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Electronic structure of Fe-based amorphous alloys studied using electron-energy-loss spectroscopy
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The local atomic electronic structures of Fe-Mo-C-B metallic glasses are investigated using electron energy-
loss spectroscopy (EELS). The fracture behavior of this Fe-based amorphous alloy system undergoes the
transition from being ductile to exhibiting brittleness when alloyed with Cr or Er atoms. In addition, the
glass-forming ability is also enhanced. This plastic-to-brittle transition is suggested to correlate with the change
of local atomic short-range order or bonding configurations. Therefore, the bonding configuration of Fe-Mo-
C-B-Er(Cr) amorphous alloys is investigated by studying the electronic structure of Fe and C atoms using
electron energy-loss spectroscopy. It is shown that the normalized EELS white line intensities of Fe-L, 5 edges
decrease slightly with an increasing amount of Er additions, while no noticeable difference is obtained with Cr
additions. As for the C K edge, a prominent change of edge shape is observed for both alloy systems, where the
first peak corresponding to a 1s — 17" transition increases with increasing Er and Cr additions. Accordingly, it
is concluded that changes in the local atomic and electronic structure occur around Fe and C atoms when Er
and Cr are introduced into the alloys. Furthermore, it is pointed out that the formation of Er-C and Cr-C carbide
like local order inferred from the observed C K edge spectra can provide a plausible explanation for the
plastic-to-brittle transition observed in these Fe-based amorphous alloys. In spite of the complexity of elec-
tronic and atomic structure in this multicomponent Fe-based metallic glass system, this study could serve as a
starting point for providing a qualitative interpretation between electronic structure and plasticity in the Fe-
Mo-C-B amorphous alloy system. Complimentary techniques, such as x-ray diffraction and high-resolution
transmission electron microscope are also employed, providing a more complete structural characterization.
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I. INTRODUCTION

Since the development of Fe-based bulk metallic glasses,
there is an increasing interest in these alloys as structural
materials because of several attractive physical properties.
These properties include high strength and hardness, corro-
sion and wear resistance, coupled with relatively low mate-
rials cost. However, the lack of plasticity has limited the
development of Fe-based metallic glasses as structural mate-
rials. Recently, an Fe-Mo-C-B bulk metallic glass with the
composition of FegsMo4C 5B has been found to exhibit
some plasticity (ca. 0.8% in compression).! A ductile-to-
brittle transition occurs when lanthanide (Ln) elements or Cr
are added with the purpose of enhancing the glass
formability.> Most studies on Fe-based metallic glass sys-
tems primarily focus on understanding the excellent soft
magnetic properties of the alloys, as well as the methods of
enhancing glass formability through empirical alloying strat-
egies and atomic packing processes.>* With rising interest
and importance regarding Fe-based metallic glasses, a more
broad understanding in the factors determining plastic
performance is required.

Generally, the differing behaviors in hardness and soft-
ness, or brittleness and ductility in a solid material are related
to a difference in resistance to plastic flow.> Since all the
metallic glasses exhibit a dislocation-free homogeneous
amorphous structure, the factor which could possibly deter-
mine the level of plastic resistance is considered directly re-
lated to chemical bonding. At a most fundamental level, the
interatomic forces, i.e., bonding, are determined by local
electronic structure. Investigating the changes and differ-
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ences in bonding configurations among these alloys with
various Er or Cr additions that cross the ductile-to-brittle
chemical regime is a first step towards constructing the cor-
relation between plasticity and electronic structure.

The base Fe-Mo-C-B bulk metallic glass selected for the
present investigation contains two transition metals and two
metalloid elements. Carbon is the main metalloid element
because of its important role in forming bonds with all tran-
sition metals and lanthanides. As a result, a better under-
standing concerning the electronic structure and bonding
configuration associated with carbon atoms should lead to
more detailed information about how bonding configuration
affects plasticity. In addition, Fe is the dominant element
(>50 atomic fraction). The change of electronic structure
around Fe through alloying will offer information about
bonding configurations and bonding formation. Therefore, a
practical first step is to begin an investigation of the Fe elec-
tronic structure with various Er or Cr additions. The exis-
tence of metal-metal, metal-metalloid, and metalloid-
metalloid bonding makes the analysis of the electronic
structure within the alloys extremely difficult because of the
complexity of bonding configurations. Consequently, the cur-
rent electronic structure study will be focused only on C, Cr,
and Fe atoms.

