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Abstract: In the present study, the effect of wet mechanical alloying (MA) on the glass-forming
ability (GFA) of Cog3Fez0Xs55B315 (X = Ta, W) alloys was studied. The structural evolution during
MA was investigated using high-energy X-ray diffraction, X-ray absorption spectroscopy, high-
resolution transmission electron microscopy and magnetic measurements. Pair distribution function
and extended X-ray absorption fine structure spectroscopy were used to characterize local atomic
structure at various stages of MA. Besides structural changes, the magnetic properties of both
compositions were investigated employing a vibrating sample magnetometer and thermomagnetic
measurements. It was shown that using hexane as a process control agent during wet MA resulted in
the formation of fully amorphous Co-Fe-Ta-B powder material at a shorter milling time (100h) as
compared to dry MA. It has also been shown that substituting Ta with W effectively suppresses GFA.
After 100 h of MA of Co-Fe-W-B mixture, a nanocomposite material consisting of amorphous and
nanocrystalline bcc-W phase was synthesized.
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1. Introduction

Amorphous alloys are still the subject of scientific interest due to their outstanding
combinations of physical, chemical, electrochemical and mechanical properties such as
high tensile strength and hardness, extreme elastic strain limit [1,2], or higher corrosion
resistance [3,4]. Amorphous materials are commonly prepared through the rapid solidifica-
tion of melt, casting, forging, evaporation, sputtering and mechanical alloying. Co-based
amorphous alloys represent a very attractive group of materials with interesting proper-
ties. For example, Co-Fe-Ta-B alloys show the best glass-forming ability (GFA) and wide
supercooled liquid region of 70 K [5]. Along with this, they also exhibit the highest values
of compressive yield strength (over 5000 MPa) [6]. Co-based amorphous alloys are also
interesting for their magnetic behavior, like their high permeability, excellent soft magnetic
properties, i.e., extraordinary low coercive force of 0.25 A/m, zero magnetostriction [7], gi-
ant magnetoimpedance [8] and excellent corrosion resistance [2]. For these reasons, they are
the subject of lasting experimental study. Considering the mechanical properties, the best
performance shows an alloy with the composition Cos3FepyTas 5B31 5 [6,9], which exhibits
an ultra-high fracture strength of 5185 MPa, ultra-high Young ‘s modulus of 268 GPa and
large supercooled region of 72K [10]. In order to further enhance its GFA, a few research
groups investigated the effect of alloying base alloy composition CossFeyoTas5B31 5 by
selected elements: Mo, Si[6], Cr, Si[11], Nb[12], Cu, Si[13], Ni, Si[14], Ni, Nb, Si[15].
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However, metallic glasses produced by rapid solidification techniques suffer from the
limitations imposed by chemical composition range due to the mutual constrained solubil-
ity of elements or their largely different melting points. Reaching the precise composition
can be difficult or impossible by melting, especially when pure elements have different
physical properties. Another problem is that the alloy prepared by rapid quenching usually
needs a critical cooling rate greater than 103 K/s, which means that the final dimensions of
samples are restricted to a few millimeters. An effective approach to overcome the limited
solubility of elements is represented by mechanical alloying. Mechanical alloying (MA)
is a solid-state powder-processing technique involving the repeated welding, fracturing,
and re-welding of powder particles in a high-energy ball mill [16]. MA enables the prepa-
ration of alloys with more varied constituents, which gives rise to unusual metallic glass
compositions beyond the standard mutual solubility limits recognized in phase diagrams.
The consolidation of amorphous powder via hot-pressing represents an alternative route
to the preparation of bulk materials with the desired geometry. At present, increased
attention is being paid to the preparation of materials of complex shapes using additive
manufacturing [17]. Selective laser melting (SLM) is a powder bed fusion process that
produces materials (microstructures) which exhibit morphological, compositional, or struc-
tural metastability due to their relatively high cooling rates (103~108 K/s). Since such high
cooling rates are required to produce bulk metallic glasses, selective laser melting can be
used for their preparation from an amorphous powder precursor [18,19].

This paper reports on the structural changes in Co43FeyX55B31 5 (X = Ta, W) alloys
synthesized by wet mechanical alloying using hexane as a process control agent. The
main investigation line is to follow-up the amorphization of both alloys during mechanical
alloying. Special emphasis is placed on the comparison of amorphization dynamics when
substituting Ta with W. X-ray diffraction, transmission electron microscopy and X-ray
absorption spectroscopy are used to characterize structural changes in short-range order
during the process of mechanical alloying. The obtained results may be very useful for the
large-scale production of amorphous powder precursors by mechanical alloying, which
could be used for the production of net-shaped bulk materials by hot powder compaction
or by additive manufacturing with selective laser melting.

2. Materials and Methods
2.1. Sample Preparation

The powder mixtures of nominal compositions CossFeygTas5B315 (Ta-alloy) and
Coy3FexgW55B31 5 (W-alloy) were prepared from crystalline elemental powders with a
purity over 99.95 %. From each composition, a powder mixture with total weight of 20 g
was prepared. Milling jars and balls used in mechanical alloying were made of steel. In
order to ensure better mixing, each milling jar was filled with steel balls with a diameter
20mm (6 pcs) and 10 mm (9 pcs). The ball-to-powder mass ratio was 14:1. Furthermore,
each jar was filled with hexane up to two thirds of the jar height, so that milling balls and
powders were completely covered. The powder mixtures were wet-mechanically alloyed
using a RETSCH PM400 planetary ball mill. The milling speed was set to 200 rpm and the
direction of rotation was changed every 5 min. The milling process was interrupted for
30 min after every 5 h of milling. Small amounts of powders for structural investigations
were removed after 25, 50 and 100 h of milling. The samples were labeled according to
their processing: Ta-25, Ta-50, Ta-100, W-25, W-50 and W-100 refers to Ta and W-alloy
mechanically alloyed for 25, 50 and 100 h, respectively.

