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ABSTRACT

Al-Si alloys are among the most common aluminium based materials for cast products due to their
high strength-to-weight ratio, excellent processability and relatively low cost. The presence of Si in
the molten Al phase improves the castability and decreases the solidification shrinkage. Hard anodic
oxidation is largely employed to improve their surface mechanical properties and corrosion resistance.
However, the presence of high Si contents (> 3%) and the size of Si particles in the alloy make
the process challenging or even not possible. The surface pretreatment of Al-Si alloys with intense
pulsed electron beams (EB) can effectively overcome the aforementioned limitations. Electron beam
sources can be employed to reduce Si content and to refine and disperse Si particles, and effectively
create an Al substrate that is more prone to oxidization. In the present work, two electron beam
units were used, RITM-SP and SOLO, to modify the surface properties of hypoeutectic, eutectic and
hypereutectic Al-Si alloys, by investigating the effect of energy density and number of pulses. The
electron beam treated substrates were hard anodized and characterized in term of microstructure,
elemental distribution, corrosion resistance and surface mechanical properties.
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AHHOTALIMS

CrnaBel cucteMbl Al-Si SBISIFOTCS OMTHUME U3 HanOoJee MIMPOKO PACIIPOCTPAHEHHBIX MaTEPHATIOB Ha
OCHOBE aJIFOMHMHHSI, UCTIOJIb3YEMBIX /I U3TOTOBJICHUSI JIUTHIX WU3JIETUH, Oarogapsi CBOEH yaeabHOM
MMPOYHOCTH, OTIMYHON 00padaThIBAEMOCTH U OTHOCHTEIILHO HU3KOM CTOMMOCTH. Hanmnume kpeMHus
B (ha3ze pacIuIaBIeHHOTO aIOMUHUS YIydlllaeT JIMTEHHbIe CBOWCTBA U CHIKAET yCaJIKy MPH 3aTBEp-
JeBaHuu. [{ns ynydiieHus: uX MOBEPXHOCTHBIX MEXAHUYECKUX CBOKMCTB U KOPPO3UOHHON CTOMKOCTH
MPUMEHSIETCS TBEPJI0€ aHOAHOE OKCHIMPOBaHUE. OJTHAKO HAIMYKME BHICOKOTO COMIEPIKAHUS KPEMHUS
(> 3%) u pa3mep vactuil Si B CIUTaBE JIETAOT JAHHBINA MPOLIECC CIOKHBIM WU JaKe HEBO3MOKHBIM.
[IpenBaputensHas 00pabOTKa MOBEPXHOCTH CIIABOB CUCTEMBI Al-S1 HHTEHCUBHBIMH UMITYTECHBIMU
AMEKTPOHHBIMU TTyYKaMH TO3BOJIAET A(h()EKTUBHO MPEOA0IECTh BhINICyKa3aHHbIC orpaHudeHus. Mc-
TOYHUKH DIEKTPOHHBIX IYYKOB MOTYT HMCIOJIB30BAaTHCA UISl CHUXKEHUSL COINEPKAHUSI KPEMHUS, W3-
MEJIBICHHS YacTHIl Si, a TAKXKe JJIsl CO3JIaHUsl ATFOMHUHHEBOW TOUIOKKH, 0OJiee MPeapacooKeH-
HOHM K OKCHAMpPOBaHUIO. B manHOW paboTe nBE 1IEKTPOHHO-MyYKOBbIe YcTaHOBKH, «PUTM-CII» u
«COJIO», ucnonp30BaIUCh 17151 U3BMEHEHHS IOBEPXHOCTHBIX CBOMCTB JOIBTEKTUUECKHUX, IBTEKTUYE-
CKHUX Y 339BTEKTHYCCKHUX CIUIABOB CUCTEMBI Al-Si myTeM uccietoBaHus BIVSHIS TUIOTHOCTH SHEPTHU
1 9uciia UMIynbCcoB. [lociie 00paboTKH AMEKTPOHHBIMU ITyYKaMu 00pasiibl MOIBEPraIiuch TBEPIAOMY
AHOJMPOBAHUIO, U ITPOBOAMIIACH ATTECTALIMS UX MUKPOCTPYKTYPBI, PACIPEACIICHUS DIEMEHTOB, KOP-
PO3HMOHHOUN CTOMKOCTH U IMTOBEPXHOCTHBIX MEXaHUYECKUX CBOWCTB.

KJIFOUEBBIE CJIOBA
Crunabl Al-Si; anekTpoHHBIN My4okK; TBepaoe anonupoanue; PUTM-CIT; COJIO.

