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Abstract
Laser surface treatment is successfully applied to increase hardness as well as corrosion and wear resistance in light alloys 
such as aluminum or magnesium. The laser surface remelting also can be used to repair superficial cracks, voids or porosity 
caused by the mechanical impact, metallurgical process as well as the corrosive environment on the surface of the aluminum 
alloy. The purpose of this paper was to investigate the influence of a fiber laser surface treatment on the structure and proper-
ties of the EN AC AlMg5Si2Mn alloy. The goal of this investigation was to increase the hardness and improve tribological 
properties of the aluminum alloy surface as a result of the conducted laser surface treatment. During laser processing, the 
top surface of the aluminum alloy was enriched with Cr and Ni particles. The grain size of the applied particles was approxi-
mately about 60–130 m. The Cr–Ni powder has been introduced in the molten pool using vacuum feeder at a constant rate 
of 4.5 g/min. For surface remelting we used square laser beam at a size 3 × 3 mm and with the power of 3.0 kW. The linear 
laser scan rate of the beam was set at 0.5 m/min. Argon was used to protect the liquid metal alloy during surface treatment. 
Application of the laser treatment on aluminum alloy has enabled to obtain much harder as well as better wear resistant 
material compared to the untreated EN AC AlMg5Si2Mn.

1 Introduction

Constantly growing expectations for modern engineering 
materials compel the search for new solutions. Advanced 
design requires a simultaneous combination of both low 
density, high corrosion resistance, good abrasion resistance 
and high strength properties. The engineering materials 
requirements for advanced constructions make it very often 
that engineers are forced to use more advanced technology 
[1–7]. To improve the mechanical properties of metal alloys 
such as aluminum and magnesium as well as various type 
of steels (tool steels, stainless steels), thermal and chemical 
surface treatment are used [8–14]. The latest technologies 
include, among others, various technologies of laser surface 

treatment such as surface alloying, feeding and remelting 
[15–17].

Extremely wide-range of design capabilities in the auto-
motive and aerospace industries provides modern light metal 
alloys. The use of aluminum or magnesium alloys as compo-
nents for cars and planes allows for significant weight reduc-
tion and thus reduces fuel consumption and operating costs 
[7, 11, 12, 14–16]. Aluminum alloys are characterized by 
low density, high electrical and thermal conductivity, high 
corrosion resistance as well as the impact strength does not 
decrease when the temperature drops. The disadvantage of 
aluminum and magnesium alloys is low hardness and abra-
sion resistance [12]. Improvements to the above proper-
ties are often achieved by the surface treatment that allows 
for obtaining hard and abrasion-resistant surface layer to 
increase the utility of these materials in new engineering 
applications. Coatings of this type are obtained as a result of 
such treatment as surfacing, flame sprayed coatings, detona-
tion sprayed coatings and laser remelting, feeding or alloying 
[2, 4, 10, 16].

In light of the research, an attempt was made to obtain a 
layer on the surface of aluminum with magnesium alloy as 
a result of surface treatment with the use a fiber laser. The 
use of a fiber laser with rectangular spot gives possibilities 
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to obtain surface layer that is characterized by a uniform dis-
tribution of introduced elements, short time of heat source 
interaction on the workpiece, and the possibility of introduc-
ing a very wide range of alloy elements [18, 19]. During the 
laser surface treatment of the aluminum alloy a mixture of 
nickel and chromium powders was introduced. Preliminary 
studies and review of the literature have shown significant 
influence of intermetallic phases on the aluminum alloys 
properties. The use of Cr and Ni powders during aluminum 
laser alloying allows for obtaining intermetallic phases 
that significantly increase the strength properties and wear 
resistance of the treated surface, increasing the weight of the 
workpiece slightly.

The goal of this study was focused on fiber laser alloying 
aluminum alloy AlMg5Si2Mn by a mixture of two powders 
(Cr and Ni) and evaluate the resulted surface microstruc-
ture and properties, in particular, hardness and abrasion 
resistance.