2.2. X-ray Scattering

High-energy X-ray diffraction (XRD) measurements were performed at the P02.1
undulator beamline of PETRA III electron storage ring (energy 6 GeV, current 100 mA)
at DESY (Hamburg, Germany). The energy of the incident X-ray beam was fixed to
59.83 keV, which corresponds to a wavelength of A = 0.2072 A. Hard X-rays were used
because a high resolution in real space, as desired for disordered materials, can be achieved
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and the required data corrections are small, particularly for absorption. The diffraction
experiments were carried out in the Debye-Scherrer geometry. Powder samples were
put inside Kapton tubes (diameter 0.5 mm) and measured at room temperature by a
collimated incident beam with a cross-section of 0.5 mm x 0.5 mm. Scattered photons were
collected using a two-dimensional (2D) detector Perkin Elmer 1621 (2048 x 2048 pixels,
pixel size 200 um x 200 um) carefully mounted orthogonal to the X-ray beam and 300 mm
downstream from the sample. A CeO; standard powder sample was used to calibrate
the sample-to-detector distance and tilt of the imaging plate relative to the beam path.
The 2D XRD patterns were integrated with the g-space (g9 = 47rsinf/A, where 8 is the
half of a scattering angle) using the software package FIT2D [20]. The maximum value
of magnitude of the wave momentum vector transfer g, in this study was 18 A~1. The
instrumental resolution function (IRF), describing the behavior of the peak broadening
(full-with at half maximum, FWHM) as a function of the diffraction angle 26, was fitted
to the Caglioti formula [21], F WHM?(0) = Utan?6 + Vtan @ + W, where U, V and W are
fitting parameters characterizing the instrument. The IRF was determined by measuring
standard materials such as LaBg under the same experimental and geometrical conditions
as the studied materials. The peak profiles of the standard material and studied materials
were fitted with a Gaussian function. Experimental peak widths B.r, were corrected

for the instrumental broadening, B;,s, using the equation = %xp — B?,.. About five
independent measurements on each sample with an exposure time of 15s were averaged
to attain optimum counting statistics. Scattering intensity profiles I(g) were corrected for
absorption and background scattering. The total structure factor S(q) was obtained from
the normalized elastically scattered intensity, I, (q), using standard procedures described
in references [22,23] by applying the Faber-Ziman formalism [24], S(q) = 1+ I¢%,(q) —
(F)/(F)? where (f2) =TIy cif?(q), (f)* = [T/ cifi(9)]?, in which c; and f;(q) are the
atomic concentration and atomic scattering factor [25] of the atomic species of type i (i = Co,
Fe, Ta/W, B). The total structure factors S(q) and corresponding pair distribution functions
G(r) were derived from experimental data using the program PDFgetX2 [26]. Selected
G(r) functions were analyzed by means of the real space fitting approach implemented in
the software package PDFgui [27].

2.3. Transmission and Scanning Electron Microscopy

The structure of powder samples was investigated by Transmission Electron Mi-
croscopy (TEM). For TEM observations, the JEOL 2100F UHR microscope equipped with
the Schottky FEG source and operated at 200 kV acceleration voltage was used. Powdered
samples were dispersed in pure ethanol and ultrasonicated at varying frequencies for 480s.
Drops of solutions were placed on a copper support grid covered by lacey carbon film and
dried out in a high vacuum (1072 Pa) for several hours. Before TEM observations, the grids
containing the sample were cleaned twice in a plasma cleaner Fischione M1020 for 17s.
Besides the image observations performed in a high-resolution bright field, the structure of
samples was analyzed by Selected Area Diffraction (SAD). Scanning electron microscope
(SEM) TESCAN Vega 3, equipped with the energy-dispersive X-ray (EDX) silicon drift
detector Oxford Instruments X-Max 50, was used to check samples’ chemical compositions
after mechanical alloying. The thermionic gun of the microscope was powered by 10 kV
acceleration voltage.

2.4. X-ray Absorption Spectroscopy

Extended X-ray absorption fine-structure (EXAFS) measurements were performed at
the beamline P65 of PETRA III electron storage ring at DESY (Hamburg, Germany) [28]. EX-
AFS data were collected in transmission mode at the Fe-K (7112 eV), Co-K (7709 eV), Ta-L3
(9881 eV) and W-L3 (10,207 eV) edges using a fixed exit double crystal Si(111) monochroma-
tor. X-ray intensities were monitored using ionization chambers filled by gases, the type
and pressure of which were adjusted to the corresponding energies. The energy calibration
for Co, Fe, Ta and W was monitored using reference foils materials measured simultane-
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ously with the sample. All spectra were energy-calibrated with respect to the first peak in
the derivative spectrum of respective reference foil. Energy range of X-ray absorption scan
1 (E) was 200 eV below the respective absorption edge energy Eq with the upper boundary
530-1000 eV above. In case of Fe-K, Co-K, Ta-Lz and W-L3 edges the respective j(E) scans
were done 530 €V (kpax = 11.8 A1), 860 €V (kyax = 15A71),990€eV (kyar = 16.1 A1) and
1000 eV (kpax = 16.2 A=) above the absorption edge, respectively. The values in brackets
indicate corresponding maximum k range (where k* = 2m,(E — Eg)e/? in which m, is
the electron mass, E is energy in eV, e is the elementary charge and % reduced Planck’s
constant). In order to achieve a good counting statistics, measurement of each sample was
repeated at least 5 times. All data processing operations and fitting of EXAFS spectra were
carried out using the software package DEMETER [29].

2.5. Magnetic Measurements

The saturation magnetization Mg and coercivity H, of the mechanically alloyed pow-
ders were determined from magnetization loops traced in a magnetic field with maximum
induction of ypH = 1.8 T using a vibrating sample magnetometer VSM-LakeShore 735. All
magnetic measurements were performed at room temperature. Temperature dependence
of magnetization in constant magnetic field with induction of yoH =200 mT was measured
using a Faraday magnetic balance.

3. Results and Discussion
3.1. X-ray Diffraction

Figure 1 shows a comparison of XRD patterns for Ta- and W-containing alloys at
different stages of mechanical alloying. In case of the Ta-alloy, it can be seen (Figure 1a)
that, after 25 h of milling, its XRD pattern exhibits rather broad features due to the presence
of amorphous phase. Additionally, it shows a set of distinct peaks which were assigned to
Coy1TayBg (fcc, Fm3m, ID-1511583) and Fey gBy; (bee, Im3m, ID-1511091). The phases were
identified with the help of the Crystallographic Open Database (COD) [30]. It should be
noted here that Bragg peaks belonging to these two phases are very broad, which indicates
their nanocrystalline state. With further increases in milling time their presence diminishes,
and after 100 h, a material with completely amorphous structure is achieved. Authors of pre-
vious work [31] have shown that the MA of a very similar alloy composition CosoFep;TagB3g
could not reach a fully amorphous material, even after 200 h of dry milling under an argon
protective atmosphere. Our results indicate that using hexane as a process control agent
during wet MA results in the formation of fully amorphous Co-Fe-Ta-B powder material at
a much shorter milling time (100 h) as compared to dry MA [31]. A very recent work of
Msetra et al. [32] reported the synthesis of fully amorphous CogyFe1gTagB14 alloy after
100h of dry mechanical alloying.

