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The  corrosion  behaviour  of  both  crystalline  and  largely  amorphous  forms  of  the Fe-based  glass  forming
alloy,  Fe43Cr16Mo16C15B10 alloy  was  investigated.  Two  different  methods  were  used  to  induce  transfor-
mation  to the  amorphous  form  of  the  alloy:  laser  melting  and  HVOF  spraying.  Both  methods  produced
largely  amorphous  material,  however  the  high  brittleness  of  the alloy  makes  it susceptible  to  cracking
during  laser  treatment,  hence  this  technique  is not  suitable  for  large-scale  application.  Potentiodynamic
scanning  showed  that  in 0.5  M H2SO4 and  3.5%  NaCl electrolytes  both  amorphous  forms  of  the  alloy  had
etallic glasses
VOF coating
aser melting
orrosion
icrostructure

better  corrosion  resistance  (lower  current  densities  for −200 to +1000  mV  SCE)  compared  to  the  crys-
talline  material.  The  laser  treated  material  and  HVOF  coating  performed  similarly  in  3.5%  NaCl.  In 0.5  M
H2SO4 the  HVOF  coating  had  a lower  current  density  than  the  laser melted  material  for  almost  all  of
the  potential  range  −300  to  +1000  mV  SCE. The  improved  corrosion  behaviour  of  the  largely  amorphous
material  is  attributed  to  its  homogeneity,  and  particularly  to the  elimination  of  the Mo-rich  phase  that
underwent  preferential  corrosion  in  the  crystalline  form  of the  material.
. Introduction

Fe-based metallic glasses are of interest since they have the
otential to combine their high corrosion resistance, excellent mag-
etic properties and high strength with a commercially attractive

ow cost [1].
Fe–Cr–Mo–C–B alloys have been noted to have both good

lass forming abilities and good corrosion resistance of the amor-
hous phase [2]. Huang et al. [3] report that fully amorphous
ibbons of Fe–Cr–Mn–Mo–W–B–C–Si and Fe–Cr–Mn–W–B–C–Y
ave exceptional corrosion resistance in both acidified and
eutral chloride solutions. Farmer et al. [4] examine the cor-
osion behaviour of a series of amorphous alloys based on
e52.3Cr19Mn2Mo2.5W1.7B16C4Si2.5 and show that the corrosion
esistance of these alloys can outperform that of wrought alloy
2 in seawater at temperatures up to 90 ◦C. Gostin et al. [5] have
hown that the corrosion resistance of the amorphous form of
Fe44.3Cr5Co5Mo12.8Mn11.2C15.8B5.9)98.55Y1.5 is superior to that of
he crystalline form in chloride solutions and in acid, though a pH
ependence is noted with the amorphous structure being of no

enefit in highly alkaline solutions.

However, the generally low ductility, combined with the dif-
culties of obtaining high enough cooling rates to produce large
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gauge glassy material, impede the use of metallic glasses as struc-
tural materials. A more viable way  of exploiting these materials is as
coatings. In thermal spraying high cooling rates of up to ∼108 K s−1

can be achieved [6] as the molten and partially molten particles
impact the substrate to build up the coating, making it a suit-
able process for the formation of coatings of glassy metallic alloys.
High velocity oxy-fuel (HVOF) is of particular interest due to the
decreased porosity and oxide contents produced compared to other
thermal spray techniques [7].  Laser surface treatment is also well
suited to the production of the amorphous phase due to the high
cooling rates of up to 105 K s−1 produced [8].

Both processes have successfully produced amorphous coatings
or surface layers. Hoekstra et al. [9] used excimer laser surface
treatment to produce an amorphous-like surface on Al94Co7.5Ce8.5,
Audebert et al. [10] have generated amorphous phases in Zr- and
Mg-based alloys, Carvalho et al. [11] used a two  step laser process
to generate an essentially amorphous coating of Zr60A115Ni25. It
should be noted that the surfaces produced are usually referred
to as largely or essentially amorphous, with some fraction of crys-
talline material present. The improvement in corrosion behaviour
has been directly correlated to the proportion of amorphous mate-
rial present [11].

Thermal spraying has been used to generate the amorphous

phase in a number of types of glass forming alloys. Tailleart
et al. [12] have successfully used the pulsed thermal spray
(PTS) technique to generate largely amorphous coatings of an
Al–Co–Ce alloy. They report that the corrosion behaviour of

dx.doi.org/10.1016/j.jallcom.2012.02.127
http://www.sciencedirect.com/science/journal/09258388
http://www.elsevier.com/locate/jallcom
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Table  1
Composition of master alloys (raw materials) for casting (weight percentage).

