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Abstract. Amorphous overspray powders of Fe72NbsSisB1s and Fes3sCo20Nb.SisB1g (at%) bulk metallic glasses (BMG’s)
obtained by spray forming were used in order to produce coatings on AlSI 1020 mild steel substrate by laser cladding
of the pre-placed powders. Several coatings were produced using different power densities (PD-J/mm?) by means of a
Yb fiber laser with total power of 2 kW. These coatings were characterized by scanning electron microscopy (SEM), X-
ray diffraction (XRD) and Vickers microhardness. SEM and XRD analyses of the FezsNbsSioB1s (at%) coating
produced with a lower PD (4.0J/mm?) prove its complete amorphous structure due to the high glass-forming ability
(GFA) of this alloy and higher cooling rate applied during process. However, the other Fe;2NbsSigBis and
Fes3Co29Nb4SisB1g (at%) coatings, irrespective of PD, exhibit nanocrystalline phases with the presence of Fe-a, Fe,B
and FeNbB phases, depending on alloy. The coatings showed Vickers microhardness ranging from 340-1180 HV and
822-1260 HV, depending on PD, for FezNbaSigBis and FessCo29NbaSisBig (at%) coatings, respectively, with higher
values obtained for coatings with larger amount of amorphous phase.
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1. INTRODUCTION

Bulk metallic glasses (BMGs) have been investigated due to their improved mechanical, physical and chemical
properties over crystalline materials (Afonso, 2004; Balla, 2010; Greer, 2009; Wang, 2004). They exhibit excellent
glass-forming ability (GFA) leading to formation of an amorphous structure with lower critical cooling rates of the
order of 100 K/s (Wang, 2004). The use of BMGs is an opportunity to revolutionize the field of structural materials
because their positive combination of strength, toughness, corrosion resistance and processability outside the envelope
achievable using current technologies. Fe-based metallic glasses are actively being studied for industrial applications
because the excellent combination of properties and low costs. Amorphous coatings of these alloys can be obtained on
steel substrates, which may improve the corrosion properties of these materials in aggressive environments (Koga,
2014), such as chemical industries and oil refineries.

A technigue commonly used to produce coatings is laser cladding. It is an advanced surface modification technique
for production of metallurgically well-bonded coatings obtained in a controlled manner and which enables the applied
material to be deposited selectively just where it is required (Vilar, 1999; Vilar, 2001; Zhang, 2011). It also makes
possible the synthesis of non-equilibrium coatings due to high cooling rates involved of about 10* K/s (Aghasibeig,
2012). The surface treatments through laser for advanced applications can enhance wear and corrosion resistance of
materials (Gargarella, 2014) and present advantages such as reduction in operational costs and quality and finishing
improvements (Maier, 1992).

The epitaxial solidification induced by the substrate (Gargarella, 2014), the high scanning speed needed in order to
get higher cooling rates to avoid crystallization and the low ductility of many metallic glasses (Schuh, 2007) make
difficult to produce perfect metallic glass coatings by laser cladding. Only a few works successfully produced metallic
glass coatings by this method (Balla, 2010; Gargarella, 2014; Vilar, 1999; Vilar, 2001; Zhang, 2011). A systematic
study of the influence of different processing parameters is needed to produce a perfect coating, free of defects, which
could be further characterized to get information about the improved properties at the surface.

Considering this, the present study produced coatings of the Fe;sNbSigBis and Fes3sCo29NbaSisB1g (at%) glass-
former alloys on AISI 1020 mild steel substrate by laser cladding of pre-placed powders. The microstructure, phase
formation and Vickers microhardness of the transversal section of single and overlapped tracks were investigated. The
aim was to select parameters that allowed amorphous phase formation with minimal changes of the coating’s
composition while still creating a metallurgical bond with the steel substrate.

