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Abstract Ceramic particles powder feeding into surface
layer of engineering metal alloy is a well-known and
widely used technique. New approach into the topic is to
obtain finely distributed nano-sized particles involved in
the aluminium matrix using the traditional laser technol-
ogy. In this paper are presented results of microstructure
investigation of cast aluminium-silicon—copper alloys
surface layer after heat treatment and alloying with ceramic
carbides of WC and ZrO, using high-power diode laser.
The surface layer was specially prepared for the reason of
reducing the reflectivity, which is the main problem in the
up-to-date metal matrix composites production. With
scanning electron microscopy, it was possible to determine
the deformation process and distribution of WC and ZrO,
ceramic powder phase. Structure of the surface after laser
treatment changes, revealing three zones—remelting zone,
heat-affected zone and transition zone placed over the Al
substrate. The structural changes of ceramic powder, its
distribution and morphology as well as microstructure of
the matrix material influence on functional properties,
especially wear resistance and hardness of the achieved
layer, were investigated.
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1 Introduction

Contemporary world imposes many restrictions over
every engineering aspect (functionality, fabrication
method, materials and all of its treatments) to fit into
ecological-economical trend that was formed to slow
down devastating human greed for consumption of
Earth’s resources by responsible and balanced develop-
ment. One of its key aspects is reducing weight of every
possible mobile element. Principle of conservation of
energy teaches us that the heavier the detail is, more
energy is necessary to move it. To produce energy,
resources are needful. Resources are limited, so the cal-
culus is clear—we need lightest parts in mobile con-
structions as possible. Light alloys like aluminium,
titanium, magnesium are being taken into consideration
while choosing material for application where weight is a
key factor [1, 2].

Aluminium alloys are known for their low density
which is close to 2.7 gcm > and fabrication facility
[3-5]. For this reason, within a wide range of applications,
especially in the transport industry, they are being
exploited commonly [6-9]. However, aluminium alloys
exhibit weak tribological characteristics which lead to
reduction of their use in many other applications [10-13].
Surface processing of these alloys is modern way of
bypassing many of its limitations. Modern surface pro-
cessing technology, laser treatment, is widely used for pad
welding and alloying of many engineering materials to
obtain surface layers that are characterized by different
properties than base material [1, 2, 14-17]. Laser surface
alloying LSA of aluminium is useful surface treatment
technique because it offers advantage of localized pro-
cessing and with proper process parameters it is capable of
homogenous structure formation with strong bonding to
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substrate surface. Moreover, there are various reports
confirming that the laser surface alloying of aluminium
does improve considerably the tribological characteristics
at the surface [1, 2, 18-24].

Goal of the research group was to check the influence of
laser alloying of ZrO, and WC powders into AlSi;Cu, and
AlSigCu, aluminium cast alloys after heat treatment on
material’s morphology, chemical composition and
hardness.

2 Experimental procedure
2.1 Material for investigation

Base materials used for investigation were AlSi;Cu, and
AlSigCu, aluminium cast alloys whose chemical compo-
sitions are presented in Table 1. Samples have been heat
treated. Process took place in electric resistance furnace
U117, with a heating rate of 80 °C/s for the ageing process
and 300 °C/s for the solution heat treatment process with
two holds at 300 °C and 450 °C performed for 15 min.
Samples cooling was performed in air for the ageing pro-
cess and in water for the solution heat treatment process.
The solution heat treatment temperature was 505 °C for
10 h, and then ageing was performed at 175 °C for 12 h.
Samples have been cut into 20 mm x 30 mm x 50 mm
rectangular prisms. Surface layers were specially prepared
for the reason of reducing reflectivity that is the main
problem in the up-to-date MMC (Metal Matrix Compos-
ites) production. In order to achieve optimum reflectivity
value, samples were etched in 60-s time. Additional
materials used for alloying were zirconium dioxide ZrO,
and tungsten carbide WC powders whose properties are
presented in Table 2, and their morphology is shown in
Figs. 1, 2.