Master alloy Fe C Si S P Cr Mo Cu Al B Ash Moisture

Fe–C–Cr Bal. 8.0 0.32 0.055 0.022 65.3 – – – – – –
Fe–B  Bal. 0.19 0.42 0.002 0.027 – – – 0.11 18.2 – –
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Fe–Mo  Bal 0.01 1.30 0.04 0.04 

C  (Graphite) – 99.0 – 0.05 – 

Mild  steel 98.6 0.11 0.20 0.02 <0.01 

he coatings approaches that of melt spun ribbons, i.e. a fully
morphous form, of a similar composition [12]. The presence of
ome nanocrystals is reported but does not significantly affect
he corrosion behaviour of the, mainly amorphous, coatings
13]. Choi et al. [14] generated amorphous material using HVOF
ith an NiTiZrSiSn feedstock powder. Guo et al. [15] have used
VOF and HVAF to deposit partially amorphous coatings using

 Fe49.7Cr18Mn1.9Mo7.4W1.6B15.2C3.8Si2.4 powder. Farmer et al. [4]
sed HVOF to deposit Fe49.7Cr17.7Mn1.9Mo7.4W1.6B15.2C3.8Si2.4 and
e48Mo14Cr15Y2C15B6 coatings and report some dependency of
orrosion behaviour on the feedstock powder size. Zhou et al.
16,17] have created largely amorphous Fe48Cr15Mo14C15B6Y2
VOF coatings with some nanocrystals present. Again, a good cor-

osion resistance in chloride solutions is reported as well as a
ecreased corrosion resistance in alkaline solutions [17].

However, neither process simply converts the surface into the
morphous phase. Laser treatment can result in crack formation
s well as incomplete amorphisation [9,11].  An HVOF sprayed
oating can be significantly different to the bulk material of the
ame composition as the spraying process can introduce poros-
ty, oxides, regions of unmelted and resolidified material and a
amellar microstructure as well as producing the amorphous phase
18,19]. Such features are known to affect the corrosion behaviour
17] [18,20]. The superior corrosion resistance of metallic amor-
hous alloys is attributed to the lack of defects such as dislocations
nd grain boundaries which can act as sites of preferential attack
n crystalline metals. Hence there is interest in relating corrosion
ehaviour to the microstructural details of these materials.

This paper reports the corrosion behaviour of the Fe-based glass
orming alloy Fe43Cr16Mo16C15B10 (initially developed in Inoue’s
roup [21]) in both its crystalline and amorphous forms. In order
o directly determine the effects of the microstructural modifi-
ations due to HVOF spraying on amorphous corrosion resistant
oatings, two amorphous forms of the same alloy are studied: an
VOF sprayed coating and laser surface melted material. Corro-

ion testing is carried out using the potentiodynamic testing in
.5 M H2SO4 and 3.5% NaCl. Samples are characterised by X-ray
iffraction, differential scanning calorimetry and scanning electron
icroscopy.

. Experimental procedures

.1. Materials and sample preparation

Table 1 presents the composition of the master alloys used for the production
f  the Fe-based bulk metallic glass alloy as received from BMI  foundry services Ltd.,
alesowen, UK. A total of 2.0 kg of material was  melted in an induction furnace by
eating to a temperature of around 1923 K before pouring into a mild steel mould of

05 (l) × 110 (w)  × 60 (h) mm that was pre-heated to ∼150 ◦C to form a flat casting
f approximately 10 mm in thickness which cooled naturally.

Using a gas atomised Fe43Cr16Mo16C15B10 powder, the coating was  deposited
nto a mild steel substrate (60 × 25 × 2 mm)  by a metjet-II liquid fuel HVOF system
20].  For proper adherence of the coating to the mild steel substrate, degreasing

able  2
VOF spraying process parameters using Metjet-II gun type.

Oxygen flow rate (l/min) Fuel flow rate (l/min) Nitrogen flow

915 0.33 7.0 
– 68.5 0.51 – – – –
– – – – – <1.00 0.50
0.10 <0.01 0.14

and grit blasting of the substrate was carried out prior to deposition. The process
spraying parameters used are shown in Table 2.