2. EXPERIMENTAL PROCEDURE
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The Fe7sNbaSigB1s and FessCo29Nb4SisB1g (at%) alloys were chosen as coating material because they exhibit good
glass-forming ability (GFA) (Yanyan, 2012). The overspray powders were prepared by spray forming (Afonso, 2007),
with particle size <45 um and ranging from 20-53 um for Fe7sNbsSigBis and Fes3sCo20NbsSisBig (at%) alloys,
respectively, and completely characterized by Afonso (2007). Laser cladding was carried out using the pre-placed
powder method on square substrates of AISI 1020 mild steel with a size of 100 x 100 x 6 mm?. Laser cladding
experiments were conducted with Yb Fiber Laser (up to 2 kW) IGP in a high-purity argon gas atmosphere. The coatings
precursors were prepared by placing a 0.2 mm thick layer of powder on the substrates. These layers were melted using
different power (W), scanning speed (mm/s) and focal distance (mm) resulting in a variation of the power density (PD —
Jimm?). The microstructure of the coatings was analyzed by optical microscopy, using an Olympus PMG3 microscope,
and scanning electron microscopy (SEM), with a FEI Inspect S50 and Philips XL30 FEG. The phases formed in the
coatings were analyzed by X-ray diffraction (XRD) using a Siemens D5005 diffractometer and Cu-K, radiation. The
optical images and the penetration depth values were obtained using a laser scanning confocal microscopy (LSCM)
Olympus, Lext model - 3D measuring laser microscope OLS4100. The analysis was conducted in a flat area created at
the surface of the superimposed clad tracks (around 10 x 10 mm?) and at their transversal cross section. The
microhardness at the coatings’ transversal cross section was measured with a HMV-2000 Shimadzu microhardness
tester and a Vickers pyramid-shaped diamond indenter, under different loads from 0.05 (50.0 g) up to 2.0 kg.

3. RESULTS AND DISCUSSION
3.1 Effects of the laser processing parameters on coating’s penetration depth

To investigate the influence of the laser processing parameters on the coatings’ penetration depth in the steel
substrate, several single clad tracks were produced on the AISI 1020 mild steel substrate using different power densities

(PD — J/Imm?, Tab. 1).

Table 1. Laser processing parameters, calculated power density (PD, equation (1)), penetration depth and microhardness
for the Fe72Nb4SigB1s and FessCo29NbaSisB1g (at%) single tracks.

Composition
Fe72Nb4SigB1s (at%) Fes3C020Nb4SisB1g (at%)
Power | Scanning | Penetration PD Hardness | Power | Scanning | Penetration PD Hardness
(W) speed depth (= | (I/mm?) (HV) (W) speed depth (x | (I/mm?) (HV)
(mm/s) 0.2 um) (mm/s) 0.2 um)
200 100 17.0 4.0 1184 +94 | 200 150 - 1.3 -
200 50 30.1 8.0 1060 +53 | 200 100 - 2.0 -
200 30 44.7 13.3 838+79 | 200 66.7 - 3.0 -
200 10 - 40.0 826+33 | 200 33.3 - 6.0 950 + 124
400 100 24.0 8.0 790+90 | 200 25.0 1.0 8.0 1198 + 80
400 50 66.0 16.0 604 +28 | 200 16.7 - 12.1 | 1246 + 107
400 30 96.0 26.7 601+25 | 200 13.3 - 15.4 1162 + 52
600 150 63.6 8.0 511+85 | 200 10.0 - 20.0 1213 +93
600 100 70.0 12.0 458 +48 | 200 6.7 - 29.8 1258 + 87
600 50 97.4 24.0 336+28 | 400 150 - 2.7 -
400 100 - 4.0 -
400 66.7 - 6.0 899 + 63
400 33.3 - 12.0 846 + 87
400 16.7 - 24.1 848 + 80
600 150 - 4.0 1244 + 94
600 100 - 6.0 1104 + 66
600 66.7 0.5 9.0 1220 + 76
600 33.3 4.7 18.0 1005 + 67
600 16.7 5.3 36.1 822 + 45

The PD calculations were carried out using equations (1) and (2).

Power used

PD =
Scanmning speed ¥ EBeam diometer (1)
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where: Wy is the beam radius at focal plane (100 um), A is the beam wavelength (1070 nm), Z is the relative distance
from focal plane (4.0 and 8.0 mm, respectively, for Fe72NbsSisB1s and Fes3C020Nb4SisBig (at%)) and M2 is a quality
factor (22.4). The laser beam diameter obtained using equation (2) was 0.5 and 1.0 mm for FezsNbaSigB1s and
Fe13Co29Nb4SisB1g (at%) alloys, respectively.
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Figure 1. Variation of penetration depth at the transversal cross section of tracks in function of power density (PD)
for Fe7aNb.SigB1s and Fes3sCo29Nb4SisB1g (at%) alloys, both with different laser processing parameters. As can be seen,
the penetration depth increases with increasing the PD.