Electron energy-loss spectroscopy (EELS) is employed to
carry out the electronic structure study. This tool provides
detailed information on the chemical environment of excited
atoms. In transition metals, there may be a large density of
unoccupied d states above the Fermi level, yielding promi-
nent “white lines” in the near-edge structure of an EELS
spectrum. The white lines, which generally contain double
sharp peaks at threshold, arise through transitions from the
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2p core levels to the narrow unoccupied d states in the tran-
sition elements, in which the lowest in energy is the transi-
tion from the 2p;), level (L edge) separated from the 2p;,,
transition (L, edge) by spin-orbit splitting. One piece of in-
formation that may be obtained from examining white lines
is the electron transfer that occurs between outer d states of
transition metal atoms upon alloying, or during solid-state
phase transformations. Pearson et al.® have concluded that
the integrated intensities of white lines (or the sum of L, and
L; edge intensities), normalized to the trailing background,
decrease nearly linearly with increasing atomic number, re-
flecting the filling of the d states. Therefore, changes in the
integrated white line intensity (relative to the trailing back-
ground) can be correlated directly to changes in the number
of d electron holes, i.e., charge trailsfer. As for th*e C K edge,
two transitions, which are 1s— o and 1s— 17 transitions
corresponding to the different symmetries of the s-p-d hy-
bridization bonding states, can be observed in the K edge
depending on the bonding configuration that the C atom ex-
hibits. B;l analyzing the changes associated with 1s— o and
ls— 17 edges, bonding configuration around C can be re-
vealed.

The analysis will involve a discussion of the difference in
bonding, electronic interactions among elements, and infor-
mation on the unoccupied d state of Fe among different Fe-
based alloys with or without additions of Er or Cr. This study
will focus on examining the correlation between electronic
structure and plasticity in the Fe-Mo-C-B bulk metallic glass
system by varying the contents of Er and Cr additions.

II. EXPERIMENTAL PROCEDURE

Fegs_.Mo,C,5sB¢Er, and Fegs_,Cr,Mo,C,5sB¢ ingots were
prepared in a titanium-gettered, arc-melting furnace under an
Ar environment. Cylindrical samples were produced by suc-
tion casting of the molten alloys into a copper mold. Amor-
phous ribbons were prepared using the single-roller melt-
spinning technique. The prepared samples were examined
using x-ray diffraction (XRD) and conventional transmission
electron microscopy (TEM) at 200 kV. High-resolution TEM
imaging was done on a top entry 400 kV TEM. Electron
energy-loss spectra (EELS) were acquired using a field-
emission analytical TEM equipped with a Gatan Model 678
Imaging Filter (GIF). Low loss and core edge EELS spectra
were taken on different areas of the samples using either
image mode or diffraction mode at various magnifications.
The same background-subtracted window was applied to all
spectra corresponding to the same edge. A large illumination
area was used during acquisition so radiation damage on the
samples could be minimized. Finally, normalized 3d white
line intensities calculations were obtained from more than
ten spectra for increased accuracy. Two series of alloy sys-
tems, Fegs_ Mo 4CsBgEr, with x=0, 0.5, 1, and 2, and
Fegs_,Cr,Mo4,C ;5B with x=0, 6, and 15, were used to carry
out the investigations. Mo, C, and B contents are fixed for all
the alloys so variations induced by them can be minimized,
and in this report are neglected.