A 2 kW IPG YLR 2000S fibre laser with wavelength of 1070 nm and a
20.7  mm mrad beam product parameter was used to melt the as-cast bulk alloy
for  microstructural modification. The laser power and samples traverse speed cho-
sen for this work are 1000 W and 1000 mm/min respectively. A 600 �m process
fibre focussed 20 mm above the sample was used to create laser melted tracks of
approximately 2 mm in width. To further ensure rapid cooling of the laser treated
track, flowing air with pressure of 1.2 bar was used to cool the samples continuously
during and immediately after melting.

2.2. Corrosion tests

The corrosion behaviour of these samples was assessed by potentiodynamic
polarisation in 0.5 M H2SO4 and 3.5% NaCl at 30 ◦C using a potentiostat from ACM
instruments, Cumbria, UK. The experiment was set up using ASTM standard G5-
94  with a three-electrode cell: working electrode (WE), platinum counter electrode
(AE) and reference calomel electrode (RE). For both as-cast bulk and coated samples,
the surfaces were polished to 1 �m prior to testing with approximately 0.15 cm2 area
exposed to electrolyte. For the laser treated samples, only the fully treated track
was  exposed to the electrolytes also using the same area. In all experiments, the
time interval between polishing and prior immersion in electrolytes was 2.5 h. The
deaeration of the electrolyte, achieved by bubbling nitrogen gas, was started 30 min
prior to the experiment and continued until the end of the experiment. 1-h open
circuit stability was  carried out before potentiodynamic polarisation. A 0.33 mV s−1

sweep rate was used. Passive current density (ip) and the corrosion potential (Ecorr)
were used to interpret the corrosion behaviour of the samples. Reproducibility of
data was  ensured by repeating tests at least three times. Corrosion current density,
io , values were determined by extrapolating the anodic and cathodic Tafel regions
of  the potentiodynamic results around Ecorr with the intersection being reported as
io .

2.3. Microstructural characterisation and thermal stability analysis

The particle size range, as determined by laser difrractometry using a Malvern
Mastersizer S, was −63 +15 �m,  i.e. 10 vol.% of the powder had a diameter exceeding
65  �m,  and 10 vol.% had a diameter less than 15 �m.  The mean diameter, d50, was
31  �m.  The samples were characterised using energy dispersive spectroscopy (EDS),
scanning electron microscopy (SEM XL30) in both secondary electron (SE) and back
scattered electron (BSE) mode, in terms of microstructural morphology and chemical
composition. SEM observations were performed before and after potentiodynamic
polarisation to 1600 mV (wrt SCE). The X-ray diffraction analysis (XRD) of the as–cast
and  coated samples was performed using Crk� radiation (D-500 X-ray diffractome-
ter)  while due to smaller spot required for the laser treated sample, CrK� radiation
(D8 discover X-ray diffractometer) was used. Hardness of both as-cast and laser
treated alloys was obtained using micro hardness tester with a 1000 g load. Ther-
mal  analysis including determination of glass transition temperature (Tg), onset of
crystallisation temperature (Tx), supercooled liquid region (�Tx), melting tempera-
ture  (Tm) and reduced glass transition temperature index (Tg/Tm) was carried out for
all  samples using a differential-temperature type differential scanning calorimeter
(TA Instruments model SDT Q600). Using ∼60 mg of samples, the experiment was
performed under a purified argon gas environment with a flow rate of 100 ml  min−1

and a heating rate of 20 K min−1 between 293 and 1673 K. Recrystallised alumina
sample pans were used. Calibration of the temperature scale of the instrument was
carried out by using the melting points of aluminium (933 K) and gold (1287 K).
Phase proportions and the total oxide plus porosity content were deter-
mined by image analysis. SEM micrographs of cross-sections were analysed using
ImageJ software, greyscale ranges corresponding to the relevant features were
set  and the proportion of pixels in these ranges determined. This gave an area
fraction of each feature, which is equal to the volume fraction assuming that a

 rate (l/min) Nozzle length (mm) Spray distance (mm)

100 355



212 M.S. Bakare et al. / Journal of Alloys and Compounds 527 (2012) 210– 218

Table  3
Percentage elemental composition of different phases in crystalline alloy (wt%).

Large bright (A) Tiny bright (B) Dark (C) Grey (D) (E)

Cr 10.3 7.4 36.3 34.2 13.6
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XRD results show the as-cast glass forming alloy to be crystalline
with Mo2FeB2, M23C6 and M6C phases present, where M represents
an unspecified metallic element.
Fe 17.6 34.6
Mo 72.4 57.9 

Possible identity Mo2(Fe,Cr)B2 (Fe,Cr)3Mo3(C,B) 

epresentative cross-section has been examined. In each case at least five micro-
raphs with magnifications between 2000× and 2500× were analysed.

