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Abstract

Considering the increasing interest for Al alloys in the packaging industry, where component lightweighting allows higher
process efficiency, as well as the increasing use of additively manufactured parts, which may not show a satisfactory tribo-
logical behaviour in the as-built condition, anodising by Electrochemical Oxidation (ECO) and Plasma Electrolytic Oxida-
tion (PEO) was applied to as-built A357 (AlSi7Mg0.6) produced by Laser Powder Bed Fusion (LPBF). ECO allowed to
compensate surface and surface-connected defects in LPBF A357 and produced a thicker, less-defective anodic oxide than
PEO, providing higher wear resistance whilst maintaining a lower Coefficient of Friction (COF) in dry sliding tests against
100Cr6 steel. Polishing before ECO only resulted in negligible friction and wear improvements, even if it improved the
compactness of the anodic oxide.
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1 Introduction

Al alloys are increasingly used in the packaging industry,
where component lightweighting allows higher process effi-
ciency. However, when involved in sliding contacts, these
alloys display low resistance to adhesion and abrasion [1].
Moreover, Al alloys manufactured by additive processes,
such as Laser Powder Bed Fusion (LPBF), may not show a
satisfactory behaviour in the as-built condition due to sur-
face and bulk defects, such as balling, lack-of-fusion zones,
spatters, partially melted powders, and porosities, which can
affect surface quality as well as mechanical and tribological
properties [2]. Therefore, surface modification may contrib-
ute to improve the tribological behaviour of additively man-
ufactured Al alloys, with the aim of extending their use in
all those applications that may benefit from lightweighting.
Among Al alloys, this work focuses on hypoeutectic A357
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(AISi7Mg0.6), characterised by excellent resistance to hot
tearing, narrow solidification range (close to 55 °C), good
fluidity, and weldability, making it appropriate for LPBF as
well as for conventional casting processes [3].

For a long time, the most popular surface engineering
technique applied to overcome these issues has been Hard
Anodising (HA), that improves both tribological and cor-
rosion properties. However, Si particles in Al-Si alloys
anodize at a reduced rate compared with the aluminium
matrix [4] and both Si particles and AlFeSi intermetallic
compounds, usually present in Al-Si alloys, are detrimen-
tal for the growth of the anodic oxide [5]. Moreover, Si
particles may shield the Al-rich phase trapped beneath or
between Si and prevent it from oxidation [6]. In a recent
study, HA by galvanostatic anodising at room temperature
in 3 M H,SO, at 10 mA/cm?* was applied to LPBF-fabricated
AlSi10Mg, proving that its very fine microstructure, pro-
moted by the high cooling rate typical of the LPBF process
(i.e., 10°-10° K/s), positively affects the compactness of the
anodic oxide by comparison to the corresponding cast alloy
[7]. The ultra-fine network of eutectic Si improves the uni-
formity and nanoscale roughness of the oxide layer in com-
parison to conventional as-cast alloy, leading to a more con-
tinuous protective coating, even though with lower growth
rate and oxide thickness. When comparing the response of
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LPBF-AISi7Mg0.6, AlSi10Mg, and AlSil2 in the as-built
condition to galvanostatic anodising in H,SO,, a tendency
towards the growth of slightly thinner anodic oxide layers
with increasing Si content in the alloys was observed, due to
the increased thickness and connectivity of the Si network
[8].

In the last decades, Plasma Electrolytic Oxidation (PEO)
has been proposed as an alternative to HA. PEO is an elec-
trochemical conversion treatment based on the growth of the
anodic oxide at potentials exceeding the breakdown volt-
age of the dielectric film. In these conditions, a controlled
micro-arc discharge regime favours the growth of thick,
hard, adherent, and wear-resistant layers [9]. As opposed
to HA that takes place in a concentrated acidic solution,
PEO processes are carried out in dilute alkaline electrolytic
baths and a higher tolerance than HA to alloying elements,
such as Si and Cu, has been widely documented [10], mak-
ing PEO more suitable for Al-Si alloys. Nevertheless, PEO
layers display an intrinsically heterogeneous microstructure
with micropores and cracks, mostly in the external (so-called
“technological”) layer, which can lead to micro-cracking and
coating removal in the form of flakes during tribological
contacts [11]. Moreover, the characteristic high roughness
of these coatings leads to high friction against steel counter-
parts in dry sliding conditions [12].

With the aim of limiting the drawbacks of PEO, an
enhanced anodising process called ECO (Electrochemi-
cal Oxidation) has been recently developed (UK Patent
GB2497063, Cambridge Nanolitic Ltd). ECO derives from
PEO, but uses bipolar pulsed DC sources, avoiding disrup-
tive plasma discharge effects and providing dense and com-
pact coatings. The formation of an oxide layer with a finer
nanopore structure is promoted by: (1) using short (micro-
seconds) electrical pulses with trapezoidal shape, to reduce
the electrical current peaks during pulse switching, (2) main-
taining cathodic current at a level that secures cathodic etch-
ing, and (3) avoiding breakdown discharge and improving
ions and charge transfer to the oxidation zone. ECO coatings
have already found application in textile, packaging, and

automotive industries, but their microstructural and tribolog-
ical properties are still under investigation. A comparison of
the tribological behaviour of HA-, PEO-, and ECO-treated
wrought AA6082-T5 has been recently published [13], but
the ECO treatment has never been applied, until now, to
LPBF AISiMg alloys. On the other hand, only a few works
report on the application of PEO to LPBF AISiMg alloys.
In particular, Pezzato et al. [14] discussed the influence of
microstructure and porosities on the corrosion behaviour
of PEO-treated AISi10Mg, whilst Rogov et al. [15] dis-
cussed the electrochemical behaviour of AlSil2 (either cast
or LPBF) during AC-PEO in silicate alkaline electrolyte.
Hence, there is a substantial lack of data about the appli-
cation of PEO and ECO processes on LPBF A357 alloy,
especially regarding the influence of these treatments on its
tribological behaviour.

