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Abstract The goal of this paper was focused on inves-

tigation of microstructure and properties of surface layer

produced during laser surface treatment of aluminium alloy

by high-power fibre laser. The performed laser treatment

involves remelting and feeding of Inconel 625 powder into

the aluminium surface. As a base metal was used alu-

minium alloy AlMg5Si2Mn. The Inconel powder was

injected into the melt pool and delivered by a vacuum

feeder at a constant rate of 4.5 g/min. The size of Inconel

alloying powder was in the range 60–130 lm. In order to

remelt the aluminium alloy surface, the fibre laser of 3 kW

laser beam power has been used. The linear laser scan rate

of the beam was set 0.5 m/min. Based on performed

investigations, it was possible to obtain the layer consisting

of heat-affected zone, transition zone and remelted zone,

without cracks and defects having much higher hardness

value compared to the non-alloyed material.

1 Introduction

Growing demands on the mechanical properties and weight

reduction of components in automotive and aerospace

industries cause that more and more frequently in a such

kind of applications the light alloys such as aluminium and

magnesium are used [1, 2]. The disadvantage of this group

of metals is relatively low mechanical properties and

hardness [2–4]. Aluminium also has high thermal and

electrical conductivity, good electromagnetic shielding

characteristics, good machinability and is easily recycled.

Moreover, a great advantage of aluminium is much better

corrosion resistance than in the case of magnesium alloys.

Relatively poor mechanical and wear properties of alu-

minium alloys can be improved in many ways [5]. The

most common are the used classic heat treatment. There are

also reports of the improving of mechanical property in this

group of light alloys by the use of PVD coatings [6].

At the turn of the last few years, there has been a

growing interest in improving the mechanical and tribo-

logical properties of all metal alloys by laser techniques [7–

11]. Currently, more frequently to improve surface prop-

erties of metallic materials the laser surface treatment is

applied such as melting, cladding and surface alloying. The

use of a laser surface treatment allows obtaining a layer of

high thickness (usually about 1 mm) and good mechanical

properties [3, 11, 16–21].

Preliminary studies and review of the literature have

shown that intermetallic phases based on aluminium, nickel

and chrome having high mechanical properties provide

high wear resistance and excellent corrosion resistance and

oxidation at high temperature when laser-alloyed [12–15].

The main objective of this study was focused on fibre

laser alloying of aluminium alloy AlMg5Si2Mn by a

Inconel EL-625 alloy powder and evaluation of resulted
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surface microstructure and properties, in particular hard-

ness and abrasion resistance.

2 Experimental procedure

The research was carried out on cast aluminium alloy with

magnesium and silicon EN AC-AlMg5Si2Mn. The chemi-

cal composition of applied alloy is shown in Table 1. For

the laser alloying, the spherical powder of Inconel EL-625

alloy with chemical composition shown in Table 2 was

used. The grain size of the metal powder was in the range

from 60 to 130 lm (Fig. 1). The alloying powder was dried

before laser alloying in a dryer for 12 h at 150 �C in order

to completely eliminate moisture, which, as indicated by

preliminary studies, was primarily responsible for harmful

porosity found on the alloyed surface. Samples before

surface laser alloying were ground mechanically on labo-

ratory LaboPol 5 Struers grinding machine with sandpaper

of 15 lm grain size. Next, thus prepared sample surface

was covered with a flux consisting of a mixture of lithium

chloride and ethyl alcohol and then dried on a hot plate at a

temperature of 110 �C. Application of above the flux

allowed to dissolve metal oxides formed on the surface of

aluminium substrate and significantly increased the

adsorption of laser radiation by processed metal.