Figure 2. Digital photographs of single tracks obtained for (a) Fez2Nb4SisB1s (at%) and (b)-(c) FeasC0o20Nb4SisB1g
(at%). Optical microscopy images obtained for Fe;z2Nb4SigB1s (at%) transversal tracks. The PDs used were ()
4.0 J/mm?, (b) 8.0 J/mm? and (c) 24.0 J/mm?. It is clearly seen that penetration depth increases with increasing the PD.

Figure 1 and Table 1 show that the penetration depth increases as the PD increases, regardless of alloy, as can be
seen in the optical microscopy (OM) images shown in Figs. 2 for Fez2Nb4SigB1s (at%) alloy. In addition, the Figs. 2(a)-
(c) show the digital photographs of single tracks obtained on the steel substrate after laser application. The OM images,
Figs. 2(d)-(f) show clearly the increase in the penetration depth as the laser power increased for the same scanning
speed. The penetration depth values were measured using laser scanning confocal microscopy (LSCM). These results
show that a combination of lower laser power with higher scanning speed (lower PD) led to lower penetration depth of
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the coating material on the steel substrate, due to shorter interaction time. Figures 2(d)-(f) also demonstrates that an
increase in the PD causes a decrease of the coating’s height and an increase of the coating’s width as expected since the
energy density delivered to the power bed and substrate is reduced for lower PD.

Comparing the two alloys, Fig. 1 and Tab. 1 show that the addition of Co to the Fe;sNb4SisB1s (at%) results in a
significant decrease in the penetration depth, <5.3 um. For lower PD, even no metallurgical bonding or very shallow
bonding (sub-micron level) occurs for the Fe-Co-Nb-S-B composition (Tab. 1). This different behavior may be due to
the higher viscosity and lower thermal conductivity of the Fes3Co29Nb4SisB1g (at%) alloy.

3.2 X-ray diffraction (XRD) analysis of the coatings

Based on the optical microscopy images and coating’s penetration depth values measured using LSCM, it was
observed that single tracks produced with lower PD (lower laser power and higher scanning speed) showed evidence
that the coatings were in non-crystalline state or near amorphization due to its homogeneous appearance with minimal
changes of the coating’s composition (lower dilution and a good surface quality) while still creating a metallurgical
bond with the steel substrate. These results showed that depending of laser processing parameters used, it is possible to
maintain the amorphous structure after the superficial treatment of the precursor powders.

Thus, laser processing parameters used in order to produce FezaNbsSigB1s and Fes3Co29NbsSisB1g (at%) coatings,
which were characterized by XRD, always resulted in lower PD. The X-ray diffractograms of the Fez2Nb4SisB1s and
Fes3C020Nb4SisB1g (at%) coatings are presented in Figs. 3(a) and 3(b), respectively.

Figure 3(a) shows that among the Fe7>Nb4SisB1s (at%) coatings obtained with PDs 4.0, 8.0, 12.0 and 40.0 J/mm?, all
with overlapping of 0.4 mm, only the coating produced with lower PD (4.0 J/mm?) exhibits a fully amorphous structure
with the presence of a broad peak at 26 = 45.0°. The parameters used to produce this coating were scanning speed of
100 mm/s, laser power of 200 W and overlapping of 0.3 %. For the other coatings, sharp Bragg peaks of the a-Fe,
Reference code: 06-0696 (JCPDS, 2000), and intermetallic FeNbB (Kim, 2015) phases are seen superimposed to the
broad amorphous phase peak, which also suggests the presence of amorphous phase in these coatings.