In  addition the overall composition of the material produced was determined
y  the London and Scandinavian Metallurgical Company Ltd using a combination
CP-IRIS, LECO and x-ray fluorescence techniques.

. Results

.1. Microstructural characterisation

.1.1. Structure of as-cast glass forming alloy
The overall composition of the as-cast alloy is (at.%) Fe: 42.5%, Cr:

6.1%, Mo:  16.1%, C: 14.0%, B: 9.9%, Si: 1.3%, very similar to the tar-
et composition of Fe43Cr16Mo16C15B10. The as-cast material has a
ardness of 1307 ± 7 HV. Observations of cracks readily propagat-

ng from the laser treated region into and through the surrounding
aterial showed the as-cast material to be brittle. The material

eadily separated into fragments by cracking without any plastic
eformation.

The cross-sectional SEM images in Fig. 1 shows that the as-cast
aterial has a multiphase microstructure. Five different phases,
abelled A–E, are seen within the as-cast alloy. The large, blocky
recipitates with the brightest contrast and ranging in size from
10–100 �m are referred to as phase A. Also present are much

maller particles with a similar bright contrast, labelled as phase

ig. 1. Back scattered SEM image showing a plan view of the as-cast glass forming
lloy (a) Four different phases (A–D) are labelled; (b) higher magnification image
howing a fifth phase (E).
44.8 36.6 76.3
18.9 29.2 10.1
M23(C,B)6 M–(Fe, Cr, Mo) M23(C,B)6 M–(Fe, Cr, Mo)  �-Fe

B. These form part of a eutectic intergrowth, and are typically 5 �m
or less in size. Phase C is the dark phase that forms a matrix, with
particles of the slightly darker contrast phase D embedded in it. The
particles of phase D range up to ∼30 �m in size. The fifth phase, E,
is found as a darker contrast phase embedded within phase A.

EDS spot analysis (Table 3) results are used to compare the com-
positions of the different phases. It should be noted that due to
the difficulty in obtaining reliable EDS results for C and B, only the
metallic elements Fe, Mo  and Cr are included in the analysis. The
results show that both bright contrast phases (A and B) are enriched
in Mo,  the dark (C) and grey (D) phases have higher Fe and Cr con-
tents. Image analysis revealed that the area fraction of bright phases
is 41 ± 3% in total, 22.3 ± 4% for phase C and 36.7 ± 2% for phase D.
Fig. 2. (a) Comparison of XRD scans of Fe43Cr16Mo16C15B10 (at%) alloy showing
peaks of different phases in the crystalline glass forming alloy and halo peaks in
amorphous laser treated bulk alloy and coating, (b) oxide peaks detected for the
HVOF coating.
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Table  4
Showing EDS wt% composition of both crystalline (untreated) and amorphous region
in Fig. 3b.

Crystalline Amorphous

Cr 19.6 17.4
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Fig. 4. Back scattered SEM image showing a cross-section of the HVOF feedstock
powder.
Fe 48.2  49.8
Mo  32.2 32.8

By combining the SEM image, EDS and XRD results (Fig. 2)
ogether with reference to XRD results published for similar alloys
5,19],  it is concluded that phase A is Mo2FeB2 while the tiny bright
nterdendritic phase B is M3Mo3C, where M represents (Fe,Cr). The
ark and grey areas (C and D) were both identified as M23(C,B)6 but
ith slightly different Mo  and Fe contents, here M represents (Fe,
r, Mo). Phase E (Fig. 1b) was assigned as �-Fe due to the high Fe-
ontent. The XRD results obtained are consistent with �-Fe being
resent. However, it should be noted that no XRD peaks unique to
-Fe were observed.

.1.2. Structure of as-cast bulk glass forming alloy after laser
reatment

After laser surface melting, a single laser track width ∼2 mm was
btained. The laser treated track has a hardness of 1319 ± 11 HV.
DS analysis was carried out to check if material composition had
hanged during laser treatment due to oxidation and/or evapora-
ion processes. The EDS area composition results (Table 4) show a
light depletion in the Cr content of the laser treated track com-
ared to the as-cast material. Cross-sectional SEM images of the
rack (Fig. 4a) show a melt depth at the centre of the track of
500 �m.  There are two  different zones present in the laser treated

egion (Fig. 4a and b): the completely homogenised region with-
ut any secondary phases and a heat-affected region containing