Introduction the formation of a thick and hard enough coating,
especially when dealing with highly alloyed
substrates such as series 2000, 3000, 4000 and
7000 [2]. The presence of alloying elements

in large amounts can alter the characteristics

It is well known that Al passivates
spontaneously by forming a thin (few nm)
native oxide when exposed to the environment.
However, in acidic or alkaline conditions the

native oxide layer is not able to ensure sufficient
protection from corrosion. As a consequence,
anodic oxidation is primarily employed to
enhance hardness and corrosion resistance.
For instance, in the automotive and aerospace
applications, a high mechanical and corrosion
resistance is mandatory. In general, hard anodic
oxidation is performed in acidic refrigerated
aqueous solutions and by applying current
densities of few A/dm?*. As a consequence, the
formation of dense and thick protective coatings
can be achieved in a relatively short processing
time [1]. In the case of some aluminium alloys,
the process still encounters problems related to
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of the oxide layer. Among the different Al
foundry alloys, Al-Si are of particular interest
when dealing with anodic oxidation. In fact,
the presence of silicon, eutectic structures and
other intermetallic phases drastically modify the
final characteristics of the coating. Silicon with
respect to aluminium has a slower oxidation
rate, as a consequence the current distribution
and the oxide front are not propagating
uniformly within the substrate. In particular, in
the presence of large Si structures (greater than
few um), flaws such as unoxidized areas, cracks
and gas-filled porosities are encountered [3].
Both the corrosion resistance and mechanical



properties are drastically reduced in the presence
of a non-uniform oxide layer. On the opposite
side, when silicon is finely dispersed inside the
a-aluminium matrix, the oxide coating is not
suffering from the abovementioned defects.

In the present work, an investigation aimed
to mitigate the negative effects of Si on the
anodizability of Al-Si alloys was conducted by
using intense electron beam pulses. In particular,
RITM-SP and SOLO units were employed.
RIMT-SP allows for the pulsed electron beam
treatment of conductive substrates with an
energy density ranging from 1 to 6 J/cm? and an
average pulse duration of 2.5 ps. This electron
beam source works on a low accelerating
voltage (10-30 kV) and a high-current (up
to 30 kA) regime. It relies on an explosive-
emission cathode and a plasma-filled diode
where the beam is accelerated within the
transport channel and guided by means of an
external magnetic field [4-6]. SOLO allows for
a dynamic power control along sub-millisecond
(20-250 ps) pulses. The beam is developed
from a plasma cathode with grid stabilization
of the emission plasma boundary. In this way,
the beam energy density reaches up to 100 J/cm?
with electron accelerating voltage of 5-25 kV
and beam current of 20-300 A [7-9].

Hao et al. conducted several studies on
pulsed electron beam irradiation of eutectic
[10] and hypereutectic [11-13] Al-Si alloys.
Al-Sil2.6 was treated at 3 J/em? with
10 pulses of 1 ps average duration. A molten
layer of about 10 um was observed where
the microstructure and the composition were
homogenized. Effects on Al-Sil5, Al-Sil7.5
and Al-Si20 were also investigated at 2.5 J/cm?
with 5, 15 and 25 pulses (0.1 Hz repetition
frequency). The modified surface layer was
composed by equiaxed grains of micrometric
size. Moreover, the shift and the broadening of
peaks in XRD spectra were associated to the
formation a supersaturated solid solution of Al
containing Si in higher content with respect to
the equilibrium solubility. From a mechanical
point of view, surface hardening and improved
wear behavior were observed. This was mainly
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attributed by the authors to the formation of
an Al-Si solid solution, to the dispersion of Si
nanocrystals and to the presence of thermally
induced residual stresses in the material.

Ivanov et al. investigated the modification
of hypoeutectic Al-Si alloys with intense
electron beams produced by SOLO equipment
(20-35 J/ecm?, 150 ps, 3 pulses, 0.3 Hz). The
treatment led to the dissolution of silicon
inclusions and intermetallic compounds
accompanied by the release of submicrometric
second phase particles. Moreover, a drastic
(2%) decrease of the silicon concentration in the
remelted layer was detected [14]. According
to Ustinov et al., the electron beam modified
hypoeutectic Al-Si alloy is constituted by a
fine dendritic structure up to 100 pum from
the surface, with a remarkable increase in the
plasticity of the material [15]. In the case of
hypereutectic Al-Si alloys, modification of the
surface layer was performed by Ashurova et
al. by maintaining constant delivered energy
density for 200 ps (20 J/cm?) and then varying
the holding time of temperature up to 800 ps.
In this case the wear resistance of the material
was found to be increased [16]. Fatigue life of
Al-Si19 was prolonged by 3.5 times by Ivanov et
al. [17], who investigated the effect of different
energy densities, up to 25 J/cm?, and different
durations of the quasi-rectangular beams current
pulse.

