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Abstract

Light metal alloys due to several unique properties such as low density and high corrosion resistance are increasingly used in
various technical applications, where the automotive industry is one of the most important sectors. The automotive applica-
tions use mostly aluminum alloys, where the strength to density ratio of the material plays a crucial factor. Unfortunately,
relatively low mechanical properties limit their applications for parts where a high surface hardness and wear resistance is
expected. The classic heat treatment of aluminum alloys can only in some limited ranges improve the bulk material proper-
ties. Despite this, surface treatment with laser processing has developed significantly over the past 20 years. The laser beam
treatment allows the introduction of a wide range of alloying elements to the surface layer of an aluminum alloy and thus, as
a result of the precipitation of numerous intermetallic phases, significantly increases hardness, and abrasion resistance. The
purpose of this work was to modify the aluminum surface layer using high-power fiber laser (HPFL). During this process,
a mixture of titanium and iron powders (90/10 wt.%) was introduced onto the surface of the AIMg5 alloy. The microhard-
ness tests carried out by the Vickers method and tribological tests showed a significant increase in mechanical properties
in the entire volume of the obtained layer. Research on light and scanning microscopy revealed fragmentation of primary
precipitates and the formation of numerous intermetallic phases rich in titanium and aluminum.
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1 Introduction the Al-Mg alloys mechanical properties through the equal

channel angular pressing (ECAP). This type of strengthening

The dynamic development of the automotive industry forces
the use of light metal alloys in new generation vehicles. Alu-
minum alloys are more often used in modern constructions.
This is due to their low density, high corrosion resistance,
and good electrical and thermal conductivity [1, 2]. Unfor-
tunately, due to relatively poor wear resistance, their use is
unjustified in some engineering applications [3]. Currently,
there are many different methods to improve the strength
properties of aluminum alloys. Snopinski et al. improved
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significantly improves the strength properties in the entire
material volume [4, 5]. There are also known attempts to
improve the tribological properties of Al alloys using the
PVD method [6]. In addition to the above methods, classical
heat treatment [7] (saturation and ageing), plastic deforma-
tion [8] and HVOF [9, 10] are also often used.

At the turn of the last few years, one can observe a very
dynamic development of laser surface treatment methods[11,
12]. There are many reports revealing the widespread use of
the laser to improve the mechanical and corrosion properties
of various engineering materials [13—15]. Numerous reports
reveal the formation of intermetallic phases in the remelting
area during laser processing, including light metal alloys.
The creation of intermetallic phases allows a significant
increase in the hardness and abrasion of aluminum alloys,
without a significant increase in mass and interference in the
properties of the base material [16—18].

Ti and Al-based intermetallic phases are characterized by,
among others, low density, good high temperature strength
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and creep resistance, fatigue, oxidation, and corrosion resist-
ance[19] The introduction of intermetallic phases such as
Al;Ti or Al,Ti allows a significant increase in the strength
and hardness of aluminum alloys. As the research shows the
density of Al,Ti is about 3.53-3.54 g/cm?, which is less than
in the case of Ti;Al and compressive yield strength is about
700 MPa at room temperature [20, 21]. Hsu et al. showed
that the introduction of the Al;Ti phase into aluminum by
friction stir processing allows to obtain a composites layer
with increased Young’s modulus and strength [22]. The
intermetallic phases formed from the combination of Al and
Fe also increase the strength properties of the layers formed.
The hardness of such precipitates, for example AlFe; may
exceed 640 HV [23].

The formation of Al-Ti phases in the remelting area was
demonstrated by Chen et al. [24]. The authors demonstrated
the formation of, among others, Al;Ti phases in the welding
area when welding sheets made of aluminum (5A06) and
titanium alloy (Ti-6Al1-4V). Chen received similar results
using a laser beam for welding [25]. Majumdar et al. using
a laser received layers Ti/Al and Ti/Al/Si on the surface of
pure titanium [26]. They were characterized by a significant
increase in abrasion resistance and a reduction in the friction
coefficient of Ti/Al layers in relation to the pure titanium.
Garcia et al. to increase abrasion resistance, introduced Al-Ti
and Al-Ti-N powder into the surface of pure titanium using
a CO, laser [19]. However, there are no reports of surface
modification of Al-Mg alloys using titanium and iron pow-
ders, especially using the high-power fiber laser (HPFL).

