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Abstract

Nowadays, naval propellers are made in Ni-Al or Mn-Al bronzes, which are affected by high cavitation erosion. In this
study, the possibility of adopting 6xxx alloy with different superficial treatments obtained through fluidised beds and laser
surface texturing was investigated. 6xxx alloy series is known for its versatility due to an excellent mix of mechanical and
physical properties, combined with ease of processing, welding, and good chemical resistance; however, its main drawback
is low resistance to cavitation erosion. In this study, a total of 4 different surface treatments were produced and characterized
such as fluidised bed coatings (A1203, S280) and laser textured samples (0-30% overlap). Moreover, the effect of a heat-
treatment was evaluated for each kind of specimen analysed. The study was divided into two steps: in the first phase, the
samples were morphologically and mechanically characterised through roughness measurements, micro-hardness, scratch,
wear, and wettability tests. Successively, a modified ASTM-G32-10 standard was adopted to assess the cavitation erosion
resistance; in particular, for each sample, mass and volume loss were analysed and compared to the as-built sample. Results
showed a drastic reduction of the wear evaluated through pin-on-disk tests with the application of the high hardness coat-
ings (A1203, S280) while a reduction of the cavitation erosion volume of about 20% lower was obtained through the best
laser texturing treatment.
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1 Introduction

The 6000 series aluminium alloys are widely used in many
industrial fields, such as the railway sector, production of fix-
tures, and marine industries due to excellent properties such
as lightweight, good mechanical properties, easy weldability,
and relatively good corrosion resistance [1-3].

< Emanuele Mingione
emanuele.mingione @unicusano.it

Department of Enterprise Engineering, University of Rome
Tor Vergata, Via del Politecnico 1, 00133 Rome, Italy

CIRTIBS Research Centre, University of Campania Luigi
Vanvitelli, via Roma 29, 81031 Aversa (CE), Italy

Department of Engineering, University of Campania Luigi
Vanvitelli, via Roma 29, 81031 Aversa (CE), Italy

Department of Engineering, University Niccolo Cusano, Via
Don Carlo Gnocchi 3, 00166, Rome (RM), Italy

Department of Economics, Engineering, Society,
and Business Organization, Universita degli Studi della
Tuscia, Via del Paradiso, 47, 01100 Viterbo, Italy

In particular, AA 6082 is one of the alloys used for
extruded parts in shipbuilding, like square and round bars/
pipes, profiles of different shapes, and elements of the
engine, such as propellers [4, 5]. Some of those parts are
exposed to cavitation erosion caused by the impact of the sea
waves and areas of depression that occur due to moving parts
[6]. Cavitation erosion involves different kinds of interaction
between physical processes such as metallurgical, chemical,
mechanical, and hydrostatic ones. This phenomenon leads to
surface deterioration and material loss due to the growth and
collapse of bubbles, which are due to the local pressure fluc-
tuations inside the flowing liquid around the surface of the
parts. In detail, when there is a localized drop in pressure,
the liquid reaches the vapour pressure and undergoes a phase
change, forming bubbles (cavities) containing vapour. The
cavitation bubble only lasts until it leaves the low-pressure
zone; as soon as it returns to the zone of the still fluid, the
bubble immediately implodes, forming a shock wave that
impacts and erodes the surface of the part in contact.

To prevent or reduce erosion due to cavitation of the
alloys, different methodologies have been studied and
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proposed, such as surface engineering methods, like the
addition of the alloy of hydrophobic coatings [7, 8], or sur-
face modification technologies.

The former is considered one of the possible solutions
to the problem due to its excellent resistance to corrosion
and self-cleaning properties. According to the literature, the
improvement in corrosion resistance of hydrophobic coat-
ings is attributed to the formation of an air cushion on the
surface of a part, which can prevent or control corrosion
processes [9, 10]. Several techniques allow the production
of hydrophobic coatings, such as electrochemical deposi-
tion [11], chemical vapour deposition [12], sol-gel process-
ing [13, 14], emulsion [15], fluidised bed [16], and plasma
method [17]. However, in all cases, before the coating pro-
cess, the surface needs to be properly treated to allow an
adequate coating adhesion.

Surface modification technologies improve the wear
property of metallic materials through plastic deformation or
by changing the surface’s wettability due to morphological
changes. The first mechanism induces grain refinement and
compressive residual stress, which is opposite to the stress
derived from the bubble’s explosion that causes the removal
of material. Those technologies include shot peening [18,
19], laser shock peening [20, 21], cold rolling [22], and
equal-channel angular pressing [23, 24]. Due to both the
compressive residual stresses and refined grains generated
by the processes, the fatigue behaviour, corrosion resistance,
and wear characteristics of metallic materials are improved.

