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Resumen

En este trabajo fue utilizado la liga Al-2.0% Fe hipereutectico, toda la superficie de la muestra fue cubierta con files de soldadura
consecutivas y superpuestas mediante la técnica de refusion superficial a laser (RSL). En esta superficie tratada fue realizado un
analisis micro estructural y bien como pruebas de microdureza. La microestructura fue analizada mediante el microscopio 6ptico,
microscopia de electrénico de barredura de emision de campo (MEBEC) y por la técnica Vickers. Los resultados obtenidos en
este estudio muestran, que por el tratamiento por RSL se produjo un brusco calentamiento localizado y seguido por rapido resfria-
miento de la region tratada, resultando asi la formacion de una capa fina de microestructura, llevando a disolucion de precipitados
e inclusiones, por consiguiente generando la formacion de fases meta estables, aun, desprovisto de micro fisuras en la region
fundida y con una protuberancia pequefia en los filetes de la soldadura, resultando asi una caracteristica homogénea de la region
tratada que el substrato. El andlisis de la dureza por Vickers se ha realizado en el area de la seccion transversal y en la superficie
del cuerpo de prueba. Resultando una alta microdureza en la region tratada que en el substrato no tratado.

Abstract

In this work hypereutectic Al-2.0 wt% Fe alloy was used, the whole surface of the sample was covered with consecutive and su-
perimposed weld fillets by means of laser surface remelting (LSR) technique. Microstructure was analyzed by optical microsco-
py, field-emission scanning electron microscopy and Vickers technical. Results obtained in this study indicate in LSR-treatment
occurred rapid heating and followed by rapid cooling, resulting in formation of a thin recast layer with a refined microstructure,
with dissolution of precipitates and inclusions, and formation of metastable phases, devoid of microcracks in the cast region and
with smaller protuberance on the weld fillets, resulting so a homogeneous characteristic of the treated region that the substrate.
Furthermore, analysis of Vickers hardness was done in the cross-sectional area of treated sample and on the treated sample
surface. Resulting in a greater microhardness of the treated region than untreated substrate.
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Introduction

Laser surface remelting (LSR) has attracted increasing in-
terest in recent years due to its special capabilities. High
energy density of LSR translates into efficient use of energy
for remelting, because LSR modifies surface properties of a
material without affecting its bulk properties. LSR results in
rapid quenching of the molten material by conduction into
the cold subsurface after rapid irradiation. This type of be-
havior was also observed by Kalita [1], who applied laser
surface melting (LSM) technique in a study of high strength
aluminum alloys (HSAL).

Pariona et al. [2, 3] used LSR technique in a study of
hypoeutectic Al-1.5 wt.% Fe alloy. Characterization of the
cast region revealed the formation of a refined, dense and
highly homogeneous microstructure, as well as cracking, no-
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ticeably with a high formation of protuberance on the weld
fillets than alloy untreated. An overlapping line of consecuti-
ve weld fillets was also perceptible in the cast region of this
alloy, which resulted in an increase of about 61% in hardness
compared to the base material. According to Pariona and et
al. [4], which the Marangoni effect influence thermal gra-
dient in the molten pool a high temperature, meanwhile, also
it produces effects in quality and properties of microstruc-
ture, morphological characteristic and as well as quality of
laser-treated workpiece track. Yet these same authors confir-
med, at low laser beam velocities, the morphology is higher
and quality of track presents many defects than at high laser
beam velocities.

This study involved LSR treatment of hypoeutectic Al-2.0
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wt.% Fe alloy. The samples was characterized by various
techniques, including optical microscopy (OM), scanning
electron microscopy (SEM) and vickers microhardness test.
Analysis of Vickers hardness were done in the cross-sectio-
nal area of treated sample and on the treated sample surface.
The microstructure and microhardness of laser-treated layer
were systematically investigated to correlate their properties
with process involved.

Materials and Methods
Material

Hypereutectic Al-2.0 wt.% Fe alloy under study was prepa-
red with commercially pure raw materials. The material was
cast in a resistance furnace (muffle) by pouring the liquid
metal into a cylindrical ingot mold and cooling in ascending
mode. Resulting ingot was sectioned into various samples,
which were sand blasted individually to determine the che-
mical composition of alloy by energy-dispersive X-ray fluo-
rescence spectrometry (Shimadzu EDX-7000), as indicated
in Table 1.

