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Fe-Ni based metal amorphous nanocomposites (MANCs) are investigated in the pseudo-binary alloys (Fe;qo —
xNix)goNb4Si>B14. To optimize the soft magnetic properties of the nanocomposites, primary and secondary crys-
tallization kinetics must be understood. As such, primary and secondary crystallization temperatures are deter-
mined by differential scanning calorimetry, and activation energies are calculated, along with the resulting

crystalline phases. Time-temperature-transformation diagrams for primary and secondary crystallization in
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(Fe7oNizp)goNb4SizB14 are presented. Saturation magnetization and Curie temperature are determined. Lastly,
the shape of magnetization vs. time curves for (FesoNizg)goNb4SioB14 at various temperatures suggest that the
secondary crystal product often consumes some of the primary crystalline product.

© 2017 Acta Materialia Inc. Published by Elsevier Ltd. All rights reserved.

Metal amorphous nanocomposite (MANC) soft magnetic materials
(SMMs) are materials produced through controlled primary
nanocrystallization of amorphous precursors. They are of current inter-
est for power converter [1,2] and motor applications [3,4]. If used at
higher frequencies, motors and converters can be reduced in size to
maintain the same power output. Conventional materials, like silicon
steels, are lossy at high frequency because of their smaller electrical re-
sistivities and inability to cast and roll to 10’s of um thickness [3,4].
These limitations are evident from eddy current losses as expressed by:

2
P, — ("%UFBZ (1)

where t is thickness, p is resistivity, f is frequency, and B is induction.
MANC materials can exhibit higher efficiencies due to high resistivities
and low and tunable anisotropies [1,3,5-7].

Fe-Co and Co-based MANCs have recently been investigated as
promising candidates for transformer applications [6,8-12]. Fe-Ni nano-
composite alloys are of interest due to the lower cost of Ni compared to
Co while maintaining many of the benefits over Fe-based nanocompos-
ites that Co-based alloys enjoy [3,8,13]. Fe-, FeCo-, and Co-based MANCs
are analogous to similar materials classes in amorphous magnets. FeNi-
based MANCs are a more recent class, also analogous to amorphous
magnets, previously investigated at compositions with near room
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temperature Curie temperatures for magnetocaloric applications [14].
A wider compositional range in Fe-Ni- based MANCs is reported here
that includes saturation inductions and Curie temperatures suitable
for power applications. In certain composition ranges, they also exhibit
longitudinal stress induced anisotropy useful for high permeability en-
gineering required for motor applications [15].

MANCs are produced by planar flow casting an amorphous ribbon.
The resulting ribbon is then heat treated to induce primary crystalliza-
tion (at temperatures typically ~500 °C but depending on composition).
Primary crystallization concentrates the magnetic elements in
nanocrystals, and for appropriate compositions leaves the amorphous
matrix ferromagnetic allowing two magnetic phase microstructures
where random magnetic anisotropy described by Herzer [5] leads to
low DC hysteretic losses. The resistive amorphous phase and chemical
partitioning [ 7] are beneficial to the AC magnetic properties of the ma-
terial in reducing classical eddy current losses. At higher temperatures
(typically 600-650 °C) secondary crystallization consumes the remain-
ing amorphous phase resulting in a magnetically hard phase, which is
deleterious to the soft magnetic properties [16].

Due to the deleterious properties of secondary crystallization, the
kinetics of primary and secondary crystallization in MANCs must be
understood. The kinetics is strongly dependent on chemical compo-
sition and has been studied previously for FINEMET, NANOPERM,
HITPERM, and Co-rich alloys [17-20]. In this regard, the develop-
ment of MANCs mirrors that of amorphous magnetic alloys [21],
but little analysis of crystallization kinetics has been done on the
Fe-Ni MANC system.
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Crystallization is a solid-state transformation typically controlled by
nucleation and growth. The extent of a phase transformation can be rep-
resented by plotting the volume fraction transformed as a function of
temperature and time in a TTT diagram. The kinetics required to con-
struct a TTT diagram can be derived from Johnson-Mehl-Avrami-Kol-
mogorov (JMAK) kinetics. With JMAK kinetics, the rate constant, k, is
expressed as:

k = ko exp (ﬁ%) (2)

where Q is the activation energy for crystallization, T is temperature, kg
is the Boltzmann constant, and Kg is the rate constant coefficient. The
JMAK equation for volume fraction transformed can then be written:

X =1— exp(—(kt—t;))") 3)

where t; is the incubation time, and n is between 1 and 4 depending on
dimensionality and the nucleation and growth mechanism.