Table 1 Chemical composition of the investigated aluminium alloys

Chemical composition of the investigated alloys (in mass%)

Alloys AlSi;Cu, AlSigCu,
Elements Chemical composition (mass%)

Si 7.16 7.44

Fe 0.13 0.16

Cu 0.99 3.59

Mn 0.11 0.25

Mg 0.26 0.28

Zn 0.04 0.05

Ti 0.08 0.12

Al Rest Rest
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Table 2 Physical properties of the ceramic tungsten carbide powder
WwC

Properties wC ZrO,
Density (g/cm®) 15.69 5.56
Hardness HV (Kg/mm?) 2400 1300
Melting temperature (°C) 2870 2715
Boiling temperature (°C) 6000 -
Thermal expansion coefficient 5.8 5-10
(pmm~" K™
Radiation coefficient (np) 3.19 -
Grain size (um) 100 80
Crystallographic structure Hexagonal, hP2 -
Colour Black White

Fig. 2 WC ceramic oxide powder used for alloying

2.2 Apparatus and methods

In order to search for optimum laser treatment process
results, it is necessary to take into consideration all process
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parameters. Factors, like laser beam power, its traverse
speed, amount of protective gas dose, amount of alloying
powder feed, powder morphology, including size, shape,
wettability, even colour, have significant influence on run’s
formation. In case of this paper, parameters like laser
power, its traverse speed and amount of powder feed have
been considered within its influence on run morphology
and wear resistance.

Surface treatment was carried out using high-power
diode laser HPDL Rofin Sinar DL 020 which is presented
in Fig. 3. Device consists of head equipped with two
packets of diodes which are powered from separate energy
sources, control unit and cooling system. Positioning of
laser head is being done thanks to numerical control, whose
precision is 0.20 pm on every 100 mm. Maximum power
output for laser beam is 2500 W. The device is also
equipped with automated system of powder feeding into
the molten pool which is able to transport 0.8-25 g of any
powder with granulation in the range of 40-70 pm in
1-min time. Technical details of HPDL ROFIN SINAR DL
020 laser are presented in Table 3. For the experiment,
because of available surface limit two passes have been
done on each sample. With following passes, traverse
speeds and output powers were changed. Parameters of all
experiments are listed in Table 3.

Laser scan rate was chosen experimentally in one of the
previous works. A suitable reference range was chosen
from 0.1 to 1 m/min, because for other materials the
observed trends and surface behaviour are similar, but can
differ significantly in relation to the selected ceramic
powder—in this case WC and ZrO, powders. Laser tra-
verse speed range was chosen from 0.25 to 0.75 m/min.
There is obviously a clear relationship between the laser
power applied and the achieved quality of the surface;
particular investigation concerning laser power influence

Fig. 3 High-power diode laser HPDL Rofin Sinar DL 020—used for
heat treatment of aluminium alloys

Table 3 HPDL laser parameters used for alloying

Parameter Value

Laser wave length (nm) 940 £ 5

Available power range (W) 100—2300

Focus length of the laser beam (mm) 82/32

Power density range of the laser beam in the 0.8—-36.5
focus plane (kW/cm?)

Dimensions of the laser beam focus (mm) 1.8 x 6.8

was carried out in former works. It was found out that the
optimal laser power does not exceed 1.5 kW [1, 2].

The feeding and remelting was performed in argon
protective atmosphere, in order to protect the substrate as
well as the ceramic particles from oxidation. Protective gas
nozzles are pointed directly in spot of molten pool for-
mation place. The other nozzle whose role was powder
feeding was pointed to the weld area at 45° angle of tilt to
the substrate surface. Flow rate of shielding gas, 10 I/min,
(argon) was constant for all trials, whereas the fluidisation
rate was chosen experimentally to meet the optimal feeding
depth of the ceramic powder.

