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In this work, we performed a detailed study of the crystallization, crystal structure, and mag-
netic properties of Feg;_.Si._ Al ,Nb3;BoCu; nanocrystalline alloys that were designed primarily
for low-temperature applications. In addition, their interesting low-temperature [77 K to 300 K
(=196 °C to 27 °C)] magnetic properties (H. and M) were also investigated. These alloys were
produced by annealing their amorphous precursors at 823 K (550 °C). Si and Al substitution do
not seem to alter the crystallization procedure and crystal structure of the parent alloy but
reduces the lattice parameter, the Curie temperature, and the saturation magnetization. On the
other hand, it improves the room temperature coercivity at small amounts (H. = 0.35 A/m for
x = 3.5, z = 19) and changes its temperature dependence. As a result, a remarkably low H,
value at 77 K (=196 °C) of 0.45 A/m was observed for x = 6 and z = 23.5.
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I. INTRODUCTION

FOR decades, Finemet [e.g., Fey3.551;3 sNbsBoCuy]
has been a leading material for soft magnet applications at
room temperature.!) Its excellent soft magnetic proper-
ties have been attributed to the very fine microstructure
that results in nearly zero effective magnetocrztystalline
anisotropy® and very small magnetostriction.” Due to
its successful room temperature performance, a recent
study by Claassen investigated Finemet for use in
cryogenic environments to support superconducting mo-
tor and cryogenic power converter technologies. The
study revealed that the core losses of Finemet increase by
nearly 300 pct compared to its room temperature value.
Other materials designed for room temperature use have
also been investigated for cryogenic applications, exhibit-
ing varying degrees of degraded performance.l* ! With all
of the materials investigated showing some performance
degradation due to the cryogenic environment, it is clear
that there is room for new alloys specifically designed for
cryogenic temperatures if ferromagnetic materials are
going to be considered for use within the cryostat.

Previous work by our group showed that proper
substitutions of Fe with Al and Si in the (Fe,Si)-based
nanocrystalline alloys can improve the magnetic prop-
erties both at ambient and liquid nitrogen environ-
ments.'"” In the present work, we investigate the
crystallization behavior, crystal structure, Curie tem-
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perature, magnetostriction, and temperature depen-
dence of saturation magnetization and coercivity of
Fe-Si-Al-Nb-Cu alloys. The alloy design principles for
the Al/Si substitution were inspired by the work of
Takahashi et al. on single crystalline and polycrystalline
Sendust alloy (7 to 11 wt pct Si, 4 to 7 wt pct Al, bal.
Fe).""12 In their work, the temperature dependence of
magnetocrystalline anisotropy (K;) and magnetostric-
tion coefficients (4199, 4111) for Fe-Si-Al compositions
close to the Sendust alloy were examined. They found
the temperature at which K; and A near zero depends
sensitively on the Fe-Si-Al composition. The minimum
temperature at which these two criteria were satisfied
was 195 K (or —78 °C). In the present study, we have
used a linear extrapolation of the Takahashi data to
identify a composition region with potentially low
values of K; and s at 77 K (=196 °C).