JMAK kinetics does not fully take in account the mechanisms for
crystallization in MANCs however. This is because during crystallization,
the early transition metals are expelled from the crystallites and form a
diffusion barrier limiting further crystallite growth. These diffusion bar-
riers produce impinging diffusion fields instead of direct impingement
of the crystallites [22,23]. In this work, we begin to examine the crystal-
lization kinetics for Fe-Ni based MANCs. In the pseudo-binary (Fejgo —
xNix)goNb4Si>B14 (10 < x < 80) alloys reported here Si and B are metal-
loid glass formers and Nb the early transition metal growth inhibitor.
Nb, as compared with other early transition metals (e.g. Hf [24], Zr
[25]) is beneficial for rapid solidification processing in air which is also
more commercially viable.

Ingots with composition of (Fejgo — xNix)soNb4SizB14 (10 < x < 80)
were produced by melting stoichiometric amounts of the constituent el-
ements (minimum purity of 99.8%) in a Lincoln IDEALARC arc-melter
until homogenized. The ingots were cast into a ribbon using planar
flow casting with an Edmund-Buhler Melt Spinner SC outfitted with a
Cu-alloy wheel under an Ar atmosphere. Ribbons were determined to
be amorphous by first employing a bend test of ductility [26] and then
by XRD using a PANalytical X'Pert PRO. XRD scans were over 26 values
of 30°-80° with a scan rate of 0.9°/min. Al,03; powder is put on top of
the surface to help align the z-position of the sample. DSC was carried
out on a Perkin-Elmer DSC 8500 unit with Cu pans and heating rates
of 20 °C/min, 40 °C/min, and 60 °C/min. Magnetometry was performed
on a Lakeshore 7400-S vibrating sample magnetometer (VSM) with a
1000 °Cinert gas (Ar) furnace and a heating rate of 2 °C/min was used
for temperature dependent measurements. A fixed field of 5000 Oe
was used for all magnetic measurements. DSC was done using a Perkin
Elmer 8500 device. TTT diagrams were determined using a method sim-
ilar to that used by DeGeorge et al. [16].

Primary and secondary crystallization temperatures are shown in
Fig. 1(a) as a function of the average number of s and d electrons per
metal atom in the alloy. Primary crystallization is defined as the event
during which the transition metals, in this case Fe and Ni, crystallize.
Secondary crystallization is defined as when the remaining glass former
enriched amorphous phase crystallizes. Electrons per atom is deter-
mined by calculating the number of electrons per transition metal
atom as a function of alloy composition [27]. Fig. 1(b) shows a typical
DSC curve with clear primary and secondary exothermic crystallization
events. The glass formers are identical in all compositions, with only the
relative amounts of Fe and Ni changing. Because Fe and Ni have nearly
identical atomic diameters, the systematic variation in the crystalliza-
tion temperatures is strongly correlated with electron concentration
[17] and the bonding characteristics of the alloy. It has been previously
proposed that the bonds produced by the overlap between the s-p or-
bitals of the metalloids and the s-d orbitals of the transition metals are
strengthened by a lower number of d-electrons, or a lower e/a value,
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Fig. 1. (a) Crystallization temperature vs. electrons/atom. (b) Typical DSC curve showing
exothermic peaks for primary and secondary crystallization with a heating rate of 40 °C/
min.

thereby stabilizing the amorphous phase. A lower e/a value corresponds
to increasing the number of bonding states, while a higher e/a value in-
creases the number of antibonding states [27].