2 Material and experimental procedure

Aluminum alloy with 5% magnesium EN AC-AIMg5 was
used as the base material (Fig. 1a). During the laser surface
alloying process (LSA), a YLS 4000 IPG fiber laser was
used with a maximum power of 4 kW and a wavelength of
1070 nm. Shielding gas (helium) was used to protect the

(a)

Mag= 150KX

Signal A= SE2

surfaces and liquid metal from oxidation. A mixture of tita-
nium powder (spheroidal shape) and iron (globular shape) in
a proportion of 90/10 by weight was introduced directly into
the liquid metal pool using a pressure feeder. During LSA
process, a coaxial head was used to evenly feed the alloying
powder. The average titanium powder size was 37 um and
iron 42 ym. The LSA parameters are shown in Table 1.

The laser beam was focused on the treated surface using
a Reis-Modular Welding Optics AP44 with a focal length of
200 mm. Three laser movements were made to obtain a wide
layer. Due to the small sample volume (20X 10X 50mm)
between the individual paths a gap of 180 s was used. The
length of each alloying patch was 40 mm. During subsequent
paths, a fixed offset of 3 mm in the Y axis was used. Keep-
ing 50% of the overlap on the previous track resulted in a
relatively uniform and even bottom of the layer.

Metallographic observations were carried out using a
light microscope on polished and etched samples. The LSA
surface were electrolytically etched during 120 s, 20 V volt-
age in HBF, solution. In addition, polished (neoprene rub-
ber + colloidal suspension of silicon oxide 0.004 pm) but not
etched samples were observed. The chemical composition
analyses were performed on a scanning electron microscopy
(SEM-Supra 35 Zeiss), using X-ray analysis (EDX).

X-ray diffraction was used to identify the intermetallic
phases formed in the volume of the LSA layer. Analysis was
performed on the PANalytical X’Pert diffractometer, using
filtered cobalt anode radiation (AKa=1.79 10\). The meas-
urements were made with use of a semiconductor detector

Table 1 Parameters of laser surface treatment

Power, kW 2.5

Laser spot, mm 3

Spot speed, m/min 0.2
Shielding gas He, 2.5 I/min

Powder feed rate 0.5+0.05 g/min

EHT =20.00kV

Fig. 1 Microstructure of untreated surface AIMg5—(a) mixture of powders (Ti/Fe) used during LSA—(b, ¢)
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strip “PIXcell 3D” in two-dimensional area mode at range of
10-120° [20] (step=10.026°, counting time at step=36.46s;
generator settings: 30 mA, 40 kV).

The layer’s hardness was measured using a Rockwell
durometer in HRF scale (penetrator—1/16-inch sphere,
60 kg load). The measurements were made after surface
grinding—removing the wavy part of the layer—using
abrasive paper with a grain size of 65 pm. To determine the
hardness distribution on the layer cross-section, the Vickers
hardness tester (300 gf/15 s) was used. A hardness distri-
bution map of 4.0 x 6.0 mm (measuring step “x” and “y”:
0.2 mm) was made covering the entire laser-treated area:
alloyed layer, heat affected zone and parent material.

The wear resistance of the base material and LSA layers
was tested using the ball-on-disk test (the sample rotates
around its own axis while the counter-sample is pressed with
constant force). A zirconia ceramic ball 6 mm in diameter
was used as a counter-sample. Immediately before the test,
the surface was sanded with 65, 15 and 5 pm abrasive paper.
The sample surface and counter-sample surface were then
chemically cleaned with methyl alcohol and dried with com-
pressed air. The test parameters are shown in Table 2.