Aluminium laser surface alloying was performed by

means of fibre Ytterbium Laser System YLS-4000 with a

wavelength of k = 1070 nm, maximum laser beam power

of 4000 W, mounted on a 6-axis robot REIS RV30-26

coupled with a tilt-and-swivel positioning system. During

the surface treatment has been applied rectangular laser

spot size 2 9 6 mm. The laser alloying process was con-

ducted in a shielding gas atmosphere of argon served with

two nozzles. The first nozzle was directed at the alloying

area at 45� and served as a protection of the melt pool. The

second nozzle was pointing the alloying area at 25�, and it

was used to feed alloying powder. The parameters of the

laser alloying are shown in Table 3.

The microstructure of studied layers was examined by

light microscope Axio Observer and a scanning electron

microscope Zeiss Supra 35 using secondary electrons and

backscattered one (SE, BSE images). The surface topog-

raphy was observed using a stereomicroscope SteREO

Discovery Zeiss. The TEM thin film analysis was carried

out in a high-resolution transmission electron microscope

S/TEM TITAN 80–300 of FEI company equipped with a

STEM scanning system with the following conditions:

accelerating voltage of 300 kW, aperture size of 10 lm,

camera length of 330 mm and a single-wavelength

anomalous diffraction (SAD) technique to collect diffrac-

tion data.

The wear resistance studies of surface layers were per-

formed using a rotating sample test the ball-on-disk. Test

parameters are shown in Table 4. Additionally, during the

ball-on-disk test, the friction coefficient between tested

sample and ceramic counter-specimen made of Al2O3 was

registered. The wear tracks after the test were measured

with a profilometer Surtronic 25 Taylor-Hobson and

imaged using a confocal microscope. When measuring the

surface roughness by profilometer, the Gaussian filter of

0.25 was applied. The wear track was analysed using a

scanning electron microscope in order to reveal rifts and

deformation of the surface layer and evaluate wear mech-

anism. The chemical analysis of processed surface layers

was performed using the scattered X-ray detector EDS.

Table 1 Chemical composition

of investigated aluminium alloy
Elements Fe Si Mn Ti Cu Mg Zn Al

AlMg5Si2Mn Max 0.25 1.8–2.6 0.4–0.8 Max 0.25 Max 0.05 4.7–6 Max 0.07 Rest

Table 2 Chemical composition

of applied powder Inconel EL-

625

Elements Ni Cr Fe Mo Nb Co Mn Al Ti Si

EL-625 58.0 20.0–23.0 5.0 8.0–10.0 3.15–4.15 1.0 0.5 0.4 0.4 0.5

Table 3 Parameters of the laser alloying

Laser beam power (kW) 3 kW

Shielding gas (l/min)

First nozzle 5

Second nozzle 10

Powder feeding (g/min) 4.5

Sample initial temperature (K) 373

Laser beam scanning rate (m/min) 0.5

Table 4 Ball-on-disk wear test parameters

Load (N) 5

Linear speed (cm/s) 15

Distance (m) 150

Radius (mm) 2.5

Counter-specimen ball—Al2O3
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The surface hardness measurements were performed

using a Rockwell test in HRA scale, while the micro-

hardness on the layers cross section was measured by the

Vickers microhardness test with a force of 300 gf

(2.94 N).

3 Results and discussion

Laser surface alloying of AlMg5Si2Mn by spheroidal

powder particles of Inconel 625 alloy resulted in homo-

geneous, hard and wear-resistant surface layer. The anal-

ysis of metallographic results shows that applied surface

treatment allows obtaining a composite surface layer

characterized by a relatively flat and smooth face with no

visible cracks, voids and porosity of the surface. The

waviness profile analysis revealed that the average height

difference between the highest and the lowest surface

elevation does not exceed 100 lm, and such type of surface

geometry is caused by the differences in the laser power

density in different sample areas and a rectangular geom-

etry of the laser beam itself. In addition, on the surface

layer few undissolved particles used for the alloying

powder were identified (Fig. 2a). The average surface

roughness of laser-processed layers was included in the

range from 0.83 to 2.15 lm. The surface waviness and

roughness profiles are shown in Fig. 2b.

