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Abstract: The Fe-Cr-Si-P amorphous composite coatings were fabricated on 304L stainless steel by laser cladding. The
microstructure, the phase composition, the microhardness, the corrosion and wear resistance of the coatings were analyzed by optical
microscope (OM), X-ray diffraction (XRD), scanning electron microscopy (SEM), a microhardness tester, an electrochemical
measurement system and a friction and wear tester. The results show that the cladding coating mainly contains plum-like dendrite

crystals in the surface, an amorphous in center region and a dendrite crystals in binding zone. A good metallurgical bond is obtained

between the coating and substrate. Except amorphous phase, the cladding coating contains a small amount of FesP and Fe,Si phases.
The coating has a good performance. The microhardness HV, is about 8000 MPa; the Ecor and icorr are —449.3 mV and 4.34 pA/cn?,

respectively; the frictions coefficient at the load of 100 N is 0.076.
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Fe-based bulk metallic glasses (BMGs) have promising ap-
plication prospects due to their high abundant natural re-
sources, relatively low material cost, and unique physical and
mechanical properties, such as high hardness, superior corro-
sion and wear resistance!. However, the applications of
these amorphous alloys have been restricted for the small size.
BMG coatings have the potential to be extensively used in the
industrial environments. Thermal spray and plasma spray
technologies have been used to fabricate amorphous coatings.
The microstructure and various properties of Fe-based
amorphous coatings prepared by high velocity oxygen fuel
(HVOF), high velocity air fuel (HVAF) spray or plasma spray
processes are been studied®®,

Laser cladding is also an effective way to obtain amorphous
coatings on metallic substrates due to the sufficiently rapid
heating and cooling which inhibit long-range diffusion and
prevent crystallization™. Since Yoshioka first reported the la-
ser cladding amorphous coating in 1987 ™, various amorph-
ous alloys have been cladded on different metallic substrates.
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Wong et al™ cladded a Ni-Cr-B-Si alloy on a Al alloy sub-
strate. They found that the amorphous phase in the coating
contributes to surface hardening and tribological properties.
wang™,  Yue™ and Huang"™* cladded Cu-Zr-Al or
Zr-Al-Ni-Cu amorphous coatings on Mg substrate to improve
the tribological and corrosion properties. Wu™, Basu™*® and
Zhu™" cladded Fe-based alloys on steel substrate. We have
cladded a Zr-based alloy on Ti substrate and got a coating
consist of a mixture of intermetallic compound, including a
nanocrystalline phase and an amorphous phase!*®*°!.

In the present work, Fe-Cr-Si-P amorphous powders were
laser-claded on a 304L stainless. The microstructure, the phase
and composition, the microhardness, the tribological and the
corrosion properties of the coating were studied.

1 Experiment

The specimens of 304L stainless steel with size of 30 mm>20
mm>10 mm were used as substrates. Their surfaces were ma-
chined to a uniform finish, and then cleaned by acetone and al-
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cohol just before the laser-clad. The Fe-based amorphous
powder was selected for the foundation cladding materials. The
nominal composition of the alloy was Fegs 7Cr9,Sis0P141.

The powders were pre-placed onto the specimen surfaces
homogeneously. The thicknesses of the pre-placed coatings
were about | mm. The coatings were cladded by DL-HL-T5000
5 kW continuous CO, laser processing equipment. The values
of laser power, the scanning speed and the laser beam size were
3.6 kW, 400 mm/min, and 1 mm>10 mm, respectively. Argon
was served as a protective gas to avoid the oxidation of alloy
powder during the cladding.

X-ray diffractometry (XRD) was carried out for phase identi-
fication with Cu Ka irradiation (1=0.154 060 nm). The micro-
structure of the coating was characterized with optical micro-
scopy (OM) and scanning electron microscopy (SEM) equipped
with an energy dispersive spectrometer (EDS), which was used
for the composition analysis of the clad layer.

The cross-section microhardness of the cladding layer was
measured by a HV-100A type hardness meter with a load of 200
g, employing a loading time of 15 s. Dry sliding wear tests were
performed with a MMU-5 type pin-on-disk wear testing ma-
chine. A GCr15 (HRC 63) pin was selected as the counterparts.
The experimental parameters were: applied load 100 N, sliding
speed 100 r/min, sliding 60 min. The friction coefficient was
continuously recorded during the test. The corrosion behaviors
of laser-clad coatings were evaluated by electrochemical pola-
rization measurements. Prior to tests, the specimens were me-
chanically polished to mirror finish, and then degreased in ace-
tone, washed in distilled water and dried in air. Electro-
chemical measurements were conducted in a three-electrode cell
using a platinum counter electrode and a standard saturated ca-
lomel reference electrode (S.C.E.). The specimens for the cor-
rosion test were closely sealed with epoxy resin, leaving only
about 1 cm? surface exposed for testing. Electrochemical po-
larization curves were recorded at a potential sweep rate of
0.166 mV/s after immersing the specimens for about 20 min
when the open circuit potentials became almost steady.