3 Results

Application of laser surface treatment (LSA) allows to obtain
a very wide range of alloyed layers on almost any metallic
material [13, 14, 17, 18]. A certain limitation of LSA, as in
the case of the cladding process, is the inability to obtain a

Table 2 The ball-on-disk wear test parameters

Load, N Linear speed, Distance, m  Wear track Counter
cm/s radius, mm sample
10 10 50 2.5 Ball-ZrO,
(a)

(b)

perfectly smooth and even surface layer [27, 28]. To ensure
adequate surface roughness and waviness, material removal
processes such as grinding are necessary. The use of this
procedure allows you to remove high waviness especially on
the surface of the melting line and high surface roughness,
as well as undissolved alloy powder particles present on the
surface of LSA. In the present study, the average rough-
ness of the LSA layer before grinding was 6.42 +1.14 pm.
The average width of the alloyed track (1 and 2) was about
2862 um, while the third line was 3200 pm. The topography
of alloyed surface layer as well as its waviness and roughness
are shown in Fig. 2. Hardness (HRF) and abrasion resistance
measurements were made on a previously ground surface.
The surface of both: LSA layers and reference samples (alu-
minum alloy without LSA) was prepared in the same way.

Metallographic observations using light optical micros-
copy (LOM) were performed using differential interference
contrast (DIC) and polarization. The average grain size in
the remelting area ranges from 4 to 42 um. The smallest
grain size (4—15 um) was observed in the lower part of
alloyed area (Fig. 3b), while in the middle and upper part
of the remelting zone it was from 25 to 42 um (Fig. 3c).
The average grain size of AIMg5 alloy without laser surface
treatment was in the range from 300 to 590 um (Fig. la,
3a—"a” lower part of the figure).

Based on the LOM observations, three zones were
revealed: a remelting area enriched with alloying elements,
the heat affected zone (HAZ) and the parent material. The
average depth of alloyed layer was from 1440 to 2168 um,
while the width of the heat affected zone ranged from 5
to 15 pm. Due to the large overlap during laser processing
(50%), the depth of alloyed zone was not uniform across
its width. The most significant change in layer depth was
revealed up to 5 mm from the beginning of remelting area.
After stabilization, the depth differences were about 35 pm,
and the undulations of the lower layer were still visible. In
addition, about 550 pm of the surface layer thickness was
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Fig.2 Topography of the surface layer: a topography of the LSA layer, b surface topography of a single alloyed line no 3, and ¢ a surface profile

of waviness and roughness of LSA layer
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(a)

Fig.3 The microstructure of the alloyed layer: a the lower part of the alloyed layer, with visible coarse grains of the parent material, b the mid-

dle part, ¢ the upper part

removed at the grinding stage (for tribological and hard-
ness test). As the alloyed layer depth increased, a smaller
proportion of the formed phases was observed. The phases
formed in the lower part of alloyed layer were of smaller size
(Fig. 3b). Spherical dark areas visible in Fig. 3a are insoluble
titanium powder particles whose chemical composition was
confirmed by EDS analysis.

Based on XRD analysis, the presence of such interme-
tallic phases as Al,Ti and Al;Ti in the alloyed layer was
confirmed. In addition, peaks from the substrate material
were also observed. The X-ray diffraction pattern of LSA
layer is shown in Fig. 4. Based on the chemical composition
analysis (EDS), the alloying elements are evenly distributed
in the entire volume of alloyed layer. The average atomic
content of titanium in the alloyed layer is 8% (Fig. 5). In
addition, iron-rich secondary phases were revealed through-
out the entire melted area (Fig. 6e). Figure 6a shows the
image (SE) of precipitates observed in alloyed layer, while
Fig. 6b—e the result of elemental mapping analysis of Ti, Al,
Mg and Fe. The mapping analysis shows that the alloyed
layer is dominated by a phase rich in titanium and aluminum,
introduced during LSA treatment. Several small precipitates
(well below 2 pm) rich in iron have also been revealed on
elemental maps. In addition, individual undissolved particles

of titanium powder (about 5—35 um in size) were revealed
throughout the entire remelting area. Point EDS analysis
of Fe-rich precipitates showed an average composition of
88.46+3.11 at. % Al, 09.10+4.9 at. % Fe and 02.44+1.8
at. % Mg. Based on the atomic composition analysis, it can
be assumed that this is the FeAl; phase. Since iron does
not form intermetallic phases with magnesium, it was not
considered during the analysis. The small amount of mag-
nesium in the EDS analysis comes from the aluminum alloy
matrix (AIMg5).