The microstructure analysis, on the cross section, of laser-

treated surface has not revealed any presence of undissolved

alloying powder particles Inconel 625, either visible cracks,

discontinuities, or porosity, that may lower the strength

properties and their overall performance, thus indicating the

proper selection of laser alloying process parameters, such as

scanning speed, laser beam power, powder feeding rate and

the portion of shielding gas. When analysing alloying depth, it

was shown that the thickness of resulting layer is not constant

over the entire length of the alloying. At the beginning of the

alloying length (up to 20 mm from the start of melting), the

depth of the layer varies in the range of 113–193 lm. This

phenomenon is caused by the temperature effect on the

thermophysical properties of aluminium alloy and therefore

on absorption and heat distribution in the sample. The depth

of alloying is stabilizing after 20 mm of the process length.

The average depth of the layer is included in the range from

190 to 225 lm. The resulting microstructure in alloyed sur-

face shows an even and uniform layer in the entire cross

section and is characterized by uniform distribution of

alloying powder in the remelting volume.

Microstructure of alloyed layer is composed of the

matrix of solid solution of magnesium in aluminium with

visible many acicular precipitations of Al8Cr5 phase,

between which crystallized spheroidal precipitates rich in

aluminium and nickel—Al3Ni and Al3Ni2 phases (Fig. 3b).

In the alloying zone can be distinguished two areas formed

by the convective movements occurring in the liquid pool

during laser alloying. Moreover, due to convection, on the

border of alloyed layer and aluminium substrate occurred

numerous metal turbulences resulting in uneven shape of

the layer bottom (Fig. 3a). The light microscopy studies

revealed the presence of three zones in the alloying area.

Starting from the top surface, the first zone of alloying

layer covers a melted area rich in phases created by

alloying. The contact area between melted zone and the

substrate material is an intermediate zone, partially melted

and enriched in precipitating phases (Figs. 3, 12). During

Fig. 1 Morphology of Inconel 625 powder applied to aluminium

laser surface alloying

Fig. 2 Composite surface layer obtained on the AlMg5Si2Mn alloy

by Inconel laser alloying; a the surface topography, mag. 159; b the

surface waviness and roughness profiles of processed
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metallographic analysis also, the heat-affected zone (HAZ)

was revealed with the thickness not exceeding 150 lm.

The microstructure in the top of alloyed surface is shown in

Fig. 3.

During EDS analysis, due to the complex chemical com-

position of the substrate metal and alloying powder applied to

laser alloying, a detailed analysis was performed for most

frequently occurring phases rich in aluminium, nickel and

chromium. Observed phases were identified on the basis of

microstructural morphology and chemical composition anal-

ysis, the phase equilibrium diagrams and the analysis of thin

film in transmission electron microscopy (Figs. 4, 5, 6, 7).

During laser surface alloying and occurring in situ reactions,

the whole volume of the resulting composite surface layer

shows predominance of intermetallic phases rich in alu-

minium, chromium and nickel (Al3Ni, Al3Ni2, Al8Cr5), alu-

minium and iron Al13Fe4 and a few precipitates composed of

aluminium and niobium-Al3Nb and the ternary phase q of

chemistry Al75Cr22Ni4 [12, 22–25].

The TEM analysis of the thin films confirmed presence of

precipitates composed of nickel and iron with a size not

exceeding 10 lm. Furthermore, TEM analysis also revealed

phases containing Cr, Mn, Mo, Nb and Mo (Figs. 4, 5).