2  Experimental procedure

The research involved laser surface treatment of aluminum 
alloy. Surface treatment was performed on fiber Ytterbium 
laser system YLS-4000 with a wavelength of λ = 1070 nm. 
The maximum power of the laser beam was 4 kW. Laser head 
was mounted on a 6-axis robot REIS RV30-26 coupled with 
a tilt-and-swivel positioning system. The laser alloying pro-
cess was conducted in a shielding gas atmosphere of argon 
served with two independent nozzles. The first nozzle tilted 
at an angle of 30° from the sample plane while the second is 
at 90 degrees. The task of the first nozzle was to provide an 
alloying powder in the liquid lake area. The protective gas 
pressure in the first nozzle determined the rate of feeding of the 
powder in the volume of the liquid metal. The second nozzle 
provided protective gas throughout the laser process. Its task 
was to protect the liquid metal from air damaging. The gas 

stream was of less point in this case. Gas dispersion allowed 
the whole sample to be protected without affecting the stream 
from the powder feeder. Parameters used during laser alloying 
are presented in Table 1.

The investigation was carried out on cast aluminum alloy 
with magnesium and silicon EN AC-AlMg5Si2Mn. The chem-
ical composition of the applied aluminum alloy is shown in 
Table 2. To improve the mechanical properties of the surface 
layer during the laser treatment in area of liquid aluminum, the 
metallic powder Cr–Ni (the mix of Cr and Ni powder 50/50%) 
was introduced. The grain size of the applied powder was in 
the range of 60–130 µm. To completely eliminate moisture, 
which, as indicated in preliminary studies, was primarily 
responsible for harmful porosity found on the alloyed surface, 
the Cr–Ni powder was dried before the process in a dryer for 
24 h at 250 °C. The porous structure allowed better bonding of 
the undissolved particles to the base material in the volume of 
the layer and facilitated their dissolution during the melt. The 
morphology of the applied powder is shown in Fig. 1.

Samples before surface laser alloying were ground mechan-
ically on laboratory LabPol5 Struers grinding machine. For 
surface preparation, three sandpaper of grades 60–15 µm has 
been used. After grinding, to remove the silicon carbide par-
ticles from the abrasive paper, the samples were purified in an 
ultrasonic scrubber (maximum intensity, at 45 °C for 25 min.). 
As a washing solution, methyl alcohol was used. Next, the 
prepared sample surface was covered with a flux and ethyl 
alcohol (average thickness of flux 1 mm). To remove alcohol 
and water from the surface, the covered sample was dried on a 
hot plate at 100 °C in 60 min. Application of welding flux layer 
on consisting of a mixture of lithium chloride the top surface 
of samples allowed to dissolve metal oxides formed on the 
surface of the aluminum substrate and significantly increased 
the adsorption of laser radiation by a processed material.

The microstructure of the analyzed layer was examined by 
light microscope Axio Observer Zeiss and a scanning elec-
tron microscope Zeiss Supra 35 (SE, BSE). Analysis of the 
chemical composition and phases occurring in the layer was 
carried out using a scattered X-ray detector and EBSD. The 
surface topography was observed using a stereomicroscope 
SteREO Discovery Zeiss. Surface observations were made at 
a magnification of 25× to 50× using ring and side illuminators.

The surface hardness measurements were performed using 
a Rockwell test in HRF scale. Micro-hardness on the layer 
cross-section was measured by the Vickers microhardness test 
with a force of 300 gf (2.94N).

The wear resistance studies of surface layer were per-
formed using a ball-on-disk test. Test parameters are shown 

Table 1  Parameters using during the laser alloying

Laser beam power, kW/dimension of laser beam 3 kW/3 × 3 mm

Shielding gas, l/min
 Firs nozzle 8
 Second nozzle 15

Powder feeding g/min 4.5
Sample initial temperature, K 298
Laser beam scanning rate, m/min 0.5

Table 2  The chemical 
composition of investigated 
aluminum alloy—ENAC-
AlMg5Si2Mn