The microhardness measurements were made using an
automatic measuring path with a load of 300gf and indenta-
tion time of 15 s. The map of hardness profile along the cross
section of the remelted layer is shown in Fig. 7. A signifi-
cant increase in hardness was found throughout the entire
remelting area. The average microhardness of the alloyed
layer is about 95HV j; + 8. As shown in Fig. 7a, the hard-
ness decreases with the depth of alloyed layer and reaches
69 HV;+2 in the area of the parent material. Hardness
measurements show an increase in layer hardness of about
19 HRF (Table 3). The increase in hardness in the remelt-
ing area is caused by the presence of undissolved Ti powder
particles as well as precipitations of TiAl,, TiAl; and FeAl,
phases. Slight changes of hardness in the alloyed layer are
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Fig.4 XRD pattern of AIMg5 aluminum alloy laser surface alloyed with Ti/Fe
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Fig. 6 Microstructure of LSA layer, a general image (SE), b—e elemental mapping analysis in remelted area, f results of EDS point analysis from
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(a)

Mag= 150X Signal A = SE2 EHT =15.00 kV

Fig. 7 The hardness distribution in the cross section of alloyed layer and the SE image showing the location of the measuring points the layer

Table 3 Dimensions and roughness of the wear tracks

Tested material Dimensions of plastic deformation Dimensions of wear track Roughness of the Hardness
. . 3 3 5 wear track Ra [um]
Height, pm Width, yum  Volume, mm Depth, um Width, mm  Volume, mm
AlMg5 13.51£2.78 93.6+25.7 0.67+0.2 43.93+8.88 1.22+0.1 27.64+11.96 1.54+0.01 63.3+1.7
AlMg5 + Ti/Fe 541+2.03 692+194 0.13+0.1 27.86£2.77 0.79+0.04 20.39+5.28 1.33+0.03 82.5+3.9

caused by variation in the size and share of intermetallic
phases (the size of precipitates ranged from 5 to 18 um), as
well as the size of the grains (the grain size in the remelted
area was from 4 to 42 um). The distribution of indentation
points in the alloyed area is shown in Fig. 7b.

The analysis of the width and depth of the wear track
revealed a significant increase in the wear resistance of sam-
ples after laser surface treatment. It reveals a clear correla-
tion between microhardness in cross section and increase in
surface hardness, as well as resistance to abrasion.

The wear mechanism was studied based on the wear
tracks analysis, as well as observations of debris and com-
parison of representative areas of wear tracks (Figs. 8, 9).
On the surface of wear track after LSA (Fig. 8a, ¢) and on
the surface of the untreated base alloy (Fig. 8b, d) numer-
ous evidences of abrasion wear is revealed in the form of
grooves parallel to the direction of movement. This wear
effect is mainly due to the presence of aluminum particles
in the case of AIMg5 alloy, and in the case of LSA sur-
face of Al-Ti/AlFe phases and undissolved Ti particles that
form wear debris between the working surface and the ZrO,
ceramic ball (counter-sample). Abrasion was mainly caused
by plowing due to presence of detached fragments of the
substrate material between the sample and the counter-sam-
ple surface. Moreover, in both cases (untreated surface and
LSA surface) delamination areas were revealed. This type

@ Springer

of fatigue wear mechanism causes cracking and subsequent
tearing of fragments of material in the form of flakes or
particles from the surface as a result of repeated ball move-
ment over the sample (Fig. 8a—c). This phenomenon was
the most destructive in the aluminum alloy parent material
(Fig. 8c). Based on the observations made in the scanning
electron microscope and EDS analysis, the aluminum oxides
were found in both wear products and on the abrasion sur-
face (Fig. 8e). This is evidence of oxidation wear due to the
release of a significant amount of heat during the wear test.
A larger amount of oxide was found in case of LSA surface
on the sample surface and in the wear debris. Similarly, in
both cases, signs of plastic deformation on the wear surface
(Fig. 8d) and the presence of the substrate material on the
ceramic ball (Fig. 8f, g) were revealed. The average diam-
eter of the material adhered to the surface of the ball was
1.01 mm for the LSA surface, while for the base material
it was 1.35 mm. This phenomenon was much more intense
for the base material than for the LSA surface. This kind of
material transfer indicates adhesion. The observed plastic
deformation of wear paths indicates softening of the mate-
rial due to the increase in temperature in the contact area.
Microscopic observations revealed a different mor-
phology of debris resulted from wear of the LSA surface
and untreated aluminum alloy. In the case of a wear prod-
ucts resulted from tribological test of the base aluminum
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Fig.8 Wear track surface and counter-samples after tribological test, a, ¢, f parent material; b, d, g LSA layer; e EDS analysis from the base

