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Article history: In the present work, we report on the corrosion properties of the FegoCrgNbgB,4 (at.%) alloy produced using pure
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- ) coatings produced by spray deposition and powder flame spraying process, in this case LVOF (low velocity oxy-
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gen fuel). The amorphous ribbons showed excellent corrosion resistance with formation of a stable passive film
that ensured a very large passivation plateau. The (LVOF) coatings presented high fraction of amorphous phase
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C?r,‘r/g(;iron with a layered structure, high porosity (16.2%) and low oxidation level (~0.1%). The spray formed coatings pre-
Coating sented crystalline structure with low porosity (1.9%) and low oxidation level (~0.1%). The coatings showed
Amorphous higher corrosion current densities (up to two orders of magnitude) compared to the amorphous ribbons of the

Steel same composition for all pH. This deterioration in the corrosion properties were found to be impaired by the
presence of crystalline phases.

© 2014 Elsevier B.V. All rights reserved.

1. Introduction

Fe-based amorphous alloys can be designed to present an attractive
combination of properties which include high mechanical strength,
high corrosion and wear resistance, good magnetic properties and in ad-
dition, they are relatively low cost materials [1-3].

These alloys can be obtained in the amorphous state by different
rapid solidification processes such as melt spinning, gas atomization,
spray deposition, and high-energy ball milling. Powder alloys can then
be used to produce amorphous coatings on steel substrate, improving
corrosion properties in aggressive environments [4,5], such as chemical
industries and oil refineries.

The use of conventional commercial alloys to produce lower cost
coatings is certainly of interest but it is clearly dependent on composi-
tion modification to allow amorphization during rapid solidification
processing. Bulk Fe-based amorphous alloys have already been obtained
from FC20 cast iron, from 430 SS stainless steel or even by the use of
commercial grade elements such as Fe-P and Fe-B [6-8].

Coatings from these alloys have also been obtained by different pro-
cesses, such as thermal spraying, laser cladding and so on, and there are
important differences between the processes concerning retention of a
fully amorphous structure, stability and adhesion of the coated layer
to the substrate [9-13].
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The relatively high corrosion resistance of the amorphous phase as
compared to the equivalent crystalline material [ 14-16] can be attribut-
ed to the higher chemical homogeneity and typical absence of crystallo-
graphic imperfections such as grains, grain boundaries, second phase
elements and dislocations or segregations which are more susceptible
to chemical attack [17,18].

The corrosion behaviors of many different Fe-based amorphous
alloy compositions have already been studied [ 19-28]. In the FeCuNbSiB
system, for the compositions Fe;; 5Cu;NbsSi, 5B16, Fe74Cu;NbsSij3sBsss,
F673CU1Nb35115A5B7_5 and FE73CU]Nb3S]6_5BGA5 the increase in the Si
content increased the corrosion resistance both for the amorphous
and the nanocrystalline states [19]. But for this and for many other sys-
tems, as for example, for the alloys Feg4Nb;Bg, Feg4Zr;Bo, and FegsZrs 5
Nbs sBgCu; [22], the presence of crystalline phases always decreased
the corrosion resistance. Compositions containing Cr, Nb and Mo gener-
ally present improved corrosion properties due to the spontaneous pas-
sivation of the alloys. Comparison of the corrosion properties for the
FesgBaoCri2, Feg7.7B20Cr12Moq 3, Feg7.7B20Cr12NDg 3 and Fegy 7B20Cry2
Nbog.15Mo0g.15 alloys indicated that the presence of Mo and/or Nb in-
creased the uniform corrosion resistance and the pitting corrosion resis-
tance, which was further enhanced by the presence of both elements
[26].

In the present study we evaluated the corrosion resistance of the
FegoCrgNbgB,4 (at.%) alloy in the following conditions: amorphous rib-
bons, partially crystallized ribbons and coatings over mild steel subtract
produced by spray deposition and powder flame spraying process. The
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corrosion resistance was evaluated in chloride-rich media in different
pH (3.0, 5.5 and 10.0).