II. EXPERIMENTAL PROCEDURE

Amorphous ribbons with composition Feg;_.
Si._ AlLNb3ByCu; where (x, z) = (0,13.5), (3.5, 19),
(5, 21.5), (6, 23.5), (7, 25) were prepared using a single
roller melt spinner with a surface speed of 50 m/s and an
orifice of 0.75 mm in a He environment. The ribbons
produced had a thickness of ~20 um, width of 2 to
3 mm, and lengths between a few centimeters and
several meters. The as-spun ribbons were annealed
isothermally at 823 K and 1023 K (550 °C and
750 °C) for 3600 seconds in an Argon atmosphere and
then quenched rapidly in water. The crystallization
process was examined by differential thermal analysis
(DTA) using a TA instruments SDT2960 at a heating
rate of 20 K (=253 °C)/min. The crystal structure of the
as-spun and annealed ribbons was examined using a
Philips APD 3520 X-ray diffractometer (XRD). The
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measurements were performed on ~I-cm-long pieces of
ribbons using Cu K, radiation. From the XRD patterns,
we calculated the lattice constants of the crystalline
phase (by fitting the diffraction peaks and using the
cos*0/sin0 method) and the grain size (using the Scherrer
equation).'¥) The magnetic hysteresis loops and ther-
momagnetic measurements were measured using an
ADE Model 4HF vibrating sample magnetometer
(VSM). During these measurements, a piece of ribbon
5-7-mm long was mounted with its long dimension
parallel to the external field in order to minimize the
demagnetizing field effect. The hysteresis loops of the
samples annealed at 823 K (550 °C) were measured at
temperatures between 77 K and 300 K (—196 °C and
27 °C) and with applied fields up to 1.592 MA/m
(20 kOe). For the determination of the coercivity, each
ribbon piece was measured 5 to 10 times and an average
value was obtained. Thermomagnetic measurements
were conducted under an applied field of 3.18 kA/m
(40 Oe) from 25 to 350 °C. Transmission electron
microscopy (TEM) was carried out to examine the
refined grain microstructure using a Philips CM-30
analytical transmission electron microscope. Samples
for TEM were prepared by ion milling using a Fischione
ion mill with a gun voltage of 5 kV, current of 5 mA,
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Fig. 1—Differential Thermal Analysis scans of the amorphous as-
spun ribbons at a heating rate of 20 K (—253 °C)/min for
Feg7,ZSi_—,.\,Al_va3B9Cu1 al]OyS.

and sputtering angle of 12 deg. Magnetostriction mea-
surements were performed using strain gage-based
techniques described in Reference 14.

III. RESULTS AND DISCUSSION

Figure 1 shows the DTA scans of the as-spun ribbons
with the values of the onset of the crystallization
temperatures presented in Table I. All compositions
show two strong exothermic peaks that are well separat-
ed from each other. The first one occurs between 810 K
and 829 K (537 °C and 556 °C) and the second between
961 K and 1003 K (688 °C and 730 °C). Some compo-
sitions show a weak third exothermic peak between
1008 K and 1040 K (735 °C and 767 °C). It can be seen
from Figure 1 that the position of the first exothermic
peak varies only slightly with Al and Si additions when
compared to that of Finemet. However, the second peak
moves to higher temperatures when x increases from 0
to 3.5 followed by small fluctuations for higher x values.
Overall, the difference between the primary and the
secondary crystallization peak positions increases sig-
nificantly with 3.5 at. pct substitution of Al followed by
small decrease for 6 and 7 at. pct Al (Table I). These
results imply that Si and Al substitutions improve the
stability of the intergranular amorphous matrix phase
that forms during primary crystallization compared to
the Finemet composition (i.e., Fe;35Sij35Nb3BoCuy).
The first exothermic peak, according to X-ray diffrac-
tometry, corresponds to the crystallization of the as-
spun, amorphous phase to the Fe;(Si,Al) phase (see also
Figure 2), while the second crystallization peak is likely
due to the clear formation of Fe;B, Fe,B phases and
possibly Fe-Nb intermetallics from the residual amor-
phous matrix phase that persists after primary crystal-
lization.

Figure 2 shows the XRD patterns of Fegss
Sij6.5AlsNb3;BoCu ribbons before and after annealing.
Similar diffractograms were obtained for all composi-
tions. The ribbons in the as-spun state are clearly
amorphous (Figure 2(a)). After annealing at 823 K
(550 °C) for 3600 seconds (which is approximately the
temperature where the primary crystallization peak
occurs), the D0s-Fe;(Si,Al) phase is formed as identified
from the broad fundamental peaks and many weak
superlattice peaks, especially {111} and {200}. In addi-
tion to the crystalline phase, some residual amorphous
phase exists as indicated from the extra breadth of the
{220} fundamental peak (Figure 2(b)). The fact that the
DO05s-Fes(Si,Al) is formed in such a wide range of Fe-Si-
Al compositions is due to the large solubility of Si and

