ORIGINAL RESEARCH ARTICLE

The Influence of 3d and 4d Transition Metals
on the Glass Forming Ability of Ternary FeCo-Based

Alloys

Z. SNIADECKI

Thermodynamic modeling was used to determine enthalpies of formation and other thermo-
dynamic parameters describing glass forming ability of Fe-Co-TM (TM = V, Nb, Cr, Mo)
alloys. FeCo-based alloys are considered as candidates for applications as high magnetic flux
density materials due to their high magnetic saturation and low magnetic anisotropy.
Nevertheless, mechanical properties, especially the lack of ductility, are their main weakness.
Therefore, further optimization by vitrification, further heat treatment and alloying should be
considered. As the most crucial step is the synthesis of amorphous precursors, discussion is
concentrated on the effect of transition metal substitution on the glass forming ability. The
highest glass forming ability was reported for Fe-Co-Nb alloys. It can be also noted that the
driving force for vitrification can be improved by substitution of Fe by other transition
elements, as glass forming ability parameter APpys reaches the lowest values for Fe-less
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I. INTRODUCTION

WELL-KNOWN FeCo-based alloys, which crystal-
lize in bce structure (called Permendur), possess high
magnetic saturation of about 2.4 T. In combination with
their low magnetic anisotropy, these materials are of
interest for electrotechnical industry, where high mag-
netic flux density is needed (e.g., generators), even
considering slightly increased cost due to high Co
content.'!" Their properties, also mechanical, can be
further improved by alloying, with Hiperco as one of the
examples.”) Further improvement of deformability or
fracture strength with subsequent optimization of resis-
tivity and coercivity is connected with vitrification.’™
FeCo-based amorphous alloys can be synthesized by
typical physical methods utilizing quenching of molten
alloy or by sputtering.*) FeCo alloy is a poor glass
former, therefore glass forming ability (GFA) have to be
improved by addition of other elements such as B, Si, or
other transition metals, as for example Zr or Ta.l””
Amorphous particles, also pure FeCo alloys, were also
prepared by chemical methods through chemical reduc-
tion of metal ions with KBH4 and NaBH4 in aqueous
solution.">") Although such materials are promising
candidates as energy harvesters!'” or even in medical
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applications,'! one should bear in mind that the

addition of any non-magnetic element or even contam-
inations in chemical methods deteriorate their unique
magnetic properties. Therefore, the general aim of
studies should be focused on the synthesis of possibly
pure FeCo-based alloys. It is intended to use sputtering
method to obtain fully amorphous films and to deter-
mine the influence of homogeneity of amorphous
structure on soft magnetic and mechanical properties.
Variation of sputtering conditions will be utilized to
form amorphous thin films with various packing density
and even samples with inhomogeneous morphology
(so-called nanoglassest!*')). Regarding mechanical
properties it is believed that in the case of nanoglasses
one should observe an improvement in hardness and
Young’s modulus compared to the melt-spun ribbons.
Homogeneous deformation is observed as interfaces
with high free volume promote the nucleation of many
shear transformation zones.!'” Such amorphous alloys
can be used in the next step as precursors in formation
of nanocrystalline systems, what can result in further
improvement of desirable properties mentioned above.
The results presented in this paper, where formation
enthalpies were determined for Fe-Co-TM (TM = V,
Cr, Nb, Mo) system, can serve as a roadmap for further
development of amorphous films with specific structure
and morphology. The GFA reflects the tendency for
amorphous state formation and can be determined both
experimentally and theoretically.!'”'®! Thermodynamic
model (semi-empirical Miedema’s model)"? 2! is uti-
lized here to determine glass forming abilities.
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Compositions with higher GFA will be beneficial while
utilizing their broad energy landscape of amorphous
state stability to form glassy samples with various short/
medium range order and morphology. Presented results
are the extension of E)revious studies undertaken for
Fe-Ni-based systems.**!