1. Materials and Methods

Samples were cut from cast ingots
containing 7, 12 and 24% of silicon. They were
mechanically polished (100, 320 and 600 grit),
ultrasonically washed in 50 vol % acetone
and 50 vol % ethanol for 15 minutes, rinsed
in deionized water and dried with nitrogen.
Metallographic etching was performed on
pristine alloys to highlight the microstructure
using Keller reagent with 5 second of immersion
and rinsing in deionized water.

RITM-SP treatment was performed with
electron accelerating voltage set at 20 and 25 kV,
corresponding to the energy densities of 2.5 and
3.3 J/em?, respectively. Number of pulses were
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2,4, 8, 16 and 32, with pulse average duration of
2.5 us and 0.2 Hz of repetition frequency. On the
other hand, SOLO delivered energy density was
fixed at 25 J/em? with pulse number equal to 3,
repetition frequency of 0.3 Hz and the average
pulse duration of 200 ps.

Hard anodic oxidation was carried out in
galvanostatic condition at 2 A/dm?’ inside a
jacketed glass reactor containing 17.5% v/v
H,SO, (3.2 M) aqueous solution. Temperature
was kept at 0 °C (£ 1 °C) using a Julabo FP50
cryostat. A titanium mesh was employed as
cathode with a 3:1 ratio between cathode and
anode area. The distance between cathode and
anode was 30 mm. Thickness of the oxide was
measured by a Fisher Dualscope eddy-current
probe.

Cross-sectional morphology was
investigated using a Zeiss EVO 50VP SEM
equipped with a Bruker Quantax X-ray
spectrometer for EDS chemical microanalysis.
The crystalline structure was characterized by
X-ray diffraction in grazing incidence angle (GI-
XRD) and Bragg-Brentano (BB) configuration
using a PANalytical EMPYREAN PWI1830
diffractometer. Surface hardness was assessed
using a Fischer HI00 Vickers microindenter.
Potentiodynamic tests were performed using a
AMEL 2049 potentiostat in 3.5% NaCl solution
at room temperature. A three-electrode cell was
employed with Al-Si sample as WE, a platinum
mesh as CE and a saturated calomel electrode as
REF. Open circuit potential was measured for
30 minutes with acquisition rate of 1 Hz. Then, a
linear sweep voltammetry was performed from
—250 mV to +250 mV with respect to OCP at a
scan rate of 10 mV/min.

2. Results and discussion

Electron beam irradiation by means of
RITM-SP and SOLO leads to rapid surface
melting and solidification of Al-Si alloys
inducing drastic modifications of surface
morphology and composition. Fig. 1 shows
a comparison between the mirror polished
surface of Al-Si7 alloy and treated ones at
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2.5 and 3.3 J/em? with RITM-SP low-energy
high-current electron beam. The characteristic
microstructure of hypoeutectic Al-Si alloys
can be recognized in the reference sample, in
particular a clear distinction between the a-Al
phase and the Si elongated grains of the eutectic
structure is visible. After RITM-SP irradiation
silicon features are not recognizable anymore,
instead cracks and craters are observed. Craters
are commonly found in LEHCEB (low energy
high current electron beam) modified metals and
they are originated by the ejection of impurities
and second phases from the base material. This
phenomenon is ascribed to the low thermal
conductivity of such features that are overheated
during the treatment, as a general rule their size
and density decreases with the number of pulses,
leading to a more homogeneous morphology. On
the other hand, cracks can be originated during
the rapid solidification shrinkage or due to the
high thermally induced stresses.

Fig. 2 shows the XRD spectra of samples
treated at 2.5 and 3.3 J/cm? with 16 and
32 pulses. After EB irradiation Si peaks
decrease in intensity and almost completely
disappear with respect to the pristine alloy,
moreover an overall right shift of the a-Al
phase peaks in observed. As a consequence,
aluminium FCC cell parameter is decreased
after electron beam surface treatment. This
modification of the cell parameter can be linked
to the formation of supersaturated solid solution
between Al and Si, with a content of silicon
higher that the equilibrium value, as reported
by Hao et al. [12]. However, the presence of
other alloying elements (Mg, Zn, Fe) and the
remarkable lattice distortions caused by the
EB treatment both play an important role in
defining the lattice parameter of the aluminium
phase and the different contributions are hardly
decoupled clearly without further investigations.
A reasonable hypothesis is that the eutectic Si
grains originally present in the alloy are to some
degree evaporated, dispersed in fine particles
within Al matrix and brought in solid solution
with Al
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Fig. 1. Surface morphology (optical microscopy) of:
a) pristine Al-Si7; b) 2.5 Jlem? — 32 pulses, ¢) 3.3 J/em? — 16 pulses and d) 3.3 J/cm? — 32 pulses