Distance from the sample was set in the range of ca.
20 mm, because a too large distance would extend the area
of argon protection, waste of argon and ceramic powder.
Finally on the surface of each rectangular sample was
performed one track with different laser powers and at a
laser scan rate of 0.5 m/s.

Coated samples were sectioned perpendicular to the
laser track by the line cutting machine to obtain the cross-
sectional view. Struers Discotom-60 was used for the job
because of its adjustable parameters of work, e.g. feed
speed in range starting from 0.01 mm/s. In next step,
sample was polished on Struers LaboPol-25 machine
suitable for grinding, lapping and polishing. Machine
contains of two discs with controllable rotational speed in
range of 50-500 rpm.

For the investigation of laser-treated surface layers, the
following techniques and methods were applied:

micrographs of the macrostructure were performed using
the light microscope Leica MEF4A in a magnification up
to 50x using bright field,

microstructure investigations were also carried out on
the scanning electron microscope ZEISS Supra 35 with a
magnification up to 8500x. For microstructure evalua-
tion, the backscattered electrons (BSE) as well as the
secondary electron (SE) detection method was used,
with the accelerating voltage up to 25 kV,

chemical composition investigations using energy-dis-
persive spectroscopy microanalysis (EDS) was carried
out on the scanning electron microscope Zeiss Supra,
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the hardness was measured with Rockwell hardness
tester with a load chosen for the HRF scale, with a load
of 60 Kgf,

depth of the remelted area was measured based on the
cross-sectional structures obtained on the scanning
electron microscope,

wear resistance of the produced quasi-composite surface
layer was measured using the Surtronic 34 profilometer
supplied by Taylor—-Hobson. The surfaces of the spec-
imens were cleaned using methanol and dried in
compressed air, then arithmetic mean deviation and
wear depth profiles were obtained.

3 Results and discussion
3.1 Microstructure and hardness investigation

Structural investigations carried out using the high-power
diode laser allow comparing the surface layer as well as
shape and depth of beads. It was found that, in the case of
both ceramic powders used, with increase in the laser
power from 1.2 to 2.0 kW the porosity of the composite
layers increases. For a lower laser power of ca. 1.0 kW,
there is not a linear remelting present on the whole length
of the treated sample surface where for a higher laser
power of ca. 2.0 kW the laser tray is very uneven.
Researchers have also investigated influence of laser speed
on run macroscopic morphology. Laser traverse speed
range was chosen from 0.25 to 0.75 m/min. Use of traverse
speed of 0.25 m/min led to the formation of very rough and
wide beads (Fig. 4), while use of 0.75 m/min resulted in
the formation of unalloyed runs—too high speed leads to
occurrence of very weak fusion penetration (Fig. 5).
Optimal value was set to 0.5 m/min for both of the
investigated aluminium alloys groups because formed
beads have optimal macrostructure and roughness for fur-
ther investigations (Fig. 6). Macroscopic cross sections of

Fig. 4 Surface of the laser run face after treatment with WC powder
using 1.5 kW laser power, scan rate 0.25 m/s, AlSi;Cu, cast alloy
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Fig. 5 Surface of the laser run face after treatment with WC powder
using 1.5 kW laser power, scan rate 0.75 m/s, AlSi;Cu, cast alloy

Fig. 6 Surface of the laser run face after treatment WC powder using
with 1.5 kW laser power, scan rate 0.5 m/s, AlSi;Cu, cast alloy

Fig. 7 Cross section of the surface layer obtained for WC powder
and the AlSi;Cu, alloy, 1.5 kW laser power, scan rate 0.5 m/s

AlSi;Cu, alloyed with ZrO, and WC powders using tra-
verse speed of 0.5 m/min and 1.5 kW laser beam power
have been shown in Figs. 7, 8. As it can be seen in Fig. 7,
run has minor roughness and thickness of approximately
1000 pm. Bead’s cross section shown in Fig. 8 is charac-
terized by moderate roughness and thickness of approxi-
mately 800 pm. In macroscopic point of view, these two
runs are free of pores and cracks, with high-quality met-
allurgical bonding to the substrate. Beads have also sym-
metrical configuration of fusion area without visible
macroscopic fluctuation on remelting area—substrate
boundary.