Table 1. Chemical composition of materials used for manufacture of Al-
2.0 wt.%Fe alloy.

Impurit
Material - Py -
Fe Si Cu Ni
Al 99.76% 0.09% 0.06% 0.06% 0.03%
Fe 99.97% - 0.01% 0.01% 0.01%

Laser surface treatment

In this research, Al-2.0wt% Fe alloy was applied to a laser
surface remelting (LSR) process, without gas protection,
using a 2 kW Yb-fiber laser (IPG YLR-2000S) in order to
examine treated and untreated layers. LSR treatment was
performed in a laboratory at Institute for Advanced Studies
(IEAv) of Aerospace Technical Center (CTA-ITA) in Séo
Jose dos Campos, SP, Brazil. A laser scanning speed of 40
mm s—1 was applied. Average power of the laser beam was
set at 600 W and the power density on the sample surface
was estimated at 4.8 x105W cm—2. Laser-treated samples
were covered with several weld fillets during the remelting
process [5].

Equipment for microstructural and morphological charac-
terization

Various microstructural characterization techniques were
employed to gain a better understanding of microstructural
effects of Al-2.0 wt.%Fe alloy LSR-treated under this study.
Th techniques applied procedure were optical microscopy
(OM), field-emission scanning electron microscopy (FES-
EM) coupled to energy dispersive spectroscopy (EDS) and
Vickers microhardness testing, which are described in details
below.
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LSR treated samples were analyzed by OM (Olympus BX51)
couple to a Q-Color 3 digital camera to capture images. Prior
to studying the LSR treated layer, the cross-sections were
cut out of the samples using a diamond blade and they were
sanded and polished. Samples were chemically etched with
hydrofluoric acid 0.5 % (v/v) at intervals 30 to 45 seconds,
after they were polished with metallographic polishing pads,
using only water, to ensure that LSR treatment would not be
impaired.

Laser-treated material and substrate were analyzed by FES-
EM (MIRA 3 LM) coupled to EDS to examine the micros-
tructural changes caused by laser treatment.

Vickers microhardness testing

Vickers hardness (HV) tests were performed using a Leica
VMHT MOT microhardness tester operating with a load of
0.1 kg at 15 seconds (HV 0.1 15s). The tester was applied
in the cross-sectional area of treated specimen, to different
penetration depths until it reached the base material. Pene-
tration depths of the tester from the surface in the treated ma-
terial region were approximately 50pum, 100pum and 200um,
however, 300pm, 500pum and 700pum were in the base mate-
rial region as shown on schematic in Figure 1. At each of the-
se depths, 15 micro-indentations were made in lines parallel
to surface. Average hardness and standard deviation at each
of selected depths were calculated based on data obtained.

Laser melted zone

Between Fillet
Weld

Fillet Weld

Figure 1 — Schematic diagram of weld fillets on the sample surface and in
the cross-sectional area showing the penetration depth of Vickers indenter

in LSR-treated sample

For preparation of HV tests, a cross-sectional sample was
sanded with 600 and 1200 grit sandpaper and polished with
colloidal silica to reduce its roughness, thereby preventing
roughness that could interfere in the results of HV measu-
rements. Besides, microhardness was measured on the la-
ser-treated sample surface, which was cleaned only with
water to prevent that it could be modified. Furthermore, the
material’s hardness was tested on the weld fillets region and
between them.

Results and Discussion
Surface characterization of laser-treated samples

Figure 2 illustrates the morphology of hypereutectic Al-2.0
wt.% Fe alloy laser-treated and analyzed by OM and FES-
EM, showing characteristics of the weld fillets formed du-
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Figure 2 — (a) OM, and (b) FESEM images of the morphology of hypereutectic Al-2.0 wt% Fe alloy LSR-treated
surface, showing regions on the weld fillet and between the weld fillets, (c) on the weld fillet region at increase mag-
nification, and (d) between weld fillets region under higher magnification.