Puc. 1. Mopdonorust moBepxHOCTH (ONTHYECKAst MUKPOCKOITHSI):
a) ucxoonwiii cnnae Al-Si7; b) 2,5 Hoc/cm? — 32 umnynvca, c) 3,3 Joic/em? — 16 umnynvcos,
d) 3,3 JDic/em? — 32 umnynvca
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Fig. 2. Grazing Incidence XRD spectra of RITM- SP treated samples (black line pristine Al-Si7 alloy)

Puc. 2. PentrenorpammMel 00pasioB cuirymuHa Al-Si7 (chbeMKa B TEOMETPHHN CKOJIB3SIIIETO MTyYKa)
nocie oopadotku Ha ycraHoBke «PUTM-CID» (uepHast muHUS — HE0OpaOOTaHHBIH CIIaB)

SOLO treatment was carried out with fixed
conditions (25 J/em?, 3 partially overlapped
pules) on different alloys, namely Al-Si7,
Al-Si12 and Al-Si24. Surface morphology
of alloys before and after EB irradiation is
reported in Fig. 3. Al-Sil12 is characterized by
large features of primary Al and by lamellar
structures composed by the alternation of Al
and Si, Al-Si24 instead shows massive primary

Si grains embedded in a needle-like eutectic
structure. SOLO irradiation was able to modify
completely the surface morphology and texture
of the alloys: in particular, a drastic increase
of the surface roughness and a complete
intermixing of Al and Si elements is observed.
With respect to RITM-SP, the morphology of
modified layers is less even and characterized
by hills and valleys, on the other hand, few
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craters and almost no cracks can be detected.
SOLO and RITM-SP also differ concerning the
penetration of the modified layer: the first one
is able to melt and modify more than 20 pm
at 25 J/cm? with 3 pulses, while the latter
one around 5-10 pum at 2.5-3.3 J/cm? with 16
and 32 pulses. Fig. 4 shows XRD spectra
of the three different alloys before and after
SOLO irradiation: the intensity of silicon

peaks 1is drastically reduced, even though
they can be clearly identified in the case
of Al-Si24. This suggests that silicon
evaporation and dispersion in these alloys were
less pronounced due to the very high content in
the pristine material. On the treated samples, a
right shift of the XRD peaks and consequently
a decrease in the lattice parameter of Al phase

was found.

Fig. 3. Optical microscopy surface morphology of a) and d) Al-Si7, b) and e) Al-Sil2, ¢) and f) Al-Si24 before
and after SOLO surface modification at 25 J/cm?

Puc. 3. Mopdonorus moBepxnoctu (onruueckas Mukpockonusi): a) u d) Al-Si7, b) u e) Al-Sil2, c) u f) Al-Si24
JI0 ¥ [I0CjIe MOIU(UKaIu oBepxHOCTH Ha yctanoBke «COJIO» mpu 25 Jhx/cm?
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Fig. 4. Bragg Brentano XRD spectra of SOLO treated samples. Black lines refer to the as-cast Al-Si alloys
while blue ones to the material modified by SOLO

Puc. 4. Criextpsl peHTreHOBCKOH qudpakumu o cxeme bparra-bpenrano o6pasnos nociae 00paboTku
Ha ycraHoBke «COJIO». UepHbIMU TMHUSIMIA 0003HAYEHBI CIUIABBI CUCTEMBI Al-Si B INTOM COCTOSIHUH,
a roryOBIMH — MaTepHaibl, MoAnpHUInpoBaHHbIe Ha ycTaHoBKe «COJIO»
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Anodic oxidation was performed on electron
beam modified Al-Si alloys and average oxide
thickness is reported it Table 1 for RITM-SP
samples. After EB pre-treatment, the thickness
ofthe anodic layer is slightly higher, even though
the uncertainty in the measurement is increased
as well, probably due to the higher surface
roughness of the substrate on which the oxide
is grown. Cell voltage was measured during the
anodizing and the different curves are reported
in Fig. 5. Pristine Al-Si alloy, displayed in black,
shows a sharp increase of the voltage within the
first seconds. During this stage, the growth of
thin and compact layer of oxide is expected.
Afterwards, a constant and slow increase in cell
voltage is observed during which the thickness
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of anodic oxide is growing, making the whole
substrate-coating system more and more
resistive. Instead, RITM-SP pre-treated samples
show a completely different voltage profile with
respect to the pristine Al-Si7. The initial sharp
step reaches higher voltages, followed by a
constant and almost flat curve until the end of
the process. This can be interpreted as a clear
indication that the EB pre-treatment changes
growth kinetics of the hard anodic oxide. It can
be observed that there is no strict correlation
between plateau voltage or final voltage and
thickness of the oxide, neither can be found
a link between the applied energy density or
number of pulses and voltage profiles.