material wear track

material, the large flake-shaped fragments with a size of
50-5000 pm, detached from base aluminum surface (Fig. 9a)
were disclosed. For LSA surface, the wear products con-
sisted of several flakes with a size of 20—-100 pm and a fine
powder below 14 pm. The wear debris resulting from the
tribological test of LSA surface are shown in Fig. 9b.

Wear track on LSA surface was about 16 um shallower
and about 430 um narrower compared to the untreated sur-
face of aluminum alloy. In addition, the volume of the LSA
wear track was 7.25 mm?® smaller than that of aluminum base

alloy. The crater profile is shown in Fig. 10a and the results
of wear tracks measurements are summarized in Table 3.
The much smaller amount of material located above the
surface level and around the wear track (on the wear track
profile) in case of LSA surface about 0.54 mm?, indicates a
lower plastic deformation due to higher hardness of the LSA
zone compared to the parent material—the aluminum alloy.
The untreated aluminum material found greater surface
roughness and waviness after wear test, which corresponds

@ Springer
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Fig.9 Wear debris located on the sample surface after the tribological test: a base aluminum material, b LSA layer
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Fig. 10 Wear track (a) and friction coefficient (b) in the tribological test of AIMg5 base material and after LSA with Ti/Fe

to the numerous traces of delamination shown in Fig. 8a, ¢
(Fig. 10; Table 3).
Large fluctuation of friction coefficients indicates the
appearance of cracks and intense delamination as well as
local melting and softening of the surface during wear test
(Fig. 10b). The highest coefficient of friction, in both cases,
was revealed when the surface was scratched for about 1 m
after the test started, where the average value for the base alu-
minum alloy was 0.9 and for LSA surface 0.65. The average
coefficient of friction for untreated surface at the distance of
2-10 m was much higher than on the LSA surface (where
it was ranged from 0.6 to 0.65) and from 10 to 25 m cor-
responded to 0.45 and after exceeding 25 m was lower and

@ Springer

reached about 0.4. The friction coefficient measured during the
wear test for the LSA surface stabilized after 2 m (0.45) and
its fluctuations were much lower, which confirms the minor
influence of delamination on the friction surface.

4 Conclusion

As a result of the laser surface treatment of the AIMg5
alloy (power—2 kW; scanning speed of 0.2 mm/min), a
homogeneous and wear-resistant tribological layer was
obtained without porosity or discontinuities in the struc-
ture. The average depth of remelted layer ranged from



The impact of laser surface treatment on the microstructure, wear resistance and hardness of...

Page90of10 231

1440 to 2168 um. The average grain size of the remelted
area is between 4 and 42 pm. The smallest grain size
(4—15 um) was observed in the lower part of remelted
layer while in the middle and upper part of remelted zone
was from 25 to 42 um. The average grain size of AIMg5
alloy without laser surface treatment was in the range from
300 to 590 um. In the entire remelted area, only several
undissolved alloying powder particles were observed.
Based on the chemical composition analysis (EDS) the
alloying elements are evenly distributed throughout the
entire volume of the alloyed layer. The average atomic
content of titanium in the alloyed layer is 8%. The XRD
analysis, as well as EDS, revealed the uniform occurrence
of Al,Ti and Al;Ti phases throughout the entire alloyed
layer. In addition, EDS analysis confirmed the presence
of an iron rich phase, FeAl;. The introduction of Ti and
Fe in LSA process increased both hardness and tribologi-
cal resistance of the aluminum AlMg5 surface layer. The
average microhardness of LSA layer is about 26 HVj; +2
higher than the base aluminum material. Hardness meas-
urements show a layer hardness increase of approximately
19 HRF. Wear track on the LSA surface was about 16 um
shallower and about 430 um narrower comparing to the
untreated surface of aluminum alloy. In addition, the wear
track volume of the LSA surface layer was 7.25 mm?
smaller than that of the aluminum base alloy.
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