Based on the above considerations, the present work
focuses on the microstructure characterisation and tribo-
logical behaviour of ECO and PEO layers grown on as-built
LPBF A357, fabricated from the same batch of powder by
two different sets of process parameters aimed at: (i) maxi-
mum productivity and (ii) microstructure improvement.
Sand-cast A357 alloy, subjected to hot-isostatic pressing
and T6 heat treatment, was used as a benchmark in the case
of the ECO process.

2 Materials and methods
2.1 LPBF sample production

Small bars of A357 (5x5x70 mm?) were produced by
LPBF starting from gas-atomised powder provided by
LPW technology (currently LPW Carpenter Additive, Car-
penter Technology Corporation, USA), whose composition
is reported in Table 1. The powder was dried before the
LPBF process at 60 °C for 3 h to reduce moisture. All the
samples were built in a single batch using an LPBF machine

Table 1 Chemical composition Elements (wt %)

of A357 samples (wt.%):

comparison of experimental Al Si Mg Fe Ti Zn Mn Others

results (GD-OES) with nominal

composition of feedstock Powder Bal 6.90 0.55 0.10 0.09 <0.01 <0.01 <0.15

powder [16] and A357 alloy P Bal 7.02 0.54 0.09 0.15 0.08 <0.01 <0.03

(17]. M Bal 698 0.57 0.09  0.15 008 <001 <003
C Bal 6.88 0.59 0.07 0.16 0.09 0.01 <0.04
Nominal Bal 6.50-7.50 0.45-0.70 0.12 0.04-0.20 0.05 0.05 max0.10

Italic values indicate the nominal composition of feedstock powder

P, LPBF samples printed in conditions for maximum productivity; M, LPBF samples printed in conditions
for microstructure improvement; C, sand-cast+ HIP +T6
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(MYSINT100 RM manufactured by SISMA) equipped with
200 W laser source with a nominal spot diameter of 55 um.
The LPBF process was carried out in a N, environment with
a residual oxygen content of 0.1 vol%, using vertical build-
ing direction (i.e., perpendicular to the building platform),
no platform pre-heating and conical supports.

Laser power was set at 175 W and, as disclosed in
Table 2, scanning strategy and process parameters were set
as follows: (i) printing in conditions of maximum productiv-
ity (i.e., P series); (ii) printing under improved microstruc-
ture conditions (i.e., M series), leading to a reduced porosity
content [18]. For the production of both P and M series,
skywriting was enabled.

The chemical composition of the LPBF samples was
checked by Glow Discharge Optical Emission Spectroscopy
(GD-OES, Spectruma Analitik GDA 650) with a Grimm-
style glow discharge lamp in DC mode. The analysed area
in each measurement was about 5 mm?, corresponding to
the internal area of the tubular anode (2.5 mm diameter).
Results are reported in Table 1 and showed that LPBF sam-
ples retained the powder composition. In the same table, also
the composition of the conventional sand-cast alloy used as
benchmark and subjected to hot-isostatic pressing and T6
treatment (henceforward labelled “C”) is compared. All the
investigated compositions were comparable and coherent
with nominal requirements for the A357 alloy.

With the aim of evaluating the improvement in the tribo-
logical behaviour of LPBF A357 alloy induced by anodising
only, no heat treatment was applied. Therefore, all the LPBF
substrates were investigated in the as-built condition.

2.2 PEO and ECO treatments

The main parameters of ECO and PEO anodising treatments,
carried out in an industrial environment, are summarised
and compared in Table 3. The main differences between
the treatments are related to current density, coating mode
control, and electrolyte. In ECO, an optimal ratio between
anodic and cathodic pulse currents allowed to produce a
low-discharge oxidation effect.

The present work focuses on: (i) comparing ECO and
PEO layers grown on LPBF M and P samples, and (ii) com-
paring the ECO layers grown on LPBF and cast substrates.
Therefore, whilst the ECO treatment was applied on all the
investigated samples, PEO was applied only to LPBF sam-
ples. As already mentioned, LPBF samples were anodised
in the as-built condition, meaning that no post-process pol-
ishing or heat treatments were applied before anodising.
However, only for the ECO treatment, also the effect of a
standardised procedure, based on the use of a given polish-
ing medium (i.e., an 800 grit emery paper) on surfaces with
a variable roughness, was investigated. For this reason, the
ECO layers which underwent this procedure were hencefor-
ward called “pre-polished”, to highlight that polishing was
carried out before anodising. After all the PEO and ECO
treatments, no surface finishing treatment was applied, so
as to simulate the situation in which grinding or polishing
at the end of the anodising treatment was not applicable due
to complex part geometry.

Table2 LPBF-process

- Series Power [W] Scanning strategy Hatch Layer Scanning Energy
paramet.ers applied for t}Te ] spacing thickness  Speed density
production of the A357 samples [mm] [mm] [mm/s] [J/mm’]

P 175 4 x4 mm? chessboard 0.12 0.02 1400 52.08
With 45° rotation between layers
M 175 33 mm? chessboard 0.08 0.02 500 218.75

With 45° rotation between layers

Table 3 Main parameters of the anodising treatments

Process Voltage/Current density Coating mode control Electrolyte Process tank  Electric equipment and
Discharge effect temperature  conditions

Electro- 100-600 V/ 40-150 mA/ Potentiostatic for anodic Colloidal alkaline phos- 20-25 °C Pulsed bipolar current
chemical cm? pulse; galvanostatic for phate solution (KOH, (PBC) power supply
oxidation = Low-discharge oxidation cathodic pulses Na,P,0,, Al(OH);, nano-

(ECO) powder Al,O3)

Plasma 50-650 V/80—170 mA/cm?  Potentiostatic for anodic and Alkaline phosphate solution 20-25 °C Pulsed bipolar current
electrolytic Micro-discharge oxidation cathodic pulses (KOH, NaF, Na,P,0,) (PBC) power supply
oxidation
(PEO)
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2.3 Microstructural and micro-mechanical
characterisation

Microstructural characterisation of the A357 alloy, before
and after the anodising treatments, was carried out on
samples prepared following standard metallographic tech-
niques and chemically etched using Keller’s reagent (1 mL
HF, 1.5 mL HCI, 2.5 mL HNO;, 95 mL H,0 and 20 s immer-
sion at room temperature). Microstructural observations
were carried out by optical microscopy (Reichert MEF3) and
Field Emission Gun Scanning Electron Microscope (FEG-
SEM Tescan Mira 3). To further investigate the elemental
distribution, Energy-Dispersive Spectroscopy (EDS) X-ray
maps were measured on polished cross-sections (Bruker
XFlash 630 M). Layers thickness measurements were carried
out using the ImageJ software by averaging data obtained by
at least 5 measurements at the same magnification.

