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Effects of Chromium on the Glass For mation and Corrosion Behavior

of Bulk Glassy Fe-Cr—M o—C-B Alloys
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Bulk glassy Fego—xCryMo015C15B10 (X = 0O, 7.5, 15, 22.5 and 30 at%) alloys with high thermal stability were synthesized and the effects
of chromium on the glass formation and corrosion behavior were clarified. The maximum diameter for glass formation is 2-2.5mm for the
7.5 and 15a%Cr aloys and 1 mm for the other alloys. In the present glassy aloy system, the temperature interval of the supercooled liquid
region (ATy) changed with chromium and was enlarged from around 70K at x = 0, 22.5 and 30 at% to over 80K at x = 7.5 and 15at%. Both
corrosion rate and anodic current density by potentiodynamic polarization in HCI solutions decreased with an increase of chromium content
in the aloys. For the Cr-free alloy, molybdenum was significantly concentrated in the surface film after immersion in 1N HCI solution. The
bulk glassy aloys containing chromium was immune to corrosion by the formation of protective passive film enriched with chromium during

immersion in the solution.
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1. Introduction

Glassy dloys are attractive for synthesizing new alloys
with high corrosion resistance because of the formation of
a single solid solution phase exceeding the solubility limits
of alloying elements in the equilibrium state and hence al-
lowing selective alloying of strongly passivating elements.
It is known that a number of Fe-based glassy aloys with
high corrosion resistance in aggressive media have been fabri-
cated.>? However, they have mainly been fabricated as sput-
tered thin films and melt-spun ribbons because of their low
glass-forming ability (GFA). The small size and low ther-
mal stability of the Fe-based glassy aloys has prevented the
further extension of their application fields as corrosion re-
sistant materials. Recently, the Fe;3CrisMo16(C, B, P)2s bulk
glasses with thickness up to about 2.5 mm have been formed
by a conventional copper-mold casting method.® These bulk
glassy aloys exhibited a glass transition, followed by a
large supercooled liquid region before crystallization. Asis
the case for the La-Al-TM,? Zr-Al-TM,>") Fe—(Al, Ga)—
(P.C,B, S, Ge),%? Fe{Co, Ni)«Zr,Nb, Ta)-B,19 Fe-C-Si—
B,**12 Fe-Co-Ni-Si-B,"® Pd-Cu-Ni-P*¥ Ti—-Cu-Ni-B-
Sn-Si,'® Co-Fe-Nb-Zr-B,'9 Cu-zr-Ti-Y,*) Cu-zr-Ti'®
and Cu-Hf-Ti® (TM = transition metal) bulk glassy alloys
developed during the last decade, the Fe-Cr—Mo-C-B-P sys-
tem alloys satisfy the following three empirical rules'® for
the achievement of high GFA, i.e., 1) multicomponent alloy
systems consisting of more than three elements, 2) significant
atomic size mismatches above 12% among the main elements,
and 3) suitable negative heats of mixing among the main con-
stituent elements. 1t is well known that chromium is one of
the most effective elements for improving the corrosion re-
sistance of Fe-based alloys in aggressive acids with low ox-
idizing ability. On the other hand, the change of chromium
content in alloys is also expected to influence the GFA of the
alloys. Therefore, this work aims to present the effects of
chromium on the glass formation and corrosion behavior for

Feso_xCryMo15C15B1g aloys. The origin for the effects of
chromium is also discussed.

2. Experimental

Multicomponent alloys with nominal compositions of
Fego_xCryMo15C15B10 (at%) were examined in the present
work. Alloy ingots were prepared from mixtures of pure Fe,
Cr, Mo, C and B as well as pre-alloyed Fe-C dloy by in-
duction melting in an argon atmosphere. From the master
aloy ingots, bulk specimensin arod shape of about 40mmin
length were prepared by copper mold casting. Ribbon sam-
ples with a thickness of about 20 um and a width of about
1 mm were fabricated by single-roller melt spinning.

The structure of therapidly solidified specimenswas exam-
ined by X-ray diffraction using Cu—Kq radiation. Thethermal
stability associated with glass transition, supercooled liquid
and crystallization for the glassy aloys was investigated by
differential scanning calorimetry (DSC) at a heating rate of
0.67K/s. The liquidus temperatures of the alloys were mea-
sured by differential thermal analysis (DTA) at a heating rate
of 0.33K/s.