Wear resistance of base aluminium alloy AlMg5Si2Mn

and the surface layer obtained by laser alloying with

Inconel powder examined during tribological ball-on-disk

test confirmed a significant increase in wear resistance of

the resulting laser-alloyed composite layer. The wear track

of non-alloyed aluminium base alloy shows numerous pull-

out areas and plastic deformation of the base metal

(Fig. 8a). The pull out areas and plastic deformation of the

surface, resulting from adhesion wear of counter specimen

in contact with substrate material, contribute to non-uni-

form abrasive wear of non-alloyed aluminium surface. The

effect of non-uniform wear can also be observed when

analysing the graph of friction coefficient as a function of

test distance. The average roughness of the wear track of

non-alloyed aluminium alloy was R = 1.32. The wear

track of the laser-alloyed composite layer after ball-on-disk

test was smooth with little grooves, without cracks and

voids. The wear track topography analysis showed uniform

and homogeneous nature of the wear (Fig. 8b). The surface

roughness of the resulting wear track was 0.21. Analysing

wear test results, it was found that the wear depth of the

laser-alloyed surface layer, rich in intermetallic phases,

was about 4.5 times smaller than the wear of non-alloyed

Fig. 3 Laser-alloyed aluminium AlMg5Si3Mn with Inconel 625; a EDS point analysis, b, c alloyed area about 150 lm from the weld face and

d cross section of laser composite surface aluminium
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aluminium alloy surface (Table 5). The average wear

volume of the laser-alloyed composite layer was more than

six times smaller than the wear volume of non-alloyed

AlMg5Si2Mn. The wear track topography and cross-sec-

tional profile of the wear track are shown in Figs. 8 and 9.

During ball-on-disk wear test, friction coefficient

between tested sample and ceramic counter-specimen was

also registered (Fig. 10). Analysis of friction coefficient

results shows that laser-alloyed composite layer of alu-

minium alloy has a lower friction coefficient when com-

pared to the substrate metal. The average friction

coefficient, after distance of 60, was 0.45 in the case of the

laser-alloyed composite layer, while for non-alloyed alu-

minium substrate its value varied over a wear test in the

range from 0.49 to 0.69. The average friction coefficient of

aluminium alloy substrate during wear test, after reaching

60 m, was equal to 0.44. The changes in the friction

Fig. 4 Maps of the distribution of alloying elements in the analysed area of thin film during TEM observation

Fig. 5 Diffraction patterns

from the alloying zone, a Al and

Al3Ni, b Al, Al8Cr5 and Al13Fe4

phases

Fig. 6 Ternary phase diagram Al–Ni–Cr [12]
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coefficient of non-alloyed aluminium alloy AlMg5Si2Mn

are caused by formation of surface material build-up on the

counter-specimen surface and its cyclical detachment and

pulling the portions of the substrate material (Fig. 8a). In

the case of laser-alloyed composite layer on aluminium

alloy, it was revealed large changes in friction coefficient

in the first stage of the wear test (wear distance up to

50 m). The chemical analysis of wear debris and wear

surface topography analysis of the sample after a wear

distance of 15 m shows abrupt changes in the friction

coefficient in the first stage of wear test. The changes in

friction coefficient are caused by the detachment of non-

dissolved particles of Inconel powder from the alloyed

surface. The presence of undissolved powder particles in

Fig. 7 Microstructure of laser-

alloyed aluminium with Inconel

625 powder a the central zone

of alloying zone; b alloying

zone about 50 lm from the

weld bead

Fig. 8 Ball-on-disk test wear

track topography (on the

figures wear track width is

plotted): a non-alloyed

AlMg5Si2Mn alloy and b laser-

alloyed composite layer on

aluminium alloy

Fig. 9 Ball-on-disk test wear

track profile a non-alloyed

AlMg5Si2Mn alloy and b laser-

alloyed composite layer on

aluminium alloy

Table 5 Roughness and dimension of the wear track after ball-on-disk test

Material Roughness of the surface Ra (lm) Dimension of the wear profile

Depth (lm) Width (mm) Volume (mm3)

AlMg5Si2Mn 1.32 74.8 1.39 0.75

AlMg5Si2Mn ? Inconel 625 0.21 16.5 0.63 0.12
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the wear track during the tribological test causes a sudden

change in the friction coefficient. The friction coefficient

after a wear distance of 50 m is stabilizing. Undissolved

powder particles during wear test are finally removed from

contact area due to centrifugal force and do not disturb the

process of friction.