This stabilization at higher Fe contents can also be viewed from the
perspective of the Friedel model [28] of the density of states. With the
Friedel model, a roughly parabolic cohesive energy, Ec, can be calculated
as a function of element across a period [28-30]. The Ec for crystalline Fe
is weaker than for Ni [30], so it could be expected for the amorphous
phase to be more stable with respect to secondary crystallization as
the alloy is enriched in Fe. This is because with higher Fe content, the en-
ergy is lowered by a smaller amount with crystallization as compared to
a Ni-rich alloy. This correlates with previous reports that Ni-based
amorphous alloys easily undergo secondary crystallization because the
other transition metal elements stabilize the 23:6 phase more than in
Fe-based alloys [31].

The activation energies for primary (Q;) and secondary (Q-) crystal-
lization, and the difference between the two are depicted in Fig. 2(a).
Activation energies were determined by the Kissinger method [32,33].
The Kissinger equation is:

In <%> _ R‘%X te (4)

X

where o is the heating rate and Ty is the crystallization temperature, Q is
the activation energy, R is the gas constant, and c is an integration con-
stant. Similar to crystallization temperatures, the values of Q for primary
and secondary crystallization approach one another at high Ni contents.
This implies that the remaining amorphous phase after primary crystal-
lization in Ni-rich alloys is less stable than the remaining amorphous
phase in Fe-rich alloys. It is also possible that the kinetic barrier to diffu-
sion is lower with higher Ni content, and that allows the amorphous
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Fig. 2. (a) Activation energy for primary and secondary crystallization as a function of % Ni. TTT diagram for (b) primary and (c) secondary crystallization for (Fe;oNi3g)goNb4SizB14.

phase to crystallize more easily. While polymorphic transformations are
observed in Co-based alloys, they have not been observed in Ni-based
MANCs [6,12].

Developing the proper microstructure in MANCs is critical to opti-
mizing the magnetic properties. To this end, it is beneficial to have a
time-temperature-transformation (TTT) diagram for primary crystalli-
zation. In addition, due to the deleterious effects of secondary crystalli-
zation, it is important to know that a MANC device will not undergo
secondary crystallization during the projected lifetime of a device at op-
erating temperature. Because (Fe;oNi3q)goNb4Si>B14 is of particular in-
terest [15], TTT diagrams were determined for this alloy and can be
seen in Fig. 2(b) and (c) . Using this data and Eqs. (2) and (3), stability
at lower temperatures and longer times can be predicted.

First, the Avrami exponent can be determined using the Augis and
Bennett [34]| method:

s
~ ATrwnm Q

()

where ATpwpw is the full width at half maximum of the DSC peak, and
Ty, is the temperature at the DSC peak. For (Fe;oNizq)goNb,4Si;By 4, this
yields an n value of 2.5, which is consistent with constant nucleation
and 3-dimensional diffusion controlled growth. Using the data from
the TTT diagram, k values can be calculated with Eq. (3), and kg values
with Eq. (2). Each data point will yield somewhat different kg values,
so this variance can be used to estimate the error in the calculations.
Then, with values for ko and k, X can be estimated at lower temperatures
and longer times. Since it is of interest to demonstrate the stability of the
amorphous phase at possible device operation temperatures, time and
temperatures are calculated for 1% secondary crystallization. At 200
°C, 1% secondary crystallization is not predicted to occur for 9 x 10!
+ 6 x 10'! years, and at 300 °C, 50,000 + 30,000 years are predicted.

At 350 °C, only 90 & 60 years are predicted, and at 400 °C, the amor-
phous phase is predicted to be stable for less than a year.

Crystallization products are identified by XRD, with a low Ni and a
high Ni alloy shown in Fig. 3. In most alloys, the primary crystallites
are identified as y-FeNi. In (Fe;5Niys)g0Nb,4SizB14 alloys, the primary
crystallites are initially o-FeNi, but y-FeNi comes out at higher temper-
atures (Fig. 3b). While the Fe-Ni phase diagram shows a significant o. +
-y coexistence region, it is possible the effective local compressive stress
due to the lower density of the amorphous phase [35] relative to the
crystalline phase stabilizes the y-phase at higher Fe contents then
would be expected otherwise. The a- to y- phase transition in Fe-
based nanocomposites [36] is an area of much current interest and sug-
gests future studies of Fe-rich alloys under pressure. The secondary
crystallization product is identified as (FeNi),3Bs phase with the
Cr,3Cg prototype structure [31,37,38].