XRD patterns of the W-alloy (Figure 1b) show a qualitatively different behavior
compared to the Ta-alloy. First, more intense and sharper Bragg peaks are observed
after 25h of mechanical alloying. All peaks were identified and can be assigned to the
following crystalline phases: W (bcc, Im3m, ID-9011610), CoszFe (bcc, Im3m, ID-1524167),
Fe,B (tetragonal, [42m, ID-1511152) and tiny traces of B (tetragonal, P4, /nnm, ID-9012310).
With increasing milling time, all Bragg peaks become less intense and much broader. After
100 h of mechanical alloying, the final phase composition can be characterized as a mixture
of the amorphous phase with nanocrystalline bcc-W and tiny traces of residual phases
Co3B and Fe;B. It is evident from the results presented in Figure 1 that substituting Ta with
W significantly reduces amorphization dynamics, and achieving a fully amorphous state
would require a much longer milling time.
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Figure 1. X-ray diffraction patterns I(g) for (a) CoFeTaB alloy and (b) CoFeWB alloy after 25, 50 and 100 h of mechanical
alloying. For a better clarity curves are plotted in logarithmic scale and are vertically offset. Various symbols denote

positions of Bragg peaks stemming from respective crystallographic phases.

One of the reasons for the apparently higher resistance to amorphization observed in
the case of the W-alloy is probably the higher hardness of W (HV = 3430 MPa) as compared
to Ta (HV = 873 MPa). In order to quantitatively describe the progress of grain refinement
of bcc-W, we analyzed its XRD profiles using the Williamson-Hall method [33] , which
relies on the principle that the approximate formulae for size broadening B and strain
broadening B¢ show different dependencies on the Bragg angle 6, and thus the total line
broadening f can be expressed in the form

KA
Dcos6

B =B+ BP =4etand + 1)
where K is the Scherrer constant (in our calculations, we used K = 1), A is the wavelength
of X-ray radiation and D is the mean (volume average) crystallite size. In order to obtain
correct information about the mean crystallite size determined from peak broadening, it is
necessary to correct the measured line widths B,y for the instrumental contribution, as
described in the experimental section. Figure 2a shows a typical Williamson-Hall plot for
the W-25 sample. Only those reflections of becc-W were included in the analysis, which
are not overlapped by reflections from other phases. As shown in Figure 2a, experimental
points perfectly resemble linear dependence and fitting with the Equation (1) yields values
of the mean crystallite size D and microstrain €, 16.2(9) nm and 18(1) x 1074, respectively. A
similar analysis was performed for samples W-50 and W-100. As can be see from Figure 1b,
the mean crystallite size D of bcc-W phase tends to decrease with increased milling, whereas
the lattice constant a shows the opposite behavior. The level of microstrain & decreases with
increasing milling time and values 11(1) x 10~ and 2(2) x 10~* are observed for the W-50
and W-100 samples, respectively. Decreasing values of ¢ may point to the relaxation of a
microstructure induced by MA.

3.2. Transmission Electron Microscopy

Figure 3 shows the collection of HRTEM images of Ta- and W-containing alloys at
various stages of mechanical alloying. Due to the larger diameter of powder particles, their
transparency for electron beam was lowered and, consequently, an HRTEM phase contrast
attenuated. Despite this, the HRTEM patterns were still resolved with enhancement of
the contrast by applying the fast Fourier transformation filtering together with the inverse
fast Fourier transformation. Both alloys revealed crystalline structures with nanocrystals
with crystallite sizes well bellow 50nm. TEM observation on samples Ta-25 and W-25
confirms that their structures are completely crystalline. This follows from a detailed
comparison of different areas, showing that the W-25 sample shows, on average, larger
crystallites as compared to the Ta-25. The HRTEM image of the W-25 sample (Figure 3d)
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shows only two nanocrystals fully covering the captured sample area. For better clarity, the
grain boundaries between different crystalls are depicted by white dashed lines. The grain
boundaries were estimated in accordance with visualized atomic planes exhibited only by
crystalline volume. The superposition of signals from larger nanocrystals is revealed by
SAD in which diffraction rings are formed by sharp but sparse reflections (see the inset
in Figure 3d). An HRTEM image of the Ta-50 sample (Figure 3b) indicates its structure
consists of nanocrystals embedded in an amorphous matrix. The SAD pattern contains only
a few, very weak crystalline reflections. Amorphous rings become accentuated, indicating
that the amorphous phase has a dominant volume fraction. The opposite situation is seen
in the case of the W-50 sample (Figure 3e), which shows a much larger fraction of the
crystalline phase, with minor content of the amorphous phase. After 100 h of milling, the
Ta-alloy transforms into a fully amorphous single-phase material without any indication of
crystalline artifacts (Figure 3c). The corresponding SAD pattern exhibits just two halo rings,
which is evidence of a completely amorphous structure. In contrast, the W-100 sample
still retains its crystalline character (Figure 3f). Its structure consists of fine nanocrystals
and an amorphous phase. Despite the crystalline reflections, diffraction rings visible
on SAD pattern are not as clear, intense and well-defined as the rings on SAD patterns
corresponding to samples W-25 and W-50. The reflections are rather scattered and not
evenly distributed along diffraction rings, which is a typical effect of very fine nanocrystals.

25h —— XRD
a) oW ?‘it =5 3.175  b) 100 h +—E— PDF
i)
°o®
’ 3170 |
g9 - e
o e .7 < 3165 |
s .0 ° <
. =B
. 3.160 | ®
* D =16.2(9) nm HE
e=18(1) x 107* o
3.155 |
0.05 0.1 0.15 5 10 15
sin® [-] D [nm]

Figure 2. (a) Williamson-Hall plot for series of Bragg reflections belonging to the bcc-W phase in CoFeWB alloy after 25h

of mechanical alloying. The mean value of crystallite size D and microstrain ¢ were determined from the intercept of the

regression line with y-axis and its slope, respectively. (b) Evolution of the mean crystallite size D and lattice parameter a of

the bce-W phase in CoFeWB alloy with milling time as determined by XRD and PDF (only lattice parameter) in reciprocal

and real space, respectively. Dashed lines are guides for the eye.