Surface roughness was measured on the free surfaces of
samples, before and after the ECO treatment, by stylus pro-
filometry (Hommelwerke T2000, tip radius: 5 pm), using
Lt=12.5 mm (i.e., evaluation length) and Lc =2.5 mm
(i.e., sampling length) in accordance with ISO 4288 [19].
Moreover, to further investigate the topography of the
anodised surfaces, FEG-SEM Alicona MeX 6.2.1 imag-
ing software was employed, based on eucentric tilting of
the specimens during FEG-SEM observation. Topographic
measurements were made on areas of about 60,000 pmz, at
tilt angles from 5 to 10°.

The density of samples was evaluated with an analytical
balance (0.0001 g precision), according to the Archimedes
principle [20] and using a reference full density value of
2.68 gcm™ [21].

The phase constitution of PEO and ECO layers was deter-
mined using X-Ray Diffraction (XRD) by a PANalytical
Expert PRO X-ray diffractometer with Xcelerator detector
and a Ni-filtered Cu-Ka radiation source (4=0.15405 nm),
operated at 40 kV and 30 mA. The Io/Iy ratio was determined
for a- and y-Al,O; in the oxide layers comparing the inte-
grated diffraction intensities of the (113), peak (20 =43.4°)
and the (400), peak (20=45.7°) [22, 23], determined by the
X'Pert High-Score Plus software (PANalytical).

Progressive load scratch tests were also carried out on the
anodic oxide layers, using a Revetest device (CSM Instru-
ments) equipped with a Rockwell diamond indenter (spheri-
cal tip radius: 200 pm). Normal load increased from 1 to
100 N, with a linear speed rate of 10 mm min~' and a scratch
length of 10 mm.

Micro-hardness tests were carried out on polished cross-
sections of the anodised samples using a Knoop micro-hard-
ness tester with a load of 100 g (HK, ).
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2.4 Drysliding tests

Dry sliding tests were carried out by a flat-on-cylinder
tribometer (block-on-ring contact geometry, ASTM
G-77 [24]). In this configuration, stationary slid-
ers (i.e., 5x5x 70 mm? bars) slid against a rotating
100Cr6 (AISI 52100) bearing steel cylinder (diameter:
40 mm), heat treated to 62 HRC, and surface finished to
Ra=0.09+0.03 pm.

All the investigated samples are summarised in Table 4.
With the aim to assess the effect of the anodising treatment
on the wear resistance of the alloys, tests were also carried
out on bare sliders (identified by P, M and C).

Each test was carried out at ambient conditions of
humidity and temperature (relative humidity ranging from
50 to 60%) at fixed sliding speed (0.3 m s™') up to a slid-
ing distance of 1000 m and with normal loads of 20, 40,
and 60 N. At least two repetitions were carried out for
each testing condition. The selected normal loads led to
the Hertzian maximum contact pressures in Table 5, esti-
mated according to [25]. Hertzian contact pressure was
calculated considering elastic modulus and Poisson’s ratio
for the prevalent phases in anodic oxides, as determined
by XRD. Friction force values were continuously recorded
during each test as a function of sliding distance, using a
bending load cell. Coefficient of Friction (COF) values
were then averaged over the steady-state regime for each
test, set at 200—-1000 m range for each test repetition not
inducing full coating failure. The maximum wear depth on
the sliders and on the cylinder was determined at the end
of each test by means of a stylus profilometer (Hommel-
werke T2000, tip radius: 5 pm), measuring at least three
profiles on each wear scar (one in the centre and two at
the sides). The worn surfaces were characterised by SEM

Table 4 Summary of anodised A357 samples for dry sliding tests

Samples Substrate
Manufacturing Heat treatment Polishing

before ano-
dizing

P LPBF - -

P-ECO LPBF - -

P-ECO pre-polished LPBF - Yes

P-PEO LPBF - -

M LPBF - -

M-ECO LPBF - -

M-ECO pre-polished LPBF - Yes

M-PEO LPBF - -

C Sand cast HIP+T6 -

C-ECO Sand cast HIP+T6 Yes
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Table 5 Maximum and mean
Hertzian contact pressures on

Contact pressures, MPa

the anodised A357 alloy as a 20N 40N 60 N

function of normal load (dry P E—

sliding against AISI 52100 Proax Prean Py Prean Prax Pean

bearing steel) P-ECO 89 70 125 98 154 121
P-PEO 88 69 124 98 152 120
M-ECO 92 72 130 102 159 125
M-PEO 88 69 124 98 152 120
C-ECO 91 71 128 101 157 123

(Zeiss EVO 50) equipped with EDS (Oxford Instruments
x-act) to identify the dominant wear mechanisms.

3 Results and discussion
3.1 Microstructure of A357 substrate

The microstructure of the A357 substrates is reported in
Fig. 1, in which the 3D representations of the microstruc-
ture of P (Fig. 1a), M (Fig. 1b), and C (Fig. 1c) are com-
pared. This representation shows the microstructure along
three main planes: i) XY, perpendicular to the build direc-
tion (BD) Z; (ii) XZ, parallel to BD (i.e., the longitudinal
axis of the sliders) and corresponding to the surfaces used
for the sliding tests (Fig. 1d); (iii) YZ.