Elements Fe Si Mn Ti Cu Mg Zn Al

AlMg5Si2Mn 0.12 1.9 0.58 0.009 0.005 5.17 0.01 Rest
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in Table 3. The wear rate was analyzed on the basis of the 
depth and volume of the trace. The wear tracks after the 
test were measured with a profilometer, Sutronic 25 Taylor-
Hobson. During surface roughness, measured by profilom-
eter, Gaussian filter of 0.8 was applied. The wear track was 
analyzed using a scanning electron microscope to reveal 
rifts and deformation of the surface layer and evaluate wear 
mechanism. During the tribological test was also registered 
friction coefficient between a tested surface and ceramic 
counter specimen  (ZrO2). The friction coefficient analysis 
allowed for the disclosure of changes occurring during the 
test such as, the peeling and removing of the material parti-
cles from the surface.

3  Results and discussion

Stereoscopic and electron microscope observations did not 
show cracks or porosity on the alloying surface. Based on 
the EDS analysis in the scanning electron microscope, sev-
eral undissolved powder particles are disclosed on the sur-
face of the layer. Also, there was no observed porosity or 
void around the undissolved (molten) particles.The powder 
was closely bound to the aluminum matrix. The vast major-
ity of undissolved particles on the melting surface were 
chrome. The greater share of undissolved chromium was 
due to its higher melting point compared to nickel. Because 
at the design stage of the layer, the abrasive finishing allow-
ance was applied, the undissolved particles on the surface 
did not take part during the abrasion test. The scale and 
oxide film was also removed from the surface by grinding 

before the ball-on-disk test. Layer surface topography is 
shown in Fig. 2. The average roughness of the layer was 
about 2.23 µm (Fig. 3). In addition, the profiles analysis of 
the obtained layer measured with the Surtronic 25 contact 
profilometer did not show a significant variation in wave on 
the surface. The widest distance between the local extremi-
ties was 170 µm. This demonstrates the correct selection of 
scanning speed, power and protective gas stream, as well as 
the amount and rate of feed of the used powder during fiber 
laser fusion. The wave and roughness profile of the layer is 
shown in Fig. 3.

At the bottom of the resulting layer, a dendritic cell 
structure is disclosed. Simultaneously, as a result of rapid 
crystallization, significant grain refinement was obtained, 
which has a beneficial influence on the strength proper-
ties such as hardness as well as abrasion resistance (as has 
been proved—Fig. 10). It was not observed in solidification 
molten pool the defects in the form of cracks, voids or cra-
ters which could adversely affect the strength properties of 
the obtained layer [18, 19]. The transition zone between the 
substrate material and the obtained layer was less enriched 
in phases containing Cr and Ni. Analysis on the light micro-
scope did not reveal visible heat-affected zones. The AlMg-
5Si2Mn alloy structure is shown in Fig. 4a–c.

Maps of chemical distribution obtained by means of EDS 
detector has shown a significant increase of chromium and 
nickel concentration in the total melting volume. The aver-
age concentration of chromium in the layer area was 02.77% 
while nickel 02.37% at (Cr— 05.09%; Ni—04.91% wt.). In 
addition, the uniform distribution of introduced chemical 
elements during laser treatment was confirmed. At the same 
time, the refinement of magnesium and silicon-rich phases 
was revealed, which was due to rapid crystallization of the 
melting area (Fig. 4d–e).

Based on scanning-microscope analysis using the “EDS” 
X-ray diffraction detector, numerous areas enriched in chro-
mium and nickel are disclosed (Fig. 5). Detailed analysis 
using the “Electron Backscatter Diffraction Analysis” EBSD 

Fig. 1  The morphology of Cr/Ni powder applied to aluminum laser surface alloying

Table 3  The ball-on-disk wear test parameters

Load, N Linear speed, 
cm/s

Distance, m Radius, mm Counter 
specimen

5 10 100 2.5 Ball—ZrO2
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has shown a number of intermetallic phases resulting from 
laser alloying of aluminum  (Al4Ni3,  Al9Cr4,  Mg3AlNi) 
evenly distributed across the entire melting area. In addi-
tion, many phases derived from a primary material such as 
 Mg2Si have been observed in the melting area. Moreover, 
the analysis showed the highest proportion of intermetallic 
chrome-rich phases in the obtained layer (Fig. 6).