III. RESULTS AND DISCUSSION

A. TEM and XRD results

Figure 1(a) shows the XRD (CuKa) results for the
Fegs_.Mo,C,5sBcEr, amorphous alloys. All XRD patterns ex-
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FIG. 1. (a) The XRD results of Fegs_,M0;4C;5BgEr, amorphous
alloys, and (b) the diffraction pattern and HREM image of the as-
spun FegsMo4,C5Bg alloy.

hibit a diffuse hump curve, indicating a complete amorphous
structure of the samples. The amorphicity of the samples is
further confirmed by TEM diffraction, high-resolution TEM
studies, and differential scanning calorimetry (DSC) signa-
tures. A representative TEM diffraction pattern and high-
resolution image acquired on an as-spun FegsMo4C;5Bg
amorphous alloy are presented in Fig. 1(b). Concentric dif-
fuse rings in the diffraction pattern and a maze or mottled
underfocused image in the high-resolution TEM image
correspond to a lack of a long-range ordered structure.
Similar amorphous XRD results are obtained for
Fegs_,Cr,Mo,4CsB¢ as well (not shown here). Chemical
analysis is verified using the EDXS technique and the results
corresponding to Fegs_,Mo,C 5BgEr, amorphous alloys are
given in Fig. 2, which shows the Er peak intensity increases
with increasing Er additions.

B. C K edge

The background-subtracted and plural scattering removed
C K-edge EELS spectra corresponding to as-cast
Fegs_ Mo,,CsBgEr, and Fegs_ Cr,Mo,,C,sBs amorphous al-
loys are shown in Fig. 3. All plots are normalized with re-
spect to the maximum of the 1s— o transition peak and the
tailed background. (The C K-edge position is calibrated by
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FIG. 2. (Color) The EDXS results of Fegs_ Mo4,C5B¢Er, amor-
phous alloys.
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FIG. 3. (Color) C K-edge spectra corresponding to (a) Fegs_,Mo4C5BgEr, and (b) Fegs_,Cr,Mo4C;sB¢ amorphous alloys.

utilizing the C K-edge spectrum of single crystalline SiC
alloy acquired with energy dispersion of 0.1 eV/pixel.) From
Fig. 3, all spectra show patterns similar to amorphous car-
bon, which contains both ¢ and 7 bonding configurations.”
Also, the edge position is found not to vary among the
samples. Another common feature observed in the C K-edge
spectra is that the intensity of the 1s— 17" transition peak
increases with increasing Er or Cr content. This result indi-
cates that the number of 7 bonds increase around C atoms
when Er or Cr atoms are introduced into the alloys.

For metallic glasses comprised of metals and metalloids,
the solute (metalloid) atoms are shown to be surrounded by
the metal atoms in forming the so-called solute centered
clusters in the amorphous matrix.® Therefore, in Fe-Mo-C-B-
Er(Cr) amorphous alloys, the formation of 7r bonds around C
atoms can be attributed to the hybridization of C p-state elec-
trons with the outer d-state electrons of M (transition metal)
atoms. Without the additions of Er and Cr, the C K-edge
spectrum of FegsMo4C5Bg is observed to resemble the C
K-edge spectrum reported for amorphous carbon, which can
be attributed to the noncrystalline local bonding environment
of the carbon atoms. Moreover, the amorphous nature of the
spectrum also suggests that the Fe and Mo atoms are distrib-
uted homogeneously in the amorphous structure. By intro-
ducing the Er and Cr atoms into the base alloy, strong Er-C
and Cr-C bonds are preferentially formed because of the
relatively large heat of mixing between Er (Cr) and C atoms.
In view of the strong Er-C or Cr-C association, there is a
tendency for the newly introduced Er or Cr atoms to occupy
the atomic sites shared by two or more clusters. The forma-
tion of Er-C or Cr-C short-range order in the intercluster
regions could contribute to the efficient packing of clusters in
the amorphous structure.”!? It is plausible that the Cr-C and
Er-C short-range order might also resemble the local struc-
ture of crystalline carbide. Although further study will be
needed to reveal the exact nature of the local structure, it is
noted that the C K edge spectra that exhibit a strong Ls
- peak in the alloys containing higher Er and Cr contents
do appear to be similar to those reported for the metal car-
bide phases such as chromium carbide and cementite. 11,12
Therefore, the increasing ls—m intensity with increasing
Er and Cr additions in the Feg_ Mo4,CsB¢Er, and

Fegs_,Cr,Mo,C5Bg alloys is interpreted to result from the
formation of carbidelike short-range order. Finally, it should
be pointed out that there exists the possibility of formation of
strong Er-B and Cr-B bonds. The latter could also participate
in the local order described.

