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Two different types of coatings were prepared, by a high velocity oxy-fuel spraying method and a laser
spraying method, respectively, using bulk metallic glass powders with the nominal composition of
Fegs.5C7.1S153B5 sPs 7Cr23M0,5AL 0. The corrosion behaviors of the two coatings in 1M HCI, H,SO., NaCl
and NaOH solutions were investigated based upon the microstructural differences originating from the dif-
ferent coating methods. The amorphous coating layer formed by the high velocity oxy-fuel spraying
method exhibited higher, excellent corrosion resistance in the 1M HCI solution. The coating layer formed
by the laser spraying method exhibited a high pitting tendency attributed to the dendritic microstructure
with various borides and carbides. Due to a great number of pores, the HVOF coating exhibits slightly
lower corrosion resistance than the LS coating in alkaline solution.
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1. INTRODUCTION

Fe-based bulk metallic glasses (Fe-BMGs) are attractive
for practical applications due to their high strength, good
soft-magnetic properties and excellent corrosion resistances
[1-3]. However, the extremely poor tensile ductility of Fe-
BMG is a critical drawback for extensive application as bulk
structural materials. On the other side, the Fe-BMGs with
high glass forming ability (GFA) can be applied in practice
as anti-wear or anti-corrosive coating materials for metallic
components [4,5]. That is, amorphous or nanostructured
coating layers with low wear loss or high corrosion resis-
tance can be fabricated through various coating methods
using Fe-BMG powders. From previous works [6,7], excel-
lent corrosion resistance of some Fe-BMGs has been reported.
However, due to the relatively low GFA of Fe-BMGs, the
corrosion behaviors of an amorphous coating layer fabri-
cated using Fe-BMGs powders have not been extensively
studied to date. Although some Fe-BMGs have a range of
GFA high enough to form amorphous coating layers, those
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Fe-BMGs include expensive and reactive alloying elements
such as Yittrium or Erbium, which limit materials processing
conditions and raise unit cost for the coating process [8,9].
Therefore, for practical applications of Fe-BMGs as coating
materials, the Fe-BMGs need to have high GFA as well as
cost-effectiveness for processing. Along the line to develop
Fe-BMGs with high GFA using industrial raw materials and
commercial materials processing, Fe-BMGs have been
developed using cast iron, industrial ferro-alloys and com-
mercial grade elements [10,11]. In this study, using atomized
pOWdCI'S of the Fe-BMG Fe68A5C7A1Si3A3B5,5P8A7CI'2A3M02,5A12‘0,
two different types of microstructure coatings have been pro-
duced, by a high velocity oxy-fuel spraying (HVOF) method
and a laser spraying (LS) method, respectively. Corrosion
behaviors of the coatings were investigated to understand the
microstructural effects on corrosion resistance in various
solutions.

2. EXPERIMENTAL PROCEDURES

Fe-BMG powders with the nominal composition of
Fees sC7.1S133B5 sPs 7Cra3Mo0,5sAlL o were prepared through a
commercial gas atomization technique using the industrial



608 S. L. Wang et al.

Table 1. Chemical compositions (wt%) of industrial raw materials used in this study

Materials C Si B P Cr Mn Ti Al Ni Ca (0] N S

Cast iron 4.28 0.46 - 0.20 - 0.20 0.03 - 0.09 - - - 0.04
Fe-P 0.02 0.01 - 26.28 - 0.69 0.35 --- - 0.01 - --- 0.01
Fe-B 0.17 0.65 19.75 0.04 - 0.21 - 0.05 -—- - 0.02 0.01 -
Fe-Cr 1.43 0.33 -—- 0.02 55.49 - - - -—- - 0.24 0.01 -

*Commercial pure elements (Al, Si, Mo) > 95%

Table 2. Experimental conditions for the HVOF coating process

Spray parameters Conditions
Oxygen flow rate (SCFH) 1975
Fuel flow rate (GPH) 4.2
Powder feeding rate (g/min) 76
Fuel type Kerosene
Spray distance (mm) 300

raw materials listed in Table 1. For the coating process, a low
alloyed carbon steel plate with a dimension of 60 x 35 x 7
mm were degreased in acetone and sandblasted to secure
good bonding between the coating layer and the substrate.
The coatings were produced using a high velocity oxy-fuel
spraying (HVOF, JP-5000) with the spraying experimental
condition given in Table 2. Laser spraying was carried out
with a 2 kW fiber laser while powders were sprayed with a
coaxial spraying gun. The spraying gun velocity was 500
mm/min, and the gun distance was 100 mm.