Table I. Thermal Analysis for the as-spun Feg;_.Si._,Al,Nb3;ByCu; Ribbons

Tx2,onsel [K (OC)] ATX [K (OC)]

Composition Trt.onset [K (°C)]
Fe73.58113.5Nb3BoCu 794 (521)
FeggSiis.sAlz sNb3BoCuy 789 (516)
Fegs 5Si16.5A1sNb3BoCu, 795 (522)
Feg3.55117.5A1Nb3BoCu,y 798 (525)
Fe62Si18A17Nb3B9CUI 805 (532)

942 (669) 148 (—125)
984 (711) 195 (=78)
991 (718) 196 (—77)
985 (712) 187 (—86)
992 (719) 187 (—86)
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Fig. 2—X-ray Diffraction patterns of Fegs sSij¢sAlsNbyByCu; rib-
bons: (a) as-spun, (b) annealed at 823 K (550 °C)/3600 s ((hkl)
shown for D05 phase), and (¢) annealed at 1023 K/3600 s (additional
peaks marked for Fe;B (+) and Fe,B (*) phases).

Al in the D03 phase. After annealing at 750 °C (Fig-
ure 2(c)) (which corresponds to a temperature well
above the second crystallization peak), some additional
intermetallic phases form (namely Fe,B and Fe;B). The
Fe-B compounds have tetragonal structure with stron-
ger magnetocrystalline anisotropy™®'®! which in combi-
nation with the coarsening of the grains (narrower
diffraction peaks) contributes to the deterioration the
soft magnetic properties of the alloy. Based on the
breadth of the XRD peaks and using the Scherrer
formula, we found that the average grain size for the
samples annealed at 823 K (550 °C) is between 9 and
11 nm diameter, independent of composition. This was
confirmed by the TEM results as shown in the bright-
field image of the Fe63.5Si17A5A16Nb3B9CU1 ribbons
annealed at 823 K (550 °C) (Figure 3). It can be clearly
seen that the ribbon is composed of very small grains 10
to 15nm in diameter embedded in an amorphous
matrix. The selected area diffraction (SAD) shown in
the inset of Figure 3 confirms the crystal structure of the
Fe;(Si,Al) grains.

From the XRD peaks, we calculated the Iattice
constant of the D05 structure and the results are plotted
as a function of z (i.e. total Si + Al substitution for Fe)
in Figure 4. It can be seen that the lattice constant
decreases as z increases. This means that when Fe is
replaced by Si and Al atoms, the D03 unit cell becomes
smaller. Due to the smaller size of the Al and Si, the
non-equilibrium nature of the processing, and the
changes in the complex nature of lattice parameter with
the composition in Fe-Si-Al alloys, a unique composi-
tion of the D03 phase was not determined. Previous
studies on Fe-Si alloys showed a linear decrease in the
lattice parameter with the Si content.' However, Fe-Al
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Fig. 3—Bright-field TEM image of Fes3 55i17.5sAlgNbyBoCu, annealed
at 823 K (550 °C)/3600 s. The inset on the top right corner is a se-
lected area diffraction image showing the diffraction rings from the
DO0; nanocrystals.

alloys showed a more complicated trend which is closely
related to the changes in the magnetic valence with the
Al content.!"”) In particular, they found that the lattice
parameter in Fe-Al alloys increases up to ~22 at. pct Al,
then it decreases up to ~33 at. pct Al. According to
Taylor and Jones,!'” this complexity can be attributed
to the electron transfer to the Fe sites as Al is substituted
for Fe, thus decreasing both the radii of Fe and Al
Another reason for the observed trend in our alloys is
the fact that a significant portion of the Al atoms does
not enter the D05 structure but is segregated in the Cu
clusters in a ratio 2:1 as suggested by the previous 3D
atom probe analysis'® making the effect of Si on the
crystal lattice parameter dominant.