Considering the glass-forming ability, lanthanide ele-
ments, including Er, are reported to significantly enhance the
glass-forming ability of Fe-based metallic glass by destabi-
lizing the primary precipitated phase, M,3(CB),. This finding
was attributed to the atomic strain effect due to the presence
of large lanthanide atoms in My;(CB)g.!? Previous work on a
lanthanide effect through a series of chemical analyses
showed that lanthanide elements partitioned away from
M,;(CB); particles during the early crystallization process.'*
The lanthanide effect on glass formability improvement can
be further enhanced by the strong interatomic bonding that
exists between Er and C atoms in the vitrified state. The
strong Er-C bonding indicates that a higher energy and
longer-range atomic redistribution is required to initiate pre-
cipitation of the M,;(CB)¢ phase, thus stabilizing the amor-
phous state and enhancing glass formability. In addition, as
mentioned, the presence of Er-C local order could also im-
prove the packing density in the vitrified state through the
efficient packing of clusters, which contributes to the en-
hancement of the glass-forming ability.

C. Fe-L, 3 edge results

The results of preferable Er-C and Cr-C bond formation
can also be verified by investigating the Fe-L, ; edge spectra
and Cr-L, 3 edge spectra, respectively. Figure 4(a) shows the
experimental EELS spectra of the Fe-L, 3 edge correspond-
ing to Fegs_ Mo;,C5BgEr, amorphous alloys. All spectra are
background subtracted and followed by plural scattering re-
moval using the same conditions. General features are ob-
served to be similar among all alloys with Er additions, in-
cluding the edge position and shape. Further, EELS spectra
of the Fe-L, ; edge exhibiting a similar shape and position
are also observed for the Fegs_,Mo,,Cr,C;5B4 amorphous al-
loys. (The results are not shown here.) For a quantitative
comparison, the integrated white line intensities for L, and
L; edges are calculated using the normalized method sug-
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FIG. 4. (Color online) (a) The Fe-L, 3 edge EELS spectra corresponding to Fegs_ Mo ;4C;sB¢Er, amorphous alloys, and (b) the Fe-L, 3
edge superimposed with calculated Fe atomiclike cross sections and chosen normalized window.

gested by Pearson et al.® (In this paper, the energy ranges of
708-720 eV and 720-735 eV are selected for the L5 and L,
white line intensities calculations, respectively.) A normal-
ized 50 eV window starting 50 eV beyond the L5 threshold is
used. All spectra are superimposed with the Fe atomiclike
cross section calculated using the Hartree-Slater function. A
representative spectrum illustrating the integrated white line
intensities calculations is shown in Fig. 4(b). The calculated
results, including the normalized area and the atomiclike
cross section, are given in Table I. 7; is the normalized cross
section with atomiclike area and I, is the normalized cross
section subtracted by the atomiclike section calculated by
Rez."> All presented results are the averaged number ob-
tained from more than ten spectra. Additionally, 3d electron
occupancy of Fe in each alloy can be calculated by applying
a linear correlation of the normalized white line intensity
versus 3d occupancy determined by Pearson et al.!® The

TABLE I. Normalized cross sections and white line intensities
of the Fe-L, 3 edge for a series of Fe-based amorphous alloys. I, is
the normalized cross section with atomiclike area and I, is the nor-
malized cross section subtracted by the atomiclike section calcu-
lated by Rez. The calculated L3/ L, ratio and 3d occupancy are also
listed.