 ± 0.2 vol.% of the Mo2FeB2 precipitates. This heat affected region
ies between the homogeneous track and untreated region. XRD of
he homogenous region of the laser track revealed only broad/halo
eaks around diffraction angles of 2� ∼ 44◦ and 77◦ (Fig. 2). No
iffraction peaks corresponding to crystalline phases were seen,

ndicating that the laser treated alloy is at least largely amorphous.
s is clearly seen in Fig. 3a, laser melting resulted in cracking of the
esolidified amorphous material.
.1.3. Structure of HVOF coating
SEM examination of the as-received gas-atomised powder

howed powder particles that were largely spherical or near-
pherical in shape (Fig. 4). There was no variation in contrast seen

ig. 3. Cross-sectional view and magnified view of amorphous GF alloy formed using
bre laser (a) thickness of the laser treated amorphous area (b) different regions after

aser treatment.
in cross-sectioned particles, indicating a uniform single phase. XRD
analysis (Fig. 2) confirmed that the powder was  at least largely
amorphous with a broad halo-peak at 2� ∼ 35–55◦ and a second
halo-peak at around 75◦.

Fig. 5a shows the back scattered SEM image of a cross-section
of the HVOF as-sprayed coating. The thickness of the coating is
around 350–400 �m with an irregular top surface. EDS area analy-
sis showed that the overall composition is (at%) 22% Cr, 55% Fe and
23% Mo  (excluding C, B and O).

XRD results (Fig. 2) confirmed the largely amorphous nature of
the coating. Minor XRD peaks from an oxide phase were detected at
2� = 30◦, 35.7◦ and 62.8◦ (Fig. 2b). The oxide formed was determined
to be chromite, FeCr2O4.

The microstructure is typical of a thermally sprayed coating and
consists of lamellarlike splats where successive layers of molten
particles have spread out on impact and resolidified. Distinct, near-
spherical, splats that arise from partially melted particles are also
seen, again this is a common feature of a thermally sprayed coating
(Fig. 5b). Fig. 5c is a higher magnification back scattered SEM image
showing details of an area including both a fully melted region (F)
and a partially melted particle (P). The EDS spectra and line scan
of Mo,  Fe, Cr and O, in the F and P regions showed an increase in
the Mo  signal to 500 counts compared to an average value of 400
counts that corresponded to the bright interlayer features seen in
Fig. 5c. The darker contrast areas were enriched in oxygen and are
attributed to be the FeCr2O4 oxide phase detected by XRD. Image

analysis of SEM images determined that the combined porosity and
oxide content is less than 5 vol.%.
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Fig. 5. SEM images of cross-sections of Fe43Cr16Mo16C15B10 (at%) coated samples (a)
f
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to the laser treated material. Corrosion current density, io, values
for both the laser treated and HVOF sprayed samples are approxi-
mately 0.4 and 0.3 mA cm−2 respectively, an order of magnitude of
the value for the crystalline material where io is about 2.5 mA  cm−2.
ull  thickness of the coating (b) splat morphology and regions of fully and partially
elted material (c) higher magnification of region in the box in b, showing an Mo-

ich area and oxides.

.1.4. Differential scanning calorimetry (DSC) analysis
DSC traces for the powder, coating, laser treated and crystalline

ulk alloy are shown in Fig. 6 with key data summarised in Table 5.

he glass transition temperature, Tg, is ∼886–889 K while the onset
f crystallisation temperature, Tx, is 957–960 K. All three samples
ave a similar supercooled liquid region, �Tx = Tx − Tg, of 71–72 K

able 5
etails of DSC analysis of amorphous powder, coating and laser treated bulk alloy.

Sample Tg (K) Tx (K) �Tx (K) Tm (K) Tg/Tm Tp (K)

Powder 889 960 71 1406 0.63 971
Coating 886 957 71 1408 0.63 970
Laser treated 888 960 72 1414 0.63 971
Fig. 6. DSC traces for powder, coating, laser treated and crystalline bulk forms of
the  alloy.

and a similar reduced glass transition temperature index, Tg/Tm

where Tm is the melting temperature, of 0.63. In each case the main
crystallisation peak temperature, Tp, is at ∼970–971 K. A smaller
secondary crystallisation peak around 1143 K is also seen.