2. Experimental procedure

The FegoCrgNbgB,4 (at.%) alloy belongs to a family of quaternary Fe-
based alloys developed primarily from industrial grade materials to
present good glass forming ability [8]. The alloy used in our work was
prepared using a ferritic stainless steel (FSS) AISI 430 with high Cr con-
tent, combined with additions of Fe-Nb and Fe-B master alloys as raw
materials (Table 1). The nominal composition was finally adjusted by
adding pure electrolytic Fe (99.5%) and pure Nb (99.9%) elements.

Amorphous FegoCrgNbgB,4 (at.%) ribbons were produced by melt
spinning with copper wheel rotating at a speed of 50 m s~ ! in an
argon atmosphere. Annealing treatments were conducted in short
time annealing (60 s) under controlled atmosphere at the following
temperatures: 450, 550 and 640 °C.

Coatings over commercial AISI 1010 steel substrates were produced
using two different routes: spray deposition and powder flame
spraying, in this case, low velocity oxygen fuel (LVOF). The spray
forming process was carried out under nitrogen gas and the sprayed
powder hit directly the substrate, which was placed away from the
central deposit area to ensure deposition from the smallest particle
size range. For the LVOF process, atomized powders with spherical mor-
phology in the size range <45 um were used. Table 2 summarizes the
spraying parameters.

The microstructure and chemical characterization of the coatings
were examined by scanning electron microscopy (SEM), Philips XL30
FEG and energy dispersive spectroscopy (EDS). The ribbons were char-
acterized by transmission electron microscopy (TEM) in a FEI Tecnai G?
200 kV. X-ray diffraction (XRD) analysis of all specimens was performed
on an X-ray diffractometer Rigaku Geigerflex ME210GF2, with Cu-Kot
radiation. The thermal stability was examined by differential scanning
calorimeter (DSC), Netzsch 404, at a heating rate of 0.67 K/s. Percentage
of the porosity in the coatings was evaluated using image analysis
(AnalySIS Pro) on an optical microscopy ZEISS and the oxygen content
was measured using a LECO TC-436 DR apparatus. Topography analysis
of the samples were performed after the electrochemical tests, in an op-
tical microscope (OM) Leitz Laborlux 12ME S, Leica.

The corrosion behavior of the ribbons and coatings was evaluated by
the corrosion current density (I.orr) and the corrosion potential (Eco;r)
obtained from polarization curves. Reproducibility of data was ensured
by repeating the tests at least two times. Corrosion current density
values, I.o, Were determined by extrapolating the anodic and cathodic
Tafel regions on the potentiodynamic results around E, with the in-
tersection being considered as I o

The polarization curves were measured using a three electrode cell
set-up; the working electrodes were the amorphous and annealed rib-
bons as well as the coatings of the same composition, the counter elec-
trode was a platinum foil (Pt) and a saturated calomel electrode (SCE)
was used as the reference.

Each test was carried out in the following three conditions to simu-
late chloride-rich environment (CI™ content equivalent to sea water
concentration) at different pH to track the corrosion behavior at acidic
and alkaline chloride media: (i) deionized water, 35 g/L of NaCl and ad-
dition of H,SO,4 until pH = 3.0; (ii) deionized water, 35 g/L of NaCl and

Table 1

Table 2
Detailed parameters used during spray deposition process and LVOF flame spray,
respectively.

Spray deposition process

Gas flow rate — N, (m?/min) 384
Mass flow rate (kg/min) 5.56
Gas to metal rate — G/M (m>/kg) 0.69
Temperature (°C) 1600
Nozzle diameter (mm) 6
Deposit thickness (mm) 5

Low velocity oxygen fuel (LVOF)

Powder sizes (um) <45
Spraying distance (mm) 100
Acetylene (psi) 35
Oxygen (psi) 75
Coating thickness (pm) 200

addition of H,SO,4 until pH = 5.5 and (iii) deionized water, 35 g/L of
NaCl and addition of NaOH until pH = 10.0.

