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Magnetic field assisted laser cladding to prepare crack-free Fe-Cr-Mo-C-Y-B amorphous

coating
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25 Abstract

The physical properties of Q235 steel and Fe-based amorphous material are quite different.
30 The laser cladding method can produce defects such as cracks on the surface of amorphous
33 coating. In this paper, the Fe-based amorphous coating is prepared by the method of magnetic
35 field assisted laser cladding. The uniformity of the element distribution in the coating is increased
38 by the stirring of the magnetic field, which increases the plastic toughness of the coating. And the
crack-free Fe-Cr-Mo-C-Y-B amorphous coating was successfully prepared on the surface of
43 Q235. The mechanical behavior of the indentation points after nanoindentation was observed by
46 TEM.

48 Keywords: Crack-free; Coating; Laser cladding; Surface alloying; Amorphous materials;

51 1. Introduction

Amorphous alloy, also known as metallic glass, has the advantages of metal and glass [1].

56 However, amorphous alloys have size limitations that make amorphous alloys difficult to become

59 * Corresponding author at: Room 3109, School of Materials Engineering, 333 Long Teng Rd. Songjiang Campus
of Shanghai University of Engineering Science, Shanghai, 201620, China. Tel: +86 21 67761412; Fax: +86 21
67791377. Email addresses: peilei@sues.edu.cn (Peilei Zhang ).
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a new generation of structural materials [2-3]. The preparation method of the amorphous coating
mainly includes laser cladding and thermal spray-based techniques. The coating prepared by laser
cladding has good metallurgical bonding property with the substrate, and the surface properties of
the matrix alloy are remarkably improved [4]. Previously Aghasibeig et al. [5] investigated the
laser cladding experiments with Fe-Cr-Mn-Si-Mo-C alloy on AISI 1018 steel substrates using a
diode laser.

However, these techniques have their own drawbacks like other technologies. Owing to the
faster cooling rate, the residual stress inside the coating is larger during solidification, especially
the solidification crack and the fragile precipitation phase of the network distribution [6]. These
shortcomings greatly limit the industrial application of laser cladding technology.

In the laser cladding process, gradient heating or addition of toughening elements is usually
used to control the formation of cracks [7]. However, these methods do not completely and
generally eliminate cracks. Recently, Lu et al. [8] have successfully prevented the propagation of
cracks during the laser cladding of Fe-Cr-C-B-Mo amorphous coating by using a triple laser
scanning strategy. To circumvent some of these problems, in this paper, we successfully obtained
a crack-free amorphous coating by adding a longitudinal alternating magnetic field. The agitation
of the liquid coating by the alternating magnetic field reduces the internal stress generated by the

coating during solidification.

2. Experimental

Fe-based amorphous coating was prepared by laser cladding on the surface of Q235. Table 1
showed the as-received chemical composition of the powder. A 5 Kw high power continuous

wave fiber optic IPG laser was employed for laser processing of glass metal coating on steel. The
2
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laser wavelength was 1070nm, and the spot was configured to provide circular spot with a radius

of 0.3mm. The longitudinal alternating magnetic field is generated by a toroidal magnetic coil.

oNOYTULT D WN =

12 Table 1 Chemical composition of the amorphous alloy powder (wt.%).

14 Element Cr Mo C Y B Fe

15 wt.% 14.32-15.02 25.10-26.2  3.24-3.75 3.10-3.60 1.10-1.42 Bal.

20 3. Results and discussion

The XRD patterns produced by different cladding layers at different magnetic field strengths
25 are shown in Fig. 1. Obviously, the change in magnetic field strength has no significant effect on
the composition of the phase in the coating. The phase composition of different coatings is mainly
30 composed with M,;C¢ (M=Fe,Cr,Mo), y-(Fe,Cr,Mo) and some bcc-Fe. But it can be seen easy that
33 as the speed increases crystalline peaks were decreased, the wider diffraction peaks appear at
20=45° and the peaks intensity which representing the content of y-Fe and bcc-Fe was decreasing.
38 Fig. 2(b) shows the XRD peak near 45°. The increase in the strength of the magnetic field causes
the peak of the crystalline phase in the coating to decrease, demonstrating an increase in the

43 amorphous phase content of the coating.
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Fig 2 XRD patterns of the coating at different magnetic field strength

Fig. 2 shows the macroscopic morphology of the laser-clad iron-based amorphous coating at

different magnetic field frequencies. The cracks, which generated due to the rapid solidification

rate resulting in the residual stress not being completely released (Fig. 2a). After the addition of

the longitudinal alternating magnetic field, the residual stress before solidification is released due

to the stirring action of the longitudinal alternating magnetic field to change the coating

morphology and reduce the crack generation (Fig. 2b, ¢). And as the frequency of the magnetic

field increases, the crack in the coating tends to disappear. During the solidification of the metal,

the dendritic structure can freely flow in the initial molten pool having a lower solid fraction.