Since in these alloys the averaging of the magne-
tocrystalline anisotropy is facilitated through the ferro-
magnetic intergranular amorphous phase, it is
important to know the Curie temperature of the
amorphous phase (7¢"), which dictates the upper
temperature limit for applications. The Curie tem-
perature of the as-quenched amorphous and the
Fes(Si,Al) phases in the annecaled samples at 823 K
(550 °C) vs z is shown in Figure 5 and delineated in
Table II. Two trends can be discerned: (1) the Curie
temperature of the Fes(Si,Al) phase is generally higher
than that of the amorphous phase; (2) the Curie
temperature of each phase decreases with Al + Si
substitution."® As suggested by the previously pub-
lished atom probe tomography analysis, B and Nb
atoms are strongly segregated in the residual amorphous
phase whereas Fe, Si, and some of the Al atoms in the
nanocrystalline phase. Therefore, the Fe substitution
with Si and Al is expected to have a stronger effect on
the crystalline than the amorphous phase. In addition,
this declining trend of the Curie temperatures can be
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Fig. 4—Effect of Si and Al substitution for Fe on the lattice con-
stant of the DO0;-Fe;(Si,Al) grains for the Feg; .Si._ (Al .Nb;3;BoCu,
alloys annealed at 823 K (550 °C)/3600 s.
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Fig. 5—Curie temperature of the amorphous phase in the as-spun
ribbons and the crystalline phase in the annealed ribbons [at 823 K
(550 °C)/3600 s] with compositions Feg;_.Si._  Al,Nb3;BgCu,.

attributed to the weakening of the ferromagnetic inter-
actions due to the Si and Al substitutions. Similar trends
have been observed in the Fe-Si-Al ordered alloys!'”
and Fe-Si-B alloys.””

The effect of composition and annealing on the room
temperature saturation magnetization of the as-spun
and annealed ribbons is illustrated in Figure 6 with the
room temperature saturation magnetization values pre-
sented in Table II. In both the as-spun and annealed
ribbons, the magnetization decreases monotonically
with the amount of Si + Al substitution for Fe, z. The
decrease becomes steeper for the last two compositions,

= 23.5, 25. This trend can be attributed to (1) the
absence of d-electrons in Si and Al atoms that dilute the
magnetic moment of the alloy as they substitute for Fe
in the parent composition (Finemet), (2) the electron
transfer from Sl cmd Al to Fe atoms reducing the Fe
atomic moment,'” and (3) the fast decrease of the Curie
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temperature of both the as-spun amorphous phase and
the crystalline D0s-Fe;3(Si,Al) phase with z as discussed
earlier. Another observation from Figure 6 is that after
annealing, the saturation magnetization of the ribbons
decreases slightly for the Finemet composition
(Z = 135) up to 35 pct in the Fe6zsilgAl7Nb3B9CLl1
(z = 25) ribbons.

The room temperature coercivity, H., (Figure 7(a))
shows a minimum of 0.35 A/m for z = 19. Then it
increases steadll%/ with the increasing z, reachmg 1.48
A/m for z = 2510 1 All the room temperature coercivity
values are summarized in Table II. Similar coercivity
trends in Al-containing Flnemet compositions have been
observed by Todd et al.*" In nanocrystalline materials,
the coercivity is a result of the average magnetocrys-
talline anisotropy, (K), rather the magnetocrystalline
anisotropy constant, K;, due to the small %rain size and
the exchange interaction between them.’! Room tem-
perature (K) values were calculated using the A, and M|
values from our measurements and Herzer’s equations
for H and in the following way. First, we used the
(K) D°Jg- A> (where D = grain  size,
A~ 10_ J/m = exchange stiffness, J; = saturation
magnetlzatlon in Tesla, and K; (Fe-20 at. pct
Si) = 8 x 10° J/m) equatlon[ I'to calculate (K) for the
Finemet composition (x = 0, z = 13.5). By plugging
this value into H. = p. - (K)/Js (where p. is a constant
and J; the magnetization in Tesla), we found that

= (.138. Assuming that p. does not change over the
composition range, we used the relation (K) = H, - J/
pe to find the (K) for the rest of the compositions. The
results are shown in Figure 7(b) where it can be seen
that (K) follows the same trend as the coercivity.