3d occupancy

Alloys L I, L;/L, ratio electrons/atom
FegsMo14C5Bg 1.08 0.54 2.63 5.22
Atomiclike 0.54

Fegs sMo4CsBgErgs  1.04 0.52 2.74 542
Atomiclike 0.52

FegsMo4C sBgEr; 1.04 0.51 2.50 5.52
Atomiclike 0.53

FegsMo;4C5B¢Er, 1.05 0.51 2.52 5.52
Atomiclike 0.54

Fes9CrgMo4C5Bg 1.10 0.55 2.36 5.12
Atomiclike 0.56

Fes5(Cr;sMo4C5Bg 1.11  0.54 2.33 5.22
Atomiclike 0.57

equation is written as I=1.06(1-0.094n), where I is the nor-
malized white line intensity and 7 is the 3d occupancy, also
referred to as electrons per atom. Applying this equation al-
lows the calculation of n from the measured normalized
white line intensity. The 3d electron occupancy results are
also included in Table I.

From the results in Table I, the measured number of 3d
electrons in Fe atoms increases slightly, that is, becomes
more metallic, with increasing Er content. This can be ex-
plained as charge transfer occurring for metal-metalloid
bonds as some outer 3d electrons of Fe atoms move towards
C atoms. With the new introduction of Er atoms into the
alloy, each Er atom, which has 11 4f electrons and a large
negative heat of mixing with C and B, preferably forms
strong bonds with C (B) and serves as an electron donor for
C (B). This leads to the transferring of excess 4f electrons
from Er to C (B), thereby reducing the electronegativity of C
(B) atoms. As a result of redistribution of bonding electrons
for carbon, some electrons are returned back to Fe atoms
from C atoms, leading to the increase of 3d electrons in Fe.
The observed increase in 3d electron occupancy of Fe with
Er additions is consistent with the results of ab initio calcu-
lations performed by M. Widom et al., who found an in-
crease in the charge density around Fe atoms with Er
additions.'” The observation that Fe becomes more metallic
with Er additions is also confirmed by x-ray photoemission
spectroscopy (XPS), which shows peak splitting for the Fe
3s edge increasing towards that of metallic Fe with increas-
ing Er additions.!® In addition to the regain of charge by Fe
atoms with Er additions, the other explanation for the in-
crease of 3d electrons in Fe could be a result of the atomic
size of Er. Specifically, preferable bonding between Er and C
(B) atoms and the fairly large atomic size of Er might inhibit
the formation of some Fe-C or Fe-B bonds and cause the
reduction of the Fe-C (B) bond number. This is in good
agreement with the results obtained by Inoue et al.,* who
have reported that the coordination number of transition met-
als around an Fe atom in the Fe-based amorphous alloys
decreases with the addition of lanthanide elements. Fewer
coordination numbers of atoms means less bonding with
metalloids and thus, fewer outer 3d electrons leaving Fe at-
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FIG. 5. Plots of Fe-3d integrated white line intensities as a function of (a) Er content for Fegs_,Mo0,4,C;sB¢Er, amorphous alloys and (b)

Cr content for Fegs_,Cr,Mo4C;5B4 amorphous alloys.

oms, which coincides with the white line intensity calcula-
tion results of Fe with Er additions in the current Fe-Mo-C-B
amorphous alloys.

As for Cr additions, not much difference is observed for
the calculated 3d white line intensities of Fe when this ele-
ment is added instead of Er. The calculated results for
Fegs_Cr,Mo4C 5B amorphous alloys are also included in
Table I, in which no noticeable charge transfer occurs around
Fe atoms when Cr atoms are introduced into the alloys. This
can be understood by noting that Cr has a similar atomic size
with Fe, but fewer 3d electrons. Therefore, when Cr atoms
are introduced into the alloys they simply replace some Fe
atoms and form bonds with C (B) atoms because of their
larger heat of mixing with metalloids as compared with Fe.
However, Cr atoms do not serve as an effective electron
donor as Er does and also has little effect on preventing Fe
from forming bonds with C (B) because Cr and Fe have
comparable atomic size. As a result, the 3d electron occu-
pancy of Fe is not affected by the presence of Cr. This also
suggests that the size effect of Ln is more plausible for the
increase in Fe 3d occupancy upon adding Er. (According to
the ab initio calculations of Fe-C compounds performed by
Widom et al.,'” the 3d electron charge densities around Fe
atoms are expected to increase with Cr additions in the cor-
responding amorphous alloys. However, since a Cr atom is
not as effective as an Er atom as an electron donor, any
change in the electron densities around Fe atoms that might
have occurred would be too small to be detected within the
resolution of EELS measurement.) The 3d white line inten-
sities plotted as a function of Er and Cr content are shown in
Fig. 5. A clear trend of decreasing integrated 3d white line
intensities, i.e., increasing 3d electron occupancy, with in-
creasing Er content can be seen in Fig. 5(a), while no appar-
ent variation in the integrated Fe 3d white line intensities for
Cr additions is seen in Fig. 5(b).