ring laser treatment. OM image in Figure 2(a) shows the
surface morphology, while FESEM image in Figure 2(b)
shows the morphology in more detail on the weld fillets re-
gion and between the weld fillets. As can be seen, on the
weld fillet region contains a higher concentration of defects
if compared with the weld fillets region. Zhang et al. [6] and
Kalita et al. [1] reported a similar result. In Figure 2(b), the
distance between the weld fillets is approximately 300 pm.
It was notecid the presence of several nanopores, which may
be attributed to volatilization of inclusions or vaporization
of the substrate itself, caused by hydrogen and moisture in
the atmospheric air, which are absorbed in the laser-treated
region favoring the formation of pores. These results are
consistent with reported of Yilbas et al. [7] and Pariona et al.
[2]. The micrograph in Figure 2(c) shows on the weld fillets
region under higher magnification, it showing concentra-
tion of defects in more details. Figure 2(d), also at increased
magnification, shows between the weld fillets region, a more
uniform morphology with a columnar-like structure. Pariona
et al. [2] also observed these structures in Al-1.5 wt% Fe and
Li et al. [8], these last authors stated that Al-Co-Ce alloys
contain Al-rich eutectic regions whose structure and was si-
milar to Al-2.0wt.% Fe alloy. Peculiar characteristics of the
microstructure shown in Figure 2 (d), resented by a highly
improved properties, such as: hardness, corrosion and wear
resistance, which is resulted of precipitates dissolution and
formation of metastable phases. Several authors have repor-
ted similar results, among them, Damborenea [9], Pinto [10],
Yue et al. [11], Majumdar et al. [12], Bertelli et al. [13], and
Pariona et al. [2].

Pariona et al. [2] analyzed hypoeutectic Al-1.5 wt.% Fe alloy
LSR-treated and observed presence of microcracks between
the weld fillets. However, this phenomenon in this study was
not observed in hypereutectic Al-2.0 wt% Fe alloy LSR-trea-

ted, as can be seen in Figure 2(c) and (d). Lack of microcrack
was expected, since, according to Mondolfo [14], formation
Al-Fe alloys is impaired, when the material contains coarse
Al3Fe particles or intermetallic phase, which tend to produ-
cemicrocracks and reduce formability, whereas, this does not
occur with presence of Al6Fe finely dispersed in Al-2.0 wt.%
Fe alloy, however, the Al3Fe intermetallic phase does not
appear in this alloy, as demonstrated by Pariona and Micene
[15] by low-angle X-Ray diffraction analysis. Meanwhile,
Gremaud et al. [16] reported, increasing the cooling rate of
hypereutectic alloys containing up to 9 wt.% of Fe suppres-
ses formation of stable AlI3Fe phase, which is replaced by
Al6Fe phase, which confirms our result.

Characterization in the cross-section of laser-treated and
untreated materials

Figure 3 shows a cross-sectional analysis by OM. In this re-
gion can be observed the penetration depth of the treated re-
gion was around 250 pum, and the distance between the weld
fillets was approximately 300 um (also was shown in the first
micrograph, Figure 2). Note clearly visible difference of the
treated region microstructure and of the substrate.

The laser melted surface micrograph is shown at Figure 3,
as can be seen it is free of microcracks and the melted re-
gions are free of precipitates too. A fine microstructure of the
melt zone is attributed to high cooling rate. Microstructure
obtained in this work is similar to other laser melted alu-
minum alloys, as reported in the literature, i.e., Watkins et
al. [17] reported that the microstructure of laser melted AA
2014 consists of columnar grains growing epitaxially from
the substrate. Although, maximum melt depth observed in
this work was 250um (Fig. 3); however the thickness of this
zone depends of laser power and of the Maragoni effect, as
was discussed by Pariona et al. [5], these authors demonstra-
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ted when the laser beam velocity is low, therefore the molten
zone depth is greater.

material

Figure 3 also shows zones where there is overlapping of con-
secutive weld fillets. This overlapping is more common in
Al-2.0 wt.% Fe alloy than in Al-1.5 wt.% Fe alloy, reported
by Pariona et al. [2, 3, 5]. Kalita et al. [1] also reported over-
lapping of consecutive weld fillets and Cordovilla et al. [17]
pointed out as essential tool to understand way in which each
track affects the microstructures produced by previous one