To obtain a surface modification on metals, one of the
most promising alternatives is given by laser surface treat-
ments, to achieve phase transformation [25, 26], melting and
alloying [27, 28], powder densification [29, 30], texturing
[31, 32], and cladding [33, 34]. Those methodologies are
simple methods in surface modification, which enhance sur-
face properties via homogenization and refinement of the
microstructure and have been widely studied to improve the
cavitation erosion resistance of different alloys [35, 36].

Man et al. [37] made a laser surface alloying of SiC/Si; N,
on AA6061 aluminium alloy by using a 2-kW CW Nd-YAG
laser. The cavitation erosion resistance was improved by
three times compared to the AA6061 alloy whereas there
was no significant improvement in the specimen alloyed
with 100% SiC (AA6061-SiC). Kwok et al. [38] performed a
surface modification of austenitic stainless steel S30400 and
super duplex stainless steel S32760 by laser surface melting
using a 2 kW continuous wave Nd-YAG laser. In a series
of 4-h cavitation tests, the cavitation erosion resistance of
laser-melted S31603 with 50% overlapping of melted tracks
was found to be improved by 22% at 23 °C compared with
the as-received specimens.

One of the less exploited alternatives to increase the
resistance to cavitation erosion consists of laser texturing.
There are different studies which showed the change in
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wettability of the surface due to different textures. Genna
et al. [31] used a ns-pulsed laser to ablate different pat-
terns on the surfaces of AISI 304 samples and evaluated
the effects of the process parameters on the wettability with
a multilevel factorial design. The results indicate a signifi-
cant change in the wettability due to the produced textures
on the sample surfaces, with contact angles in the range of
30-110°. Ponticelli et al. [39] made a laser surface textur-
ing with a nanosecond-pulsed laser on the surfaces of AISI
304 samples, changing the laser processing parameters, and
obtained significant changes of the contact angle in the range
24-121° due to the different textures.

In this paper, two different surface treatment technologies
to improve the mechanical and cavitation erosion resistance
of Al6082 alloy have been studied: laser surface texturing
and fluidised bed techniques. In particular, laser texturing
was performed with two different pulse overlaps (0-30%),
while two different coatings, alumina (Al,0;) and S280 steel,
were produced by fluidised bed technology. In addition, to
improve the diffusion of the material coatings into the sub-
strate and to remove the residual stresses, the coated samples
were subjected to a thermal treatment.

The samples were morphologically and mechanically
characterised through roughness measurements, micro-
hardness, scratch, and wettability tests. Wear tests were also
performed in order to assess the effectiveness of the real-
ised treatments on the wear behaviour; in particular, for each
sample, volume loss and surface maps were analysed and
compared. Successively, a modified ASTM-G32-10 standard
[40], widely discussed in the literature [41-45], was adopted
to test the cavitation erosion resistance; in particular, the
differences between the wear obtained with tests carried out
with a standard tribometer and the wear obtained by cavita-
tion erosion were underlined.

2 Materials and methods
2.1 Material

The studied material is 6082 aluminium alloy (AA6082).
In Table 1, the chemical and mechanical properties are
reported. In order to verify the effectiveness of the treat-
ments, the samples were made in accordance with the
ASTM-G32-10 standard [40]; an image of the samples is
shown in Fig. 1.

2.2 Equipment

The laser treatments were performed adopting a 30W Yb:
YAG fiber source (model YLP-RA30-1-50-20-20 supplied
by IPG), equipped with a galvanometric scanning head (sup-
plied by LASIT SpA) and a flat focus (LINOS F-Theta) with
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a focal length of 160 mm. In Fig. 2 and Table 2, the schematic
and the main characteristics of the laser system are shown.
It is worth noting that the source used operates in pulsed
wave mode; for this reason, by suitably adjusting the pulse
frequency and the scanning speed, it is possible to change the
spatial overlap of the pulses (defined as spot overlap).