It can be concluded that the increase of PD was not favorable to the maintenance of glassy phase, therefore, the best
condition to obtain coatings of Fe;2NbsSisB1s (at%) with higher volume fraction of amorphous phase by laser cladding
is a combination of lower laser power (200 W) and higher scanning speed (100 mm/s), i.e., lower PD.
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Figure 3. X-ray diffraction patters of (a) Fez2Nb4SigB1s (at%) and (b) Fes3sCo29Nb4SisB1g (at%) coatings. The power
density used to produce these coatings are indicated in the Figures. The broad peak of the amorphous phase can be seen
around 26 = 45.0° for coatings produced using lower PDs.

Similar results were obtained for the Fes3sCo29Nb4SisB1g (at%) coatings (Fig. 3(b)) produced with PDs 12.1, 20.0 and
29.8 J/mm?, all with overlapping 0.5 um and 24.0 J/Jmm? with overlapping 0.5 and 1.0 mm. The results show that all
coatings exhibit sharp Bragg peaks of the crystalline phases a-Fe, Fe;B - Reference code: 36-1332 (JCPDS, 2000), and
FeNbB (Kim, 2015) and decreasing the PD used, the amorphous phase broad peak around 26 = 45.0° becomes clear. It
can be seen that increasing B content from 15.0 to 19.0 at% was sufficient to change the phase formation through
appearance of another boride phase, Fe.B. These results suggest that the increase of PD was not favorable to
maintenance of glassy phase, therefore, the best condition to obtain coatings of Fes3Co29NbaSisB1g (at%) with higher
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volume fraction of amorphous phase is a lower laser power (200 W) and higher scanning speed (16.7 mm/s), i.e., lower
PD.

Comparing the XRD results for both alloys, it can be seen that under the same conditions, i.e., laser power of 200 W
and scanning speed 10 mm/s, the FesxNbsSisB1s (at%) alloy (PD 40.0 J/mm?, Fig. 3(a)) presented higher volume
fraction of amorphous phase than Fes3C020Nb4SisB1g (at%) alloy (PD 20.0 J/mm?, Fig. 3(b)) indicating that Co addition
difficult the maintenance of glassy phase due to a decreasing in glass-forming ability (GFA).

The laser surface treatment of the Fe72Nb4SisB1s and Fes3sCo29Nb4SisB1g (at%) powders affected the phase formation
since the phases identified in the overspray powder (without laser treatment) of Fe7aNbaSiioB14 (at%) were glassy, a-Fe,
FexsBs, FeB and FeNbB and for FessCo29NbsSisBis (at%) were glassy, FesCos, FeasBes, CoisNbeSiz, (Fe,Co).B
intermetallic crystalline phases (Afonso, 2007). This difference is attributed to the different cooling rates involved in the
atomization and laser processing.

3.3 Microstructural analysis of the coatings

SEM images in backscattered electrons (BSE) mode and optical microscopy (OM) images of the transversal section
of single clad tracks of the Fez2Nb4SisB1s (at%) alloy are presents in Figs. 4(a)-(c), 5(a)-(c) and 6(a)-(c).

Figure 4. Transversal section of the single clad track of Fe72Nb4SisB1s (at%) obtained using a laser power of 200 W
and scanning speed of 100 mm/s. (a) OM image of the cross section and (b) SEM image of the clad track center and (c)
of the coating/substrate interface.

The microstructures of the single clad tracks produced with lower laser power of 200 W and different scanning
speeds of 100, 50 and 30 mm/s, showed that only the one produced with 100 mm/s was satisfactory, since at lower
scanning speeds, the coatings presented discontinuities or high porosity due to gas entrapment during the cladding
process (not shown here). The optical microscopy analysis of the single clad track produced with laser power of 200 W
and scanning speed 100 mm/s showed lower penetration depth of the coating material in the steel substrate (Fig. 4(a)),
and a homogeneous and without contrast microstructure, which suggests a non-crystalline state. SEM image taken at its
center region confirms that no crystalline phases occur in this coating (Fig. 4(b)), indicating maintenance of glassy
phase due to high GFA of this alloy. Furthermore, this result was in agreement to XRD analysis (PD 4.0 J/mm?, Fig.
3(a)) where the diffractogram did not show peaks of crystalline phases, indicating high amorphous phase fraction.
However, in the coating/substrate interface it is possible to see dendrites of the a-Fe phase embedded in the amorphous
matrix, indicating epitaxial growth from the steel substrate (Fig. 4(c)) (Gargarella, 2014). In addition, the heat-affected
zone (HAZ) formed in the substrate was narrow (5.5 um), but it is still possible to observe a change in the gray scale of
the phases as it moves up from the steel substrate to the coating.