Since the coercivity in the soft nanocrysrtalline alloys
not only depends on the average magnetocrystalline
anisotropy (K),” but also on the magnetostriction, the
room temperature magnetostrictive coefficient, A;, was
also measured across the composition series. The results
of the as-spun and annealed samples are shown in
Figure 8. The magnetostriction coefficient in the as-spun
ribbons has large positive values due to the presence of
the amorphous phase and it declines with the increasing
Al + Si substitution. After annealing at 823 K (550 °C),
their magnetostriction values drop close to zero and for
higher Al and Si amounts become slightly negative. This
is a result of two contributions of opposite sign, a
positive one from the amorphous phase and a negative
one from the Fe-Si-Al crystallites.’! Similar behavior
has been observed in other Finemet compositions with
and without ALM¥?>?¥ From the measured A values and
assuming that the residual stress in the ribbons is
o ~ 1.5 MPa"® and independent of the composition, the
stress anisotropy constant was calculated based on

= 3/2 - A - 0. The results are shown in Figure 7(b)
where it can be seen that for all the Al-containing
compositions, K, is an order of magnitude or two
smaller than the (K) values. Therefore, we can safely
assume that the main contribution of the coercivity at
room temperature is the average magnetocrystalline
anisotropy, (K).

Since these alloys were primarily designed to have
optimum magnetic properties at cryogenic tem-
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Table II. Magnetic parameters at 300 K and 77 K (27 °C and —196 °C) of the Feg;__Si._,Al,Nb3;BoCu, ribbons annealed at
823 K (550 °C) for 3600 s
Ms (300 K) Ms (77 K) H, (300 K) H. (77 K) T. (am) T. (Fes(Si,Al))

Composition A m?/kg A m’/kg A/m A/m (K) (K)
Fe3.5S113.sNbsBoCu, 145 158.4 0.52 £ 0.08 0.81 600 (327) 850 (577)
FeggSiys.sAl; sNb3BoCu,y 113.3 127.6 0.35 £ 0.05 1.26 568 (295) 728 (455)
Fegs.5S116.5A1sNb3BoCu, 98.3 114.9 0.50 &+ 0.07 0.58 535 (262) 676 (403)
Fegs 5Si;7 5AlgNbsBoCu; 80.4 99.3 1.12 £ 0.18 0.45 517 (244) 584 (311)
FegSijsAl;Nb3;ByCuy 64.1 87.9 1.48 £ 0.15 1.45 479 (206) 476 (203)

T.(am) = Curie temperature of the as-quenched amorphous phase and T.(Fe;(Si,Al) = Curie temperature of D05 crystalline phase.
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Fig. 6—Variation of the room temperature saturation magnetization
with composition for the as-spun and annealed [at 823 K (550 °C)/
3600 S] FCg7,ZSiZ,XA1XNb3B9CL11 alloys.

peratures, it is important to investigate their magnetic
performance not only at room temperature but also at
lower temperatures. The results are summarized in
Figure 9 where the temperature dependence of the
saturation magnetization (Mg) and coercivity (H.) of
the annealed ribbons are plotted. As expected, Mg
increases steadily as the measuring temperature decreases
due to the reduced thermofluctuations of the magnetic
moments. The increase seems to be slightly stronger for
the ribbons with the highest amount of Al and Si contents
(Figure 9(a)). This is probably due to the lower Curie
temperatures associated with these compositions. On the
other hand, the temperature dependence of the coercivity
is more complicated and changes significantly with the
addition of Al and Si (z) (Figure 9(b)).