However, the HRTEM image enables analysis of interplanar distances via fast Fourier
Transformation of selected parts. The crystalline parts designated in Figure 3f as C1 to C4
were processed by filtering to obtain a higher information content. Filtered images were
converted to the 2D Fourier patterns (see Figure 4). Analysis of the obtained reflections
confirmed that interplanar distances belong to the (311) plane system of tetragonal B phase
and (110) plane systems of bcc-W and bec-CosFe phases, which were also identified by
XRD (see Figure 1). Although TEM analysis has a very local character, the obtained results
prove a similar tendency in the microstructure evolution of both alloys, as seen by XRD,
which averages the structural information over a much larger sample volume. In case of
both alloys, it is seen that the crystallite size decreases with increasing milling time, which
is usually observed for the MA technique [34]. Furthermore, an increase in the fraction of
amorphous phase with milling time is observed.
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(d) (e) ()
Figure 3. High-resolution TEM images with insets showing corresponding SAD patterns of CoFeTaB (a—c) and CoFeWB

(d—f) alloys at various stages of mechanical alloying: (a) Ta-25 specimen with fully crystalline structure, (b) Ta-50 specimen
shows traces of few nanocrystals, (c) Ta-100 appears completely amorphous, (d) W-25 specimen appears fully crystalline,
(e) mostly crystalline structure of the sample W-50, and (f) mixture of nanocrystals and amorphous structure in the sample
W-100. Amorphous and crystalline areas appearing in TEM images are labeled by letters A and C, respectively.

The actual chemical compositions of powder materials after 100 h of MA were verified
by EDX spectroscopy analysis using a scanning electron microscope. A very good agree-
ment with the nominal composition was confirmed. No extra relevant elements or elements
with excessive fraction were found. The determined compositions (in at.%) for the Ta-100
and W-100 are Co(45.0)Fe(20.6)T(3.5)B(30.9) and Co(49.2)Fe(22.7)W(3.1)B(25.0), respectively.
An almost perfect match with the nominal composition in case of the Ta-100 sample can be
explained by its fully amorphous nature, which is intrinsically homogeneous.

3.3. Local Atomic Structure from Pair Distribution Function

The scattering intensity profiles I(g) presented in Figure 1 were corrected for back-
ground scattering, sample absorption, incoherent and multiple scattering, and then normal-
ized with respect to the chemical composition and atomic scattering factors of respective
atoms by procedures described in [22,23]. In this way, each intensity profile I(g) was
transformed into the structure factor S(gq), which represents an intrinsic property of a
given material, directly related to its scattering amplitude. Figure 5 shows a comparison
of g-weighted structure factors F(q) = q[S(q) — 1] for both alloys at different stages of
mechanical alloying. One should bear in mind that structure factors F(g) qualitatively show
the same structural information about the progress of mechanical alloying, as concluded
from the raw scattering intensity profiles I(q) presented in Section 3.1.
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Figure 4. 2D Fourier transformation of the corresponding areas labeled as C1, C2, C3 and C4 in the HRTEM image of the
sample W-100 presented in Figure 3f. The areas C1 and C4 were identified as tetragonal B phase. Cubic phases bcc-W and
bec-CosFe were identified in areas C2 and C3, respectively. Numbers in brackets represents Miller indices of visualized
atomic plane system.

Longer milling times imply the increasing extent of structural disorder present in
the milled material due to various processes, such as grain refinement, the generation of
structural defects and, finally, amorphization, which is taking place in both alloys, although
at different rates. All of this gives rise to a diffuse scattering signal, which is spread in a
wide range of reciprocal space. Such a signal carries essential information regarding the
local atomic ordering and can be better analyzed when Fourier transforming structural
information is represented in reciprocal space by structure factor F(q) to a reduced pair
distribution function G(r), which represents the same structural data, but in real space.
The corresponding reduced pair distribution function, G(r), can be obtained through a
sine FT

G(r) =4nr[p(r) — po] = 4mrpo[g(r) — 1] =

SIS

[als@ ~1sin(andg @
0

where p(r) and py are the atomic pair density and average atomic number density, respec-
tively, g(r) = p(r)/po is the pair distribution function, and r is the radial distance. As
can be seen from Equation (2), a reliable G(r) can be obtained when S(g) is measured up
to high magnitudes of wave momentum vector transfer 4. In this study, we used g4y =
18 A1, Tt should be noted here that the g4y is closely related to the real space resolution
Ar. Choosing a gax which is too low implies the presence of spurious oscillations, due to
the so-called truncation error, which can be readily seen on a low r-range of G(r) [35]. On
the other hand, pushing the g4 to a higher values causes the worsening of Ag resolution,
which is manifested by a dampening of G(r)’s oscillations at larger r-values, and thus sets
the upper limit for the correlation length, which can reliably be observed [35].

T T
= =
| |
G G
& &
o o
1} I
= =
s S8
0 2 4 6 8 10 12 14 16
qIA™] q[A™]

Figure 5. Room temperature g-weighted total structure factors F(q) for (a) CoFeTaB alloy and (b) CoFeWB alloy after 25, 50
and 100 h of mechanical alloying. For better clarity, curves are vertically offset.
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Figure 6 shows a comparison of the total reduced-pair distribution functions G(r)
obtained through a sine Fourier transform of structure factors F(q) presented in Figure 5.
In case of the Ta-alloy (Figure 6a), it is readily seen from G(r) that, after 100 h of mechanical
alloying, a fully amorphous material is formed. Its G(r) reveals the presence of broad
oscillations which rapidly decay with increasing r-values and are not visible above 16 A.
This is a fingerprint of the missing long-range order, usually observed in materials with
a high degree of structural disorder, such as metallic glasses [23]. As can be seen from
Figure 6b, G(r) of the W-25 sample shows much sharper peaks as compared to the Ta-25.
Apparently, the presence of W hinders the destabilization of its structure due to mechanical
alloying and preserves long-range order, as manifested by well-resolved oscillations, visible
up to large r-values. G(r) oscillations are getting broader and less intense with the increase
in milling time. This is a direct consequence of gradual increase in structural disorder
induced by mechanical alloying. Nevertheless, 100 h of milling is not sufficient to reach the
fully amorphous state of the W-alloy, as evidenced by relatively strong oscillations in the
final G(r). Dampening of the G(r)’s oscillations at large r values (seen in Figure 6b) is a
consequence of the limited Ag resolution in reciprocal space [35]. Evaluation of G(r) for
standard material LaBg (not shown here) indicates that the Ag resolution (influenced by our
setting with g,,,x = 18 A1) restricts the maximum correlation length to 105 A. Inspecting
the tails of G(r)s above 50 A (Figure 6b) indicates that the oscillations in the sample W-100
enter the noise level at the maximum correlation length r = 65(5) A. This distance basically
represents the mean crystallite size associated with the bcc-W phase and is in perfect
agreement with the value 57(10) A obtained by XRD (see Figure 1). In case of samples W-25
and W-50, the mean crystallite sizes cannot be determined in such a way since their G(r)s
suffer from limited Ag resolution.