The C alloy (Fig. 1c) was characterised by the typi-
cal solidification microstructure of Al-Si cast alloy, con-
sisting of primary a-Al dendrites (SDAS equal to about
51.8 £2.7 um) surrounded by modified eutectic Si (aver-
age size of Si particles of about 5-10 um). C microstruc-
ture can be considered homogeneous along all the inves-
tigated sections. The LPBF alloy, on the other hand, was
characterised by a microstructure strongly dependent on

Fig.1 3D reconstructions of
the microstructure of the A357
samples: (a) as-built P (maxi-
mum productivity); (b) as-built
M (improved microstructure);
(¢) C (sand-cast+ HIP + T6).
The surface used for tribologi-
cal tests corresponds to the XZ
plane (highlighted in blue in the
scheme (d))

process parameters (as demonstrated also by [26]), and
on the investigated section. At the same magnification,
considering the XY sections, P and M samples (Fig. 1a,
b) showed the typical microstructure induced by the LPBF
process, with overlapping ellipsoidal solidified melt pools
reproducing the adopted scanning strategy. The same melt
pools along the XZ sections were instead characterised by
the typical semi-circular shape. The comparison of LPBF
substrates showed a more porous microstructure for the
alloy printed with conditions for maximum productivity P
(Fig. 1a) than for microstructurally improved M samples
(Fig. 1b), as also confirmed by the measured relative den-
sity (99% for M, 97.7% for P).

Furthermore, sub-surface defects, such as lacks of fusion,
were detected in P samples (Fig. 2), presumably as a result of
the large hatch spacing and high scanning velocity adopted.
Such a detrimental feature was not observed for M samples
due to the optimised building conditions.

FEG-SEM high-magnification micrographs of LPBF
samples taken along the longitudinal XZ section (Fig. 3a—d)
showed the typical cellular structure formed inside the melt
pool. Such microstructure is characterised by sub-micro-
metric a-Al cells, surrounded by an interconnected network
of eutectic Si (average size about 0.1-0.2 pm). Conversely,

z: build direction (BD) // sliding direction
xz plane: surface for tribological tests

(d)
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Fig.2 SEM images of P sam-
ples (polished cross-sections
along XY plane), showing
sub-surface defects due to lack
of fusion at the contour layer
edge: (a) general view and (b)
high-magnification detail with
spherical unmelted powders
inside a cavity

Fig.3 Low- and high-magnifi-
cation FEG-SEM micrographs
of the A357 substrates along
XZ plane: (a, b) as-built P
(maximum productivity);

(¢, d) as-built M (improved
microstructure); (e, f) C (sand-
cast+HIP+T6)
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the C alloy showed a coarser microstructure, with large Si
particles and Fe-rich intermetallic compounds (Fig. 3e, f).
Therefore, in the LPBF microstructure, Si is more finely and
uniformly distributed in the matrix than the cast alloy. In
addition, Fe-rich intermetallic compounds were not detected
by FEG-SEM analyses neither in M nor in P samples. The
extremely fine microstructure of LPBF A357 was due to
the high cooling rate occurring during the process, that led
to the formation of a supersaturated and metastable solid
solution, characterised by a peculiar microstructural fineness
[27-30]. In general, the melt pool core showed a finer cel-
lular structure than the surrounding area (melt pool borders
and heat-affected zone, HAZ) [31]. M samples (Fig. 3c, d)
showed a coarser cellular structure than P (Fig. 3a, b). This
was likely due to the slower scanning speed (about 1/3 of
that used for the P series) and reduced hatch spacing used
leading to a higher value of the laser energy density for M
(218.75 J/mm?) than for P (52.08 J/mm?®). Therefore, the
LPBF induced different thermal gradients between P and
M series, and in M samples, larger areas of material were
involved in the melting and re-heating processes, thus
explaining the coarser and more interrupted microstructure.

3.2 PEO and ECO layers
3.2.1 Surface roughness and morphology

The assessment of the surface quality of ECO and PEO
layers was performed by comparing the linear and surface
roughness values, reported in Table 6.

Roughness values were well correlated to the quality of
the surfaces before treatment. The highest R, and R values
were, in fact, measured for P and M samples without pre-pol-
ishing, that were characterised by the poorest surface qual-
ity (R,=9+16 pm and R, =13 +23 um before treatment),
typical of LPBF as-built surfaces [32]. However, it can be
noticed that when applied to relatively smooth substrates
as the C samples (R,=0.4+0.1 pm and R;=0.6+0.1 pm
before treatment), ECO induced a roughness increase of

about three-to-four times (quantified as Rq ratio=3.8, i.e.,
R, measured after anodising divided by R, before anodis-
ing). On the other hand, when starting from the M and P as-
built surfaces, characterised by a high surface roughness, the
increase was negligible (R, ratio=1+1.1). A similar trend
was also observed for the PEO treatment, indicating that the
localised discharge events occurring in both high-voltage
anodising treatments produced surface morphologies with
typical crater- and pancake-like features (shown in Fig. 4 and
discussed in the following text). Therefore, both ECO and
PEO treatment did not worsen the as-built surface quality.
Moreover, the PEO treatment, which induces more intense
micro-arc discharges [13], always led to slightly higher R
and R, values than the ECO treatment.

More detailed topographic analyses were carried out on
ECO layers by comparing the surface parameters listed in
Table 6. Results confirmed that the lowest S, and S, values
were obtained on layers grown on the smoothest substrates
(i.e., pre-polished LPBF and C substrates). In addition, lin-
ear (R, and Ry and surface (S, and A roughness parameters
showed comparable values. The small differences observed
using these two methods can be explained by the stochastic
distribution of heights and the relatively small surface area
that can be analysed by eucentric tilting (about 0.06 mm?).
By focusing on the peak and valley distribution (assessed by
the skewness S, ) and on the sharpness of the roughness pro-
file (assessed by the kurtosis S, value), it can be also noticed
that C-ECO layers showed the most homogeneous surface as
proved by Sy ~0 (nearly Gaussian distribution of heights),
and S, ,~3 (local maxima and minima were neither particu-
larly wide nor too narrow [33]). Conversely, the ECO layers
grown on unpolished LPBF substrates showed a less homo-
geneous surface, namely: (i) P series: Sy <0 (valleys prevail-
ing over peaks) and Sy, >3 (narrow peaks and valleys); (ii)
M series: S, > 0 (peaks prevailing over valleys) and again
Siu > 3. Pre-polishing of LPBF-fabricated substrates led to
ECO layers with decreased S, thus a prevalence of local
minima (i.e., valleys), and increased S, ,, indicating that val-
leys became narrower.