It has been proved that the mechanical properties of the

alloyed layers, including inter alia, the hardness, depend

largely on the resulting microstructure and the quantity and

distribution of formed intermetallic phases. The hardness

measurements demonstrated a significant increase in the

hardness of the laser-alloyed composite layer with regard

to the hardness of the substrate alloy AlMg5Si2Mn.

Application of Inconel 625 powder to create the laser-al-

loyed composite layer increased hardness from 39 to 82

HRA.

The average microhardness of investigated AlMg5Si2-

Mn alloy is about 55 HV0.3, while the microhardness

measurements made on cross section of the laser-alloyed

composite layer shows an increase of about 476 HV0.3

(Figs. 11, 12). Performed studies revealed that the hardness

of the laser-alloyed composite surface layer is strongly

dependent on the microstructure including morphology,

hardness and distribution of precipitates formed during

alloying (Al3Ni, Al3Ni2, Al8Cr5, Al3Nb and q) and ranged

from 481 HV0.3 at the bottom area to 537 HV0.3 in the

central part of alloyed zone. The hardness of the

crystallizing phase was included in the range from 140 HV

for Al3Ni phase to 780 HV for the Al3Ni2 phase. Despite

identification of hard and brittle intermetallic phases, such

as Al3Ni, Al3Ni2, Al8Cr5 in alloyed zone, the disclosed

cracks and voids were not observed after hardness test

around the penetrator imprint, because the crack propaga-

tion of hard precipitates was inhibited by a soft and plastic

aluminium matrix (Fig. 11) [26]. In the vicinity of the

lower part of alloyed layer, less rich in intermetallic phases,

the hardness suddenly begins to decline and stabilize in the

area of pure aluminium substrate. The results of micro-

hardness measurement along the cross section of the laser-

alloyed composite surface layer are shown in Fig. 11.

4 Conclusions

The study of the microstructure using light and scanning

electron microscopy confirmed the presence of the alloyed

zone, the transition zone and the heat-affected zone (HAZ)

resulting from the laser surface alloying of aluminium alloy

EN AC-AlMg5Si2Mn with spheroidal Inconel 625 powder

Fig. 10 Friction coefficient

during ball-on-disk wear test

Fig. 11 Microhardness distribution along the cross section of alloyed

layer

Fig. 12 Vickers microhardness imprints along the cross section of

alloyed layer
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using the fibre laser of wavelength k = 1070 nm. The

laser-alloyed composite layer shows a plurality of alu-

minium intermetallic phases rich in chromium and nickel

(Al3Ni, Al3Ni2, Al8Cr5), and also a few precipitates com-

posed of aluminium and niobium-Al3Nb as well as ternary

phase of chemical composition Al75Cr22Ni4. Furthermore,

the analysis of thin films in the transmission electron

microscope revealed the presence of precipitates consisting

of nickel, iron, chromium, manganese, molybdenum and

niobium. Based on tribological studies, a significant

increase in wear resistance of the laser-treated surface was

evidenced. The wear depth of laser-alloyed composite layer

was about 4.5 times smaller than that of the surface of non-

alloyed aluminium alloy. The average wear volume of the

laser-alloyed surface was more than six times smaller than

that of non-alloyed AlMg5Si2Mn aluminium alloy. The

application of a nickel superalloy powder in the laser

alloying process to obtain a composite surface layer has

increased the hardness from 39 to 82 HRA. The average

superficial microhardness of studied aluminium alloy

AlMg5Si2Mn was about 55 HV0.3, while after laser surface

alloying with Inconel powder it was increased about 476

HV0.3. Microhardness measurements conducted on the

cross section of the surface layer showed a significant

increase in the microhardness in the surface layer, com-

pared to the microhardness of the substrate.

As evidenced by presented results, application of the

laser surface treatment using high-power fibre laser allows

significant improvement in the mechanical properties and

wear resistance of studied aluminium alloy, thus con-

tributing to enhance its attractiveness in many fields of

possible applications.
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