II. CALCULATIONS

GFA was estimated on the basis of the semi-empirical
Miedema’s model,''”*” through calculations of various
quantities, as enthalpy of formation of amorphous
phase AH*", normalized mismatch entropy S,/kp,*”
and GFA parameter APyg.

Atoms in the utilized model" are represented by
blocks with the Wigner—Seitz cell boundaries. Changes
of enthalpy are calculated for virtual process of alloying
of A element atoms in a matrix of B atoms. There are
three basic quantities which govern this process: (i)
molar volume ¥, (ii) potential ¢ and (iii) density at the
boundary of Wigner—Seitz cell n,,,. Interfacial enthalpy
AH™*" (A in B) defined as

A ek
AH™(AinB) = A
2

wsA wsB
[1]

where P and Q are empirical proportionality constants
dependent on alloying elements, expresses the process
of solving one mole of A atoms in an excess of B
atoms. Chemical enthalpy AH™™ can be then calcu-
lated for binary alloy using following equation:

AH™ = cpcp (cyAH™ (Ain B) + ¢\ AH™ (Bin 4)),
2]

where ca and c¢g are volume fractions of A and B atoms,
while ¢ and (¢ are their surface fractions. The
formation enthalpy of the amorphous phase can be
determined using chemical and topological contribu-
tions, where the later one reflects disorder in the
amorphous state.

Formation enthalpy of solid solutions was also
calculated as a reference (see Appendix, Figure Al). It
depends on the chemical enthalpy, elastic enthalpy
AHt connected with atomic size mismatch, and the
structural one AHS™' originating from valence and
crystal structure. Structural term was not taken into
account in the analysis due to reasons elucidated in the
Results and Discussion section. Differences of enthalpies
of amorphous phase and a solid solution formation,
AH*™ S = AH*™ — AH*, are also presented in the
Appendix (Figure A2).

Normalized mismatch entropy and GFA parameter
were calculated for each composition. S,/kg is con-
nected with atomic radius mismatch of the constituent
elements, while APgg is the product of chemical
enthalpy AH™™ and mismatch entropy.'"® The ther-
modynamic properties of sub-binaries were extrapolated
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to ternaries with the use of geometric model.** 2 All
contour maps were calculated with composition chang-
ing with 1 at. pct step. Methods described above are
delineated in more details in Reference 21.

III. RESULTS AND DISCUSSION

GFA of Fe-Co-TM (TM = V, Cr, Nb, Mo) systems
was evaluated at first by determination of formation
enthalpy of amorphous phase. Particular substituting
elements were chosen as representatives of 3d and 4d
transition metals, to make direct comparison with
previously published results for Fe-Ni-TM systems.!*
Composition dependences of AH*™ are shown in
Figure 1 for all TM substitutions. Negative values of
formation enthalpy, which indicate possibility to form
amorphous state, were obtained for clements from
group V in the periodic table, namely V and Nb. The
most negative enthalpies of formation were determined
for Nb-Co binary alloys near equiatomic composition
(AH*™ = — 16.7 kJ/mol for CossNbys). Niobium is
preferred mainly due to its large negative values of

interfacial  enthalpy  with  other  constituents
(AH™"(Fe inNb) = — 57 kJ/mol, AH™(Nb in Fe)
= — 70 kJ/mol, AH™(CoinNb) = — 88 kJ/mol,
AH™"(NbinCo) = — 111 kJ/mol). One can notice

qualitative agreement between AH*™ contour maps for
Nb and V substitutions. Both elements are from group
V of periodic table and the values of their interfacial
enthalpies with other constituents, their molar volumes
V, potentials ¢, and electronic densities at the boundary
of Wigner—Seitz cell n,,, are similar in contrast to group
VI elements (Cr and Mo). For group VI elements, AH*™
has positive values with limited range of variation and
reaches maxima in the vicinity of Cr-rich and Mo-rich
corners. All conclusions drawn on the basis of AH*™
phase diagrams conver%e with previous results on
Ni-containing systems.'*?