For the first three compositions (z = 13.5, 19, and
21.5), coercivity increases as temperature decreases.
More specifically for z = 13.5 and 21.5, H, reaches a
shallow maximum at 7 = 200 K (=73 °C) before it
begins to slightly decline at lower temperatures, whereas
for z = 19 it increases continuously. At z = 23.5 and
25, the temperature trend of the coercivity reverses; H.
decreases with the decrease in temperature to about
150 K (=123 °C) and then either remains stable
(z = 23.5) or increases slightly (z = 25). The lowest
measured coercivity at 77 K (=196 °C) is 0.45 A/m and
it was obtained for z = 23.5. This value is lower than
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that of the commercially available Cryoperm-10 alloy
(i.e., Niz7 4Feq59Cuy sMo; sMn; o) designed by Vacuum-
schmelze to operate at 4.2 to 77 K (=196 °C), which has
an H, of 1.2 A/m.l'%

The different temperature trends of the coercivity we
observed can be attributed to the combined effect of
temperature dependence of the magnetocrystalline
anisotropy and magnetostriction. By changing the ratio
of Fe:Si:Al, we change the temperature where both K;
and A have values near zero, which enable lower
coercivity. A rarely observed change in the sign of Kj
requires a zero value at some temperature, which is
sensitively dependent on the composition of the alloy.
This specific feature of (Fe,Si,Al) alloys was observed by
Takahashi, et al. using FeSiAl single-crystal samples and
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is illustrated in Figure 3 of Reference 12 and Figure 2 in
Reference 11. This known change in sign with compo-
sition in ‘large-grained’ (or single crystal) alloys was
used as an alloy design principle for the development of
fine-grained alloys. Although we did not measure the
temperature dependence of the magnetocrystalline
anisotropy in our samples, we believe that like in
Takahashi alloys the slight variation in Si/Al content for
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tocrystalline anisotropy for three of the Feg;_ .Si._ Al .Nb;3;BoCu,
alloys (z = 13.5, 23.5, and 25).

the related alloys results in a large change in the
temperature at which the magnetocrystalline anisotropy
changes sign. A schematic diagram that is consistent
with what we know about the K;(T) for (Fe,Si,Al),
(Fe,Si), and our samples is graphically shown in
Figure 10 for three representative compositions. Of
course, the temperature dependence of magnetostriction
is another factor that determines the coercivity at low
temperatures too; however, we were also unable to
measure this quantity at cryogenic temperatures. In
addition, as it was mentioned earlier, the magnetostric-
tion in these nanocomposite ribbons has two contribu-
tions of opposite sign, i.e., from the Fe-Si-Al grains and
the amorphous matrix, which may have completel?/
different temperature trends. According to Takahashil'"!
in the Fe-Si-Al single crystals, both magnetostrictive
coefficients, 4199 and A;;7, change sign from negative to
positive with the decreasing temperature. However, it is
not known how the magnetostrictive coefficient of the
amorphous phase varies with temperature making it
even more difficult to predict the non-equilibrium
multiphase samples.

IV. CONCLUSIONS

In this work, we successfully designed and fabricated
a series of (Fe-Si-Al)-based soft nanocrystalline alloys
with the intention of improving their magnetic perfor-
mance at cryogenic temperatures. It was found that Si
and Al substitutions for Fe has the following effects:

1. Stabilize the nanocrystalline DO0;-Fe;(Si,Al) mi-
crostructure by increasing the temperature differ-
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ence between the primary and secondary crystalliza-
tion peak.

2. Decrease the lattice parameter of the D0s-Fe;(Si,Al)
phase, the Curie temperature of the amorphous and
the crystalline phase, and the saturation magnetiza-
tion of the ribbons.

3. Decrease the room temperature coercivity to
0.35 A/m when used at small amounts (x = 3.5,
z = 19).

4. Change the temperature dependence of the coer-
civity. The lowest coercivity, 0.45 A/m, was obtained
at 77 K (*196 OC) for the Fe63.5si17_5A16Nb3B9C111
ribbons, which is comparitively lower that that ob-
tained for the commercially available alloy, and
hence is favorable for cryogenic applications.
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