The wear test product (powder on the wear track surface) 
was much finer when compared to the test result of base 
material. Fragmentation was caused by an increase in hard-
ness and the occurrence of numerous intermetalic phases 
(rich in Cr and Ni) in layer volume. In case of an untreated 
alloy, numerous large fragments (flakes) extracted and 
detached from the tested surface was observed (Fig. 7b, e).

The wear track on the aluminum alloy surface in many 
places was plastically degraded and extracted. It should be 
emphasized that this is the typical wear of this material type. 
In the case of the wear track obtained on the layer, only few 
breach and gap in the material were disclosed. The edges 
of the fracture were sharp as evidenced by partial plasticity 
reduction. In both cases, the dominant wear mechanism was 
furrowing. In addition, it was not observed on the surface of 

wear track, as well as in wear product (powder and flakes) 
oxidized particles indicating overheating or excessive heat 
generation (the temperature was not measured during the 
test) (Fig. 7c, f).

On the zircon sphere surface (ceramic counterspecimen), 
after tribological test of the layer, fine scratches and traces of 
substrate material was revealed (Fig. 7d). In the case of the 
counter-sample after the aluminum alloy study, numerous 
built-up of substrate material, almost completely covering 
the surface of the ball, are disclosed (Fig. 7a).

For the first 0.2 m, the friction coefficient (FC) in both 
cases did not exceed 0.2 (no scratching of the surface). After 
about 0.2 m, a significant increase in the friction coefficient 
was observed to about 0.79 (layer) and 0.73 (aluminum 
alloy). Initial FC stabilization up to 0.4 for AlMg5Si2Mn 
and 0.42 (layer) occurred after about 15 m. At that time, 
significant fluctuations in coefficients due to scratching of 
the surface and built-up of substrate material on the counter-
specimen surface (Fig. 8).

In the case of the layer, a higher FC is revealed than in 
the case of unworked Al alloy. This phenomenon was trig-
gered by the regular shearing of an aluminum film from 

Fig. 2  Surface topography of the layers obtained during laser treatment at different magnifications; a ×10, b ×25

Fig. 3  Roughness and waviness 
profile curves of the surface 
layer
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the ceramic ball surface by the hard intermetallic phase 
obtained during the laser alloying. In addition, shear stress 
caused slightly higher coefficient deviations than in the case 
of the based material. The largest changes in the coefficient 
recorded for the underlying material were due to the crea-
tion of aluminum film on the counter-speciment surface and 
the removal (pull-off) of aluminim alloys flakes from the 
substrate. In both cases, a stabilization of the friction coef-
ficient was observed after about 50 m. Only in the case of 
based alloy after 89 m revealed visible peak (point friction 
coefficient) (Fig. 8). Most likely, this was due to the detach-
ment of part of the film from the ceramic surface (Fig. 7a).

In the case of the layer, there was also a much smaller 
plastic deformation at the edges of the wear track with 
respect to the based aluminum alloy. The average plastic 
deformation height on the surface layer was 4.48 mm and 
was about 33% lower with respect to the plastic deformation 
obtained after the aluminum alloy abrasion test. In addition, 
the surface area of obtained deformation on the surface layer 
was about 970  mm2 smaller than that of the aluminum alloy 
test. Reducing plasticity is due to the presence of precipitates 
and grain refinement. Analysis of the wear track measured 
using a contact profilometer revealed a significant increase 
in abrasion resistance of chromium and nickel rich layer. 

Fig. 4  a Structure of AlMg5Si2Mn alloy (A-based material; B-alloyed zone) before b and after laser surface treatment (c) as well as map of dis-
tribution: nickel (d), chromium (e) and magnesium (f)

Fig. 5  Result of EDS analysis in point: a structure of alloying layer, b–d chemical composition in analyzed point
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The volume of a crater in the case of layer is 46% lower with 
respect to the alloy without surface treatment. The results 
of the dimension measurement of wear track are shown in 
Table 4 and Fig. 9.