The system is managed through a PC that allows control-
ling the laser power (P) (through the power supply current of
the pumping diodes), the pulse frequency (f), the repetition
number (R) (i.e. the number of times the operation is per-
formed), the scan speed (S) and the scan strategy. The latter
represents the set of lines along which the laser beam is

Table 1 Chemical composition
and mechanical properties of

Chemical composition of 6082 aluminium alloy (%)*

6082 aluminium alloy Si Fe Cu Mn Mg Zn Ti Others
0.70-1.30 0.50 0.10 0.40-1.00 0.60-1.20 0.20 0.10 0.15
Mechanical properties of 6082 aluminium alloy**
Thickness (mm) Rp 0.2 (MPa) R (MPa) HBV
From To
0.4 1.5 260 310 94
1.5 6.0 260 310 94
3.0 6.0 260 310 94
6.0 12.5 255 310 91

*Indicated in mass percentage

**Properties calculated at environmental condition

Fig.1 Samples made according
to ASTM-G32-10 standard [40]

Laser source

Mirrors

Flat lens /

Laser beam —_

Sample

Fig.2 Schematic of the laser system used

Galvanometers

Spot overlap

Laser beam direction

Hatch distance
(Hd)
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Table 2 Laser system characteristics

Property Symbol  Value UM
Wavelength A 1064 nm
Mode -- PW --
Max power P 30 W
Pulse repetition rate f 30-80 kHz
Pulse duration D 50 ns
Maximum pulse energy (at 30 kHz) Ep 1 mJ
Maximum peak power (at 30 kHz) Pp 20 kW
Quality of the laser beam TEM 00 --
m? 1.2-1.5 -
Beam diameter at the focus point d 80 pm
Work area (with 160 mm lens) A 100 x 100  mm?
Maximum scan speed v 5000 mm/s

moved to cover the entire area to be processed; the strategy,
therefore, here represents the distance between two succes-
sive scanning lines (Hatch distance, Hd).

The steel and alumina coatings were performed in
the fluidised bed device reported in Fig. 3. The system
includes an air supply system, a vertical fluidization col-
umn in polymethylmethacrylate (500 mm in height and

Fig.3 Schematic (a) and
experimental setup (b) of the
fluidised bed device

(a)
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90 mm in diameter), and an air pressurization chamber.
To obtain uniform fluidization of the abrasives in the bed,
a distributor with porous plates of 8 mm thickness in sin-
tered bronze was used.

During the experiments, only the minimum amount of
air needed to fluidise the abrasives was supplied and a
“minimum fluidization rate” was established. Abrasives
increase in volume and act as a liquid that surrounds
the entire surface of the workpiece. When the fluidised
bed is operated in a minimum fluidisation regime, the
abrasives move along arbitrary trajectories at a very low
speed (i.e. negligible relative to the rotational speed of
the workpiece) relative to the fluidisation column wall.
The samples were placed 50 mm from the porous plate
dispenser. To obtain a homogeneous coating, the samples
were rotated inside the fluidised bed, using the electric
engine and a locking device, which translates into better
uniformity and homogeneity of the coating. The applica-
tion of the coating takes place through the phenomenon
of the embedding, which consists of the fragmentation
of brittle powders on aluminium into splinters and sub-
sequent incorporation of the debris formed into the metal
surface. As a result, a thin, rapidly growing coating is
obtained.
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2.3 Experimental procedures

In order to study the effectiveness of the different treatments,
the following superficial treatments on the samples were car-
ried out:

e Surface texturing through laser technology;
e S280 coating using fluidised bed technique;
e Al,Oj; coating through fluidised bed technique;

In addition, the coated samples were treated in an oven
for 1 h at 600 °C and subsequently cooled in water. For
fluidised bed coatings, heat treatment was carried out to
improve the diffusion of the steel/alumina coating in the
aluminium bulk [16]. Samples without any type of treat-
ment were also tested as a reference. Considering also the
as-built samples thermally treated and untreated for com-
pleteness, a total of 8 different samples replicated 3 times
were investigated.

The texture on the samples was performed using the laser
system described above, adopting the parameters shown in

Table 3 Parameters used for laser texturing on aluminium samples

Sample Frequency, f Scanning speed, S Hatch
(kHz) (mm/s) distance, Hd
(mm)
Laser 0% 30 3223 0.105
Laser 30% 30 2100 0.07

Fig.4 Surface of the laser
textured samples 30% (a) and
0% (b)

Table 3; with a high scanning speed (S = 3223 mm/s) laser
dots without overlap were produced, while at a lower speed
(S = 2100 mm/s) an overlap of approximately 30% was
achieved.

In Fig. 4, the images of the surfaces of the samples treated
with the laser and their magnification (100 X) are shown; in
the figure, the footprints of each laser pulse are clearly vis-
ible. Figure 4a shows the sample with a 30% overlap of the
pulses in both directions (vertically and horizontally); while
in Fig. 4b, the sample with no pulse overlap (tangent foot-
prints) is reported. The nomenclature used for each analysed
sample is shown in Table 4.