The crystalline phases in the coatings were identified from
x-ray diffraction (XRD, Philip X Pert diffractometer) with
Cu radiation (Cu-Ka, A = 0.1541 nm). The microhardness of
the coating layers was determined using a Vickers micro-
hardness tester (HMW-2000, Shimadzu) with a load of 500
g for 10 seconds. Electrochemical measurements were con-
ducted with an EG&G Pinceton Applied Research PARSTAT
2273 potentiostat with EG&G powersuit software (Princeton
Applied Research, Oak, TN). The electrochemical cell con-
tained a central inlet for the working electrode, a Luggin
probe connected with a saturated calomel reference elec-
trode (KCI), and graphite counter electrode. The potentiody-
namic polarization curves were measured with a 50 mV/min
potential sweep rate in 1M HCI, H>SO,, NaCl and NaOH
solutions, respectively, open to air at 293K after immersion
for 30 mins.

3. RESULTS

3.1. Characterization of coating layers

A great number of pores and spherical powders can be
observed on the HVOF coating surface, while only a few
small pores can be seen on the LS coating surface, from the
SEM images shown in Fig. 1(a) and 2(a). The cross-section
view of the LS coating layer shows a fairly dense coating
layer well-bonded on the substrate, unlike the case of the
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Fig. 1. SEM micrographs of HVOF coating: (a) top surface, (b) cross
sectional plane.

HVOF coating layer (Fig. 1(b) and 2(b)). Since a large
amount of heat per unit area was imposed during the LS
coating process, the powders, as well as the surface of the
substrate, were completely melted and then solidified, yield-
ing the dense coating layer with dendritic microstructure.
The crystalline phases in the LS coating layer can be identi-
fied as a-Fe, Fe;B, FesP and Fe;C phases from the XRD pat-
tern shown in Fig. 3(a). The XRD pattern from the HVOF
coating layer, however, which is only a halo pattern typical
for an amorphous phase, can be obtained as shown in Fig.
3(b). Figure 4 presents the microhardness profiles as a func-
tion of cross sectional depth from the surface for the LS and
the HVOF coating layers, respectively. The microhardness
value of the HVOF coating layer was measured to be ~350
Hv, while a high value of ~730 Hv was obtained for the LS
coating layer. It is well known that bulk metallic glass gener-
ally exhibits a high microhardness approaching 1250 Hv
[12]. The relatively low microhardness value of the HVOF
coating layer, which has an amorphous structure, is due to
the existence of a great number of pores, as shown in Fig.
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Fig. 2. SEM micrographs of LS coating: (a) top surface, (b) cross sec-
tional plane.
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Fig. 3. XRD patterns of LS (a) and HVOF coating (b).

1(a) and (b). The high microhardness of the LS coating can
be attributed to the presence of complex carbide and boride
phases dispersed in the fine ferritic grains [4,5].

3.2. Corrosion behaviors of coating layers

The anodic polarization curves of the HVOF and LS coat-
ings were estimated in 1M HCI, H,SO4, NaCl and NaOH
solutions, respectively, with a scanning velocity of 50 mV/min
at room temperature. Figure 5 shows the polarization curves
measured in acidic solutions. It can be observed that the
HVOF and LS coatings are spontaneously passivated with
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Fig. 4. Microhardness profile with depth along the cross sectional
plane perpendicular to the top surface of LS (a) and HVOF coating (b).
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Fig. 5. Potentiodynamic polarization curves in various solutions: (a)
IM HC], (b) IM H,SO..

low passive current density and wide passive region. The
passive current density (Ip.ss) of the HVOF coating is 4.8 and
4.5 mA/em’ in the HCI and the H,SO, solutions, respec-
tively, while those for the LS coating are 94.1 mA/cm” and
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Fig. 6. Potentiodynamic polarization curves in various solutions: (a)
IM NaCl, (b) 1M NaOH.

70.0 mA/cm’ in the HCI and the H,SO; solutions, respec-
tively. The LS coating presents a more negative corrosion
potential (Ecor) and higher corrosion current density (Icor)
than that of HVOF coating in acidic solutions. The opposite
tendency of the polarization curves can be obtained from the
measurements in the alkaline solutions (Fig. 6). That is, in
the 1M NaOH solution, the LS coating exhibited more posi-
tive corrosion potential and lower corrosion current density
and passive current density than the HVOF coating. Mean-
while, the LS coating showed more positive Ecom, larger Ieon
and I than the HVOF coating in the 1M NaCl solution.
The corrosion potential (Ec.r) and corrosion current density
(Icorr) in each solution are summarized in Table 3. It can be
observed in Table 3 that the E.. for the HVOF coating and
LS coating in acidic solution is more positive than in the
alkaline solution, respectively. The similar tendency in cor-
rosion potential has also been reported for the Fe-Cr-Mo-Er-
C-B bulk metallic glass [13] and Fe-based ferromagnetic
bulk glassy alloys [14].