In addition to the quantitative information on unoccupied
3d states, integrated white line intensity calculations can also
offer some insight on the material’s magnetic performance.
Morrison et al.'® reported a correlation that exists between
magnetism and the L3/L, ratio in amorphous Fe,Ge,_, al-
loys, and found that the magnetic moment of Fe decreases
with decreasing Ls/L, ratio.”’ As a result, the L;/L, ratios

calculated from Fe-L, ; edges in these amorphous alloys are
also included in Table I in further verifying the white line
intensity calculations. A slight reduction of L;/L, ratio is
observed for Er additions, while a larger decrease of the
L;/ L, ratio is obtained for Cr introductions. This agrees with
the magnetization measurement results performed in our
group (unpublished). These results show that the Curie tem-
perature decreases slightly when Er is added into the alloys,
while a more significant reduction is obtained with Cr addi-
tions. The reductions of L;/L, ratio and magnetic moment
for both FeGS—XMOI4C15B6ErX and Feés_xCrXM014C]5B6 amor-
phous alloys might be due to the interaction between Fe and
Er and Fe and Cr atoms, respectively. Indeed, antiferromag-
netic hyperfine interactions occurring between Fe 3d elec-
trons and Er 4f electrons have been reported.”’?> Also,
3d-3d electron interactions might occur between Fe and Cr,
which cause the electron redistribution in Fe, resulting in the
lowering of the magnetic moment significantly.

D. Cr-L,; edge

The electronic structure of Cr is analyzed for both as-spun
FesoCrgMo4C5sB¢ and Fes,CrisMo4,C;5B¢ amorphous al-
loys. The processed Cr-L, 5 edges are shown in Fig. 6(a) for
each alloy. A large difference in the Cr-L, 5 edge intensity is
observed between as-spun 6 and 15 at. % Cr amorphous al-
loys because of different Cr contents. The same method used
to carry out the integrated white line intensity calculations
for Fe is applied to Cr as well, except only a 10 eV window
starting at 30 eV above the threshold energy of the L; edge is
chosen for normalization as illustrated in Fig. 6(b). A 10 eV
normalization window is used for the Cr edge so as to mini-
mize the errors caused by low tailing background intensity
because of low Cr contents. The calculated results are given
in Table II. No difference is observed for the white line in-
tensities and L3/ L, ratio between 6% and 15% Cr additions,
indicating the same electronic environment around all Cr at-
oms in both alloys. This result reveals that all Cr atoms must
have satisfied their bonding arrangement with C or B com-
pletely for both alloys regardless of the Cr content and thus
leading to the same electronic structure around Cr for both
alloys, indicating the occurrence of preferential bond forma-
tion between Cr and C.
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FIG. 6. (a) Cr-and Fe-L, 3 EELS spectra of as-spun FesoCrgMo,4C 5B and FesoCr;sMo;4CsBg amorphous alloys, and (b) redisplay of
the Cr-L, 5 edge with a larger energy scale superimposed with a calculated Cr atomiclike cross section and normalized window.

Low-loss EELS spectra for as-cast Fegs_,Mo4C;sB¢Er,
and Feqs_ Cr,Mo4C;sB¢ amorphous alloys are presented in
Fig. 7. A slight increase of plasmon peak energy is observed
for both alloy systems when Er and Cr are added into the
alloys. The results of measured plasmon peak energies are
summarized in Table IIT along with reference data of pure Fe,
Fe,05, amorphous carbon, and graphite. From Table III, all
of the amorphous alloys have the plasmon energy lying be-
tween amorphous carbon and graphite regardless of Er and
Cr changes. The plasmon energy increases towards graphite
with the additions of Cr and Er, which is very consistent with
results concerning intensities of the 1s— 1 7 transition peak
as discussed in the C K-edge section. Therefore, the C K
edge and plasmon energy are in good agreement with respect
to increasing 7 bonding with Cr and Er additions.