G [A™]

8§ 10 12 14 16 1 2 3 5 10 20 30 50 70
r [A] r[A]

Figure 6. Room-temperature total pair distribution functions G(r) for (a) CoFeTaB and (b) CoFeWB samples after 25, 50 and

100 h of mechanical alloying. The mean atomic number density pg was determined by a linear fit of G(r)’s low r part (where
r < 1.8 A) to —47rpg (depicted by solid orange lines). For better clarity, curves are vertically offset. In case of CoFeWB
sample, corresponding G(r)s were fitted on r-range (9,29) A. Fitting and difference curves are depicted by solid red and
green lines, respectively. The tails above 50 A are magnified by a factor 50 (for W-25 and W-50) and 100 (for W-100). Small
arrow located at 7 = 65 A indicates a distance at which signal enters a noise level, depicted by two parallel dashed lines.

To quantitatively describe the impact of MA on a medium-range order (r-range
(9,29) A) of W-containing samples, its G(r)s were fitted using the program PDFgui [27].
The structural model consisted of the most prominent crystalline phases, bcc-W and bcc-
Co3B. As can be seen from Figure 6b, the proposed model satisfactorily describes features
of G(r). It follows from fitting results that, in case of bcc-W phase, its lattice parameter
increases from 3.1560(5) A at 25h up to 3.1674(5) A at 100 h. Similarly, the lattice parameter
of bce-CosB phase increases from 2.8498(3) Aat25h up to 2.8797(4) A at 100h. As can be
seen from the comparison in Figure 1, there is a slight offset between the values obtained
by the XRD and PDF methods, although both reveal similar trends for the lattice parameter
change with milling time. The mean square displacement (u?) of the atomic positions gives
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a direct measure of the atomic disorder. Refined values of the (u?) parameter associated
with bce-W and bec-CozB phases after 25 h of MA are 0.0101(1) A2 and 0.0961(2) A2,
respectively, and after 100 h of milling change to 0.0046(1) A2 and 0.0962(6) A2, respectively.
One may conclude that the bcc-CozB phase shows a value one order of magnitude higher
than the (%) parameter as compared to bcc-W phase and this remains constant for milling
times above 25h. The observed decrease in the (12) in case of bcc-W may be correlated
with decreasing values of microstrain ¢, as revealed by Williamson-Hall analysis.

Figure 7 shows a detailed view of G(r), depicting the first coordination shell (the
nearest atomic neighborhood covering r-range 1.8-3.4 A) for Ta- and W-containing alloys
after different milling times. It is worth noting that the peak position in G(r), its width and
area are closely related to the bond length, distribution of bond lengths and coordination
number, respectively. Table1 lists all atomic pairs together with their bond lengths r;;
(calculated as a sum of atomic covalent radii), X-ray weighting factors w;; and enthalpies
of mixing [36]. Depending on the concentration ¢; and X-ray atomic scattering factors f;(q)
of constituent elements, respective atomic pairs contribute with different weights w;; to
the total S(g) and G(r). As can be seen from Figure 7a, the first coordination shell of the
fully amorphous Ta-100 shows a broad main peak located at 2.6 A with a small pre-peak
at2.05 A and right shoulder at 2.9 A, which are mainly due to the bond lengths of atomic
pairs (Co,Fe)—(Co,Fe), (Co,Fe)-B and Ta-Ta, respectively. In case of the W-100, there is
also a good agreement between theoretically expected bond lengths and the shape of the
first coordination shell. In addition to the amorphous phase, there are visible traces of
bee-W (with lattice parameter a = 3.174 A), which still contributes to the first shell by two
characteristic peaks, stemming from the inter-atomic distances between W atoms in bcc
structure, located at a1/3/2 (2.74 A) and a (3.17 A).

rrrrrrr 2h 15 fb) e 2sh
50 50

—— 100h 0.6 —— 100hq 0.6
W W

10 ‘ s ‘ 10

20 22 24 26 28 30 32

20 22 24 26 28 30 32

r[A] r[A]

Figure 7. Detailed view of the first coordination sphere, as seen from the total pair distribution function G(r) for (a) CoFeTaB

alloy and (b) CoFeWB alloy after 25, 50 and 100 h of mechanical alloying. For a better clarity, curves are vertically offset.

Positions and heights of the vertical lines denote bond lengths r;; of atomic pairs and X-ray weighting factors w;;, respectively.

Since p(r) becomes zero below a certain r,,;,, the average atomic number density po
can be easily obtained by a linear fit of G(r)’s low r part (where r < r,,;,,) to —47trpg. From
G(r) the radial distribution function, RDF(r), can be calculated by

RDE(r) = 4rtr?pgg(r) = 4rr*pg + rG(r). 3)

The average total coordination number, CN, around any given atom in a spherical

shell between radii 7| and r;, can be calculated as

] 2

CN = /RDF(r) dr = 4”%(7% - r?) + /rG(r) dr.