Table 1. Average anodic oxide thickness of RITM-SP pre-treated Al-Si7 alloy at different energy densities and number

of pulses in comparison with the pristine material

Tadauma 1. CpejaHsisi TONIIMHA AHOIHO-OCHIHBIX MOKPBITHH Ha criaBe Al-Si7, moiBeprHyTOM NpenBapUTEIbHON
obpaborke Ha ycranoBke «PUTM-CII» mpu pa3iuuHbIX IUIOTHOCTSIX DHEPIMU W YKCJIE€ MMIYJIbCOB, B CPaBHEHHUHU

¢ HeoOpabOTaHHBIM MaTEepPHAIOM

Al-Si7 Ref 2.5J/cm?| 16 P 33J/cm?| 16 P 2.5J/cm?| 32 P 3.3J/cm?|32P
Thickness (pum) 23.05 24.04 25.12 22.83 25.19
Sigma (um) 0.659 4.57 2.49 2.34 3.93
——25J/cm?|16 P ——3.3 Jlcm? | 16 P
20 J——25 Jicm? |32 P 3.3J/cm? |32 P
35
>
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!
©
Z 254
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Fig. 5. Anodizing voltage profiles of RITM-SP pre-treated Al-Si7 alloy at different energy densities
and number of pulses in comparison with the pristine material

Puc. 5. [Ipodunu HarpsHKEHUs PY aHOAWpPOBaHUH criaBa Al-Si7, IOIBEPrHYTOTO MpeABapUTEIbHON 00padoTKe
Ha yctaHoBke «PUTM-CII» npu pa3auyHbIX IUIOTHOCTSX HEPTHH U YUCIIE UMITYIbCOB,
B CpPaBHEHHH C HEOOPaOOTaHHBIM MaTepUaioM
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Fig. 6 shows the comparison between cross-
sections of a pristine Al-Si7 oxide and two
RITM-SP modified alloys togheter with their
EDX elemental distribution maps. In picture
a) the characteristic = microstrucure  of
hypoeutectic Al-Si alloys can be recognized.
The oxide layer in this case is highly
inhomogeneous and characterized by porosities,
cracks and unoxidized areas. As expected, large
Si segregations are affecting the overall quality
of the coating. Instead, oxide formed on pre-
treated alloys is drastically different: the anodic
layer is compact, homogenous and does not
present visible defects. The main difference
between samples shown in images b) (3.3 J/cm?,
16 pulses) and c) (3.3 J/cm?, 32 pulses) relies on
the thickness of the EB modified layer. A small
portion of the oxide presented in image b) in fact
still presents some hints of defects close to the
interface with the metal substrate. This does not
hold true in image c) where the coating is grown
fully within the molten and rapidly solidified
layer. In conclusion, RITM-SP pretreatment
proved to be effective in modifying the substrate

materials to produce a fine dispersion of Si
which is not affecting the homogeneity of the
anodic oxide.

Potentiodynamic polarization and
microindentation measurements were done
to characterize corrosion behaviour and
mechanical resistance of the anodic oxides
and results are reported in Fig. 7 and 8. The
RITM-SP modification brought improvements
in all tested operating conditions. In particular,
corrosion current density was decreased down
to 3.02:-107A/cm*> (—83.5%) and Vickers
microhardness was increased up to 320.62 HV
(+46.5%). The lowest current density and
highest hardness do not belong to the same
sample, in fact the highest corrosion resistance
is found at 2.5 J/cm? and 32 pulses, while the
highest microhardness is found at 3.3 J/cm? and
32 pulses. In absolute terms the performance
of the anodic oxides synthesized in the present
work are slightly below average [18]. However,
the aim was not to grow excessively thick
coatings, but to appreciate as much as possible
the effects of EB pretreatment. Future works
will be devoted to filling this gap.

Fig. 6. SEM cross sections and EDS elemental maps of a), d) pristine Al-Si7 anodized alloy, b), e) and c), f) RITM-SP
pretreated and anodized alloy at 3.3 J/cm? at 16 and 32 pulses, respectively