Figure 5. Typical micrographs of the transversal section of the Fez2Nb4SigB1s (at%) single clad track obtained with
laser power of 400 W and scanning speed of (a) 100 mm/s: clad track center, (b) 50 mm/s: with the presence of a
dendritic morphology and (c) 30 mm/s: with an acicular morphology.
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Figure 6. Typical micrographs of the transversal section of the Fez2Nb4SisB1s (at%) single clad track obtained using
laser power of 600 W and scanning speed of (a) 150 mm/s: coating/substrate interface, (b) 100 mm/s: dendritic
morphology and (c) 50 mm/s: granular dendrite morphology.

When the laser power increased to 400 and 600 W, it was observed that more crystalline phases was formed as
result of the lower cooling rate. Coatings produced with laser power of 400 W and different scanning speeds, Figs 5(a)-
(c), showed that in these cases, the microstructure presented porous, small crystalline phases (FeNbB intermetallic
phase) and coating/substrate interface with dendritic phases (100 mm/s, Fig. 5(a)); porous, elongated grains with
columnar aspect and a coating/substrate interface with acicular morphology (50 mm/s, Fig. 5(b)) and acicular
morphology (30 mm/s, Fig. 5(c)). Moreover, in the last case, the single clad track presented an imperceptible distinction
of the steel substrate, indicating a very shallow bonding and lower dilution.

Figure 7. Typical micrographs of the single clad tracks/transversal section obtained from Fes3C029Nb4SisB1g (at%)
alloy.

Coatings produced with laser power of 600 W and different scanning speeds (Figs 6(a)-(c)) showed that in these
cases, the microstructure presented porous, small crystalline phases (FeNbB intermetallic phases) and coating/substrate
interface with dendritic phases (Figs. 6(c) and 6(b), respectively, 150 and 100 mm/s) and granular dendritic morphology
(Fig. 6(c), 30 mm/s). In addition, for both cases, Figs. 5 and 6, occurred crystallization of the single clad tracks, as can
be seen, FeNbB intermetallic phase appeared. The coatings presented cellular morphology and showed higher volume
fraction of dendrites embedded in the amorphous matrix indicating decreasing of the amorphous phase fraction with
increase of penetration depth (dilution) of the coating material on the steel substrate (Fig. 2(a)).

SEM analysis of the transversal section of single clad tracks of the Fes3C020NbsSisBig (at%) alloy obtained with
different laser processing parameters (Tab. 1) are shown in Figs. 7(a)-(f). The microstructures of the clad tracks were
very similar, irrespective of laser processing parameters, and the micrographs showed that occurrence of more
crystalline phases when compared to the Fez2Nb4SisB1s (at%) alloy. In all cases, it was observed nanocrystalline phases
(Figs. 7(a)-(f)). In addition, these results indicated that Co addition decreased the GFA comparing with Fez2Nb4SigBis
(at%) for coatings produced with the same parameters. Figure 7(a) shows that the coating presented small bright phases,
which correspond to the nanocrystalline FeNbB intermetallic and small dark phases, which correspond to the
nanocrystalline Fe;B intermetallic. Figures 7(b)-(d) show high magnification images of the nanocrystalline FeNbB
intermetallic phases embedded in the amorphous matrix. It can be seen in Fig. 7(e) a transition between clad track and
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steel substrate through the HAZ. In addition, the coatings exhibited an excellent interfacial bonding with the steel
substrate. Finally, Fig. 7(f) shows the dendritic epitaxial growth in the coating/substrate interface.
3.4 Vickers microhardness measurements of coatings

Figures 8(a)-(b) show the variation Vickers microhardness values and penetration depth in the steel substrate versus

PD obtained at the transversal cross section of clad tracks of Fez2Nb4SisB1s and Fes3sCo29Nb4SisB1g (at%) coatings, both
with different laser processing parameters (Tab. 1).
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Figure 8. Variation of Vickers microhardness at the transversal cross section of tracks and penetration depth in
function of power density (PD) of (a) Fe72NbaSisB1s (at%) and (b) Fes3sCo20Nb4SisB1g (at%).