3.2. Potentiodynamic test

Anodic polarisation curves representative of repeated experi-
ments of the as-cast, laser treated bulk alloy and HVOF sprayed
coating in 0.5 M H2SO4 are shown in Fig. 7. In 0.5 M H2SO4, the cor-
rosion potential for crystalline material is −364 ± 2 mV while that
of laser treated amorphous alloy is −419 ± 2 mV.  The Ecorr of the
amorphous coating is −388 ± 10 mV.  Both amorphous forms have
slightly lower corrosion potentials (Ecorr) than the as-cast crys-
talline alloy. It is seen that both forms of the alloy largely consisting
of amorphous material have lower current densities than the crys-
talline alloy (Table 6). The largely amorphous HVOF coating has
lower current densities, i.e. better corrosion resistance, compared
Fig. 7. Potentiodynamic polarisation curves of crystalline glass forming alloy, amor-
phous GF bulk alloy and amorphous coating Fe–Cr–Mo–C–B in 0.5 M H2SO4.



M.S. Bakare et al. / Journal of Alloys and Compounds 527 (2012) 210– 218 215

Table  6
Corrosion potentials (Ecorr) and current densities at various potentials.

Ecorr (mV) io (mAcm−2) i@0 mV (mA  cm−2) i@500 mV (mA cm−2) i@1000 mV (mA  cm−2)

Crystalline bulk (H2SO4) −364 ± 2 2.5 ± 0.5 10.1 ± 3.8 96.1 ± 9.1 74.1 ± 7.4
Amorphous coating (H2SO4) −388 ± 10 0.3 ± 0.05 0.5 ± 0.01 4.0 ± 0.6 23.0 ± 4.0
Laser  treated bulk (H2SO4) −419 ± 2 0.4 ± 0.05 2.2 ± 0.2 10.1 ± 0.8 15.4 ± 1.5
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Crystalline bulk (NaCl) −622 ± 30 0.02 ± 0.005 

Amorphous coating (NaCl) −546 ± 64 0.01 ± 0.005 

Laser  treated bulk (NaCl) −554 ± 10 0.03 ± 0.005 

he double steps seen in all polarisation curves in Fig. 7 have also
een observed by previous authors for a similar Fe-based glass
orming alloy [17].

In 3.5% NaCl solution, the amorphous forms of the glass form-
ng alloy again showed better corrosion resistance compared to
he crystalline material, i.e. lower current densities (Fig. 8). In this
lectrolyte the coating and laser treated amorphous alloy had very
imilar results. Compared to the results from the acid, corrosion
otentials were less noble: −554 ± 10 mV  for laser treated bulk
lloy and −546 ± 64 mV  for the largely amorphous coating. Details
f the corrosion parameters are given in Table 6. Corrosion current
ensity, io, values for all samples are of the same magnitude, being
.02, 0.01 and 0.03 mA  cm−1 for the crystalline, HVOF coating and

aser treated samples respectively.

.3. Samples after exposure

No large-scale pitting events were seen on any of the samples
ested. For the crystalline bulk alloy, SEM images of representative
egions before and after potentiodynamic exposure to 0.5 M H2SO4
Fig. 9) clearly show sites where preferential dissolution of the Mo-
ich phases has occurred.

Fig. 10 shows a region of the amorphous coating before and
fter polarisation in acid. Preferential corrosion of the resolidified
egions around individual splats is seen.

Back scattered SEM images of the laser treated alloy before cor-
osion and after corrosion testing in acid are shown in Fig. 11.  For
his sample the corrosion attack is in the form of small pit-like fea-
ures uniformly distributed across the surface material. No increase

n the extent of corrosive attack is seen in the immediate vicinity
f the cracks.

ig. 8. Potentiodynamic polarisation curves of both crystalline bulk amorphous
lass forming alloy and amorphous coating of Fe–Cr–Mo–C–B in 3.5% NaCl.
.4 ± 3.8 14.1 ± 2.1 189.3 ± 14.9