1 "

(4)
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Fitting —471pg7 to the G(r) for ¥ < 1.8 A the value of the mean atomic density py was
determined. The average total coordination number CN in the first coordination shell
(between radii 1.8 and 3.4 A) was calculated according to Equation (4). It follows from the
numerical data presented in the Table 2 that the mean atomic density pg and total coor-
dination number CN for both alloys decrease with increasing milling time. Furthermore,
the data suggest that the relative change in pg and CN with milling time is larger in case
of the W-alloy. However, one should bear in mind that the Ta-alloy is after 25h of MA,
much closer to its final amorphous state, and thus reveals slower dynamics with increasing
milling. CoFeTaB amorphous alloy is known to exhibit rather dense atomic packing [37].
For example, the work of Kaban et al. [37] reports partial coordination numbers, which,
after adjusting for the alloy composition, yield the total coordination number 13 £ 1, in
perfect agreement with our study, i.e., 14.2 £ 0.3 for fully amorphous Ta-100.

Table 1. Bond lengths r;;, X-ray weighting factors w;; and enthalpy of mixing AH,;, [36] of atomic
pairs in Ta- and W-containing alloys. Bond lengths r;; of atomic pairs were calculated as a sum of
nominal atomic covalent radii. Weighting factors w;; were calculated for g = 0 A~1 using Equation
wij(q) = [(2 = dij)cicifi(q) fi(@)]/ [Liey Ciﬁ(q)]z, where ;; is the Kronecker delta function (3;; = 1 for
i=jand¢;; =0fori # j), ¢ and f;(q) are the atomic concentration and atomic scattering factor [25]
of the atomic species of type i (i = Co, Fe, Ta/W, B), respectively.

Cog3Fez0Tas5B31.5 Cog3Fe0Ws5B315

Atomic tij wij AH,,;y Atomic rij wij AH,,;.
Pair [A] [-] kJ/mol  Pair [A] [-] kJ/mol
Co—Co 2.506 0.269 - Co—Co 2.506 0.268 -
Co-Fe 2.494 0.240 -1 Co—Fe 2.494 0.239 —1
Co-Ta 2.683 0.186 —24 Co—W 2.623 0.187 -1
Co-B 2.083 0.073 —24 Co-B 2.083 0.073 —24
Fe-Fe 2.482 0.054 - Fe-Fe 2.482 0.054 -
Fe-Ta 2.671 0.083 —15 Fe-W 2.611 0.084 0
Fe-B 2.071 0.033 —26 Fe-B 2.071 0.032 —26
Ta-Ta 2.860 0.032 - W-W 2.740 0.033 -
Ta-B 2.260 0.025 —54 W-B 2.200 0.025 -31
B-B 1.660 0.005 - B-B 1.660 0.005 -

Table 2. Evolution of the mean atomic density py and total coordination number CN for the Ta- and
W-containing alloys during mechanical alloying. Mass density p,; was calculated considering the
nominal alloy composition and respective value of pg.

Sample Po CN Pm Sample 00 CN Pm
[A—3] [-] [g/cm?] [A3] [-] [g/cm?]
Ta-25 0.0813 (28) 15.0(4) 6.73(23) W-25 0.0890 (24) 17.3(3) 7.39 (20)

(
Ta-50  0.0821 (41) 14.9(6) 6.80(34) W-50  0.0884(59) 16.7(8) 7.34 (49)
Ta-100  0.0786 (19) 142(3) 6.51(16) W-100  0.0829 (26) 15.1(4) 6.88 (21)

3.4. X-ray Absorption Spectroscopy

Experimentally recorded absorption scans ji(E) were converted to the x (k) functions
by x(k) = [u(E) — po(E)]/ Apg in which po(E) is a smooth background function represent-
ing the absorption of an isolated atom, Ay is the measured jump in the absorption y(E) at
the respective absorption edge energy Eg. The x (k) represents oscillations as a function
of photo-electron wave number k and is further referred to as the EXAFS signal. Various
frequencies apparent in the EXAFS signal are due to the different neighboring coordination
shells, which can be described by the following equation
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N; _
xk) =Y ﬁS%Fj(k) exp(—2k* (7)) sin[2kR; + ;(k)] (5)
] ]
where the summation goes over different coordination shells j, Fj(k) and é;(k) are the
scattering amplitude and phase shift in the atoms neighboring the central excited atom,
respectively, N; is the number of neighboring atoms (partial coordination number) which
2

are at a distance R; from the excited atom, (uj> is the mean square displacement of the

neighboring atoms and gives a direct measure of the atomic disorder, S3 is the energy-
independent, many-body amplitude reduction factor that accounts for losses only within
the central absorbing atom and is independent of the chemical nature and type of back-
scattering atoms. In EXAFS, since one selects the absorbing center, the measured signal
signal is summed over the subset of all the atomic species around the absorbing atom.
This means that EXAFS is highly sensitive to the nearest-neighbor atomic environment
surrounding the absorbing atom, which is often a crucial point in the characterization of
structural disorder [38].

EXAFS signals k?x (k) of Ta- and W-containing alloys recorded above Fe-K, Co-K,
Ta-Lz and W-L3 edges are shown in Figures 8a—c and 9a—c, respectively. It is evident that
all EXAFS signals extend to a maximum of k at around 12 A~1. This is closely related to
the loss of structural order during the MA process. The only exception is EXAFS signals
of W-containing samples, measured above the W-L3 edge, which show strong and well-
resolved oscillations visible up to 15 A~1. The corresponding phase-corrected magnitudes
|FT(k?x(k))| for the Ta- and W-containing alloys are shown in Figures 8d—f and 9d-f. After
25h of MA, similarity with a bce-Fe-like structure can be observed for both alloys. Further
milling implies a loss of structural order, as manifested by washing out of the second
coordination shell signal, and only the peak associated with the first coordination sphere is
visible. The local atomic environments, as seen from the perspective of Fe and Co atoms,
are quite similar for both alloys and exhibit a broad peak located between 1.5 and 3 A.
EXAFS signal above Ta-L3 edge show a similar behavior. All of this gives a direct proof of
the excellent intermixing of Co, Fe, Ta and B atoms in Ta-alloy, and is in agreement with the
XRD and TEM observations, confirming its fully amorphous structure after 100 h of MA.
On the other hand, sharp and strong EXFAS signals measured above the W-L3 edge for the
W-containing samples (Figure 9f) give direct evidence of the poor miscibility of W among
Co, Fe, B atoms, and their similarity with a reference W foil signal confirms that W atoms
rather prefer the configuration of a stable bcc-W phase. EXAFS measurements confirm
that MA of the CoFeWB alloy results in the formation of a two-phase material consisting
of amorphous Co-Fe-B and nanocrystalline bcc-W. The main reasons behind such a poor
miscibility of W within Co-Fe-B system are larger values of hardness, elastic, shear and
bulk modulus and, most importantly, a much lower extent of enthalpy mixing with Co, Fe
and B (see Table 1) compared with Ta.