For the Fez2NbaSigB1s (at%) alloy (Fig. 8(a)) it was observed that the Vickers microhardness increased as PD and
penetration depth decreased, for the same laser power. In addition, the Vickers microhardness values decreased as the
laser power applied increased due to high penetration depth, which makes that more material of the metal base melts
with the coating, changing its properties. Therefore, it was observed that the higher Vickers microhardness values were
obtained with the lower laser power, 200 W. According to the results obtained by SEM and XRD analyses, it was
observed higher volume fraction of amorphous phase for these coatings. It must be stressed that the greater the volume
fraction of amorphous phase formed, in general, higher the hardness of the coatings (Gargarella, 2014).

For the Fes3Co29Nb4SisBi1g (at%) alloy, it was not observed the same tendency as the FersNbsSigB1s (at%). Figure
8(b) shows that, in general, Vickers microhardness values measured were constant, according to standard deviation,
irrespective laser processing parameters, except for lower PDs, 4.0, 6.0 and 9.0 J/mm? with laser power of 600 W and
PD 6.0 JJmm? with laser power of 200 W. Therefore, it was observed that the higher Vickers microhardness values were
obtained for coatings produced with laser power of 200 W, irrespective of scanning speed, and laser power of 600 W
for small PDs, according to standard deviation. These results showed that Co addition and the increase in the B content
(Yao, 2012) in the alloy composition, increased the Vickers microhardness values of the coatings produced with the
same laser processing parameters. However, for laser power of 200 W, where higher volume fraction of amorphous
phases was observed, the Vickers microhardness values of the coatings, in general, were the same, according to
standard deviation. Also, the higher microhardness values observed for the transversal cross section of clad tracks for
Fes3Co29Nb4SisB1g (at%), was probably due to appearance of boride phase, Fe;B, which can increase its microhardness.

4. CONCLUSION

It was possible conclude from the studies made with the Fez2NbsSisBis and Fes3Co2NbaSisBig (at%) alloys that
coatings of these alloys with higher volume fraction of amorphous phases were produced on the AISI 1020 steel
substrate by laser cladding, using lesser PD, i.e., lower laser power of 200 W with higher scanning speed of 100 mm/s.
The Fes3Co29Nb4SisB1g (at%) coatings presented lower penetration depth than Fez2NbsSisB1s (at%) coatings due to
increase of B content and Co addition. However, for both alloys, the coating’s penetration depth and width increased
while coating’s height decreased with increasing of PD.

XRD analysis showed that only the coatings produced with lower PD exhibits a fully amorphous structure with the
presence of a broad peak at 26 = 45.0° for Fez2Nb.SisB1s (at%) and broad peak + a-Fe phase for FessCo29NbsSisB1g
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(at%) coatings. For other Fe7oNbsSigB1s (at%) coatings, increasing PD, sharp Bragg peaks of the o-Fe and FeNbB
intermetallic phases was observed while for Fes3Co2Nb4SisB1g (at%) coatings was observed the same phases and also
Fe,B, due to increase in B content. It can be concluded that the increase of PD was not favorable to the maintenance of
glassy phase for Fe;oNb4SisB1s and FessCoz9Nb4SisB1g (at%) coatings.

SEM micrographs showed that, only with lower PD, a homogeneous and without contrast microstructure, which
suggests a non-crystalline state. In addition, SEM results indicated that Co addition and increase of B content decreased
the GFA of the alloy for coatings produced with the same parameters.

The Vickers microhardness values, in general, decreased as PD increased, except to Fes3C020NbsSisBig (at%)
coatings produced with laser power of 200 and 400 W. Also, the higher microhardness values were observed for
Fe3Co29Nb4SisB1g (at%), probably due to appearance of boride phase, Fe;B, which can increase its microhardness.

The aim was reached and the parameters that allowed amorphous phase formation with minimal changes of the
coating’s composition while still creating a metallurgical bond with the steel substrate were lower laser power, 200 W,
regardless of alloy, with higher scanning speed, 100 mm/s.
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