.5 ± 0.3 1.0 ± 0.5 8.5 ± 0.3

.5 ± 0.1 1.5 ± 0.1 10.6 ± 2.3

4. Discussion

4.1. Microstructure

The target glass forming alloy was generated, the composition
of the as-cast alloy is in line with that aimed for. The presence
of ∼0.7% Si is attributed to the presence of trace Si impurities in
the starting master alloys. The as-cast material is crystalline with a
complex microstructure consisting of four main phases. As previ-
ously observed in similar alloys [5,22],  the matrix phase is M23C6,
however, in this work two  M23C6 phases with slightly different
Mo and Fe contents form the matrix. Precipitates of Mo2FeB2 and
M3Mo3C are also seen. This is similar to previous observations on a
similar alloy [5].  The specific M3Mo3C phase present cannot be con-
clusively identified here. The small size of the particles present here
does not aid their identification since it is possible that the signals
collected by EDS come from a volume which extends beyond the
particle of interest. However, there may  not be a single composition
of this phase present, as detailed in Sourmail’s review [23] there is
a large range of possible compositions for M3MoC: both Fe3Mo3C
and (FeCr)21Mo3C6 have been reported. We  have identified phase E
as �-Fe, this is consistent with our XRD and EDS results. However,
no unique XRD peaks were observed for this phase so further inves-
tigation is required to confirm its presence. The high hardness and
extreme brittleness of the as-cast alloy is attributed to the presence
of borides and carbides, as has been previously suggested [24]. DSC
results in Table 5 are consistent with values previously reported for
a similar alloy [21].

Laser surface melting successfully transformed the crystalline
as-cast material, producing an at least largely amorphous form.
However, the thermal stresses generated by laser treatment, com-
bined with the highly brittle nature of the glass forming alloy
resulted in cracking of the laser treated area. The generation of
cracking is a frequent result of laser surface treatment [9]. There
was concern that the heating cycles due to successive tracks could
induce recrystallisation of neighbouring laser amorphised regions,
laser treatment was  therefore restricted to single tracks.

HVOF spraying of amorphous gas atomised powder particles of
the alloy produced coatings in which the amorphous form of the
alloy was at least largely retained. The coating produced is dense
with the low amounts of porosity and oxides that are characteristic
features of HVOF coatings [25]. The oxide detected in the coating
results from partial oxidation during the deposition process, this
may  be minimised by further optimisation of spraying parameters.
During sample preparation it was noted that some particles were
detaching from the coating, i.e. there was  some cohesive failure of
the coating. This is attributed to the inherently high hardness and
yield strength of the material inhibiting deformation of partially
melted particles on impact, resulting in decreased coating cohe-
sion. It has been shown that the amorphous state has been largely
retained even though melting and resolidification occurs during
the HVOF process. Further optimisation of spraying parameters to

increase the extent of melting, and thereby improve coating cohe-
sion, is required. It should be noted that, as previously reported
for similar materials, some nanocrystals are likely to be present
in the amorphous forms of the material, however these were not
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Fig. 9. Surface morphology of bulk crystalline alloy before and after polarisation.
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Fig. 10. Surface morphology of amorphous sprayed coating samples before and after
a) BSE image corrosion test (b) BSE image of the same area of the sample after
orrosion test showing preferential dissolution of the Mo2FeB2 (large bright) phase
c) SE image showing preferential dissolution of the Mo2FeB2 phase.

irectly observed in this work [16,17]. It has been suggested that
uch nanocrystals contribute to the good corrosion resistance of
therwise amorphous material [26].

.2. Corrosion

Preferential dissolution of the Mo2FeB2 phase is clearly the
echanism of corrosion of the as-cast crystalline material in

cidic medium. This indicates that the main matrix is more noble
han Mo2FeB2, hence permitting the formation of galvanic cells.

morphisation of the glass forming alloy eliminates the Mo2FeB2
recipitates and this mechanism of corrosion, resulting in better
orrosion resistance of the largely amorphous material compared
o the crystalline form.
polarisation in BSE mode (a) before corrosion (b) after polarisation in 0.5 M H2SO4

showing clearly the origin of corrosion at the melted and resolidified region around
the splat.

Of the two largely amorphous forms of the glass forming alloy
tested, the HVOF coating had better corrosion resistance than the
laser treated material. This may  be related to the cracks in the laser
treated material. While no preferential attack was seen in the region
of the cracks, the presence of the cracks will increase the effective
surface area exposed to the electrolyte. This will, in turn, increase
the apparent current density. EDS results suggest that laser treat-
ment may  produce a slight decrease in the Cr content: 17.4 wt% Cr
was detected in the laser treated material as opposed to 17.7 wt%
in the HVOF coating. It should be noted that EDS is not capable
of accurately determining such small compositional differences.
The corrosion resistance of the glass forming alloy is due to the Cr
content, however any such minor difference in composition is not
believed to significantly contribute to the slightly better corrosion
performance of the HVOF coating compared to the laser treated
material.