For comparison purposes, electrochemical analyses were also
carried out under the same conditions on an austenitic stainless
steel 316L, well-known to show very high corrosion resistance in the
tested media as well as on an AISI 430 stainless steel, which was the
master alloy used for the production of the ribbons and coatings of
the FegoCrgNbgB,4 alloy. Table 3 shows the chemical composition of
the stainless steel 316L.

3. Results and discussion

Fig. 1 shows the XRD patterns of the different samples evaluated in
this work; amorphous ribbons and ribbons annealed at the indicated
temperatures, and the coatings produced by LVOF and spray deposition.

The XRD pattern for the as-spun samples consists only of a broad
halo associated with the amorphous structure. No diffraction peak due
to crystalline phase is seen in the ribbons annealed at 450 °C and
550 °C, but clear peaks related to crystalline phases is recognized for
the sample annealed at 640 °C. The coatings obtained by LVOF show
high fraction of amorphous phases, but some sharp diffraction peaks
superimposed on a broad halo pattern were observed, indicating forma-
tion of a mixture of amorphous and crystalline Fe-«, Fe,B and FeNbB
phases. The spray deposition process produced completely crystalline
coatings containing Fe-«, Fe,B and FeNbB phases.

Fig. 2 shows the DSC curves for the same set of samples; as-spun and
annealed ribbons at the indicated temperatures and coatings obtained
by LVOF and spray deposition process. The curves corresponding to
the amorphous and to the samples annealed at 450 °C and 550 °C ex-
hibit two exothermic peaks corresponding to different stages of crystal-
lization and show clear glass transition temperature (Tg) which is
indicated in the figure together with Ty, the crystallization temperature.
From the values of T, and T (for the first crystallization peak), we ob-
tain the supercooled liquid range AT, (AT, = Tx — Tg) of 60 K for the
as-spun ribbon indicating high thermal stability of the supercooled lig-
uid against the crystallization, also suggesting high glass forming ability
for this alloy. The ribbons annealed at 640 °C and the coatings produced
by LVOF process show a crystallization peak related to the amorphous
phase fraction.

Chemical composition of precursor materials: FSS 430, Fe-B and Fe-Nb master alloys and the nominal composition for the FeCrNbB alloy (in this case in wt.%, for comparison with the

commercial materials).

C Si Mn Cr Ni S P Mo Nb Co N B Fe
AISI 430 0.057 0.2 0.74 17.62 037 0.17 0.025 0.06 0.03 0.03 0.031 - Bal.
Fe-B 03 0.57 - - - - - - - - - 16.5 Bal.
Fe-Nb 0.2 3.0 - - - 0.1 0.2 - 63 - - - Bal.
FeCrNbB 0.157 0.91 0.29 8.03 0.14 0.09 0.054 0.02 14.51 0.01 0.012 545 Bal.
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Table 3
Chemical composition (wt.%) of stainless steel 316L.

C Si Mn Ni Cr Mo N Al Fe
11.995

316LSS 0.028 0.571 1.018 18.003 2989 0.029 0.0036 Bal.

Fig. 3a, b and c show, respectively, the microstructure of the coatings
produced by LVOF and spray deposition routes. In Fig. 3a a layered
structure and a high volume fraction of irregular porosity (16.2%) can
be observed. Fig. 3b and c shows a dense coating (porosity = 1.9%) pro-
duced by spray deposition and the presence of a high fraction of FeNbB
phase. The coatings obtained by both routes presented low oxidation
levels (~0.1%). Microanalysis in three selected locations (1, 2 and 3) in
Fig. 3a and c confirms the presence of a Nb-enriched phase and two
phases rich in Fe and poor in Nb. The concentration of light element
such as B could not be determined by EDS but, as identified by XRD,
the phases are most likely FeNbB, Fe,B and Fe-cv.