a

Table 6 Linear (R, and R;) and surface roughness parameters [S,, Sg, skewness (Sy) and Kurtosis (Sy,)] measured after anodising treatment,
together with average thickness values and critical loads for adhesive failure (L3, scratch testing) of anodic oxides

Surface roughness Thickness (um) L. (N)

Ra (“m) Rq (“m) Sa (“m) Sq (“m) Ssk Sku
P-ECO 9.7+1.0 124+1.3 9.6+0.6 13.3+0.1 —-1.0+0.7 43+1.3 49.3+7.2 38.8+5.8
P-ECO pre-polished 2.7+0.2 34+0.2 1.9+0.2 3.1+0.2 —12+1.8 11.4+48 422+45 64.3+3.3
P-PEO 99+1.5 13.2+2.1 - - 28.4+8.9 259+1.5
M-ECO 182+9.0 245+11.6 104+1.63 134+14 0.7+0.5 3.2+0.1 54.8+18.9 40.0+4.6
M-ECO pre-polished 29+0.2 3.8+0.2 32+0.1 5.0+0.6 0.1+0.9 6.0+0.2 48.1+7.8 43.3+6.3
M-PEO 18.8+7.8 25.7+10.6 - - - 27.1+5.8 28.1+0.4
C-ECO 1.8+0.5 24+0.7 1.5+0.1 2.0+0.1 0.03+0.1 32+04  68.0+5.2 67.2+8.2
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Fig.4 Secondary electron (SE)
images of the free surface mor-
phology (general view on the
left, higher magnification details
on the right) of ECO and PEO-
treated A357 (LPBF samples M 8
and P compared with the sand- M
cast+HIP +T6 alloy, C)
=¥
Q
|52}
[o»
[}
Q
m
=
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Representative images and corresponding surface topog-
raphies are reported in Figure 1S (reported in section “Sup-
plementary material””), which shows a morphological com-
parison of ECO-treated surfaces for all the substrates (P,
M and C) both in the pre-polished (before anodising) and
as-built conditions.
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Free surface observation (Fig. 4) showed that all the
anodic oxide layers were characterised by the typical vol-
cano-like features (due to ejection of molten material from
the micro-arc discharge channels), with craters and pores
size depending upon both the type of process and the initial
roughness of the substrate.
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As regards the influence of the type of surface treatment,
the higher discharge intensity of PEO produced a lower
number of larger crater-like features and pores correspond-
ing to channel entrance than ECO, hence leading to higher
surface roughness (Table 6). Regarding the influence of the
original substrate roughness on ECO surface morphologies,
the comparison of P, M and C showed that the smoother C
substrate resulted in an oxide layer with a finer, less porous
and denser surface morphology. This led to a smoother and
more homogeneous surface quality, as previously discussed.
Similar considerations can be drawn also comparing the
ECO-treated LPBF samples with pre-polishing before ano-
dising (Fig. 15).

3.2.2 Microstructure and phase composition

Polished cross-sections of anodic oxides are compared in
Figs. 5 and 6: all the ECO coatings showed a higher thick-
ness (i.e., Table 6) and denser morphology than those
produced by PEO, as previously observed on the wrought
AAG6082 alloy [13]. This was due to the lower discharge
intensity in ECO, which did not lead to extensive ejection
of molten material as well as gas evolution from micro-arc
discharge channels, typically occurring during PEO [34].
Even though ECO layers were denser than PEO ones, they
were characterised by a fine network of channels, with small
pores, voids, and cracks, which increased with increasing
roughness of the LPBF substrate. A similar correlation
between substrate surface roughness and anodic oxide com-
pactness (i.e., the smoother and denser the substrate surface,

the better the coating quality) was observed also by other
authors dealing with high-voltage oxidation of non-ferrous
alloys, either produced by additive manufacturing (LPBF)
[14] or by conventional methods [35]. According to their
findings, the detrimental influence of substrate roughness
on anodic oxide compactness was attributed to the higher
spherical radius of the gas bubbles generated during the ano-
dising process, whose breakdown generated the observed
cavities. Microstructural defects and local decreases in the
oxides thickness can also be related to the presence of Si-
rich region, as also reported for A356 [5] or A359 [36].
This was particularly evident by comparing the ECO layers.
In fact, in the case of C-ECO (Fig. 6, bottom row), a slight
decrease of oxide thickness was observed over the eutec-
tic Si regions, whilst in P-ECO and M-ECO, only a slight
waviness of the substrate—coating interface was observed
(Figs. 5 and 6, top rows). In case of LPBF samples, the size
of Si-rich constituents was much smaller and more finely
distributed than for the C alloy; therefore, this waviness was
probably related to the evolution of the anodising process on
the rough surface of additively manufactured substrates. This
assumption was also supported by the slight waviness reduc-
tion observed in P samples after the pre-polishing procedure
(Fig. 5), indicating that the shape of the substrate—coating
interface was influenced by the topography of the substrate.
This effect was less noticeable in M samples, which were
rougher than P ones in the as-built conditions and hence
benefitted less from pre-polishing, since pre-polishing was
carried out using the same procedure for both the LPBF
samples.

Fig.5 FEG-SEM cross-section

ECO

images (backscattered electrons)
of anodic oxides on LPBF A357
comparing PEO and ECO layers
and showing the influence of
pre-polishing on the morphol-
ogy of ECO layers

(without pre-polishing)

(with pre-polishing)
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Fig.6 EDS X-ray maps of
polished cross-sections of LPBF
(M, P) and cast (C) A357,
anodised by ECO and PEO
processes 8
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The ECO layer grown on the smooth C alloy showed a
high density and the highest thickness. The lower thickness
of P-ECO and M-ECO was probably related to the reduced
anodising efficiency in additively manufactured AlSi alloy,
attributed by Revilla et al. [7] to the more extensive involve-
ment of the finer Si microconstituents in the oxidation pro-
cess due to their more favourable surface-to-volume ratio.