Figure 4 depicts a cross-sectional LSR-treated sample and
analyzed by SEM, showing some regions of substrate and
the as-cast microstructure. In the cast area in Figure 4, note
presence of protuberances, which correspond to on the weld
fillet region (also shown in Figure 3). According to Pariona
et al. [4], presence of protuberances is more noticeable in
Al-1.5 wt.% Fe alloy than in Al-2.0 wt.% Fe alloy. Figure
4(a) also shows an overlapping line of consecutive weld fi-

llets. Figure 4(b) and (e) show the substrate region and the
laser-treated area under higher magnification, showing a vi-
sibly different microstructure, with a dendritic-like structure.
This microstructural difference between untreated substrate
and LSR-treated region is attributed to temperature applied
on the material surface, which exceeded its melting point
but was lower than boiling point, followed by rapid cooling
in laser treatment process and this leads a high thermal gra-
dient, and so in this way produces the laser melted zone. This
treatment resulted in formation of a thin recast layer with a
refined microstructure practically free of precipitates, inclu-
sions and intermetallic phases [16], as can be clearly seen at
the magnified image, Figure 4(d), with a columnar dendrite
structure, Watkins et al. [17] and, Grum and Sturm [18] have
also reported this characteristic in laser cast materials. Figure
4(c) shows the substrate region, which is also displayed un-
der higher magnification in Figure 4(f), showing presence of
intermetallic phase dispersed in the matrix. A comparison in
more detail of Figures 4(d) and 4(f) reveals that the treated
region morphology is more homogeneous, without presence
of the intermetallic phase that extends throughout the recast
area and showing evidence of transition from coarse-grained
to fine-columnar-dendrite structure. According to Pariona et
al. [2], behavior of the laser treated region is homogeneous
and similar to an amorphous phase; hence, it shows greater
hardness, lower surface roughness, and higher corrosion re-
sistance, reported by Pariona and Micene [15].

Vickers Microhardness Test

Vickers hardness test was accomplished in this work and by
means of a microscope coupled to the tester, the “d1” and
“d2” diagonals formed in area indented by pyramid were
measured, and these parameters were used to calculate Vic-
kers hardness. Figure 5 illustrates indented areas used for

B

Figure 4 — SEM micrograph in the cross-sectional sample of Al-2.0 wt.% Fe alloy LSR-treated: (a) overlapping line of
consecutive weld fillets, (b) interface of treated surface and substrate, (c) substrate unaffected by laser treatment, (d) detail
in the cast region, (e) interfacial region of the treated surface and substrate, and (f) detail of the substrate unaffected by
laser treatment.
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calculation of the hardness of Al-2.0 wt.% Fe samples.

Figure 5 — (a) Area indented by HV tester in Al-2.0 wt.% Fe sample, (b)
deformed region shown under higher magnification

Microhardness profiles were measured along in a cross-sec-
tional sample, for laser-treated layer and untreated. These
measurements were taken along lines parallel to surface at
depths of 50, 100, 200, 300, 500 and 700 um, applying a load
of HV 0.1 for 15s. Figure 6 illustrates, the 15 micro-indenta-
tions made in the cross section and at each of these depths to
measure the hardness. Average hardness values and standard
deviation (s.d.) at each depth were calculated based on these
measurements, and are given in Table 2.
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Figure 6 — Vickers hardness analysis (HV 0.1 15s) of LSR-treated layer
and untreated substrate.

Table 2. Vickers hardness Analysis in a cross-sectional area, in sample
treated and untreated (VH 0.1 15s).

Region theDseupl)'g‘gce Ave\r/aae of Devizt.idon of

VH

50 pm 59.0 3.15

Treated region 100 pm 60.0 3.8
200 pm 57.4 3.0

300 um 36.5 143

Untreated region 500 pm 35.2 1.44
700 pm 35.4 1.68

An analysis of the data in Table 2 indicates the HV is the
higher on the LSR treated region than the untreated region.
The average hardness of the treated region is 58.8 HV, while
that of the untreated region is 35.7 HV, which corresponds at

60.7% increase in hardness in the treated region compared to
the untreated region.