Puc. 6. POM-n300paxeHus ONEPEYHOrO CEUEHHS U JIIEMEHTHOE KapTHpOBaHue, IoirydeHHoe MetosoMm DJIC:
a), d) Heobpaborannslii cruiaB Al-Si7 nocie anoaupoBanus, b), €) u ¢), f) cruias, MoABEPrHYTHI IpeIBAPUTEILHOM
obpabotke Ha ycraHoBke «PUTM-CII» u anoaupoBauuto mpu 3,3 Jlx/cm? ipu 16 u 32 uMmylibcax COOTBETCTBEHHO
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Puc. 7. [110THOCTB TOKAa KOPPO3UH AHOAHBIX
OKCH/JIOB; IOKA3aHO BIIMSHUE PA3IMYHBIX YCIOBHUIM
IIpe/BapuTEIbHON 00pabOTKH B CPAaBHEHUH
¢ He0OpaOOTaHHOH MOIIOKKOU
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Puc. 8. MukpotseprocTs mo Bukkepcy aHOTHBIX
OKCHJIOB; ITIOKa3aHO BIIMSHUE PA3JIMYHbIX YCIOBUN
IIpe/IBapUTEIbHON 00pabOTKH B CpaBHEHUH
¢ HeoOpaOOTaHHOH TIOTTOKKOM
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Table 2 shows average thickness of oxides
comparing the untreated Al-Si substrates
and the SOLO pretreated materials at
25 J/em?. After EB irradiation, the anodic layer
is on average thicker with respect to that of
the as cast substrates. Moreover, SOLO Al-Si7
oxide has a higher thickness compared with
RITM-SP pretreated material, both at 2.5 and
3.3 J/em?. This difference is probably related
to the higher modified depth reached by SOLO
and by the different chemical composition and
microstrucure obtained after the two electron
beams. The largest difference is found for
Al-Si24 alloy. On the pristine material oxide
was barely grown while after irradiation an
anodic layer of 16.7+6.9 pm was obtained.
This peculiar result allows us to conclude
that EB surface treatment can be effectively
employed to allow not anodizable alloys (i.e.
highly hypereutectic ones) to be coated by
means of hard anodic oxidation. Fig. 9 shows
the measured cell voltage during oxidation of
pristine and modified alloys. Al-Si7 does not
show a drastic modification of the voltage profile,
as observed with RITM-SP, and simply shows
a faster increase with respect to the untreated
material up to a higher final voltage. In the case
of Al-Si12 a much higher slope of the voltage
profile was measured and, as a consequence,
the upper limit of the power supply was reached
after about 1200 s (identified in the plot with
the dashed line). Pristine Al-Si24 showed a flat
and constant voltage profile around 7 V and, as
anticipated, was barely anodized. Moreover,
a large oxygen evolution close to the anodic
surface was observed. Instead, after SOLO
irradiation, a different voltage profile was found,
confirming a drastic change induced by the EB
pretreatment in the base material.

Table 2. Average anodic oxide thickness of SOLO pretreated Al-Si alloys at 25 J/cm? in comparison with the pristine

materials

Tagauma 2. CpenHsis TONIIMHA aHOAHO-OKCHJIHBIX TIOKPBITHH Ha ciutaBax cucteMbl Al-Si, MOABEprHyTHIX
npeaBapuTenbHoi 00paboTke Ha ycranoBke «COJIO» mpu 25 Jx/cM?, B CpaBHEHUH C HEOOpabOTAaHHBIMU MarepuaiaMu

Ref thickness (um) Sigma (um) SOLO thickness (um) Sigma (um)
Al-Si7 25.11 0.758 30.18 3.02
Al-Sil2 27.13 3.01 32.82 5.69
Al-Si24 4.41 0.663 16.74 6.91
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Fig. 9. Anodizing voltage profiles of pristine and SOLO pretreated Al-Si alloys at 25 J/cm?

Puc. 9. [Tpoduin HanpsHKCHUS IPU aHOIUPOBAHUH CILIABOB CHCTeMBbI Al-Si B HEOOPaOOTAaHHOM COCTOSIHUH
U [OCJIe NpeABapuTeIbHON 00paboTku Ha ycraHoBKe «COJIO» mpu 25 JIx/cm?

Fig. 10 shows SEM cross-sections of
anodized reference Al-Si alloys and anodized
SOLO modified substrates. Anodic layers grown
on pristine Al-Si7 and Al-Sil12 alloys present
the expected defects ascribed to the presence of
coarse Si structures. In all the pretreated samples,
slightly below the interface between oxide
and metal, a 10-20 pum thick layer formed by
SOLO modification can be observed. The cross-
sectional morphology and microstructure appear
to be different with respect to the pristine alloys:
eutectic structure, segregations and second
phases are molten by the electron irradiation
and completely intermixed with the Al matrix,
leading to a homogenous and free-of-defect
material from which the anodic oxide is formed.
The highest difference can be seen in the Al-Si24
sample, which is the one characterized by the
largest disuniformities in the pristine condition,
as showed in Fig. 3. Concerning the oxide layer,
SOLO pretreated Al-Si7 in comparison to the
RITM-SP one shows a slightly lower regularity
in thickness and the presence of small cracks.
The comparison in this case is also drastically in
favour of the pretreated alloy in terms of absence
of defects (cracks, porosities and unoxidized Si
particles) and in terms of uniformity. The same
conclusions can be drawn for the Al-Si12 alloy.
Moreover, oxide formed on as-cast Al-Sil2
suffers from drastic variations of thickness due
to the alternation of large Al-rich areas, where
the coating grows quickly, and Si-rich areas,
where the coating grows rich in flaws and
slowly. This effect is not observed anymore after
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SOLO irradiation of the substrate, confirming
the beneficial effects of EB pretreatment of Al-
Si alloys before hard anodic oxidation. Lastly,
on the cross-section of the reference Al-Si24, it
is barely possible to appreciate the presence of
an oxide (which is measured to be around 3 um
on average), while on the modified alloy a dense
and thick anodic layer is observed, with only
few microcracks.