Elements distribution along the cross-sections is shown
by EDS X-ray maps in Fig. 6. Al and O elements were
homogeneously distributed throughout the layers formed on
all substrates, suggesting the formation of Al,O5 as the main
phase in all the layers. The distribution of Al and O also
further highlighted the higher compactness of ECO layers by
comparison to PEO ones. By observing the substrates below
the oxide layers, it is possible to confirm that the LPBF pro-
cess produced a more homogeneous and finer distribution
of Si and Mg by comparison to cast A357. This led to the
previously mentioned more extensive involvement of Si in
the oxidation process occurring during the ECO treatment of
LPBF samples by comparison to cast ones, as demonstrated
by the detection of Si in P- and M-ECO and its absence from
the C-ECO.

@ Springer

Further details highlighted by EDS X-ray maps are
reported in Fig. 7, which shows that ECO was able to com-
pensate both surface and surface-connected defects (i.e.,
spatters and lack of fusion at the contour layer edge, such as
those depicted in Fig. 2a, b). As these detrimental features
are not sealable by HIP [37], this outcome is very interest-
ing. In fact, the electrolyte was able to enter surface-con-
nected cavities and the anodic oxide sealed them by growing
towards the center of the cavity, as shown by the EDS X-ray
maps in Fig. 7a and the corresponding scheme in Fig. 8a. A
similar phenomenon was also reported by Revilla et al. for
HA of different LPBF-fabricated hypoeutectic AlSi alloys
[8], as well as by Sabatini et al. [36] for PEO of cast A359
with shrinkage cavities.

Moreover, ECO process also led to an “incorporation”
of typical LPBF surface defects such as balling and spat-
ters (Figs. 7b and 8b) in the growing oxide. This phenom-
enon can be responsible for the low increase in roughness of
LPBF samples before and after the anodising process which
was discussed when commenting data in Table 6. In fact, a
sort of levelling effect occurred when the coating thickness
exceeded the size of defects.
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Fig.7 EDS X-ray maps showing how the anodic oxide produced by completely filled up by the growing oxide, whilst the bigger one (top
ECO grew on typical defects of LPBF-produced A357: (a) partial centre) was still partly open; (b) oxide growth around a protruding
sealing of sub-surface cavities: the smaller cavity (bottom right) was spatter
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connected
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Fig.8 Defect compensation mechanisms induced by the growth of anodic oxide on LPBF-fabricated A357: (a) sealing of surface-connected
cavities and (b) partial levelling of spatters
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Fig.9 Indexed 6-20 X-ray dif-
fraction patterns, representative
of the through thickness phase

constitution of anodic layers on

A357
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Table7 Ratio between Todly might be due to the more intense (i.e., less “soft”) discharge
integrated diffraction intensities regime. Similarly, when comparing the ECO layers on P and
?géiezg-g glfs)/ﬁ:gli (o) P-ECO 0.00 M substrates, the higher amount of a-Al,O5 in M might be
and the (400) peak (20=45.7°) P-PEO 0.17 related to the improved microstructure and the absence of
of y-AL,0; (y) for the anodic M-ECO 0.33 sub-surface defects, which may have facilitated the attain-
oxides on A357 [22, 23] M-PEO 017 ment of a “softer” arc regime.
C-ECO 0.18

XRD patterns, representative of the whole layer thick-
ness (as indicated by the detection of substrate peaks), are
reported in Fig. 9.

For all ECO and PEO layers, the main crystalline phase
was v-Al,O;, and also, traces of 5-Al,O; have been detected
in all samples, mostly in P-ECO and M-ECO, indicat-
ing a partial conversion of y to a, in agreement with the
y— 98— 60— o sequence [38, 39]. Other detected phases,
according to the different oxide layers, were a-Al,O5 and
mullite (3A1,052Si0,). a-Al,O; was found in both P-PEO
and M-PEOQ, that showed also a comparable ratio between
a- and y-Al,O; ({o/Iy=0.17 for both P and M samples,
Table 7). A significant amount of a-Al,O; was detected
also in M-ECO samples (Io/Iy=0.33, Table 7), whilst
in P-ECO, a-Al,O; was not detectable. The detection of
a-Al,O5 in layers obtained by high-voltage anodising has
been recently correlated to the predominance of a “soft
regime” (as opposed to a more intense and detrimental “arcs
regime”), where a significant part of heat remains confined
within the coating rather than in the electrolyte, promot-
ing the gradual transformation of metastable phases into the
thermodynamically stable a-Al,O5 [40]. Also, other authors
associated the intensification of y-to-a transition to the soft
sparking mode, even though they claimed that it cannot be
explained only by thermal activation [41]. Hence, the lower
amount of a-Al,O; observed in PEO than in ECO layers
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Mullite (3A1,052510,) was detected in ECO and PEO
layers grown on LPBF substrates. No trace of mullite was
found in C-ECO. Mullite is a stable phase, acting as a ther-
mal barrier, whose formation has been observed several
times after PEO in silicate electrolyte, both on wrought
AA6082 [42, 43] and on cast alloys as AlSil2 [15] and
A356 [5] due to the high temperature (> 1400 °C) locally
achieved during coating growth. The formation of other
Al-Si—O compounds, like kyanite (Al,Si0O5), was found in
the PEO layer grown on Al-Si alloys both LPBF [14] and
cast [15]. In the present study, the formation of mullite is
most likely related to the fine and homogeneous distribution
of the eutectic Si in LPBF substrates, that, as previously
discussed, was involved in the oxidation process. In fact,
all the works dealing with anodising of LPBF Al-Si alloys
[7, 8, 14, 15] reported that the finer and more homogeneous
microstructure of additively manufactured alloys promoted
simultaneous oxidation of Al and Si and led to more exten-
sive involvement of Si in the process by comparison to the
corresponding cast alloys.

Finally, a broad peak at low 20-angle, related to amor-
phous constituents, was detected in all ECO layers, whilst it
was observed to a lesser extent in PEO. This was probably
due to the less-intense discharge regime in ECO, limiting the
amorphous-to-crystalline transformations which occurred
during coating growth.
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Fig. 10 (a) Comparison of 1400 -
surface micro-hardness of ECO

and PEO layers on LPBF A357.

(b) Cross-sectional Knoop 1000 -
indentation profiles of ECO
coatings on A357
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3.2.3 Micro-hardness and scratch resistance

Results of micro-hardness measurements (HK,, ;) performed
on the oxide layers are reported in Fig. 10.