Investigation results obtained with scanning electron
microscope SEM ZEISS Supra reveals the cross-sectional
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Fig. 8 Cross section of the surface layer obtained for ZrO, powder
and the AlSi;Cu, alloy, 1.5 kW laser power, scan rate 0.5 m/s
AlSi9Cu2

AlSi7Cu2
mZr02 mwcC

Fig. 11 Surface layer depth of the alloyed cast aluminium alloys with
71O, and WC ceramic powder

2pum EHT =30.00 kV Signal A = SE2
WD= 14mm Mag= 850KX

Fig. 9 WC powder—AlSi;Cu, alloy matrix after alloying (1.5 kW
laser power, 0.5 m/min beam traverse speed)

Fig. 12 Microstructure of the investigated AlSi;Cu, alloy, ZrO,,
1.5 kW, 1 g/min, 0.5 m/min. RZ remelting zone, HAZ heat-affected
zone

EHT =20.00 kv Signal A= BSD
WD = 15mm Mag = 500 X

Fig. 10 WC powder grains after alloying in the AlSigCu, alloy
matrix (1.5 kW laser power, 0.5 m/min beam traverse speed)

Fig. 13 Transition zone of the investigated AlSi;Cu, alloy, ZrO,,
structure of the surface layers as well as the presently used 1.5 kW, 1 g/min, 0.5 m/min. RZ remelting zone, HAZ heat-affected

powders (Figs. 9, 10, 12, 13, 14, 15, 16, 17, 18, 19). zone

Based on this investigation, distribution of powder
particles in the surface layer of aluminium-silicon—copper ~ and WC surface layers; moreover, no significant defects or
cast alloys was presented, and it was also found that there  failures have occurred; this finding is valid for both of the
is very small amount of pores and cracks in produced ZrO,  investigated alloys (AlSi;Cu, and AlSigCu,). Detailed
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20 um EHT = 20.00 kV Signal A = BSD
WD = 12mm Mag= 1.90 KX

Fig. 14 Microstructure of the investigated AlSigCu, alloy, ZrO,, 1 g/ I

min, 2 kW. RZ remelting zone Fig. 17 Microstructure of the investigated AlSi,;Cu, alloy, transition

zone, WC, 1.5 kW, 1 g/min

Fig. 15 Microstructure of the investigated AlSigCu, alloy, transition

zone, ZrO,, 1.5 kW, 1 g/min. RZ remelting zone, HAZ heat-affected 200 um EHT = 20,00 kv SignIA=BSD
zone — WD= 10mm Mag= 96X

Fig. 18 Microstructure of the investigated AlSigCu, alloy, WC, 1 g/
min, 2 kW

100 um EHT = 20.00 kv Signal A = BSD
WD= 12mm Mag= 100X

Fig. 16 Microstructure of the investigated AlSi;Cu, alloy, WC, 1 g/
min, 2 kW

100 pm EHT = 20.00 kV Signal A= BSD
—

WD= 10mm Mag= 500X

analysis shows occasionally discontinuity of the surface

layer and ceramic particle degradation (Figs. 9, 10) for  Fig. 19 Microstructure of the investigated AlSigCu, alloy, transition
both types of matrix material. This is result of intense heat ~ zone, WC, 1.5 kW, 1 g/min

@ Springer
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Fig. 20 WC surface layer on the AlSi;Cu, alloy (a), EDS point-wise microanalysis from the marked place (b)

etedax3Zigenesisigenmaps spe NOecl-a!‘I‘ l:«’s‘!:)s
ok S Element | Wt% At%
C 9.82 62.51
7] W 90.18 37.49
0.0 N - - - j:‘ - - - E
(b)
oo | Element | Wt% At%
s 0 53.36 78.05
0.7 Mg 0.56 0.54
ent Al 4.52 3.92
o4 Si 11.83 9.86
Zr 29.73 7.63