EDS qualitative line profiles and quantitative
pointwise analyses were performed, in order
to characterize the elemental composition
of the anodic oxides. Line profiles are reported
in Fig. 11, while pointwise compositions
in Table 3. Aluminium and oxygen signals can
be used to confirm the thickness of anodic layer
from a chemical point of view, while silicon
signal is exploited to investigate the effect of
SOLO irradiation on the substrate and on the
oxide. Considering the pristine Al-Si alloys,
silicon counts within the coating are low and
close the background, except when a Si particle
is encountered. Instead, after EB modification,
within the oxide a non-negligible intensity
of silicon signal is found. The homogenous
silicon dispersion and the hypothesized Al-Si
supersaturated solid solution formed during
EB irradiation are incorporated in the oxide,
probably resulting in the synthesis of a mixture
of Al and Si oxide. This hypothesis is supported
by the pointwise elemental analysis, which was
repeated three times to guarantee accuracy of the
measurements. Silicon contents in the pristine
oxide, always measured in less defective area,
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were 0.40 and 0.67% for Al-Si7 and Al-Sil2, Si and Al formed a mixed oxide or Si-oxide is
respectively. After SOLO pretreatment, the finely and uniformly embedded inside Al-oxide.
values increased to 2.65 and 9.86%. Silicon Mass balance to reach 100% is composed of
content inside modified Al-Si24 was 9.02% sulphur, incorporated from the electrolyte, and
but without reference measurement due to the other minor alloying elements such as Zn and
insufficient thickness of pristine oxide. Further Fe in very low content and not present in all the
investigations are required to clarify whether alloys.

" s

\v2!
] 4 s J \”1

Fig. 10. SEM cross-sections of pristine a) Al-Si7, ¢) Al-Sil2, e) Al-Si24 anodized alloys and SOLO pretreated
at 25 J/cm? b) Al-Si7, d) Al-Sil2, f) Al-Si24 anodized alloys

Puc. 10. POM-n300paxeHust HONEpeYHOTO ceYeHHst He0OpaOOTaHHBIX CIIIIABOB:
a) Al-Si7, ¢) Al-Sil2, e) Al-Si24 mocne aHOAMPOBAHUS U CIUIABOB, TOABEPTHYTHIX IPEIBAPUTEIEHON 00paboTKe
Ha ycranoBke «COJIOy» mpu 25 Ix/cm*: b) Al-Si7, d) Al-Sil2, f) Al-Si24 nocie anoaupoBanus

Table 3. EDS quantitative pointwise elemental analysis of pristine and SOLO pre-treated Al-Si alloys

Tadnanua 3. KonmuecTBeHHBIH TOTOYSYHBIH AJIEMEHTHBIN aHam3 ¢ momorbio DJ[C HeoOpaboTaHHBIX M TOABEPTHYTHIX
TpeaBapuTeIbHOM 00padoTke Ha ycraHoBke «COJIO» crraBoB cuctemsl Al-Si

Oxygen % Aluminium % Silicon % Magnesium %
Al-Si7 Ref 45.55 46.45 0.40 0.16
Al-Si7 SOLO 45.57 44.43 2.65 0.27
Al-Si12 Ref 39.39 52.56 0.67 0.11
Al-Si12 SOLO 41.24 41.61 9.86 0.12
Al-Si24 Ref / / / /
Al-Si24 SOLO 43.53 39.58 9.02 0.00
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Fig. 11. EDS qualitative elemental line profiles for of pristine a) Al-Si7, b) Al-Sil2, c) Al-Si24 anodized alloys
and SOLO pre-treated at 25 J/cm? d) Al-Si7, e) Al-Sil2, f) Al-Si24 anodized alloys