The alumina coating was made using the fluidised bed
system described above. The treatment was carried out by
using alumina balls with a diameter of 1.2—1.4 mm (mesh
16 with a form factor of 0.67) from Smyris Abrasivi S.r.L.,
for a treatment time equal to 1 h, frequency of the inverter
of 16.5 Hz and air pressure of 4 bar.

To obtain the steel coating, steel spheres type S 280,
grade 100, with a diameter between 0.6 and 1.18 mm were
used. In Fig. 5, the surface images of the steel and alumina-
coated samples are shown, in both cases, the average thick-
ness is 10 pm.

Initially, hardness and scratch tests of all the samples
were performed by using the Micro-combi tester of the CSM
instrument. For the former, a Vickers tip was used for the
micro-indentations with a progressive load that reaches a
maximum load of 3N. The parameters were chosen accord-
ing to previous work [16] to observe the influence of the
coating on the overall hardness. For each sample typology,

100 pym

—
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Table 4 Nomenclature of the analysed samples

Sample typology Sample nomenclature
Untreated sample As-built

Thermically treated as-built sample As-built + HT
Alumina coating Al O,

Thermically treated alumina coating ALO; + HT

Steel coating S 280 steel
Thermically treated steel coating S 280 steel + HT
Laser treatment with 0% overlap Laser 0%

Laser treatment with 30% overlap Laser 30%

14 micro-indentations were made and the mean hardness
and standard deviation of each one were calculated. The
scratch tests were performed on the samples using a 200
pm Rockwell-C indenter, a 0.30 N progressive load, a track
length of 3 mm, and a speed of | mm/min. A total of 3 tests
were carried out for each sample analysed.

The morphologies of the samples and the rough-
ness parameters were measured with a 3D profilometer
Talysurf CLI 2000 by Taylor Hobson, equipped with an
inductive probe with a diamond tip (radius of 2 pm). For
each sample, 4mm X 4mm maps were acquired with a
resolution of 2 pm in-plane directions and a probe veloc-
ity of 2 mm/s. In addition, 20 profiles (20 mm length)
were acquired for each sample and the main parameters
of amplitude and shape roughness (Ra, Rz, RSm, Rsk,
Rku, and RAq) were evaluated in accordance with the
ISO 4287: 1997 standard.

The same equipment was adopted to study the scratch
tracks: 1.5 mm X 4 mm maps were acquired such as to cover
all the traces on the samples, with a resolution of 3 pm on
the x-axis, and 7 pm on the y-axis, with profiles spaced from
each other by 7 pm.

To evaluate the hydrophilicity or hydrophobicity of the
samples, wettability tests were carried out by calculating
the contact angle: a low contact angle (6 < 90°) describes a

(a)

Fig.5 Fluidised bed coated samples with steel (a) and alumina (b)
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hydrophilic behaviour, while a high contact angle (6 > 90°)
describes a hydrophobic surface. The tests were carried out
through the LAUDA LSA 60 machine, by using distilled
water released with 3 pml per drop. A total of 3 replicated
tests for each sample were performed.

The wear tests on the surface of the samples were car-
ried out using a standard tribometer from CSM Instruments.
The counterpart consists of a 6-mm diameter 100Cr6 sphere
which moves with a reciprocating motion, the length of the
track is equal to 5 mm, and the applied load is 2 N, with
a maximum speed of 2.5 cm/s. In total for each sample, 4
wear traces were made at different distances (10 m, 20 m,
60 m, 180 m).

After carrying out the wear tests, the volume of wear
removed for each sample was calculated, with the aid of
the profilometer described above. Further maps of the
wear traces were acquired by covering all the traces on
the samples, with a resolution of 3 pm on the x-axis, and
7 um on the y-axis, with profiles spaced 7 pm apart from
each other.

The cavitation tests have been carried out following a
modified ASTM-G32-10 standard [40] used in other works
[41-45], with a SONICS VibraCell-505 ultrasonic sonifier,
capable of providing frequencies of 20 kHz with adjust-
able amplitude. The experimental setup is shown in Fig. 6:
the samples were immersed in distilled water (300 ml) at
a temperature of 25 °C, with a fixed distance from the tip
of 5 mm. The amplitude set on the ultrasound processor
was 20%.