E. Plastic-to-brittle transition discussion

It has been shown that amorphous metals that exhibit bet-
ter ductility tend to have a lower shear modulus (G) to bulk
modulus (K) ratio G/K."*>?3 Since Fegs_,Mo,4C,sB¢Er, and
Fegs_,Cr,Mo,4C,sB4 amorphous alloys show relatively large
increases in G compared with much smaller changes in K at
increasing x, the observed plastic-to-brittle trend associated
with increasing Er and Cr contents can therefore be attrib-
uted to the increase in G.!? That is, the increase in shear
modulus is mainly responsible for the embrittlement of

TABLE II. Normalized cross sections and white line intensities
of the Cr-L, 3 edge for a series of Fe-based amorphous alloys. [, is
the normalized cross section with atomiclike area and /, is the nor-
malized cross section subtracted by the atomiclike section calcu-
lated by Rez. The calculated L;/L, ratio results are also listed.

Alloys L I, L;/L, ratio
Fe59Cr6M014C15B6 626 3.67 102
Atomiclike 2.59

Fe50Cr15M014C15B6 6.33 3.68 1.04
Atomiclike 2.65

Fegs_Mo,4,C;5B¢Er, and Fegs_,Cr,Mo,4,C;sB¢ amorphous al-
loys.

According to the solute-centered cluster model,? the car-
bon (and also boron) atoms occupy the interstitial sites of the
atomic-cluster polyhedra and form bonds with their nearest
neighboring Fe, Mo, Cr, and Er atoms. The clusters are con-
nected to each other by sharing one or more metal atoms to
form corner-, edge-, or face-sharing clusters, or by metal-
metal bonds which form between the clusters. As a result, the
types of short-range order in the present alloys are those of
the intracluster metal-metalloid local order, as well as the
Cr-C and Er-C local order mentioned above. Furthermore, it
was found that the efficient packing of clusters could give
rise to medium-range order in the amorphous structure.”!?
Using the structural model described, the plastic-to-brittle
transition  occurring  in  Fegs_ Mo,CisBgEr,  and
Fegs_,Cr,Mo4C 5B amorphous alloys can be explained by
the formation of Cr-C and Er-C carbidelike local order. First,
it is reasonable to assume that since the metal-metal bonds
are appreciably weaker than the metal-metalloid bonds, the
intercluster regions, where the weaker metal-metal bonds are
located, are likely initiation sites for shear deformation.
Upon adding Cr and Er to replace Fe, some of the weaker
Fe-C (or Mo-C) carbide bonds in the corner-, edge-, or face-
sharing clusters are replaced by stronger Cr-C and Er-C car-
bide bonds. With more and stronger, and presumably cova-
lent, Cr-C and Er-C bonds, a growing number of solute-
centered clusters become strongly connected. The strongly
connected clusters impede shear deformation propagation
and therefore tend to confine any applied shear stress to the
more weakly bonded regions. As a result, the macroscopic
shear modulus rises. The tendency for shear stress localiza-
tion causes crack nucleation, resulting in brittle failure.
Therefore, as the number of strongly connected clusters in-
crease with increasing Er and Cr contents, the amorphous
structure becomes progressively more brittle, as experiments
verify.!?