Puc. 11. KauecTBeHHBIC TPOQUIN TUHHIA JICMEHTOB, TIOTy4eHHbBIE ¢ ToMonsio DJ[C, ais HeoOpaOOTaHHBIX CILUIABOB:
a) Al-Si7, b) Al-Sil2, c) Al-Si24 nociie aHOANPOBAHUS U CIUIABOB, ITOJBEPTHYTHIX IPEIBAPUTEILHON 00paboTKe
Ha yctaHoBke «COJIO» mpu 25 [x/em?: d) Al-Si7, e) Al-Sil2, f) Al-Si24 nocne aHoAUPOBaHHUS

Reference and modified oxides were
characterized in term of corrosion resistance
and surface hardness, results are displayed
respectively in Figs. 12 and 13. The three
Al-Si alloys showed different corrosion current
densities and Vickers microhardness both before
and after EB irradiation, without a clear trend
between the content of silicon and the measured
surface properties. SOLO pretreatment, as for
RITM-SP, brought positive outcomes in all the
tested conditions. Corrosion current density
and microhardness of Al-Si7 are in line with
values obtained after the RITM-SP irradiation.
Pretreated Al-Si7 oxide showed the highest
microhardness among SOLO samples. Instead,
the increase in microhardness of Al-Sil2 was
probably partially hindered by the presence
of microcracks, which weakened the anodic
layer. The greatest increase in hardness was
observed for Al-Si24. However, measurements
on Al-Si24 oxide formed on the pristine
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substrate should be ascribed to the bare substrate
and not to any protective coating, since the
very low thickness and uneven coverage of
the oxide gave a negligible contribution. The
anodic oxide on the untreated Al-Si12 showed
the lowest current density and the highest
increase in corrosion resistance in comparison
with treated Al-Si7 and Al-Si24. The very low
corrosion resistance of the anodic layer formed
on pretreated Al-Si24 should be related to poor
or nonuniform growth of the oxide, since a
dense and homogenous coating was observed in
the SEM magnified area. The thicknesses of all
the oxides formed on SOLO pretreated alloys
are lower than the depths modified by electron
beam irradiation, in contrast with RITM-SP
tested conditions. For this reason, a thicker
anodic coating could be realized in combination
with SOLO surface modification to improve
even further the beneficial effects found in the
present work.
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Fig. 12. Corrosion current density of different Al-Si alloy
oxides pre-treated with SOLO at 25 J/cm? with respect
to the untreated substrates

Puc. 12. IInoTHOCT TOKa KOPPO3UU OKCHIOB
Ha MOBEPXHOCTH PA3JIMYHBIX CILIABOB chcTeMbl Al-Si,
MOJIBEPTHY THIX IPEBAPUTEIIBHON 00paboTKe
Ha yctaHoBke «COJIO» mpu 25 JIx/cM?, 0 CpaBHEHHIO
¢ HeOOpaOOTaHHBIMU MOIOKKAMHU
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Fig. 13. Vickers microhardness of different Al-Si alloy
oxides pre-treated with SOLO at 25 J/cm? with respect
to the untreated substrates

Puc. 13. Mukpotsepaocts no Bukkepcy okcuaos Ha
MOBEPXHOCTH PA3JIUUHBIX CIIJIABOB CHCTEMBI
Al-Si, moaBeprHyTHIX IpeIBapUTEILHON 00paboTKe
Ha yctaHoBke «COJIO» mpu 25 JIx/cM?, 0 cpaBHEHHIO
¢ HeoOpabOTaHHBIMH MOTIOKKAMH

Conclusions

In the present work, RITM-SP and SOLO
pulsed electron beams were employed to
induce surface modifications on Al-Si7,
Al-Si12 and Al-Si24. The aim was to disperse
and homogenize coarse Si structures and

MATED

other second phases in order to increase
anodizability of the alloys. The compositional,
morphological and microstructural
characterization of modified AI-Si alloys
allowed us to conclude that silicon was partially
evaporated during irradiation, finely dispersed
in small particles and likely brought in solid
solution with aluminium. RITM-SP irradiation
led to a smoother and more homogeneous
surface morphology, while SOLO was
able to induce a deeper modification up
to 20-30 pum. Hard anodic oxidation was
performed and the influence of EB pretreatments

was  investigated by  potentiodynamic
polarization and microindentation
measurements. RITM-SP  modification on

Al-Si7 alloy led to a compact, homogenous and
flawless anodic oxide, with higher corrosion
resistance and surface microhardness. SOLO
modification on Al-Si7, Al-Sil2 and Al-Si24
brought similar positive results with respect to
the prior treatment concerning hypoeutectic and
eutectic alloys. The hypereutectic alloy, which
was not even barely anodized in the pristine
condition, was strongly EB modified allowing
the formation of a thick and hard anodic layer.
In conclusion, surface modification induced
by pulsed intense electron beams effectively
prepared a micrometric surface layer for hard
anodic oxidation allowing to obtain a protective
coating with higher corrosion resistance and
higher microhardness.
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