2 Results and Discussion

2.1 Microstructure of the laser cladding coatings

The microstructure of Fegs7Crig,Si,oP141 laser cladding
coating is shown in Fig.1. Fig.1-1 shows the cross-section
image of the laser cladding Fe-based amorphous coating.
Three regions are obviously observed: coatings, bonding zone
and substrate. The substrate is typical austenitic stainless
(Fig.1-5). The maximum thickness is approximately 1 mm. No
cracks and voids are observed within the coating. Fig.1-2~1-5
are magnification images of A, B, C and D zone in Fig.1-1.
The laser clad region of experienced different temperature
gradients and cooling rates during solidification at different
distances from the substrate, presents various morphologies.
In regions near the interface with the substrate (Fig.1-4), the
temperature gradient and the quenching rate are high, and the

Fig.1 Microstructure of laser cladding coating 1-1: morphology of
clad zone, 1-2~5: magnification of A, B, C and D zone in
Fig.1-1

solidification progressed in a planar front. As a results, the
microstructure exhibits columnar crystalline solidification
morphology. And then, the crystalline will growth directional-
ity along the direction of maximum heat dissipation. Therefore,
the epitaxial growth characters of dendrites are formed in this
region. In the middle of the coating, the dendritic crystalline
would be restrained and then sudden interrupted. A lager area
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of amorphous zone is formed in this region (Fig.1-3). The
surface of the coating is the last solidification region, due to
the alloy composition and the solidification condition chang-
ing, a dendritic crystalline appears in this region. Different
from the bonding zone, the dendritic crystalline lost its heat
dissipation direction obviously, the dendritic crystalline is
showing “plum” shape (Fig.1-2). EDS analysis shows that the
composition of the dendritic crystalline is
Fe7760Cri306Si354Pac1, between dendritic  crystalline is
Fes068Crap.18P10.04- The composition of the middle zone is
Fess.00Cra4.01511 15P18.92»  Which is similar to the composition of
the primal alloy powder Feg, 7Crig,SioP141.

Fig.2 shows the X-ray diffraction patterns of the laser clad
coating and the raw powder. Only a broad diffraction peak
appearing within 26=40=-50< indicates the fully amorphous
phase of the laser clad powder. Except the broad diffraction
peak, several sharp peaks corresponding to crystalline phase
are also presented in the XRD pattern of the coating. Indexing
of these diffraction peaks reveals that the peaks are those of
FesP and Fe,Si phases. This pattern indicates that the sample
mainly consists of amorphous and FesP, Fe,Si crystalline
phases. About 47% amorphous phase in volume is estimated
from the area of the broad peak by Pseudo-Voigt function fit-
ting in the coating.

2.2 Properties of the laser cladding coating

Fig.3 shows the microhardness profile along the depth of
the coating. It is seen that the microhardness of the coating is
very uniform. The microhardness of the coating is about 4
times higher than that of 304L stainless substrate.

Fig.4 shows the variation of the friction coefficient with the
sliding times of the laser cladding Fe-Cr-Si-P coating and
304L stainless substrate. It can be seen that the friction coeffi-
cient of the laser cladded coating is very small, only 0.076
within the sliding time. It is much lower than that of the 304L
stainless substrate. This pattern indicates that the laser clad-
ding Fe-Cr-Si-P coating containing amorphous phase has a
good lubrication property.

Fig.5 shows the electrochemical polarization curves of the
laser cladding Fe-Cr-Si-P coating and the 304L stainless
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Fig.5 Polarization curves of the laser cladding Fe-Cr-Si-P
coating and 304L substrate

substrate in 3.5 wt% NaCl solutions. The 304L stainless exhibits
passivation, but no obvious passivation appears in the coating.
The corrosion potential (E.,, mV) and corrosion current density
(leor, Alcm?) got from the polarization curves are listed in Table
1. It can be seen that the corrosion potential of the coating and
304L substrate has a close value. However, the corrosion cur-
rent density of the coating is much lower than that of the sub-
strate, indicating that the coating has better corrosion resistance
than the 304L stainless. The amorphous phase existing in the
coating may contribute to the good corrosion resistance.
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