(b)

Fig. 21 ZrO, Surface layer on the AlSi;Cu, alloy (a), EDS point-wise microanalysis from the marked place (b)

AlSi9Cu2

AlSi7Cu2
W AISi9Cu2 mZr02

Fig. 22 Surface layer hardness of the alloyed cast aluminium alloys
with ZrO, and WC ceramic powders

transfer put together with convectional and gravitational
flow of molten pool. Depending on type of substrate, laser
power, its traverse speed, powder sort, surface may be
heated in non-uniform way, which has great impact on
layer forming. Some of substrate material and additional

powder undergo disintegration and evaporation influenced
by high temperature which is constantly connected with
laser treatment; this is why in some places characteristic
pits occur. Proper adjustment of laser treatment parameters
may lead to formation of high-quality uniform layers.

On the basis of cross-sectional micrographs, surface
layer depths were evaluated. It reaches a range from
0.05 mm for ZrO, alloying to 1.3 mm for WC alloying
(Fig. 11) in the case of the AlSigCu, alloy; for the AlSi;.
Cu, alloy structure, investigation results allow confirming
only a minor amount of the ZrO, powder on the surface of
the treated alloy. In the case of the ZrO, powder, particles
are sintered building a layer on the top of the laser-treated
aluminium surface (Figs. 12, 13, 14, 15). An increase in
layer’s thickness is a result of low traverse speed and high
power—in that conditions more powder can be fused into
substrate. Thickest layers were formed using high laser
traverse speed and low power, where considerably less
powder is able to fuse.

There are many uneven areas and hollows in the surface
layer of the Al-Si—Cu alloys after laser alloying with zir-
conium oxide powder. Depending on the type of substrate,
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Fig. 23 Wear resistance test pm
profile for AlSi;Cu, and 10
AlSigCu, cast aluminium alloy i
alloy(ied with WC and 70, - 18 %ﬁd«\k&\ z — AISi7Cu2 /WC
powders = il
5 -20 — AISi9Cu2 / WC
z 20 NN SO 9cu
E 40 N 2 — AISI9Cu2 / ZrO
£ 50 S :
-60 — AISi7Cu2 / ZrO,
-70
0 0,25 0,5 0,75 1 1,25 mm

surface on which high gradient of surface tension is pro-
duced is unevenly heated, which has a direct influence on
the formation of the melted material in the molten pool also
in the case of WC alloying; however, AlSi,;Cu, alloy gives
better results. The WC particles are homogenously dis-
tributed in the surface layer (Figs. 16, 17, 18, 19).

As it can be found for both investigated alloys used WC
and ZrO, powders form a sintered layer on the surface,
confirmed by the EDX analysis of the chemical composi-
tion (Figs. 20, 21). Figure 21 shows thick surface layer
formed on AlSi;Cu, by fused WC powder, while Fig. 21
points out that AlSi;Cu, alloying with ZrO, resulted in the
formation of layer characterized by uniform dissolution of
alloying element in the form of dendrites.

In the case of surface layer depth, the thickness is higher
in the case of WC powder alloying for both of the inves-
tigated alloys and in the ZrO, powder alloying, the surface
layer on the AlSi;Cu, is higher—equal 0.25 mm, calcu-
lated as a mean value (Fig. 11). The same relation is
observed concerning the hardness of the obtained layers
(Fig. 22), the highest one is achieved for the WC alloying
of the AlSigCu, alloy as high as 77 HRF. For ZrO, alloying
there is only a low difference between the non-treated
aluminium alloy and laser-alloyed materials.