Measurements of mechanical properties revealed a sig-
nificant hardness increase in the melting area at a depth 
of about 3 mm from the surface of the layer. The average 
micro-hardness in the melting area was about 25HV higher 
than the substrate material and was  109HV0.3 (Fig. 10b). A 
small scatter of hardness over the entire depth of the layer 
shows that the entire melting area is evenly reinforced. In 
addition, hardness measurement on the HRF scale showed 
a significant increase in hardness on the top of the layer. In 

Fig. 6  Results of EBSD analysis: a  Al4Ni3, b  Al9Cr4 and c  Mg3AlNi

Fig. 7  Result of tribological test: a, d coutersample after tribological test of a aluminum alloy, d layer; b, e powder (flkes) obtained during the 
test b aluminum alloy, e layer and c, f wear truck after the test of c aluminum alloy, f layer

Fig. 8  The friction coefficient during ball-on-disk wear test
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the case of the substrate material, the average hardness was 
about 77HRF while the hardness of the layer was about 99 
(Fig. 10a). Such a significant increase in the hardness of the 
layer was due to numerous  Al4Ni3,  Al9Cr4,  Mg3AlNi phases 
occurring in the layer after the laser treatment as well as the 
grain refinement and phases derived from the based material. 
The results of hardness measurements are shown in Fig. 10.

4  Conclusion

As demonstrated in this study, the use of surface treatment 
with an optical fiber laser makes it possible to significantly 
improve the mechanical properties as well as wear resistance 
of the AlMg5Si2Mn alloy tested, thereby contributing to its 

attractiveness in many engineering fields of possible appli-
cations. Laser surface treatment of aluminum alloy with the 
use of metalic powder Ni / Cr (50/50%wt.) allowed to obtain 
a homogeneous layer tightly bound to the substrate, without 
voids, cracks and porosity. Both the shape and the face of 
remelting means that they find the optimal process param-
eters. Observations with light and scanning microscope has 
not revealed the heat-affected zone (that is very narrow and 
hard to estimate precisely).

Based on scanning-microscope analysis using the “EDS” 
X-ray diffraction detector, numerous areas enriched in chro-
mium and nickel are disclosed (Fig. 5). Detailed analysis 
using the “Electron Backscatter Diffraction Analysis” EBSD 
has shown a number of intermetallic phases resulting from 
laser alloying of aluminum  (Al4Ni3,  Al9Cr4,  Mg3AlNi) 
evenly distributed across the entire melting area. In addi-
tion, many phases derived from a primary material such as 
 Mg2Si have been observed in the melting area.

The use of surface treatment has allowed for a significant 
increase in hardness. The average hardness of the layer was 
99HRF and was 22 HRF higher concerning to the based 
material. Measurements made on the cross section showed 
a uniform increase in hardness over the entire depth of the 
layer. The average microhardness of the layer was  109HV0.3 
and was about 25  HV0.3 higher than the substrates mate-
rial. On the tribological test basis, a significant increase in 
abrasion resistance of Cr and Ni-enriched surfaces has been 
demonstrated. The wear track volume obtained during laser 
treatment layer was 0.2057mm3 and was about 46% less 
than the crater on the surface of the aluminum alloy without 

Table 4  Dimension and roughness of wear track

Substrate Dimensions of plastic deformation Dimensions of wear track Roughness

Height, µm Width, µm Surface area, µm2 Depth, µm Width, mm Surface area, µm2 Volume,  mm3 Ra (µm)

Aluminum alloy 13.5 109.2 1280.32 31.5 0.92 17344.23 0.4325 1.62
Layer 4.48 53.23 310.13 25.4 0.78 8229.17 0.2057 0.99

Fig. 9  Wear track after tribological test ball-on-disk

Fig. 10  Results of hardnes 
measurments—HRF scale (a) 
and (b) microhardnes during the 
cros section of obtained layer—
HV scale
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surface treatment. Laser alloying caused partial reduction 
in plasticity of the material. The average surface area of the 
plastic deformation after the “ball on disk” test on the layer 
was about 24% lower than the base aluminum alloy. The 
resulting layer greatly enhances the mechanical properties 
of the aluminum surface and thus increases the resistance 
to abrasion.
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