The bright-field (BF) transmission electron micrograph and the se-
lected area electron diffraction pattern of the as-spun and annealed rib-
bons are shown in Fig. 4. The bright-field images for the ribbons
annealed at 450 °Cand 550 °C (Fig. 4a and b, respectively) reveal no ap-
preciable contrast corresponding to crystalline phase and in addition
the respective electron diffraction patterns consist only of halo rings,
characteristics of amorphous structure. The bright-field image and the
electron diffraction patterns as shown in Fig. 4c reveal a typical amor-
phous matrix and some black and gray nanosized crystalline phases em-
bedded within the matrix, corresponding to the partial crystallization of
the ribbons annealed at 640 °C. The selected area diffraction pattern in-
dicates that the phases formed after partial crystallization correspond to
the o-Fe, FeB and FesB.

Fig. 5 shows the polarization curves for the FegoCrgNbgB,4 amor-
phous and annealed ribbons as well as for the two coatings produced
with the same composition (spray deposition and LVOF) in the
chloride-rich pH = 5.5 electrolyte. For the sake of comparison, Fig. 5
also shows results for the commercial FSS 430, the master alloy from
which all of the samples were prepared and those from the 316L stain-
less steel which is known to present outstanding corrosion properties.
Polarization curves obtained at acid and alkaline conditions were qual-
itatively quite similar to those in Fig. 5 for all the samples and are hence
not shown here. The ensemble of results is summarized in Table 4 for all
pH conditions.

Two different corrosion behaviors are observed regardless of the pH.
It clearly appears that the fully amorphous ribbons, including the
ribbons annealed at 450 °Cand 550 °C, have a much better corrosion re-
sistance (lower corrosion current density and more noble corrosion po-
tential) than the ferritic stainless steel in the different media regardless
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Fig. 1. XRD patterns for the FegoCrgNbgB,4 as-spun ribbons, annealed ribbons at the indi-
cated temperatures and coatings obtained by LVOF and spray deposition routes.
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Fig. 2. DSC thermograms of the as-spun ribbons, annealed ribbons and coatings produced
by LVOF and spray deposition routes.

of the pH. Indeed, depending on the pH, the amorphous ribbons showed
corrosion resistance even higher (lower current densities) than that of
the 316L SS.

Fig. 3. Backscattered electron image of a cross-section of FegoCrgNbgB,4 coatings for:
(a) LVOF process, (b) and (c) spray deposition route for different magnifications.
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Fig. 4. Bright field (BF) TEM image and corresponding selected area electron diffraction (SAED) patterns for: (a) ribbons annealed at 450 °C, (b) ribbons annealed at 550 °C and (c) ribbons

annealed at 640 °C.

The results hence point out a clear and widespread improvement of
the corrosion properties for the amorphous alloys in comparison with
the commercial FSS 430 in all studied media. This result is quite relevant
since the commercial alloy has a much higher Cr content than the amor-
phous one (17.6 vs 8.0%, respectively).

Cr is the most important alloying element for the passivation of iron-
based alloys so that this strong reduction in its concentration should in
principle induce a much lower level of corrosion resistance in spite of
the presence of Nb, an alloying element that has a positive effect in
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Fig. 5. Polarization curves at pH 5.5 and 25 °C for the FegoCrgNbgB,4 composition in the fol-
lowing conditions: as-spun ribbons (A), annealed ribbons at 450 °C (B), annealed ribbons
at 550 °C (C), annealed ribbons at 640 °C (D) and coatings obtained by LVOF (E) and spray
deposition (F), as indicated in the figure. The curves for a FSS 430 (G) and 316L SS (H) are
included for comparison reason.