To quantitatively compare the experimentally obtained EXAFS signals presented in
Figures 8 and 9, they were fitted using the so-called quick first shell model. As for the
model definition, we propose that the central absorbing atom is surrounded by Co and B
atoms only, which are mostly abundant in both alloys. As the Co and Fe atoms have similar
radii and scattering powers, it is reasonable to consider only Co atoms. This assumption
makes the model simple, physically justified and, at the same time, robust for the fitting.
According to Equation (5), for each atom, the j surrounding the central absorbing atom
has four parameters which can be refined, i.e., coordination number, N]-, distance from
the central atom, R]-, energy shift, AEOj, and mean square atomic displacement factor
(u]2> Altogether, eight parameters are needed to describe this model. Since experimental
data have limited Ak range, it is necessary to reduce the number of parameters so that a
reliable fit is obtained. Therefore, the following constraints were imposed on our model:
(i) AEo,co = AEgp, (ii) (u2,) = (u3) and (iii) N¢, + Ng = CN, as determined from X-ray-
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scattering experiments (see Table 2). In this way, the number of fitting parameters can be
reduced to five, which is just below the limit set by the Ak and Ar ranges used in fitting.

Fe-K edge d) Fe-K edge

Co foil

25h N
50h
100h ™,

K7y (k)
| FT(K*%(K) |

Ta foil

25h
50 h .
100h

2 4 6 8 10 12 14 1 2 3 4 5
k[A™ r[A]

Figure 8. EXAFS signals k?x(k) in k-space (a—c) and corresponding magnitudes of its Fourier
transforms in r-space (d—f) as measured above Fe-K, Co-K and Ta-L3 edges for the alloy CoFeTaB after
25, 50 and 100 h of mechanical alloying. The solid lines correspond to experimental data, whereas
dashed lines correspond to fitting curves based on the quick first shell model. Additionally, signals
from reference foils are presented. For better clarity, curves are vertically offset.

EXAFS data were fitted to the proposed model using following settings for the k and r
ranges: (a) Fe-K edge, k = (2.7,11.5) Al r= (1.3,2.6) A, (b) Co-K edge, k = (3.1,12) A1
r = (1.3,26) A, (c) Ta-L3 edge, k = (3.4,13) A~1, r = (1.2,3.0) A and (c) W-L3 edge,
k= (3.1,147) A=1,r = (1.6,3.4) A . The value of parameter S? at a given absorption edge
was obtained by fitting the EXAFS signal of a corresponding reference foil based on its
crystal structure (bcc-Fe, fce-Co, bec-W and bee-W). It should be noted here that, for fitting
the EXAFS data at W-L3 edge, we used two single scattering paths with lengths 2.74 A and
3.17 A as suggested by the structural model of bcc-W. As can be seen from data presented
in Figures 8 and 9, the proposed models satisfactorily describe the observed features of
EXAFS signals. Numerical results from fitting the first coordination shell are presented in
Tables 3 and 4. In case of the Ta-alloy, it is readily seen that the high degree of structural
disorder among all its constituents is evidenced by the relatively large values of their
mean atomic displacement factors (u?). In case of the W-alloy, one can observe slower
amorphization dynamics. Its local atomic structure, as seen from the perspective of Fe and
Co atoms, resembles similar features to the Ta-alloy. The mean atomic displacement factors
(u?) associated with Co, Fe and B atoms gradually increase during MA and, after 100 h,
reach similar values to the Ta-alloy. This indicates the formation of an amorphous Co-Fe-B
phase in the W-alloy. As can be seen from Figure 9f, W atoms do not intermix with other
alloy constituents and prefer the bcc-W phase (see refined values in Table 4). An apparent
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discrepancy between the values of the (u?) parameter, obtained by a fitting medium range
order of G(r) (see Section 3.3) and by fitting EXAFS data based on the first coordination
shell (see Table 4), is seen in case of bcc-W phase. However, such a difference is due to the
completely different length scales, to which both approaches are sensitive.

Fe-K edge

Fe-K edge d)

Fe foil

Co foil

Bh

K2y (k)

| FT(*x(K) |

50h

100h =7

9

Wil ~

25h

2 4 6 8 10 12 14 1 2 3 4 5
K[A™] r[A]

Figure 9. EXAFS signals k?x (k) in k-space (a—c) and corresponding magnitudes of its Fourier
transforms in r-space (d-f) as measured above Fe-K, Co-K and W-L3 edges for the alloy CoFeWB
after 25, 50 and 100 h of mechanical alloying. Solid lines correspond to experimental data, whereas
dashed lines correspond to fitting curves based on the quick first shell model. Additionally, signals
from reference foils are presented. For better clarity, curves are vertically offset.

Table 3. Numerical results of fitting EXAFS data based on the first coordination shell model from
measurements performed at the Fe-K and Co-K edges. The scatterer—absorber pairs are indicated,
the partial coordination number N i, the path length R i and the mean square atomic displacement

(u?) for all relevant samples are listed.

Fe K-Edge Co K-Edge
Sample Pair N; R; (u?) . Pair N; R; (u?) .
i—j [ [Al  [x107%A%  i—j [ [A] [x107% A%
REURL W M e Gf, bo 2D o
B A s
N R O
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Table 3. Cont.

Fe K-Edge Co K-Edge
Sample Pair N; R; (u?) . Pair N; R; (u?) .
i—j [ [A] [x107%A?] i—j [ [A] [x10~%A?]
R I
MU RG s om0 Gl Tisao 2ue P60
W-100 Fe-B 3.9(1.0)  2.02(5) 128(11) Co-B 3.5(4) 2.00(2) 149(4)

Fe-Co 11.2(1.0) 2.43(1) Co-Co 11.6(4)  243(1)

Table 4. Numerical results of fitting EXAFS data based on the first coordination shell model from
measurements performed at the Ta L3 and W L3 edges. The scatterer—absorber pairs are indicated,
the partial coordination number Nj, the path length R; and the mean square atomic displacement
(u?) for all relevant samples are listed.