IV. CONCLUSIONS

Electronic energy-loss spectroscopy measurements were
performed to investigate the electronic origin of the plastic-
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FIG. 7. (Color) (a) Zero-loss EELS spectra for Fegs_Mo0,C5B¢Er, amorphous alloys, (b) the redisplay of the plasmon peak in expanded
energy scale for (a), (c) zero-loss EELS spectra for Fegs_,Cr,Mo4CsBs amorphous alloys, and (d) the redisplay of the plasmon peak in

expanded energy scale for (c).

to-brittle transition in as-cast FegsMo,Ci5Bg amorphous
alloys when Er or Cr solute is added to the alloy. The
formation of an homogeneous amorphous phase in
Fegs_.Mo4C;5B¢Er, and Fegs_ Cr Mo,4C,sB4 amorphous al-
loys was verified by x-ray, electron diffraction, DSC, as well
as high-resolution electron microscopy studies. A systematic
EELS study revealed several key features of chemical bond-

TABLE III. Plasmon peak energy of Fegs_,Mo,CsBgEr, and
Fegs_,Cr,Mo4C5Bg¢ amorphous alloys. Reference data of pure Fe,
Fe,03, amorphous carbon, and graphite are also listed.

Plasmon

Alloys energy (eV)

FegsMo14C5B6

Fegs sMo14C5BgEr 5
FegqMo4Cy5BgEr,
Feg3Mo,4Cy5BEr,
FesoCreMo14Cy5Bg
FesoCrisMo14Cy5Bg

24.06
24.51
24.62
24.68
24.55
25.09

Plasmon
Materials energy (eV)
C (amorphous) 24
C (graphite) 27
Fe 23
Fe,0; 21.8

ing and charge transfer in these two amorphous alloy sys-
tems. Measurement of the C K edge showed the trend of
increasing 1s— T peak intensity with both Er and Cr addi-
tions. In view of the large heat of mixing between Er (Cr)
and C atoms, the increase of 7-bond character was ascribed
to the preferential formation of Er-C and Cr-C bonds. The
strong association between Er(Cr) and C atoms suggests that
the Er and Cr atoms prefer to occupy the atomic sites shared
by two or more metalloid-centered clusters in the amorphous
structure, resulting in Er-C and Cr-C short-range order. At
increasing Er and Cr contents, it was noted that the C K-edge
spectra exhibiting a strong 1s— T peak in alloys that con-
tain higher Er and Cr contents do appear to be similar to
those reported for chromium carbide and cementite.

The strong Er-C bond formation is responsible for the
increase of 3d electron occupancy around Fe since Er atoms
tend to donate electrons to C atoms, and therefore enables
some electrons to be regained by Fe atoms. Additionally, the
large size of the Er atoms also leads to the reduction of Fe-C
bond population, which also contributes to the increase of 3d
electrons in Fe. On the other hand, no noticeable charge
transfer was observed with Cr additions. This is because Cr
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atoms only possess four 3d electrons and do not serve as an
effective electron donor as Er atoms do. Thus, the change of
3d white line intensities around Fe with Cr additions might
be too small to be concluded from EELS.

The formation of strong Er-C or Cr-C covalent-like bonds
in the amorphous structure provides an attractive explanation
for the plastic-to-ductile transition found in Fe-based amor-
phous alloys. The metalloid-centered clusters are connected
by strong Er-C and Cr-C bonds. The strongly connected clus-
ters impede shear propagation. The tendency for shear stress
localization leads to crack nucleation, resulting in brittle fail-
ure. Therefore, as the number of strongly connected clusters
increase with increasing Er and Cr contents, the amorphous
structure becomes more brittle. The present study demon-
strates that the transition from plastic to brittle behavior in
Fe-Mo-C-B amorphous alloys can be characterized through
electronic structure analysis. It is also pointed out that effects

PHYSICAL REVIEW B 77, 014204 (2008)

from Mo and B atoms are neglected because of the difficul-
ties in executing accurate EELS analysis on these two ele-
ments (relatively diluted B content and high Mo-L, ; edge
energy) in Fe-Mo-C-B amorphous alloys. Consequently, fur-
ther investigation of the electronic structure will require the
incorporation of other techniques, such as x-ray photoemis-
sion spectroscopy (XPS), three-dimensional atom probe
(3DAP), pair distribution function (PDF), and ab initio cal-
culations. By combining these latter experimental and com-
putational methods, results will lead to a more detailed un-
derstanding of the enbrittlement mechanism.
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