the corrosion resistance, in the ribbon composition. This can be seen
as a strong evidence of the fact that superior corrosion properties
must be ascribed in this case more to the amorphous structure than to
the composition. Indeed, crystallization, even partial, appears to be
deleterious to the corrosion resistance as it can be seen in Table 4: the
ribbons annealed at 640 °C systematically showed higher corrosion cur-
rent densities (up to two orders of magnitude) compared to the amor-
phous ribbons for all pH and particularly, lower corrosion resistance
that the base FSS 430 system at alkaline media. The deleterious effect
of even partial crystallization on the corrosion resistance comes first
from the fact that any phase segregation, or just any surface heterogene-
ity as simple as different grain orientation is potentially a source of local
galvanic coupling or passive film instability that can severely decrease
corrosion resistance. Furthermore, in the present case, due to the alloy
composition, the possible precipitation of Cr-rich and/or Nb-rich phases
can be a factor of impoverishing the matrix exactly in those elements as-
sociated to the corrosion resistance. In this sense, amorphous materials
ensure a highly homogenous composition and surface structure that
eliminate or strongly reduce the presence of heterogeneities that trigger
corrosion processes.

The same important improvement on corrosion resistance obtained
for the amorphous ribbons was nevertheless not achieved for the coat-
ings (spray deposition and LVOF) as also seen in Fig. 5 and Table 4. In-
deed, for both coated samples there was no formation of the passive
film, which resulted in lower corrosion potential and higher corrosion
current densities with an active behavior upon anodic polarization, rep-
resented by the monotonic increase in the current density with the po-
tential instead of reaching a passivation plateau as clearly seen in Fig. 5.
It appears that the coating procedures did not bring any important im-
provement of the corrosion resistance which is shown to be lower
than that of the FSS 430 for acid and alkaline pH and of the same
order of magnitude in very acidic environment (pH = 3.0) for which
the FSS 430 lost its passive character.
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Table 4

Electrochemical properties obtained from the polarization curves for the as-spun ribbons, annealed ribbons and coatings produced by spray deposition and LVOF process. The values for a

FSS 430 and 316L SS are included for comparison reason.

Composition (FegoCrgNbgBs4 at.%) Media: pH = 10.0 Media: pH = 5.5 Media: pH = 3.0

Ecorr (MV) vs. SCE Leorr (HA/c?) Ecorr (MV) vs. SCE Leorr (HA/CM?) Ecorr (MV) vs. SCE eorr (HA/CY?)
As-spun ribbon —200 + 10 0.16 + 0.05 —230 4+ 20 0.41 £ 0.01 —330 + 30 0.16 + 0.04
Ribbon annealed at 450 °C —80+ 10 0.30 + 0.09 10+2 0.30 + 0.02 —420 £ 16 0.79 + 0.05
Ribbon annealed at 550 °C —100 + 8 0.25 4+ 0.05 —90+5 0.25 4+ 0.05 —30+ 10 0.36 + 0.04
Ribbon annealed at 640 °C —220£5 12+7 —160 £ 5 8+2 —130 £ 8 55+ 05
Spray deposition —500 + 10 26 +1 —560 + 10 35+ 4 —610 £ 3 65+ 7
LVOF —550 + 2 50+ 9 —560 + 7 20+ 6 —560 + 2 15+5
FSS 430 —400 + 30 25+ 06 —390 + 60 9+1 —640 + 20 70 + 6
316LSS —240 + 30 0.26 + 0.01 —140 + 7 0.40 + 0.01 —340 + 10 0.44 + 0.09

It is worth noticing that the higher current densities for the two coat-
ings are nearest to the values obtained for the ribbons treated at 640 °C,
the one containing the larger fraction of crystalline phases. The presence
of crystalline phases seems to be the most important effect in the dete-
rioration of the corrosion properties. In fact, in the coatings there is

certainly an additional effect due to the presence of porosity; however,
the corrosion properties were basically the same in the two types of
coatings, despite the large variation in the porosity, from 2% (for the
spray process) to 16% (for LVOF). It is interesting to notice the noisy be-
havior of the anodic polarization curve of the partially crystalline