However, as the dendrites that grow and solidify form a dendritic network, only a small part of the

liquid phase can flow and is affected by the dendritic network. A strong agitation is applied to the

molten metal by introducing a magnetic field. Between the solid phase particles which are

precipitated first, strong collision and friction between the solid phase and the liquid phase cause

the temperature gradient of the solid phase particles to be uniform.
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Fig.3 Laminated coating macroscopic morphology (a) 10HZ (b) 20HZ (c¢) 30HZ

Mapping scanning results of the coating is shown in Fig.3(d,e,f). It can be seen that although
19 the element distribution is relatively uniform under the action of the magnetic field, Mo mainly
2 concentrated in the white region. Combined with XRD, the white primary phase in the coating is
24 v-(Fe,Cr,Mo). The gray area is mainly a mixed area of M,;C¢ and an amorphous phase. The edge
27 region mainly contains bec-Fe. In the amorphous coating of Fe-Cr-Mo-C-Y series (Fe,Cr),3Cs is
very common to be calibrated. However, the appearance of Mo in this experiment proves that
32 M23C6 is not just a simple ternary mixture by Fe,Cr,C. The presence of a small amount of Mo
35 results in the presence of M,3Cq as (Cr, Fe) 59 (Cr, Fe, M0);Cs. M53Cs has a small amount of Mo

37 dissolves in the second sublattice compared to FE [10].

59 Fig. 3 Morphology of the coating (a-c) 10 20 30(HZ) (d-f) Mapping scanning
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The morphology of the coating at different magnetic field frequencies is shown in the Fig. 3.

In the solidification process of the amorphous coating, (Fe,Cr,Mo0),3Cs and y-(Fe,Cr,Mo) is mainly

produced, and Fe, Cr, and Mo can be substituted with each other. However, when no magnetic

field is introduced, Mo is purely in y-(Fe,Cr,Mo). The addition of a magnetic field creates a strong

agitation in the molten coating to promote the homogenization of the distribution of Mo. Fig. 3(c)

shows that when the magnetic field frequency is 20 Hz. It can be seen that as the magnetic field

strength increases, the volume of the y-(Fe,Cr,Mo) phase in the coating decreases. And the shape

tends to be more spherical. That is because the molten metal will generate a volume force under

the stirring of the magnetic field, and this volume force will cause the macroscopic flow of the

metal melt and become the kinetic condition of the primary crystal nucleation. In the partial area

of Figure 3, and it can be seen that fine dendrites appear in the boundary area instead of the

original bee-fe. The dendrites are closely connected to each other, which reduces the tendency of

cracks at the boundary and increases the toughness of the coating. When the frequency of the

magnetic field strength is increased to 30HZ, a large volume of amorphous gray phase can be seen

in the coating, it can be seen in Fig. 3(d). This means that the homogenization of the elements

promotes an increase in the amorphous phase content of the coating under agitation of the

magnetic field.

In order to further test the mechanical properties of the coating, the mixed area of M,3C4 and

amorphous phase in the coating was tested by nanoindentation. And the indentation point was

sampled by FIB method and the TEM test results were shown in the Fig. 4. The effect of the

external force does not cause the fracture of the relatively fragile grain boundary, which indicates
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that the addition of the magnetic field makes the element homogenization in the coating enhance

the plastic toughness of the grain boundary (Fig. 4b). Although no cracks appeared near the

nanoindentation point, the surrounding grains produced plastic deformation and dislocation

accumulation during the nanoindentation experiment. Amorphous and nanocrystalline generally

occur together when laser cladding is used to prepare an amorphous coating as shown in Fig. 4(b).

The TEM high magnification is shown in Fig. 4(c) can clearly see that the directions on both sides

of the crystal lattice are inconsistent, but present two parts symmetrical about the grain boundary.

This structure is a typical coherent twin boundary.

Fig. 4 (a.b) TEM images of nanoindentation point (¢c) HRTEM images

4. Conclusions

The crack-free Fe-Cr-Mo-C-Y-B amorphous coating was successfully prepared by the
method of longitudinal alternating magnetic field assisted laser cladding. The introduction of the
magnetic field produces a stirring effect on the molten coating, which not only makes the

distribution of elements in the coating more uniform, but also increases the plastic toughness of
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the coating, and the amorphous content also increases. Transmission electron microscopy analysis

of the nanoindentation points showed that although there were many dislocations and vacancies

near the indentation point, no crack appeared to prove that the coating had high plastic toughness,

and the presence of amorphous was found.
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The introduction of a magnetic field reduces the tendency to crack during laser cladding of
an iron-based amorphous process.

A new mode of mixing amorphous and crystalline phases was found in iron-based
amorphous coatings.

The addition of a magnetic field results in a crack-free coating and increases the amorphous
content.

The mechanical behavior at the nanoindentation point was observed by TEM.
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Table 1 Chemical composition of the amorphous alloy powder (wt.%).

Element Cr Mo C Y B Fe

wt.% 14.32-15.0  25.10-26.2  3.24-3.75 3.10-3.60 1.10-1.42 Bal.
2
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