Corrosion behavior of the bulk glassy aloys was evalu-
ated by weight loss and electrochemical polarization mea-
surements. Prior to the immersion test and electrochemical
measurements, the specimens were mechanically polished in
cyclohexane with silicon carbide paper up to No. 1500, de-
greased in acetone, washed in distilled water, dried in air
and further exposed to air for 24 h for good reproducibility.
Electrolytes used were 1, 6 and 12N HCI solutions prepared
from reagent grade chemical and distilled water. The corro-
sion rates were estimated from the weight loss of the bulk
glassy aloys after immersion in HCI solutions open to air at
298K for 168h (one week). The electrochemical measure-
ments were conducted in a three-electrode cell using a plat-
inum counter electrode and a Ag/AgCl reference electrode.
Anodic polarization curves were measured potentiodynami-
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caly with a potential sweep rate of 50 mV/min in the HCI
solutions after immersing the specimens in the solutions for
20min, when the open-circuit potentials (Ecqr) became al-
most steady.

For surface analysis of the bulk glasses exposed to air for
24h after mechanical polishing and those immersed in the
HCI solutions for 168h, X-ray photoelectron spectroscopy
(XPS) measurements were performed by using a photoel ec-
tron spectrometer with Al-Kea excitation (hv = 1486.6eV).
The composition and thickness of the surface film and the
composition of the underlying alloy surface just below the
surface film were determined quantitatively by a previously
proposed method.?*?Y) The quantitative determination was
performed under the assumption of a three-layer model of
outermost contaminant hydrocarbon layer of uniform thick-
ness, surface film of uniform thickness and underlying al-
loy surface of X-ray photo-electron spectroscopically infinite
thickness, along with the assumption of a homogeneous dis-
tribution of congtituents in each layer. The binding energies
of electrons were calibrated by using the method described
elsewhere.?223)

3. Resultsand Discussion

3.1 Effect of chromium on glassformation

Bulk aloys with diameters of 1-2.5mm consisting
of a glassy single phase without crystallinity were
formed in the composition range of 0-30at%Cr for the
Fego_xCrkMo15C15B19 aloys. The maximum diameter for
glass formation was 1 mm for the aloys containing 0, 22.5
and 30at%Cr, 2mm for the 7.5a%Cr aloy and 2.5mm for
the 15at%Cr alloy, respectively. The DSC curves of the bulk
glassy alloys shown in Fig. 1 exhibit a sequential transition
of glass transition and supercooled liquid region before crys-
tallization, where Ty and Ty are glass transition temperature
and crystallization temperature, respectively. The high ther-
mal stability of the supercooled liquid isindicated by thelarge
temperature interval of supercooled liquid region (AT =
Ty — Tx) exceeding 70K. The glassy single phase of the
bulk samples was further confirmed by comparing their DSC
curves with those of the melt-spun ribbons. Figure 2 shows
the DSC curves of the glassy Fe;5CrisM015C15B 19 melt-spun
ribbon and cast rod with a diameter of 2.5mm, where the
heat of the main crystallization reaction is 4.73kJmol and
4.71kJmol for the glassy ribbon and rod samples, respec-
tively. It isindicated that there is no distinct difference in the
Ty, Tx and heat of crystallization between the bulk and ribbon
samples.

The formation of the bulk Fe<(Cr—-)Mo—C-B glassesiis at-
tributed to the satisfaction of the three empirical rules'? for
the achievement of high GFA and the stabilization of the su-
percooled liquid. The atomic size ratios for TM/metalloid
(TM = Fe, Cr and Mo) in the present system are 0.57-0.73.24
The heats of mixing are negative values of 1-19 kJmol for the
atomic pairs of TM-B, Fe-Cr and Fe-M0.% Thus, the data
on the atomic size and the chemical bonding nature indicate
that the present Fe{Cr-)Mo—C-B alloys satisfy the three em-
pirical rules. The satisfaction is favorable for the formation
of a glassy structure with the features of highly dense ran-
dom packed atomic configurations, new local atomic config-
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Fig. 1 DSC curves of the bulk glassy Fego—xCrxMo15C15B10 aloys with
their maximum diameters for glass formation.
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Fig. 2 DSC curves of the glassy FessCrisM015C15B19 melt-spun ribbon
and cast rod with a diameter of 2.5mm.

urations and long-range homogeneous atomic configurations
with attractive interactions. The formation of such a structure
leads to the suppression of nucleation and growth reactions of
acrystalline phase, a high viscosity and alower atomic diffu-
sivity. Therefore, the Fego_xCryMo15C15B19 aloys with the
low nucleation and growth reactions and low atomic diffusiv-
ity can have high GFA leading to the formation of the bulk
glasses.
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Fig. 3 Changesin Tg, Tx and ATy with chromium content for the bulk
glassy Fegp_xCryMo15C15B10 aloys.