The total duration of the cavitation tests is 3 h and,
at intervals of 30 min, the sample was weighed using
a high precision analytical balance (PCE-ABZ 200C by
PCE Instruments, with a precision of 0.0001 g) to meas-
ure the weight change at regular time intervals. Finally,
after completing the cavitation erosion tests, to measure
the mass loss for each sample, 3D maps were acquired
by using the 3D digital microscopy system (KH-8700 by
Hirox).

(b)




The International Journal of Advanced Manufacturing Technology (2023) 129:5149-5165 5155

Fig.6 SONICS VibraCell-505
and detail of the experimental
setup of the cavitation tests

3 Experimental results and discussion

3.1 Morphological and mechanical characterisation
of the coatings

In the present section, the results relating to the morphologi-
cal and mechanical characterization tests, in terms of rough-
ness parameters, hardness, scratch resistance, and wettability
angle of all types of samples are reported.

The 3D morphological analysis is shown in Fig. 7 and
emphasizes the undulations and more generally gives a
global view of the tested samples. It can be seen how the
treated samples (laser and coated) show a rougher appear-
ance than the surface of the as-built sample. The treatment
that gives a more wrinkled morphology is the steel coating
made with the fluidised bed technology, due to the higher
impact energy of the S280 steel balls, which determines a
higher plastic deformation and, thus, a higher morphological
variation of the sample, as well as the dimension of the balls.
Although, compared to the steel balls, the alumina one show
higher dimension, the coating realised with alumina has a
lower mass and a higher hardness, characteristics that deter-
mine a very different mechanism of formation of the coating:
in particular, during impacts, there is a brittle breakage of
the alumina on the bulk which, following the plastic defor-
mation of the material, will be incorporated the fragments
onto the surface. Since the particles break up are smaller, a
more regular and smooth morphology will be obtained. It is
worth noting that the heat treatment (1 h at 600 °C) slightly
attenuates the surface roughness; this phenomenon can be
observed on both the steel and alumina coating. This can be
attributed mainly to two different effects based on the coat-
ing typology produced: in the case of the steel coating, since
the treatment temperature is close to the melting temperature
of the bulk material (aluminium), the sinking of the steel
coating on the substrate occurs; this is due to the higher mass
of the coating. Conversely, in the alumina coating, the mass

variation is lower, and the morphological differences can
be attributed to the diffusion phenomena. This behaviour is
confirmed by the results of the EDS analysis performed in
previous work [46], where Al,O; coatings characterised at
different treatment temperatures showed an increase in the
diffusion of alumina into the bulk as the treatment tempera-
ture increased.

Furthermore, it is worth considering that the deposition
in the fluidised bed determines a state of compressive stress
on the bulk material: the thermal treatment takes the stress
relieving; the latter will result in plastic deformation, which
influences the overall morphology. This aspect is relevant
in the case of the steel coating, which, has higher residual
stresses than alumina, and will undergo a greater morpho-
logical variation due to the relaxation of residual stresses
after the heat treatment.

These results obtained from the morphological analysis
are confirmed by the roughness parameters shown in Fig. 8.
The main amplitude parameters (Ra and Rz) are approxi-
mately quadrupled, comparing the steel deposition and the
0% laser treatment to the as-built sample, while the ampli-
tude parameters closest to the as-built ones are those relat-
ing to the alumina coating. Also, comparing the amplitude
parameters for both coated samples can be notable that the
steel coating has values that are more than twice as alumina
(i.e. Ra=~1.20 pm vs 0.5 pm; Rz = ~8 pm vs 4 pm). The
same considerations can be drawn in the case of Rsm. As
for laser treatments, the texture of the laser pulses modi-
fies the surface’s geometry and consequently the sample’s
morphological parameters. Regarding the shape parameters,
the greatest deviations occur for laser treatments, even if
the Rsk and Rku are comparable with the as-built sample.
This can be attributed to the surface modification given by
a series of repetitions of the laser footprints, which continue
to guarantee surface uniformity. The low skewness values
for the fluidised bed coatings can be explained since, during
the coating application with this technology, the peaks of
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Fig.7 3D surface morphology
of the analysed samples