Enthalpies of formation of solid solution AH* were
also calculated (Figure Al in Appendix). Solid solutions
are assumed to play a role of thermodynamically
stable counterparts. The aim was to qualitatively com-
pare them with amorphous phases to mimic real
competition during solidification process. Chemical
and elastic contributions were taken into account, while
structural term was omitted as being difficult to estimate
precisely. According to Bakker,”® such structural term
should be treated as a rough estimation only even for
binary transition metal systems. Third TM alloying
element makes it more complex. Nevertheless, the
results presented in Figure Al give us qualitative insight
and allow to make a general conclusion, that solid
solutions will be energetically preferred in the vast
number of compositions throughout the presented phase
diagrams. Exceptions can be easily found on the basis of
contour maps of differential enthalpy AH*™% =
AH*™ — AH* (Figure A2), where limited number of
compositions (for TM = Nb in general) with negative
sign can be treated as those with higher GFA. There-
fore, one should bear in mind that for the majority of
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Fig. 1-—Compositional dependences of formation enthalpies of amorphous phase AH*™ of Fe-Co-TM systems (TM = V, Cr, Nb, Mo).

analyzed alloys specific kinetic conditions will be
required to ensure vitrification. Analyzed systems are
at most marginal glass formers. Qualitative comparison
of AH*™~5 phase diagrams allows to indicate Nb as the
element of choice, when designing glassy systems and
can be helpful in selection of compositions with the
highest GFA for each of described Fe-Co-TM systems.
Some Fe-Co-Mo alloys take negative values of AH*™ ™%,
mainly due to positive values of AH* in the whole range
of compositions.

The composition dependence of normalized mismatch
entropy is shown in Figure 2 for Fe-Co-TM (TM =V,
Cr, Nb, Mo) alloys. This particular parameter is
governed by atomic radii mismatch between alloy’s
constituents and the values above 0.1 are reported as
characteristic for glass forming alloys.?”! This value was
calculated for narrow range of compositions near
equiatomic Co-Nb. For Fe-Co-V and Fe-Co-Mo, nor-
malized mismatch entropy reaches maxima of 0.04 and
0.07, respectively, for similar range of compositions as
the maximum in Fe-Co-Nb system. Atomic radii of Fe
and Cr takes the same value, therefore S,/kg changes
only with varying Co content for Fe-Co-Cr alloys. All
listed values of normalized mismatch entropy are low
due to similar atomic radii of all elements
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(rpe = 0.128 nm, rco = 0.125 nm, ryv = 0.136 nm,
ree = 0.128 nm, rnp = 0.147 nm, rye = 0.14 nm!*®).
The results presented in Figure 2 are in agreement with
conclusions drawn from contour maps of formation
enthalpy of amorphous phase. One should expect the
best GFA for Nb-containing samples, while the driving
force for vitrification is much lower for other TM
elements.

GFA parameter APyg combines both, the enthalpy
and entropy values, more precisely chemical enthalpy
AH*™ and normalized mismatch entropy S,/kg.
Compositional dependences of APyg are shown for
all Fe-Co-TM (TM = V, Cr, Nb, Mo) systems in
Figure 3. The more negative APy is, the higher GFA
is reached for particular composition. The most neg-
ative value of glass forming ability parameter vary
depending on TM element and equals APys = — 0.55
kJ/mol for CosVus, — 0.01 kJ/mol for Cos¢Crsp,
— 3.56 kJ/mol for CossNbys, and — 0.35 kJ/mol for
Cos3Moy;. As can be seen, APyg reaches minima for
Fe-less compositions, as reported previously for
Fe-Ni-based alloys.”? Calculated phase diagrams are
similar to contour maps of AH*™ and S,/kg, especially
these determined for V- and Nb-containing systems.
The most significant deviations are visible in Fe-Co-Cr
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Fig. 2—Compositional dependences of normalized mismatch entropy S,/kg calculated for Fe-Co-TM systems (TM = V, Cr, Nb, Mo).