Magnetization and Curie temperature (Tc) data for as-cast ribbons
are shown in Fig. 4(a) along with T, of 'y-FeNi. As expected, the satura-
tion magnetization decreases with increasing Ni content. Comparing T¢
of y-FeNi to the T¢ of the amorphous phase shows a shift of the peak T¢
from 70% Ni to 30% [39]. This can be understood qualitatively with re-
spect to the Bethe-Slater curve [40,41]. The Bethe-Slater curve plots
the magnetic exchange interaction as a function of atomic separation
normalized by the diameter of the d-electron orbital, and resembles
an inverted potential well diagram. In the amorphous phase, there is a
distribution of atomic spacings which contribute to a distribution of ex-
change energies [42]. Fe-Fe interactions in the 'y phase are negative, and
extremely sensitive to atomic spacing while Ni-Ni and Fe-Ni interac-
tions are positive and not as sensitive. It is for this reason that the
peak in Curie temperature lies on the Ni-rich side of the binary phase di-
agram for the vy phase. Since Fe atoms bond distances cannot get much
smaller than observed in close-packed structures and the amorphous
phase typically has ~2% free volume, the distribution will be weighted
to larger spacings, which can lead to some positive Fe—Fe exchange
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Fig. 4. (a) As-cast saturation induction and T, and y-FeNi T.. (b) Magnetization vs. time at
temperature for (Fe;gNizg)goNb4SizB14.

interactions. It is therefore expected that the peak in T¢ will shift to
higher Fe contents with respect to y-FeNi. The overall decrease in Tc
can be explained by the fact that the alloy has a significant number of
non-magnetic atoms that do not contribute to the overall exchange en-
ergy. Also, the total exchange energy may be lower due to the averaging
of positive and negative exchange interactions among the Fe-Fe
interactions.

Fig. 4(b) depicts magnetization as a function of time at various tem-
peratures for a (Fe3oNizg)goNb,4Si>B14 sample. At all temperatures above
420 °C, the magnetization reaches a maximum, decreases, and then in-
creases again. In order for this to occur, the secondary crystallites must
consume some of the crystals formed during primary crystallization.
Secondary crystallization occurs at these low temperatures due to the
relative instability of the amorphous phase in high Ni alloys, and possi-
bly also due to lower migrational energy as noted earlier. With higher
Fe, secondary crystallization is not observed at lower temperatures.
The decrease in the maximum magnetization is due to approaching
the Curie temperature of the primary crystallites (~500 °C).

As primary crystallization occurs, the amorphous matrix becomes
enriched in glass forming atoms. Once the ratio of Fe and Ni to B and
Nb lowers enough, the amorphous matrix may be able to undergo a
diffusionless polymorphic transition to the 23:6 phase [12]. This will
be tested in the future with more extensive M vs. T experiments.

Fe-Ni based amorphous nanocomposites were investigated. Crystal-
lization temperatures and energies were found to approach one another
with higher Ni contents. The primary crystallites were identified as -y-
FeNi for all alloys except (Fe;sNiys)goNb4SizBy4. For this alloy, primary
crystallites were a-FeNi with «y-FeNi forming at higher temperatures.
All alloys showed (FeNi),3Bg as the secondary crystallization product.
TTT diagrams for primary and secondary crystallization in
(Fe;oNis0)goNb4Si;B14 were shown, and stability calculations were car-
ried out predicting the stability of the amorphous phase over 20 years
for several temperatures. Magnetometry demonstrates that saturation
inductions of >1.5 T are possible with Fe-Ni MANCs. It also suggests
that the secondary crystal product consumes some of the primary crys-
tal product when forming.
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