Fig. 6. Optical microscopy for: (a) as-spun ribbon before analysis; and for: (b) as-spun ribbons, (c) spray deposition coating, (d) FSS 430 and (e) 316LSS after polarization tests in pH = 5.5.
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samples. The curve is characterized by some fast current spikes that can
be associated to metastable pitting, or more probably in this case, to the
selective dissolution, and hence local consumption of superficial crystal-
lites [29,30]. The decrease of corrosion resistance in all tested conditions
can be attributed to the formation of the a-Fe and Fe,B (x = 1, 2, 3)
crystalline phases that have greater corrosion susceptibility in compar-
ison to that of the amorphous phases, promoting internal galvanic ef-
fects, selective dissolution and pitting in chloride-rich media.
Considering that the Nb addition promotes an improvement in corro-
sion resistance attributed to the protective property of the niobium
oxide film [26], we conclude that the feature of the FeNbB phase in
the corrosion deterioration is not crucial in comparison with o-Fe and
Fe,B (x =1, 2,3).

OM images of the surfaces of the alloys after polarization tests in
pH = 5.5 are shown in Fig. 6. The surface of the as-spun ribbon before
and after immersion (Fig. 6a and b, respectively) shows some roughness
due to melt spinning process which tend to align in the direction of cop-
per wheel rotation, but no appreciable damage or pitting was observed
after polarization analysis, indicating excellent corrosion resistance.
However, the surface of the coatings of the same composition obtained
by spray deposition process (Fig. 6¢) reveal severe corrosion damage,
probably related to the absence of passive film. Fig. 6d shows the pres-
ence of products of corrosion on the surface of the FSS 430 and clearly
the corrosion resistance appears to be between the amorphous ribbons
and the spray deposition coating. Fig. 6e shows that the 316L SS exhibit
any visible pit or corrosion damage, maintaining a homogeneous sur-
face implying that the high corrosion resistance can be attributed to
the formation of a stable passive film.

The results indicate that for both general and localized corrosion be-
havior, the FeggCrgNbgB,4 amorphous alloys showed superior perfor-
mance than the FSS 430 and equivalent to the highly resistant 316L
stainless steel. The presence of chromium has been already shown to
improve significantly the corrosion resistance of Fe-based metallic
glasses [28], but it should be noted that the ribbons do not contain Mo
and have a Cr content significantly lower than that of the 316L SS
(8 vs. 18%, respectively) for a similar level of corrosion resistance. The
amorphous FegoCrgNbgB,4 alloy was obtained by a rapid solidification
method so that ideally it is single-phase, homogeneous material with-
out any crystalline defects, which are susceptible to corrosion attack.

The general trends for the corrosion properties were basically the
same in the three tested media; these trends suggest that the differ-
ences in the structure, which resulted from the different processes and
in the present cases, in the presence of crystalline phases, have a crucial
effect in the corrosion behavior and are more important than the poros-
ity and exposed environment.

4. Conclusions

This work investigated the corrosion properties of the FegoCrgNbgB,4
alloy composition in the following conditions: as amorphous ribbons, as
partially crystallized annealed ribbons and as coatings produced by
spray deposition and LVOF routes. The corrosion properties were also
measured, for reference, for the commercial FSS 430 and 316L SS.

The results showed that in both acidic and in alkaline media, the
amorphous FegoCrgNbgB,4 ribbons have better corrosion resistance
than the partially crystallized ribbons, coatings and FSS 430. The fully
amorphous alloy also showed corrosion performance equivalent to
that of the 316L SS.

The spray deposition and LVOF coatings did not show good corrosion
behavior; the important deterioration in the corrosion properties was
attributed to the presence of crystalline phases as observed for the par-
tially crystallized ribbons.
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