The data in Table 2, also is shown in graphical form in Fi-
gure 7, it clearly show increase in hardness at treated region
than untreated substrate. This difference is attributed to mi-
crostructural changes as resulting of LSR-treated. In other
studies involving LSR treatment of materials, similar results
have been obtained by Yao et al. [19] and others, who repor-
ted a significant increase in hardness in laser-treated region
than untreated region.

Laser-melted
zone

Substrate

Figure 7 — OM image in the cross section of Al-Fe sample laser-treated,
indicating the depths selected for microhardness measurements.

The material surface hardness was also analyzed by HV me-
asurements on the weld fillets region and between them (see
Figures 2, 3 and 4), for the as-received laser-treated sam-
ple. The average Vickers hardness was calculated for 15 mi-
cro-indentations made on the weld fillets and between the
weld fillets, as indicated in Table 3.

Table 3. Analysis of Vickers hardness on the treated sample surface, indi-
cating the hardness at the regions on the weld fillets and between the weld
fillets (VH 0.1 15s).

Redion Average of | Standard Deviation
9 VH of VH
On the weld fillets 52.68 6.18
Between the weld fillets fillets 59.14 5.53

As can be seen in Table 3, the HV values measured on the
sample surface are consistent with those measured in the
cross-section too, so showing a higher average hardness at
the region between the weld fillets than on the weld fillet.
Pariona et al. [3], who made a comparative analysis of the
HV of Al-1.5 wt.% Fe alloy measured on the weld fillets and
between the weld fillets, also reported that the hardness be-
tween the weld fillets was higher than on the weld fillets,
therefore, the surface hardness in the laser-treated region in
relation to the untreated region is high, due to the treated
region morphology is more homogeneous, without presence
of intermetallic phase (Al Fe) and with the presence of Al Fe
phase finely dispersed in the matrix that extends throughout
the recast area, as can be checked in Figures 2, 3 and 4.

Present study focused on the microstructural characterization
of hypereutectic Al-2.0 wt.% Fe alloy, while previous studies
by Pariona et al. [2-4] involved hypoeutectic Al-1.5 wt.%
Fe alloy. Although both alloys were castings and solidified
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by laser-treated process in the same conditions, however,
microstructural analysis of the two alloys revealed charac-
teristics different. The overlapping line of consecutive weld
fillets at the cast zone of Al-1.5 wt.% Fe alloy was barely
perceptible than Al-2.0 wt.% Fe alloy. In addition, also in the
cast zone, presence of protuberances on the weld fillets was
much more noticeable at Al-1.5 wt.% Fe alloy than at Al-
2.0 wt.% Fe alloy. However, Al-1.5 wt.% Fe alloy showed
a behavior lamellar at the cast zone and meanwhile Al-2.0
wt.% Fe alloy showed a behavior fine-columnar-like structu-
re. Both alloys showed nanopores, which were concentrated
mostly on the weld fillets. The microhardness of Al-2.0 wt.%
Fe alloy LSR-treated surface was slightly more higher than
Al-1.5 wt.% Fe alloy.

This alloy has an industrial applications potential in the au-
tomotive, aerospace, electronics, and other sectors. This type
of study has shown interesting and innovative results.

Conclusions

This research involved a study of hypoeutectic Al-2.0 wt.%
Fe alloy subjected to a laser surface remelting (LSR) treat-
ment. The main results are the following:

1. In the cast region shown a refined compact and homo-
geneous microstructure devoid of microcracks and with
formation of a small protuberance,

2. The treated region showing evidence of transition from
coarse-grained to fine-columnar-like structure,

3. Fine microstructure of the melt zone is attributed to high
cooling rate due to LSR-treated,

4. The cast region of Al-2.0 wt.% Fe alloy showed a noti-
ceable overlapping line of consecutive weld fillets,

5. The hardness of the cast region of Al-2.0 wt.% Fe alloy
was about 61% higher than the untreated material,

6. Ahigher average hardness at the between the weld fillets
region than on the weld fillet was shown,

7. This alloy is potentially applicable in the automotive, ae-
rospace and electronics sectors, due to its high hardness
and the morphology of laser-treated alloy presented a fi-
ne-columnar-like structure than the untreated material.
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