Ta-Alloy, Ta L3-Edge W-Alloy, W L3-Edge
Time Pair N; R; (u?) Pair  Nj; R; (u?)
i—j I [A] [x107%A?] i—j [ [A] [x10~4A2]
25h  TaB  72(16) 2154 W-W  59(7) 2.74(1)
TaCo 80(L6) 2521) 128019 W-W  8.1(7) 3161) PO
50h  Ta-B  69(15) 2.15(4) W-W  56(1.1)  2.74(1)
Ta-Co 80(15) 2551 1V/17) W-W  84(11)  316(1) 0©
100h Ta-B 5.5(1.4; 2194 11505, W-W3428) 2720 00

Ta-Co 87(14) 257(1) W-W  10.6(2.8) 3.14(2)

3.5. Magnetic Properties

Figure 10 shows the room-temperature hysteresis loop of CoFeTaB and CoFeWB alloys
after 100 h of MA. Comparing both hysteresis loops, it follows that the W-100 shows larger
values of saturation magnetization and coercivity as compared to the Ta-100.

The saturation values of specific magnetization o; for the Ta-100 and W-100 are 96.4
and 109.8 Am? /kg, respectively. It could be presumed that the higher magnetization in
case of the W-100 is primarily due to iron contamination from milling media. There-
fore, let us calculate what the iron fraction xr, should be according to that assumption.
Inserting the values of the saturation magnetization of iron (cp, = 222 Am?/ kg) of the Ta-100
(01, = 96.4 Am?/ kg), and of the observed increase in the saturation magnetization
(Ao = ow — o7, = 13.4Am?/ kg) into the equation Ao = xf.0r, — X£.01;, We obtain a
relatively high value for the iron fraction xp, = 10.7 wt.%. However, such a high amount
of iron could be better resolved by XRD. Taking the type of mill, speed, and duration of
milling into account, such a high value of xr, could not be explained in terms of contamina-
tion by attrition. It was reported by many works that the magnitude of iron contamination
of the powders milled with the steel grinding medium is in the range of 1-4wt.% [16]. The
most probable explanation for the higher magnetization in case of the W-100 is the fact that
W stays in bece-W phase and does not dilute the net magnetization of amorphous Co-Fe-B
by dissolving in it, as Ta does.
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Figure 10. Room temperature hysteresis loop of (a) CoFeTaB and (b) CoFeWB alloys after 100 h of
milling traced in a magnetic field with maximum induction of pgH = 1.8 T. The insets show detailed
view of hysteresis loop origin. The width of the loop is depicted with the red dashed line and
corresponds to coercivity by relationship 2poH..

Values of coercivity H. for the Ta-100 and W-100 are 8.75kA/m (yoH: = 11 mT)
and 12.73kA/m (yoH. = 16 mT), respectively. The relatively large values of H; for both
materials are mainly due to the pinning of the domain walls by stress sources, intrinsic
fluctuations in material properties and particle surface irregularities [39]. A significantly
larger va,lue of H, for the W-100 is due to its microstructure consisting of amorphous-phase
and nanocrystalline bcc-W, which acts as an effective pinning center for the domain wall
motion [40].

Figure 11 shows the temperature dependence of magnetization o(T) for the Ta-100 and
W-100. In both samples, the initial decrease in magnetization with temperature is caused
by the decrease in the magnetization of the amorphous phase as it approaches its Curie
point T¢, where the paramagnetic state is reached. The Curie temperature was deter-
mined from the inflection point using the derivative of magnetization with respect to
temperature, i.e., do/dT. The Ta-100 shows the Curie temperature of the amorphous phase
Tc = 695(5) K. In case of the W-100, there are two transitions detected with Curie tem-
peratures 700(5) K and 780(5) K. This may point to the inhomogeneities of an amorphous
phase [41]. After reaching T, the magnetization of the powder samples does not drop to
zero and eventually increases due to the thermally activated structural changes (relaxation,
crystallization) occurring at higher temperatures.

o do/dT ----- c do/dT -----
80 | ‘/\\— 0.1 80 101
E 10 F
o~ e -~
oo = 60 "0
g % 1-01 &
= = =
K o 40 S
S~ S~
) 1-02 %8
20 | 1 20 | 1_
a) 0.3 b) 0.3
400 600 800 1000 400 600 800 1000
T [K] TI[K]

Figure 11. Temperature dependence of magnetization ¢(T) for (a) CoFeTaB and (b) CoFeWB alloys
after 100 h of milling. Dashed lines show the respective temperature derivative of magnetization, do/dT.
Vertical arrows depict the possible magnetic transition with corresponding Curie temperatures.
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4. Conclusions

Our results have shown that wet mechanical alloying, using hexane as a process
control agent, represents an effective way of preparing materials with a high degree of
structural disorder. A wet MA of Coy3FeygTas 5B31 5 powder mixture for 100 h of milling
results in the formation of a fully amorphous material. Mechanically induced amorphiza-
tion occurs through the formation of intermediate phases of Cop1TayBg and Fej gBp 2. It has
been shown that substituting Ta with W effectively suppresses GFA. After 100 h of MA of
Coy3Fez0Ws55B31 5 powder mixture, a nanocomposite material consisting of an amorphous
Co-Fe-B phase and nanocrystalline bcc-W was synthesized. The main reasons for the poor
miscibility of W within the Co-Fe-B system are larger values of hardness, elastic, shear and
bulk modulus and, most importantly, a much lower extent of enthalpy of mixing with Co,
Fe and B as compared with Ta. The observation of the local atomic structure by means of
pair distribution function and extended X-ray absorption fine-structure spectroscopy were
used to characterize the local atomic structure at various stages of MA. Based on observed
changes in the first coordination sphere, it can be concluded that MA significantly alters
the short-range order of both alloys.
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Abbreviations

The following abbreviations are used in this manuscript:

2D two-dimensional

CN Coordination Number

COD Crystallographic Open Database

EDX Energy Dispersive X-ray

EXAFS  Extended X-ray Absorption Spectroscopy

FT Fourier Transform

FWHM  Full Width at Half Maximum

GFA Glass Forming Ability

HRTEM High-Resolution Transmission Electron Microscopy
HV Vickers Hardness

IRF Instrumental Resolution Function
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MA Mechanical Alloying

PDF Pair Distribution Function

SAD Selected Area Diffraction

SEM Scanning Electron Microscopy
TEM Transmission Electron Microscopy
VSM Vibrating Sample Magnetometer
XRD X-Ray Diffraction
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