Preferential corrosive attack of the splat boundary regions was
seen in the HVOF coating. This may  be due to localised com-
positional variations. Previous work has shown that even minor
localised variations in composition can degrade corrosion resis-
tance [18]. Further analysis of the HVOF coatings is required to
determine any such variation in this material. The laser treated
material corroded via the formation of small pit like features. This
work has not been able to correlate the location of these pits with
any specific microstructural features.
The corrosion results presented in Table 6 generally show
greater proportional variation for the HVOF coating than for the
other samples. This is attributed to the inherent sample-to-sample
variation in sprayed coatings, resulting from the porosity and
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Fig. 11. Surface morphology of a selected area of the laser treated amorphous sam-
ple before and after polarisation. (a) SE image before corrosion test in acid (b) SE
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Metals & Materials Society 53 (2001) 30–34.
[9] J.G. Hoekstra, S.B. Qadri, J.R. Scully, J.M. Fitz-Gerald, Advanced Engineering
mage of the same area after corrosion test in acid.

xides present. The io values seen in this work for the largely
morphous forms of the alloy in the acidic electrolyte are two
rders of magnitude greater than the io values of approximately
0−1 mA  cm−2 that can be determined from results previously
eported by Pang et al. for a similar material, albeit in a more
ggressive environment, 6 N HCl [2].  Results from Farmer et al.
4] for a melt spun version of a similar alloy in seawater show
o to be approximately 10−2 mA  cm−2, three orders of magnitude
ess than that seen in this work. It should be noted that there is

 relatively large error associated with these results due to the
hape of the potentiodynamic curves. However, this source of error
oes not fully explain the difference in magnitude between our
esults and those reported elsewhere. The reproducibility of the
esults presented here has been checked by multiple runs of the
xperiments. It is possible that the io values are sensitive to the
ample preparation carried out; surfaces were polished to 1 �m
rior to testing. Farmer et al. [4] do not mention any surface prepa-
ation of their samples prior to corrosion testing, Pang et al. [2]
nly state that surfaces were degreased. The same experimental
quipment and procedure has previously produced io values of
10−3 and 10−2 mA  cm−2 for Inconel 625 in 0.5 M H2SO4 and 3.5%
aCl, respectively [18,20]. Similar results for Inconel 625 in 3.5%
aCl have been reported by Zhang et al. [27] who used a similar

ample preparation procedure to that used here: they ground to
500 grit SiC. It is known that sample preparation can effect corro-
ion behaviour by generating an increased dislocation density, and
ence a greater density of fast diffusion paths, in the near surface
egion [28]. While such a dislocation based mechanism is unlikely

o be active in the largely amorphous material used here, the pos-
ibility of an analogous sample preparation related mechanism
arrants further investigation.

[
[
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Overall, the better corrosion resistance of the mainly amorphous
form of the glass forming alloy, compared to the crystalline mate-
rial, is attributed to the formation of a homogeneous single-phase
solid solution [21,25,26].  The absence of surface heterogeneities
such as segregation, dislocations, inclusions, grain boundaries as
well as second phase precipitates, will not only reduce the pos-
sibility of galvanic cells and nucleation sites for corrosion but
is also expected to enhance the stability of the passive films by
decreasing the number of features that may  result in passive film
defects.

Laser treatment can generate the amorphous form of the alloy,
however the usefulness of this technique is limited by the cracking
it generates. HVOF spraying has successfully deposited glass form-
ing alloy coatings that largely retain the amorphous state. With
further optimisation of spraying conditions this method could be
used to produce amorphous glass forming alloy coatings for corro-
sion protection applications.

5. Conclusions

• A  glass forming alloy, Fe43Cr16Mo16C15B10, has been formed
which comprises of five phases: two M23C6 phases, Mo2FeB2,
M3Mo3C (where M = Fe, Cr) and small amounts of �-Fe.

• The amorphous form of Fe43Cr16Mo16C15B10 has been shown to
have better corrosion resistance compared to the crystalline form
in both 0.5 M H2SO4 and 3.5% NaCl.

• Corrosion of the crystalline form is by preferential dissolution of
Mo-rich precipitates.

• The improved corrosion behaviour is attributed to the homogene-
ity of the amorphous material.

• Conversion of the crystalline as-cast form of the alloy to the
amorphous form by laser surface melting has been demonstrated.
However, the usefulness of laser surface melting as a method to
amorphise the alloy is limited by cracking of the brittle alloy due
to thermal stresses.

• The difference in corrosion performance of the two  different
amorphous forms of the alloy is attributed to the very different
microstructures.

• HVOF can deposit amorphous Fe43Cr16Mo16C15B10 coatings that
retain the amorphous structure, however further optimisation of
HVOF spraying parameters is required.
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