Laser 0%

$ 280 steel

the bulk and coated material are constantly flattened [39],
while the laser technology tends to leave processing burrs.
In Fig. 9, the results of the hardness tests for all the sam-
ples are shown. The high hardness of the as-built sample
is attributable to the hardening deriving from the turning
process. The hardness of both the coated samples results
higher than the uncoated ones for different reasons. Firstly,
the applied materials (steel/alumina) are harder than the
bulk, influencing the measurements. Secondly, there is the
hardening of the bulk material, due to the plastic deforma-
tion that occurs during the fluidised bed machining. After
the heat treatment, due to the hardening stress relieving and
grain enlargement underlined with the SEM image shown in
Fig. 10 [16], the hardness values are approximately similar
for all the treated samples, with values slightly higher in the
case of coated samples. The hardness of the laser-treated
samples is of the same order of magnitude as the hardness of
the samples as-built, indicating that this treatment acts only
superficially without changing the internal microstructure
of the base material. As for the fluidised bed coatings (both
steel and alumina, thermally untreated), these give a greater
hardness than the as-built ones. In addition, comparing both
laser treatments, the laser with the 30% spot overlap shows a
lower value of hardness (i.e. a mean value of 124 HV for the

@ Springer

As-built + HT |
Laser
30% l

5 280 steel + HT

Al203 + HT I

Laser 30% vs 135 for the Laser 0%); this can be attributable
to the heat transferred during the superficial process, which
causes a major increase of the grain size, thus a reduction of
the overall hardness.

The results of the scratch tests are shown in Fig. 11: by
analysing the plots of the non-heat-treated samples, it can be
seen that they present a similar trend, but in the case of flu-
idised bed coatings, there are higher maximum penetration
depth values. This result is not in agreement with the results
obtained from the hardness tests, as the samples analysed
have higher hardness values. This discrepancy can be attrib-
utable to the coating delamination during the indentation
tests. Conversely, for the heat-treated coated samples, the
penetration depth is higher compared to the same untreated
samples in both cases, indicating a lower hardness, following
what was highlighted in the micro-hardness tests.

From these reasons, it would seem that the heat treatment
has resulted in a worsening of the adhesion of the film, but
it is notable that the elasticity (which is determined by the
distance between the penetration depth and residual depth
as mean values of Pd-Rd/Pd) of the heat-treated samples is
higher. This greater elasticity of the heat-treated samples
causes a minor material removal as the indenter passes, con-
firming that the treatment was able to promote the diffusion

1mm
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Fig. 9 Hardness of the types of samples analysed

phenomena and, therefore, greater adhesion of the coat-
ing. What is proposed is confirmed from the analysis of
the 3D maps, which allow underlining that the material

accumulation (pile-up) of the heat-treated samples is greater,
to highlight a lower removal of the coating.

From the Rd (residual depth) curves shown in Fig. 11 (dashed
lines), it can be seen that for all types of samples, there is a
final part of the trace in which there is a large pile-up; the lat-
ter is greater for the types of thermo-treated samples. This
behaviour can be ascribed to the greater ductility of the mate-
rial and has been verified by making maps of the scratch traces
that are shown in Fig. 12. It can be noted that all types of heat-
treated samples show a higher material accumulation due to the
decrease in hardness with a consequent increase in ductility.
Moreover, the steel-coated sample untreated is the one, which
shows the lowest material pile-up from the scratch test; this can
be attributable to the coating delamination.

As for laser treatments, the Pd (penetration depth) and
Rd curves are always greater for the 0% laser treatment than
for the 30% laser treatment. This behaviour can be attribut-
able to the different surface morphology: the diameter of the
indenter tip is of the same order of magnitude as the surface
laser footprints, thus increasing the depth of penetration and
elasticity. This behaviour can be explained as in the first
type of treatment there is a greater number of peaks and val-
leys that cause the indenter to spread the peaks of the laser
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Fig. 10 Grain enlargement obtained after the heat-treatment for the bulk sample
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Fig. 11 Scratch test results on the analysed samples

footprint inside the valleys, simultaneously increasing the
final pile-up that comes to form.

The measure of wettability of the samples’ surfaces was
evaluated by measuring the contact angle over time. A greater
contact angle indicates a lower wettability of the sample,

@ Springer

which is expected to affect both the number of bubbles that
impact on the surface, during cavitation. The results of the
tests are shown in Fig. 13 and underline how the 0% laser
sample is the one showing the lowest wettability, followed by
the as-built and 30% laser sample. These results between laser
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Fig. 12 3D maps of the traces
of the scratch tests on the vari-
ous samples analysed

As-built

Laser 0%

S 280 steel

treatments are consistent with previous work [39]; a surface
characterised by a low number and smooth peaks enhances the
wettability since the penetration front of the drop spreads all
over the substrate surface forming a liquid film. The increasing
wettability of all the heat-treated samples may be attributed to
the morphology variation and to the increase of oxides on the
surface caused by the HT. This is confirmed also by the as-
built heat-treated sample, which shows the greatest wettability,
i.e. the one showing the lowest contact angle value: since the
sample does not have a coating, the increase in wettability can
be addicted to the increasing of oxide on the sample surface
during the heat treatment.