For the present alloy system, it is noticed that the maxi-
mum diameter for glass formation changes with chromium
content, indicating that chromium content in the alloys has
an appreciable effect on the GFA. It is generally known
that the main factors for high GFA are a high reduced glass
transition temperature (Tg/ T, where T; is liquidus tempera-
ture) and a large temperature interval of supercooled liquid
region (ATy). It was found that the Ty/ T, which was de-
termined by the Ty on the DSC curves and the T; measured
by DTA, was independent of chromium content and kept at
a constant value of about 0.6 in the composition range of 0—
30at%Cr for the present alloys. Figure 3 shows the changes
in Tg, Tx and ATy with chromium content for the bulk glassy
Fego_xCrkMo15C15B10 aloys. It isnoticed that the Ty exhibits
a relatively significant increase in the composition range of
0-15 at%Cr while the Ty increases almost linearly with anin-
crease of chromium content. As aresult, the AT, defined by
the difference between Ty and T, reaches relatively large val-
ues of exceeding 80K at the chromium contents of 7.5 and
15at%, at which the bulk glasses with diameters of 2—2.5mm
can beprepared. The changein AT, versus chromium content
isin agreement with that of the maximum diameters for glass
formation for the Fegp_x CrxM015C15B19 alloys as described
above. Therefore, it is suggested that AT, is adominant fac-
tor for the GFA of the present alloys with different chromium
contents.

3.2 Effect of chromium on corrosion behavior

Corrosion rates of the bulk glassy Fegp_xCryMo15C15B1g
aloys in HCI solutions open to air at 298K are plotted as a
function of chromium content in Fig. 4. In 1, 6 and 12N HCI
solutions, the corrosion rates of the Cr-free alloy are about
0.5mm/year. With the addition of chromium to the aloys,
the corrosion rates in all the solutions decrease significantly
and are lower than 5 x 10~? mm/year in the Cr content range
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Fig. 4 Corrosion rates of the bulk glassy Fesp—xCrxMo15C15B10 aloysin
HCI solutions plotted versus chromium content.
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Fig. 5 Anodic polarization curves of the bulk glassy Fego—xCrxMois-
C15B10 aloys with their maximum diameters for glass formation in 1N
HCI solution open to air at 298 K.

above 7.5a%. Especially the corrosion rate of the 30 at%Cr
aloy is of the order of 10~ mm/year even in the extremely
aggressive 12N solution and no weight loss is detected after
the one-week immersion test in 1 and 6 N HCI solutions. It
isindicated that the addition of chromium for replacing some
portion of iron is effective for suppressing the corrosion of
the glassy Fego_xCryMo015C15B10 aloys during open-circuit
immersion in the aggressive acids.

The corrosion behavior of the bulk glassy Fegy_xCryMo;5-
Ci15B19 aloyswas also examined by the potentiodynamic po-
larization measurement. Figure 5 shows their anodic polar-
ization curvesin 1N HCI solution open to air at 298K. The
glassy Fe-Mo—C-B aloy suffers general corrosion by dlight
anodic polarization. However, the glassy Fe-Cr—Mo—C-B al-
loys are spontaneously passivated with large passive regions
until the transpassive dissolution of chromium occurs. It is
also noticed that, with an increase of chromium content in the
aloys, the anodic current density decreases significantly. In
6N HCI solution, the alloys containing 15-30 at% chromium
exhibit spontaneous passivity, although their passive current
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Fig. 6 Anodic polarization curves of the bulk glassy Fego—_xCryMoss-
Ci5B10 aloys with their maximum diameters for glass formation in 6 N
HCI solution open to air at 298K.

density increases quickly with polarization resulted from the
instability of their surface films by anodic polarization, as
shown in Fig. 6. In 12N HCI solution, although anodic cur-
rent density of the glassy alloysincreased rapidly with poten-
tial caused by the low stability of the surface films, no pitting
corrosion was recognized for the alloys polarized up to 1.2V
vs. Ag/AgCI. Accordingly, it is clarified that the addition of
chromium for replacing some portion of iron is effective on
enhancing the corrosion resistance of the glassy Fe-Cr—Mo—
C-B dloys.