phase diagrams, mainly due to the equality of atomic
radius of Cr and Fe. All of the presented results are
consistent and indicate compositions from Fe-Co-Nb
phase diagram as the best glass formers among all
systems described herein. Another common trend in
presented phase diagrams is the improvement of GFA
for vast number of analyzed ternaries with substitution
of Fe by TM element. Experimental results are in
qualitative agreement with obtained phase diagrams as
especially Nb, but also V and Mo are common alloying
elements in this group of materials.?*"! Consistence
with the results for Fe-Ni-based alloys was also
underlined throughout the paper.”? Composition
dependences of GFA parameter of pseudobinary
(FeCO)loo_xTMx and (FCNi)]O()_XTMx (0 < x £ 100)
alloys (Figure 4), for clarity reasons with equal content
of Fe and Co/Ni, are another confirmation of conver-
gence of results for Ni- and Co-containing systems
(data for Ni-containing alloys on the basis of Reference
22). Superiority of Nb substitution is evident once
again. Values of APpyg for Co- and Ni-containing
alloys are similar for the whole range of x. Small
advantage of Ni can be at least partially attributed to
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commonly observed, in calculations based on Miede-
ma’s model, overestimation of stability of Ni alloys.*”

Chemical enthalpy dependences of normalized mis-
match entropy are shown for all Fe-Co-TM (TM = V,
Cr, Nb, Mo) systems in Figure 5. The stabilization of
an amorphous phase against solid solutions and
intermetallic compounds can be achieved by an
increase in normalized mismatch entropy and a
decrease in mixing enthalpy. Most of calculated points
(each point reflects single composition) are plotted
outside of the trapezoidal area, which has been
proposed by Takeuchi and Inoue*”’ and can be
defined as a glass forming region. It was determined
on empirical way taking into account vast number of
experimental data. It can be stated that compositions
lying outside the marked region have negligibly low
probability to vitrify. All compositions containing Cr
are lying well outside of GFA area, mainly due to low
values of S,/kg. V-containing samples are on the verge
of fulfillment of GFA criterion. Therefore, in the case
of thin films, control of kinetics of synthesis process
can allow to avoid crystallization. Niobium can be
treated once again as the best substitution among all
analyzed 3d and 4d transition metals, as most of
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Fig. 3—Compositional dependences of glass forming ability parameter APy calculated for Fe-Co-TM systems (TM = V, Cr, Nb, Mo).
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Fig. 4—Compositional dependences of glass forming ability
Fe-Co-TM systems (TM = V, Cr, Nb, Mo).

parameter APgg calculated for (FeCo)go_TM, (0 < x <100, TM
= V, Cr, Nb, Mo) alloys. Curves are compared to the values
determined for (FeNi);go_,TM, alloys (0 < x <100, TM = V, Cr,
Nb, Mo)??
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Fe-Co-Nb compositions are inscribed in a trapezoidal
area.

IV. CONCLUSIONS

Determined phase diagrams and calculated glass
forming abilities of numerous ternary alloys can be
used as a key element to design composition of
amorphous FeCo-based films with specific structure
and morphology. The highest GFA, which can be
helpful in synthesis of glassy samples in various states
(also as nanoglasses), was reached for Fe-Co-Nb
alloys. One can note that the driving force for
vitrification can be improved by substitution of Fe
by other transition elements, as GFA parameter APyg
reaches the most negative values for Fe-less compo-
sitions. All the conclusions drawn on the basis of
phase diagrams obtained for Fe-Co-TM systems (TM
=V, Cr, Nb, Mo) are consistent with those reported
previously for Fe-Ni-TM alloys.**
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APPENDIX
See Figures Al and A2.
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Fig. A1—Compositional dependences of formation enthalpies of solid solution AH* of Fe-Co-TM systems (TM = V, Cr, Nb, Mo).
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