3.2 Wear test results

The tribological tests were performed as aforementioned,
with a load of 2 N and a maximum velocity of 2.5 cm/s.

As-built + HT
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Fig. 13 Evaluation of the wettability of the samples by measuring the
contact angle
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The wear traces were acquired through the profilometer, and
the 3D maps are shown in Fig. 14. The 3D maps show a
clear difference between the behaviour of the fluidised bed
coated samples compared to the others. In fact, they do not
show any damage due to the sliding of the counterpart. This
behaviour is to be expected in non-heat-treated samples as
they have a higher hardness value (underlined in the hard-
ness tests in Fig. 9). On the contrary, from the heat-treated
samples, for the same reason, greater damage is expected but
as underlined also during the description of the hardness, in
this case, the test took into account also the reduction of the
hardness of the bulk material, since the penetration of the
indenter was higher than the coating’s thickness. This result
is consistent with the one obtained from previous work [16]
since the heat treatment favoured the diffusion of the coating

As-built

Laser 0%

5 280 steel

Laser 30%

§ 280 steel + HT

Al,0;+HT

into the substrate, which improved the adhesion and the wear
behaviour. To evaluate numerically the differences between
the typologies of produced samples, a calculation of the
volume loss during the tests was performed. In particular,
Fig. 14 shows the volume loss at different sliding distances
(10, 20, 60, 180 m). It can be noted that in heat-treated sam-
ples without coating, there is always a deterioration of the
wear value for all the sliding distances considered. This
behaviour is attributable to the enlargement of the grain in
the base material, which has given rise to a clear reduction
in the hardness value (from 130 HV to 70 HV).

Regarding laser treatments, 0% shows the largest wear
volume; this can be due to surface morphology (Fig. 15):
the dots are craters already removed from the surface; this
can promote the material removal during the sliding tests.

As-built + HT

pm
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L 180

160

- 140
L 120
— 100

- 20

1 mm

Fig. 14 3D maps of the analysed samples’ surface after 180 m of reciprocating wear tests
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Fig. 15 Volume loss calculated after 10, 20, 60, and 180 m of recip-
rocated wear tests for all the typologies of treated and untreated sam-
ples

Conversely, Laser 30% sample, since shows fewer depres-
sions, the wear is lower and in line with the results obtained
for the samples as-built.

3.3 Cavitation tests results

In Figs. 16 and 17, images of the samples after the cavita-
tion test are reported. In the case of the sample as-built, it
is notable that the heat treatment is harmful to the purposes
of cavitation, with an evident presence of a large number of
craters characterized by a greater depth. This behaviour can
be attributable to the removal of the surface tensional state

of compression and hardening previously induced by the
lathing process, by the heat treatment. As a consequence,
the sample is mechanically less resistant to cavitation ero-
sion, confirming the results obtained in the hardness and
scratch tests.

Concerning fluidised bed coatings, it can be noted that
the implosion of bubbles first tends to eliminate the coating,
which will act as a protective barrier to the substrate and
then acts on the substrate.

The laser treatments show surfaces similar to the samples
as-built with extremely localized and regular worn areas,
with a reduction of the surface affected by the phenomenon
at the same time.

Figure 18 shows the mass losses due to cavitation as
a function of the cavitation time. The figure confirms the
results of the surface analysis since it is possible to note that
the coated samples are the ones that lose the highest mass.
It is worth underlining that the mass loss is affected by the
density of the coatings: the removal of the coating induces a
greater reduction in mass during the test since these coatings
are made of heavier materials (alumina/steel). The alumina
coating, being lighter than the steel one, but densest than the
aluminium, shows lower mass losses and is in line with the
losses obtained from the heat-treated as-built.