Due to the relatively low compactness of PEO layers
(Fig. 5), the comparison between ECO and PEO layers
grown on LPBF substrates was carried out by measuring
the HK|) | hardness in the denser inner layer for each type
of coating (Fig. 10a). On the M substrates, PEO displayed a
lower micro-hardness than ECO, whilst this difference was
not observed for P substrates, where both PEO and ECO
layers showed comparable values. Nonetheless, the micro-
hardness of P-PEO displayed a higher standard deviation
than P-ECO, due to the lower compactness of PEO.

As ECO layers were generally dense and compact, the
oxides grown on the different substrates are compared by
showing the micro-hardness profiles performed on the pol-
ished cross-section (Fig. 10b). No differences were observed
between micro-hardness profiles of ECO layers grown on
pre-polished and unpolished substrates and, therefore, only
data for unpolished substrates were reported for clarity. By
moving from the substrate to the oxide layer, micro-hardness
increased with increasing distance from the substrate—coat-
ing interface and displayed the highest values at about 1/5
of the coating thickness, in the denser inner layer. Then, it
decreased due to the increasing defect density in the outer
layer.

C-ECO was characterised by the highest micro-hardness,
due to the lower defect density of the coating grown on the
smooth C substrate. P-ECO displayed intermediate micro-
hardness values, whilst M-ECO showed the lowest values,
as also observed by results in Fig. 10b. These outcomes cor-
relate better with defect density observed in cross-section
(Fig. 5) than with Io/Iy determined by XRD, indicating that
hardness was more beneficially affected by the compactness
of the layers than by the amount of hard a-Al,O;.

It should be noticed that all the anodic layers led to an
increase in the hardness by comparison to the substrate.

Scratch tests were carried out using critical load for total
coating breakthrough (L_;) as the main parameter for the

Distance from the interface, pm

(b)

comparison of anodic layers scratch resistance (Table 6).
In this work, complete adhesive failure was never observed
and the substrate was revealed solely by perforation of the
coating after repeated cohesive failure by chipping and/or
compressive spallation, as already reported also by Wheeler
et al. [44] for PEO layers grown on wrought AA5052 from a
silicate-based electrolyte. Therefore, L5 can be considered
here as a measure of coating cohesive strength rather than a
measure of practical adhesion.

The ECO layers grown on unpolished LPBF samples
showed comparable L ; values (about 40 N), lower than
those obtained on the C alloy, due to their lower thickness,
hardness, compactness, and higher surface roughness.

Pre-polishing before ECO beneficially affected the anodic
layers on P, but it did not significantly affect the scratch
behaviour of the layers on M. In fact, ECO layers on P
reached L ; values comparable to those obtained on the C
alloy. As already mentioned, when discussing the polished
cross-sections in Fig. 5, M samples were rougher than P ones
in the as-built conditions (Table 6) and hence benefited less
from pre-polishing, achieving a less compact morphology
which detrimentally affected also scratch resistance.

All the ECO layers showed higher L ; than PEO, due to
both their lower defect density and higher thickness (which
is known to significantly affect scratch performance of PEO
layers [39, 44]).

3.3 Drysliding tests

Tribological behaviour was analysed on the basis of the
steady-state values of the coefficient of friction (COF) in
Fig. 11, the maximum wear depths (WDs) measured on
sliders at the end of tests in Fig. 12, and the morphology
of worn surfaces observed by SEM in Fig. 13. Results are
firstly discussed by comparing the effect of PEO and ECO
treatment applied on the LPBF substrates, and then by focus-
ing on the influence of the substrate on the behaviour of the
ECO layers.
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Fig. 11 Dry sliding tests, aver-
age steady-state coefficient of
friction (COF) vs normal load:
(a) comparison of PEO and
ECO on LPBF-A357 at 20 N;
(b) influence of the ECO treat-
ment (without pre-polishing)
on LPBF and cast A357; (¢)
influence of pre-polishing on
ECO-treated LPBF-A357
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Fig. 12 Dry sliding tests:
maximum wear depth (WD) vs
normal load: (a) comparison of
PEO and ECO on LPBF-A357;
(b) influence of the ECO treat-
ment (without pre-polishing)
on LPBF and cast A357; (¢)
influence of pre-polishing on
ECO-treated LPBF-A357
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Fig. 13 Dry sliding tests: back-
scattered electron images of
wear scars on anodised A357.
White arrows indicated transfer
layer delamination areas
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3.3.1 PEO and ECO layers on LPBF substrates

Figure 11 compares the frictional and wear behaviour of
ECO and PEO layers on LPBF substrates. For the steady-
state COF (Fig. 11a), solely data measured at 20 N were
reported, because at higher loads, PEO layers were com-
pletely worn out before the end of the test (at 40 N for
P-PEO and 60 N for M-PEO), as also demonstrated by the

@ Springer

increasing WDs in Fig. 12a. PEO layers generally showed
slightly higher COF values than ECO, probably due to exten-
sive micro-fragmentation (promoted by the higher defect
density of PEO, as shown by cross-sections in Fig. 5), lead-
ing to the formation of hard particles at the contact interface
and to the subsequent increase of the abrasive component
of friction. PEO layers failed during the test, leading to
involvement of the bare substrate in the contact and to the



Progress in Additive Manufacturing

consequent remarkable increase of WD (Fig. 12a). Exten-
sive ploughing of the substrate occurred after the PEO layer
was completely worn out, due to the hard abrasive particles
from the layer itself, as shown by SEM images in Fig. 13h
(P-PEO) and 13 s (M-PEO), taken after tests which induced
complete coating failure. Conversely, ECO layers never
underwent complete failure and they succeeded in increas-
ing the wear resistance by comparison to the untreated alloy
(Fig. 12b). On the other hand, when the PEO layer was
completely worn out, the measured WDs were comparable
and even higher than the untreated alloy tested in the same
condition. It is worth noting that the slightly thicker and
“softer” PEO layer on M failed at a higher normal load than
the harder (and hence probably more brittle, or less strain-
tolerant) PEO layer on P.