For abetter understanding of the effect of chromium on the
corrosion resistance for the glassy Fego_xCryM015C15B10 al-
loys, X-ray photoelectron spectroscopic analysis (XPS) was
performed for the specimens exposed to air after mechani-
cal polishing and those immersed in 1N HCl at 298K for
168h. The XPS spectra over a wide binding energy region
apparently exhibited peaks of carbon, oxygen, boron, iron,
chromium and molybdenum. The C 1s peskswere those from
carbon in aloy and so-called contaminant carbon on the top
surface of the specimen. The O 1s spectrum consisted of
peaks originated from oxygen in metal-O-metal bond, metal-
OH bond and/or bound water. The peaks of Fe 2p, Cr 2p, Mo
3d and B 1s were composed of peaks corresponding to the
species in the oxidized states in a surface film and the metal-
lic states in an underlying alloy surface.

Figure 7 shows the Mo 3d spectrum measured from the
gIass/ FesoM015C15B 1o and Fe3pCrzopMo15C15B1o aIons after
the immersion in 1N HCI solution for 168 h. For the Cr-free
aloy, the Mo 3d spectrum consists of Mo species in Mo*t,
Mo®>" and Mo®*+ states and no metallic peak is detected as
shown in Fig. 7(a). In addition, no peak corresponding to Fe°
or B states was detected on the spectra of Fe 2p and B 1sfor
the FegopM015C15B1g aloy after the immersion. Accordingly,
it is indicated that the oxidized surface film formed on the
0at%Cr alloy after the immersion was thick and the underly-
ing alloy surface could not be detected by XPS. By deconvo-
luting the Mo spectrum in Fig. 7(a) into individual peaks, it
is found that about 56% of the oxidized molybdenum in the
surface film is hexavalent for the FegoM 015C15B 1o aloy after
the immersion in 1N HCI solution. As shown in Fig. 7(b),
the Mo 3d spectrum for the glassy alloy containing 30 at%
chromium is composed of peaks corresponding to four states,
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Fig. 7 Mo 3d XPS peaks of the (a) FespoMo015Ci15B10 and (b)
Fe3pCrzpMo15C15B10 bulk glassy alloys with a diameter of 1mm after
immersionin 1N HCI solution at 298K for 168 h.

i.e., apar of metalic Mo® state and three doublets of Mo*t,
Mo® and Mo®" state peaks. The peaks of the Mo speciesin
metallic state are the most intense. Similarly, clear peaks of
iron, chromium and boron speciesin their metallic stateswere
found. The alloys containing chromium can possess high cor-
rosion resistance in the solution and result in a thin surface
film. Thethickness of the surfacefilmswas 1.8 nm and 2.3 nm
for the Fe3pCrzpM015C15B 10 aloy before and after immersion
in 1N HCI solution, respectively. Thisisin agreement with
the previous results that the thickness of chromium-enriched
passive film is generally around 2-3 nm.%26:27)

Figure 8 shows the fraction of the transition metals
(TM), i.e, Fe, Cr and Mo in the surface films and un-
derlying aloy surfaces for the glassy FesoM0:5C15B19 and
FesnCrapMo15Ci5B1p aloys exposed to air and those im-
mersed in 1N HCI solution, where ox and m represent oxi-
dized and metallic states, respectively.

As seen in Fig. 8(a), the ratio of the fractions of iron
and molybdenum in the underlying alloy surface of the
FesoM015C15B1g aloy is amost the same as their nominal
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Fig. 8 Fractions of the transition metals (TM = Fe, Cr or Mo) in
the surface films and the underlying alloy surfaces for the bulk glassy
Feso—xCrxMo15C15B10 (X = 0 and 30 at%) alloys (a) exposed to air after
mechanical polishing and (b) immersed in 1N HCI solution at 298K for
168h.

ratio (Fe : Mo = 80 : 20). In the surface film, the concen-
tration of iron is dightly increased and molybdenum is de-
pleted. On the Fe3pCrzpMo15C15B19 aloy (the nominal ration
isFe: Cr: Mo = 40: 40 : 20), chromium is preferentially
oxidized and is depleted in the underlying alloy surface while
it isenriched in the oxide film, but the ratio of Feto Mo is not
changed.