It is notable that the heat treatment carried out on the
samples processed in the fluidised bed initially gave an
improvement in the resistance to cavitation erosion com-
pared to the untreated counterparts. This aspect (visible
from plots in Fig. 18a) can be attributed to the different
erosion mechanism that is established during the test. Ini-
tially, the implosion of bubbles tends to remove the coat-
ing, which will act as a protective barrier for the substrate;

TI 80

Fig. 16 Surfaces of the samples
as they are and with alumina
coating with and without heat
treatment after carrying out the
cavitation .tests with different As-built
exposure times
As-built + HT
ALO;+ HT
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Fig. 17 Surfaces of the samples
treated with laser and steel

T120 TIBIJ

coating with and without heat
treatment after having carried
out the cavitation tests with dif-

. S 280 steel
ferent exposure times

S 280 steel + HT

Laser 0%
Laser 30%
(a) —— As-buit = = Asbuilt+ HT—5280 - - 5280+ HT (b)) _
——ALO,= = AlO,+ HT Laser 0% —— Laser 30% 4 Asbuit = Laser0%
9 3.5
- 2a
8 30 IA R?= 0.9662
.
T -
254 ’,’ " R?=00846
S 6 T . -7
E ; E ol AT
g 54 m‘ 2.0 4 " L /.
o L=, A 7 w."
@ 4 2 154 57 et
] @ # T e
= 3 = e f/ -
1.0 4’,2 -

24 e ]

14 1 &=

0 T T T T T T T T D-n T T T T T T T T

20 40 60 80 100 120 140 160 180 20 40 60 80 100 120 140 160 180
Time, [min] Time, [min]

Fig. 18 a Mass losses of all samples during cavitation tests at different exposure times. b Magnification of the mass losses for the as-built and

Laser 0% samples during cavitation tests vs. exposure times

subsequently, once the coating is removed, it starts the
removal of the bulk material, which is less resistant due to
the absence of the residual compression state (as already
highlighted on the sample as-built and heat-treated coun-
terpart). Therefore, the heat treatment effectively deter-
mined the diffusion of the coating in the bulk, making it
more adherent and improving its cavitation behaviour for
up to 150 min. In the last 30 min, there was the removal of
the coating and its protective action, thus an accelerated
cavitation erosion on the bulk due to the absence of the
compressive residual stress.

As for the mass losses obtained from laser treatments, it
is clear that these are the least. In particular, the 0% laser

@ Springer

treatment shows consistently about 20% lower mass losses
than the as-built sample (Fig. 18b). This result is attribut-
able to the surface morphology of the sample: the regular
presence of peaks and valleys modifies the type of impact of
the bubbles, causing a reduction of erosion due to impacts.

To take into account the difference in density, the evalu-
ation of the worn volume was calculated. Figures 19 and
20 show the volumes and the surface removed after 3 h of
cavitation. These results confirm that laser treatments induce
lower volume removal, proving to be the most effective type
of treatment among those investigated. This can be addicted
to the morphology of the surface; according to the literature,
the reduction of erosion due to cavitation can be obtained
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cavitation test

by applying a modification of the surface, reducing the wet-
tability, thanks to the formation of an air cushion on the
surface which can prevent or control corrosion processes
[9, 10].

Regarding the heat treatment, even if it increases the dif-
fusion between the different chemical species adopted in

Fig.20 3D maps of the ana-
lysed samples’ surface after 3 h
of cavitation tests

As-built

4

Laser 0%

S 280 steel

Al203

the fluidised bed coatings (alumina/steel) [16], it gives the
samples lower resistance to the cavitation test; this can be
addicted to the stress relieving and the hardness reduction
of the surfaces.

4 Conclusions

The main conclusive remarks, which can be drawn from the
tests carried out on the samples, are the following:

e Fluidised bed coatings show a homogeneous morphol-
ogy (overall lower roughness and shape parameters)
and greater hardness (in the case of no heat treatment)
which imply a better sliding wear behaviour. In the case
of heat-treated samples, it should be noted that there is
a worse wear behaviour since there is tension relaxation
and an increase in the dimension of the grains, but this
worsening effect is overcome by the greater diffusion of
the coating into the substrate. The diffusion improved
the cavitation erosion behaviour of the treated samples
compared to their untreated counterpart, indeed, in the
initial phase of the tests, when the coating is not totally
removed, the overall mass loss is lower.

As-built + HT

Al203 + HT
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e Laser treatments reduce cavitation erosion by a maxi-
mum of 20% (obtained with the Laser 0% sample); this
can be attributed to the variation of the morphology
where higher values of Rsk and Rz since higher surface
peaks influence the erosion mechanism of the bubbles
formed on the surface, thus, a reduction of the wettability
of the sample. On the contrary, this type of morphology
negatively influences the sliding wear behaviour, since
when the contact takes place between the counterpart and
the peaks left by the laser imprint, there will be a strong
concentration of tensions, increasing the material which
will be removed during the test.

It is worth underlining that the fluidised bed coatings
work at their best in conditions of sliding wear, meanwhile,
the laser treatments are the best ones in terms of cavitation
erosion response, so different treatments need to be chosen
based on the final application of the alloy.
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