3.3.2 ECO layers on LPBF substrates

By focusing on the frictional behaviour of ECO layers
(Fig. 11b), it can be noticed that normal load did not sig-
nificantly affect COF in the investigated load range. With
the sole exception of P-ECO at 40 N, ECO samples, as well
as PEO ones, showed higher COFs than the untreated P,
M, and C samples. This is due to the typical increase in the
abrasive component of friction induced by the hard and
rough anodised surface [13]. This effect was particularly
pronounced in the case of C-ECO, which showed the high-
est HK,, ; values (Fig. 10b). The lower COFs of P-ECO and
M-ECO alloys can be related to a lower abrasive compo-
nent due to their lower hardness. However, it can be also
related to the higher stability of an iron-oxide-based transfer
layer formed on worn surfaces due to mild tribo-oxidation
of the steel counterface, induced by the combined action
of contact stresses and frictional heating [36]. The pres-
ence of such layer was proved by SEM analyses of wear
scars (Figs. 13a—c and i—-m), where it appears as a light-
grey powdery layer covering the wear scars, as also further
demonstrated by localised EDS analyses reported in the sup-
plementary material (Fig. 2S). This transfer layer was more
stable on the surface of P-ECO and M-ECO, due to their

Fig. 14 Schematic showing

the influence of pre-polishing
before ECO (inducing a lower
anodic oxide roughness) on the
stability of the iron-oxide-based
tribolayer: (a) unpolished or (b)
pre-polished LPBF substrates

(a)

Iron-oxide based tribolayer

higher surface roughness, than on C-ECO (Table 6), promot-
ing the entrapment of wear debris [45]. The formation of
this transfer layer was generally ascribed to tribo-oxidation
of the steel counterpart.

The effect of pre-polishing of LPBF surfaces is shown in
Fig. 11c. Generally, pre-polishing led to higher COF values,
possibly as a consequence of the lower stability of the oxide-
based transfer layer. Even though the pre-polishing of the
LPBF substrate resulted in denser ECO layers, with higher
cohesive strength (as discussed in Sect. 3.2), the lower sur-
face roughness (Table 6) detrimentally affected the retention
of the iron-oxide-based transfer layer on the worn surface,
hence leading to higher COFs. In fact, on the smoother sur-
faces, the iron-oxide transfer layer probably achieved more
easily the critical thickness for delamination [46]. This
assumption was evidenced by worn surfaces where transfer
layer delamination was more frequently observed on pre-
polished samples (as indicated by arrows in Fig. 13d—f and
n—p). Further evidence on the delamination tendency of
the transfer layer was found by analysing worn surfaces of
C-ECO, characterised by the lowest surface roughness. A
schematic representation of the effect of surface roughness
on the stability of such protective oxide layer is depicted in
Fig. 14.

C-ECO showed the highest wear resistance, thanks to the
higher thickness, compactness, and hardness, even though
the lower surface roughness detrimentally affected the stabil-
ity of the above discussed Fe—O transfer layer.

The comparison of P-ECO and M-ECO (Fig. 12b) showed
that, even though the P substrate displayed significant sub-
surface defects at the contour layer edge (Fig. 2), the ability
of the ECO treatment to compensate them (Figs. 7 and 8)
allowed to obtain comparable WDs for anodic layer grown
on both substrates, which also displayed comparable cohe-
sive strength (L in Table 6) and thickness. As regards the
influence of pre-polishing (Fig. 12¢), ECO layers grown on
unpolished LPBF substrates showed a slightly higher wear
resistance than those on pre-polished ones, probably because
of the higher stability of the protective Fe—O transfer layer
on their rougher surface, even though the layer grown on

Tribolayer detachment

et

(b)
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unpolished substrates was less dense and more defective
than those grown on pre-polished ones. Therefore, the sta-
bility of the Fe—O transfer layer seems to be the dominant
factor affecting the dry sliding wear behaviour of the ano-
dised A357 in the investigated conditions.

4 Conclusions

The dry sliding behaviour of LPBF as-built A357 aluminium
alloy, anodised both by Electrochemical Oxidation (ECO)
and by Plasma Electrolytic Oxidation (PEO), was investi-
gated and related to microstructural and micro-mechani-
cal features. As regards ECO, the influence of two sets of
LPBF-process parameters (i.e., maximised productivity, P,
or improved microstructure, M) was investigated, as well as
the influence of polishing the as-built LPBF substrate before
anodising. The ECO-treated A357 sand-cast alloy (subjected
to hot-isostatic pressing and T6 heat treatment, C) was used
as benchmark. The following conclusions can be drawn from
this work:

e LPBF samples showed a hierarchical microstructure with
micrometric melt pools and a very fine cellular solidifica-
tion sub-structure, consisting of sub-micrometric primary
Al cells surrounded by a network of very fine eutectic Si.
M samples showed a more homogeneous and less porous
microstructure than P ones, with no porosity underneath
the edge of the layer.

e The ECO treatment allowed to produce quite homogene-
ous anodic oxides both on C and on LPBF A357. ECO
coating compensated superficial and surface-connected
defects of LPBF samples, inducing a lower roughness
increase than C alloy.

e ECO layers on the C alloy showed the highest dry sliding
wear resistance, since they were characterised by higher
thickness, cohesion, and micro-hardness, even though
they revealed the highest coefficient of friction (COF)
in all the tested conditions. In fact, the rougher surface
of ECO layers on LPBF substrates led to a higher stabil-
ity of the iron-oxide transfer layer (deriving from tribo-
oxidation of the steel counterface), beneficially affecting
friction behaviour.

e Pre-polishing of LPBF led to thinner but denser and
smoother ECO layers, with a high cohesive strength.
However, the decreased stability of the iron-oxide trans-
fer layer on the smoother surface of these ECO layers led
to an increase in the COF values and a slight decrease
in the wear resistance. Therefore, it is not advisable to
introduce the pre-polishing step in the ECO treatment
cycle of LPBF substrates, which may be directly treated
in the as-built condition.

e The ECO process produced a thicker, less-defective
anodic oxide than PEO, with a higher scratch resistance
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(related to cohesive strength), which allowed ECO lay-
ers to withstand the sliding tests in the whole load range
without being completely worn out. Conversely, PEO
layers on LPBF substrates underwent failure before test
completion.
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