After theimmersion in 1N HCI solution for 168 h, the for-
mation of significantly molybdenum-enriched surface film on
the glassy FesgM015C15B1 alloy is observed as shown in Fig.
8(b). Asmentioned above, high concentration of the oxidized
molybdenum in the surface film was hexavalent. In addition,
because the surface film was significantly thick, the under-
lying aloy surface was undetectable by XPS. In general, a
thick surface film is formed when the aloy is not resistant
to the environment. On the other hand, for the aloy contain-
ing chromium, chromium is extremely enriched in the passive
film and its concentration is apparently higher than that in the
air-formed surface film, leading to the high immunity to cor-
rosion in HCI solutions. On the underlying alloy surface, itis
also seen that molybdenum is enriched. Considering the very
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low corrosion rate of the 30at%Cr aloy in 1N HCI solution,
the chromium-enriched passive film may well be formed by
the preferential dissolution of iron from the air-formed film
and the reconstruction of the passive film. But judging from
the comparison between the compositions before and after
immersion, the underlying alloy must have dissolved to some
extent at the same time.

The ratio of hexavalent Mo to the total of the oxidized Mo
in the surface film on the FezpCrzpMo0,5C15B1g aloy after the
immersion was about 36%. The corrosion potential of the
Fe-Mo—C-B dloy is lower than that of the Fe-Cr—Mo-C-B
dloy in 1N HCI, as seen in Fig. 5. It is often observed by
XPS that Mo-containing alloys show the existence of Mo®"
in the potential region where thermodynamically Mo®* is not
formed. It is suggested that the hexavalent molybdenum is
formed by air oxidation of Mo*" during the transfer of the
specimen from the electrolyte to the XPS apparatus through
air.2?) Especialy, alow protective surface film formed at a
low potential shows high concentration of Mo®t+.229

The content of B in the surface films formed after the im-
mersion was less than that in the bulk alloys. 1t was reported
that, for Fe—Cr-metalloid amorphousalloys, addition of B was
detrimental to corrosion resistance because B impeded the
enrichment of Cr.?®) However, it was also found that for the
Feso_xCrisM016C18Bx glassy aloys, the enrichment of Cr in-
creased with an increase in B in the aloy, while the B content
in the surface films decreased relatively to its bulk compo-
sitions.®?) More investigation is necessary for clarifying the
effect of addition of B.

4. Conclusions

(1) Fego_xCryMo15C15B19 (X = 0, 7.5, 15, 225 and
30at%) alloys were prepared in a bulk glassy form with di-
ameters up to 2.5mm by copper mold casting. The maxi-
mum diameter for glass formation was 2—2.5mm for the al-
loys containing 7.5 and 15 at% chromium and 1 mm for the
other alloys. In the present glassy alloy system, the tempera-
ture interval of the supercooled liquid region (AT) changed
with chromium content and was enlarged from around 70K
atx = 0,22.5and 30at% to over 80K at x = 7.5 and 15 at%.

(2) The addition of chromium to the glassy Fe-based al-
loys for replacing some portion of iron is effective for en-
hancing the corrosion resistance in HCI solutions. The cor-
rosion rates of the bulk glassy aloy in 1-12N HCI solutions
are lowered from 0.5 mm/year to lessthan 5 x 10~2 mm/year
by the addition of 7.5a% or more chromium and down to
10~3 mm/year range for the 30a%Cr aloy. Anodic cur-
rent density by potentiodynamic polarization in the media de-
creases significantly with an increase of chromium content in
the aloys.

(3) Afterimmersionin 1N HCI solution, molybdenumis
significantly concentrated in the surface film on the Fe-Mo—
C—B glassy aloy and chromium is enriched extremely in the
surface films on the Fe-Cr—Mo—C-B glassy alloys. The high
corrosion resistance of the bulk glassy Cr-containing alloysis
originated from the formation of chromium-enriched surface
film by immersion in HCI solutions.
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