In general, metallographic observations of the
microstructure carried out in small range of magnification
between 100 and 200 times have revealed a difference of
the surface face size and roughness in the case of these two
investigated alloy groups with Si 9 % and Si 7 % silicon
content, where for the AlSigCu, there are more regular and
uniform bead’s faces compared to the AlSi;Cu, alloys with
a weaker and more non-uniform face. With increase in
laser beam’s power density or scanning speed decrease,
thickness of the resulting layer increases. Lower laser
beam’s power density or its higher scan speed results in
surface layer thickness decrease. These values should be
within the proper range, because of a high power density
laser beam or a low-speed scanning, alloying material
begins to sublimate, leaving small pits on the surface. If the

@ Springer
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laser beam power density is too low or scanning speed is
too high, structure of obtained layer may be heterogeneous.

3.2 Wear resistance

Proper choice of the reinforcing material determines also the
wear resistance. One of the assumptions was to achieve an
optimal—in the case of further appliance—wear resistance.
Investigation results, measured by the ball-on-plate method,
reveal that in the case of WC alloying an increase in the
wear resistance occurs compared to ZrO, alloyed material
(Fig. 23). The obtained difference is relatively huge,
achieving up to 50 % concerning the depth of the wear
resistance profile, which was take into account for the
determination of this mechanical property. The wear resis-
tance is depending also on the used aluminium alloy sub-
strate; for the AlSigCu,, the wear resistance is higher with a
wear depth of only 20 um (Fig. 23). This higher wear
resistance of the AlSigCu, alloy is caused by higher amount
of silicon, building Si-precipitates, relatively hard phase
leading to the enhancement of the entire alloy structure. The
difference in wear resistance of the abstained surface layer
was caused by uniform alumina formation on the top of the
treated material which resulted in enhancement of the anti-
wear properties because of Al,Os’s high abrasive wear
resistance and its great tightness to base material. In the case
of the WC-treated substrate, the tungsten carbide particles,
however present in the Al-matrix, influence only partially
the material surface, so its input in relation to increasing the
wear resistance is determined by the amount of the WC
particles embedded in the surface layer and could be
increased the fed particles during laser treatment.

4 Conclusions
Investigations of the microstructure evaluation of the

AlSi;Cu,; and AlSigCu,; cast aluminium alloys treated with
HPDL laser for alloying are carried out using light and
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scanning electron microscope confirmed zone-like nature
surface layers.

Three subzones in the obtained surface layer were
revealed: the remelted zone (RZ), heat-affected zone
(HAZ) on the top of the substrate material and a transition
zone. Unfortunately, ZrO, particles did not mix with sub-
strate material that would result in the formation of ZrO,
solid layer on the top.

It was found that:

1. The optimal laser power is in the range of
<1.0-2.0> kW and the laser scan rate as much as
0.5 m/s.

2. WC particles are very well fed into the aluminium
matrix; however, further investigations are necessary
to determine process parameters so that the WC
powder fulfil the entire surface layer area.

3. ZrO, powder particles did not fed into the aluminium
alloy matrix during laser alloying, instead there have
been formed a sintered layer onto the investigated
aluminium cast alloy.

4. AlSi,;Cu, alloy after alloying has a more homogeneous
layer surface compared to AlSigCu, alloy and is a
substrate that ensures more uniform WC powder
distribution in the surface area.

5. Occasionally occurred discontinuity of the surface
layer and ceramic particle degradation for both types
of the matrix material can be seen as result of intense
heat transfer put together with convectional and
gravitational flow of molten pool. Depending on the
type of substrate, laser power, its traverse speed,
powder sort, surface may be heated in non-uniform
way, which has great impact on layer forming. Some
of substrate material and additional powder undergo
disintegration and evaporation influenced by high
temperature which is constantly connected with laser
treatment; this is why, in some places characteristic
pits occur. Proper adjustment of laser treatment
parameters may lead to formation of high-quality
uniform layers.

6. With increase in laser beam’s power density or
scanning speed decrease, thickness of the resulting
layer increases. Lower laser beam’s power density or
its higher scan speed results in decreased surface layer
thickness.

The planned investigation will allow a more accurate
analysis of the nature of the interactions between different
layers and will allow a more precise description of the
morphology of the obtained layers.
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