The polarization resistance Ry, an indirect measurement of
corrosion resistance, is calculated according to equation (1) [15]:

Table 3. Results of the potentiodynamic polarization and the
polarization resistance

Soultion HCI H,SO, NaCl NaOH

Veor ((mV) 341 354 707 972

HVOF  Ien(pa/em®) 1319 258.8 2.3 37.7
R, (Qcm’) 130.4 88.4 68852 4344

Veor ((mV) 397 400 519 848

LS Leor (pa/em’) 20927 6507.8 32.1 13.8
R, (Qcm’) 8.8 34 722.5 1642.4

R, = BoB/2.3100,(BotBo)] 1)

where P, and [, are the slope of tangents drawn on the
respective anodic and cathodic polarization plots. The
results of the polarization resistance listed in Table 3 indi-
cate that the HVOF coating presents higher, excellent cor-
rosion resistance in the acidic solution.

The potentiostatic polarizations were measured in IM HCl
and NaOH solutions, respectively. The observed current
density vs. passivation time is plotted in Fig. 7. The applied
potential of 0.7V and 0.35V, corresponding to the passive
region in the HCl and the NaOH solutions, respectively,
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Fig. 7. Potentiostatic polarization curves of HVOF and LS coating in

various solutions: (a) 1M HCI, (b) 1M NaOH.
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coating immersed in 1M HCI and NaOH solution, respectively.

were selected from the potentiodynamic polarization curves.
The current densities decreased continuously with time and
subsequently reached a steady state. Such smooth shapes of
the curves indicate that a stable layer formed on the surface
during the entire measurement period. The SEM surface
images after the potentiostatic polarization measurement are
shown in Fig. 8. The surfaces of the HVOF coating corroded
in the HCI and the NaOH solution exhibit uniform surface
microstructures, as shown in Fig. 8a and c, respectively. On
the surface of the LS coating, a thick and porous layer can be
observed after the test in the HCI solution, as shown in Fig.
8(b). After the test in the NaOH solution, however, the sur-
face of the LS coating is covered by a uniform passive film,
as shown in Fig. 8d.

4. DISCUSSION

The corrosion test results indicate that the HVOF coating
holds higher corrosion resistance than the LS coating in
acidic solution. It should be noted that the metallic glass is
homogeneous in composition and microstructure without
crystalline defects such as a grain boundary, precipitates or
segregations where corrosion can occur preferentially. The
surface homogeneity reduces the tendency of the formation
of corrosion micro-cells and facilitates the formation of
structurally homogeneous stable passive films. In the HCI
solution, a stable passive film mainly composed of chro-
mium oxides, iron oxides and some oxyhydroxides can be
formed on the surface, inhibiting the dissolution of alloying
elements from the surface [16,17]. However, since the LS
coating layer includes different phases, sites with different
corrosion susceptibility can be formed in the acidic solution
and thus, the dissolution of the phase with low corrosion
resistance can be facilitated by a galvanic coupling [18].

Moreover, relatively small chloride ions can diffuse quickly
through crystalline defects, causing pitting and crevice cor-
rosion, as shown in Fig. 8(b) [19,20].

In the NaOH solution, firstly, Fe in the anodic electrode
will be dissolved following the reaction (2) [21,22]:

Fe+2H,0 = Fe(OH), = 2H +2e Q)

Therefore, the Fe(OH), is easily precipitated on the surface
of the electrode. As the reaction proceeds, most of the
Fe(OH), will be continuously oxidized to FeOOH and
Fe,05 [23,24], which are thermodynamically stable in the
alkaline solution. Moreover, the outward diffusion of Fe
ions is faster than those of other metallic ions and thus, a
large amount of iron oxides can continuously precipitate on
the outermost surface resulting in a uniform passive film,
as shown in Fig. 8c or d. Generally, for the same composi-
tion, the corrosion resistance of the coating is improved by
lower porosity or higher amorphous phase content [25,26].
In this study, though the HVOF coating was an amorphous
structure, the existence of a great number of pores may be
attributed to the slightly lower corrosion resistance of the
HVOF coating versus the LS coating in NaOH solution.

S. CONCLUSIONS

Coatings with the nominal composition of FeessCr.1Sis3
B5,5Pg‘7Cr2‘3M02,5A12,0 were fabricated by HVOF and LS
methods, respectively. An amorphous coating layer was
formed by the HVOF method, while a coating layer with a
crystalline dendritic microstructure involving various borides
and carbides were formed by the LS method. The HVOF
coating exhibited excellent corrosion resistance, since a uni-
form and stable film can be formed in the acidic solution. In
the alkaline solutions, the HVOF coating with higher poros-
ity exhibited slightly lower corrosion resistance than the LS
coating. The excellent corrosion resistance of the amorphous
coating prepared by the commercial HVOF method using
Fe-BMG powders demonstrates the viability of Fe-BMG as
a potential coating material for extensive practical anti-cor-
rosive applications.
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