of the variable X 
can be statistically determined 
and the standard errors of their 
estimation can be established.

RESULTS

The AlSi magnetron discs 
underwent surface wear during 
sputtering, the location and 
depth of which were related to the distribution of 
plasma density and the shape of the magnetic field of 
the magnetrons on which they were mounted. In the test 
discs, the maximum wear occurred concentric, at disc 
mid-radius, and was revealed on the surface profiles 
registered along the radius (see Fig. 2a). The maximum 
wear/depth 653 µm was registered on the surface area 
of the AlSi7 disc. Each of the recorded profiles showed 
that the disc surface in the most intensive wear had the 
surface roughness parameters Ra and Rq greater than the 
remaining areas of the disc surface and which was best 
revealed after levelling of the profiles (see Fig. 2b).

The mean arithmetic values of the roughness 
parameters, Ra and Rq, determined based on the random 
surface profile from each AlSi alloy, are summarized in 
Table 1. The presented parameter values indicate that the 
greatest surface roughness (Ra=8.6 µm) was encountered 
for the disc from AlSi7 alloy. The difference between the 
minimum and maximum values of Ra, obtained from 12 
profiles, was 1.9 µm, while for the values of Rq, it was 
2.4 µm, which makes up approx. 20% of the mean value 
of these parameters. 

The discs from AlSi12 and AlSi20 alloys showed 
a comparable surface roughness, being, at the same 
time, lower compared to that from AlSi7 alloy (equal to

Table 1.  Arithmetic means of geometrical parameters of 
the surface of disks made from AlSi alloys   

Tabela 1.  Średnie arytmetyczne geometrycznych parametrów 
powierzchni tarcz ze stopów AlSi

Disc
Parameter AlSi7 AlSi12 AlSi20

Ra, µm 8.6 5.9 5.9

Rq, µm 11.0 7.4 7.3

Ra 7.3 µm and 7.4 µm, respectively). The values of the 
Ra parameters for the surface of these alloys were lower 
by approx. 30%.

Microstructure observations did not provide definite 
confirmation that the AlSi7 hypoeutectic alloy structure 
component in the form of αAl solution dendrites might be 
conductive to greater values of the roughness parameters 
of the sputtered surface (Fig. 3a). As shown in Fig. 3b, 
such an effect could be exerted by micro-shrinkage 
and porosity, which are typical for traditionally cast 
alloys, as was the case for the test discs, where those 
phenomena occurred preferentially on the peripheries of 
dendrite clusters.

a)        b)

Fig. 3.  a, b. Microstructure and line of edge of the 
sputtered surface of disk made from AlSi7 alloy

Rys. 3. a, b. Mikrostruktura i linia brzegowa rozpylanej po-
wierzchni tarczy ze stopu AlSi7

In this situation, the AlSi7 alloy disc was subjected 
to a detailed statistical analysis, and for that purpose, 12 
surface topography profiles were mapped with use of the 
profilometer. The first stage of the statistical analysis of 
surface roughness was to verify whether there was any 
value of the parameters under investigation (Fig. 4a) 
that could be regarded as untypical. For this purpose, 

b)

a)

Fig. 2.  Example of radial roughness profile of the disk before (a) and after levelling (b) 
Rys. 2.  Przykład radialnego profilu powierzchni tarczy przed (a) i po poziomowaniu (b)
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box plots were drawn for these parameters (Fig. 4b). 
These showed the absence of any untypical values in the 
variations under analysis (that is, greater than the sum 
of the third quartile and three quartile deviations, and 
smaller than the difference of the firsts quartile and three 
quartile deviations): therefore, all Ra and Rq values were 
used for the analysis. The basic statistic estimations 
determined in the analysis are shown in Table 2. The 
average value of the parameter Ra, determined on the 
base of 12 profiles, was to 7.6 µm, and it was smaller 
than that determined in the unit measurement.

Table 2.  Basic statistical measures of Ra and Rq parameters
Tabela 2.  Podstawowe miary statystyczne parametrów Ra i Rq

Parameter Min,
µm

Q1,
µm

Median,
µm

Mean,
µm

Q3,
µm

Max,
µm

σ,
µm

Ra 7.60 8.10 8.78 8.65 9.18 9.55 0.71

Rq 9.65 10.35 11.22 11.00 11.69 12.05 0.91

 In order to verify whether there exist reason for 
rejecting the conformity of the distribution of the 
analysed variables to the normal distribution, Lilliefors 
and Shapiro-Wilk tests were used. For the Ra parameter, 
none of the tests gave any grounds for rejecting the H0 
hypothesis at a significance level of 0.05. The values of 
the obtained limiting significance levels for Ra amounted 
to 0.46 and 0.24, respectively. For the second parameter, 
i.e. Rq, only the Shapiro-Wilk test did provide grounds 
for rejecting the H0 zero hypothesis at a significance 
level of 0.05. For this parameter, a p-value = 0.03 and 
p-value = 0.07 were obtained, respectively. The quantile 
plots drawn for the standardized Ra and Rq values, as 
shown in Figure 5, indicate that the measured data had 
a distribution close to the normal distribution.

Fig. 5. Quantile plots for Ra i Rq parameters
Rys. 5. Wykresy kwantylowe parametrów Ra i Rq

As one of the statistical tests provided grounds for 
rejecting the hypothesis of the conformance of the Rq 
parameter distribution to the normal distribution, and 
the estimator biases of the mean value and standard 
deviation of the both parameters were determined in 
the study using the bootstrap method. In calculations, 
the number of repetitions R=1000 was taken. The 
estimators of the mean value and standard deviation (σ) 
for parameters Ra and Rq, as determined by the classic 
and bootstrap methods, are shown in Table 3. 

Table 3. Estimates of mean value and standard deviation 
(σ) for Ra i Rq parameters determined by 
classical method and bootstrap method

Tabela 3. Estymatory wartości średniej i odchylenia standar-
dowego (σ) dla parametrów Ra  i Rq wyznaczone 
metodą klasyczną i metodą bootstrap

Parameter Ra, µm Rq, µm

M
ea

n 
va

lu
e

Classical method aR , qR  8.646 11.005

Bootstrap method 
*

aR
*

qR, 8.645 11.006

Standard error )(
*

aRSE , )(
*

qRSE 0.197 0.252

St
an

da
rd

 d
ev

ia
tio

n Classical method σRa, σRq 0.711 0.906

Bootstrap method σRa
*, σRq

* 0.673 0.863

Standard error SE(σRa
*), SE(σRq

*) 0.086 0.118

The statistical analysis showed that the estimators 
of the expected value and the standard deviation for 
parameters Ra and Rq, determined by the classic and 
bootstrap methods, are similar. The standard errors of 
the quantities )(

*

aRSE , )(
*

qRSE and )(
*

aRSE , )(
*

qRSE  for the expected 
parameter values amounted to 2%, while the errors of 
the quantities SE(σRa

*) and SE(σRq
*) for the standard 

deviation, approx. 13%. Slightly greater standard error 
values were obtained for parameter Rq.

Fig. 4.  Measurement values (a) and boxplots (b) for Ra and Rq parameters
Rys. 4.  Wartości z pomiarów (a) i wykresy pudełkowe (b) dla parametrów Ra i Rq
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SUMMARY 

The surface profile mapping using the contact 
profilometer and the statistical analysis of the surface 
roughness parameters obtained from the measurements 
have provided a useful tool enabling the evaluation of the 
nature and degree of wear of the discs used for deposition 
of coatings by the magnetron sputtering method. 

The examination of the surface of AlSi cast alloy 
targets sputtered in a WK100 magnetron showed the 
lowest surface roughness (Ra = 5.9 µm) for Si content 
of at least 12% (AlSi12 and AlSi20). Sputtering of 
discs of the AlSi7 alloy with a lower Si content resulted 
in a greater surface roughness (Ra = 8.6 µm) and, 
simultaneously, the maximum wear depth, Pt, was 
the greatest as well. The microstructure of the AlSi7 
cast alloy, as a hypoeutectic one, consisted of the 
AlSi eutectic and, in addition, contained also αAl solution 
dendrites. The microstructure examination revealed 
pores clustering in the vicinity of dendrite peripheries, 
which surely contributed to a greater surface roughness 
of the sputtered disc.

The statistical analysis of the surface roughness 
parameters of the AlSi7 cast alloy disc using the 
bootstrap method found that, in spite of the increased 
surface roughness of the disc, the geometric surface wear 
profile was similar, regardless of the disc radius length 
chosen for testing. A good agreement between the mean 
values of parameters Ra and Rq (8.64 µm and 11.00 µm) 
and the estimators of the expected values (0.71 and 
0.67) was achieved, which confirmed the usefulness of 
the bootstrap method for processing data obtained from 
relatively small-size samples. 

Based on the analysis made for the AlSi7 cast alloy 
disc and, subsequently, the determination of the exact 
value of maximum wear depth of the disc after 4 hrs 
of sputtering, the duration of the further technological 
use of the disc was estimated for 68 hrs (considering 
the possible occurrence of porosity and micro-shrinkage 
of the alloy, a disc thickness of 1 mm minimum was 
assumed as a reasonable one). In general, in the PVD 
process, the wear rate of discs made from AlSi cast-
alloys was estimated at approx. 150 µm/h. 
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