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Abstract: The soft magnetic amorphous ribbons of (FexCoj_,)gsMgNb1Bs (M = Zr or Hf, x = 0.4,
0.5, 0.6, 0.7, 0.8, and 0.9) were investigated in this study. Replacing Zr by Hf turned out to increase
saturation magnetization and, at the same time, reduce the coercivity, both of which serve together in
enhancing the soft magnetic performance of the alloys. Moreover, the optimum ratio of Fe/Co was
determined after the survey on different alloys with varying Fe/Co ratio resulting in the maximum
saturation magnetization while keeping the coercivity low. After optimization, the highest saturation
magnetization of 1.62 T was achieved with coercivity of 11 A/m. While substitution of Hf for Zr
slightly reduced the crystallization onset temperature of the amorphous structure, the thermal stability
of the soft magnetic amorphous alloys was not significantly affected by the Zr/Hf replacement.
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1. Introduction

There has been a significant interest in the various advantages of Fe-based amorphous
alloys, such as good corrosion resistance, high fracture strength, and low material cost.
Since the first Fe-based amorphous alloy of Fe-P-C was produced in 1967 [1], a variety of
Fe-based amorphous alloys have been developed, such as Fe-Al-Ga-P-C-B [2], (Fe, Co, Ni)-
P-B [3], (Fe, Co, Ni)-(Cr, Mo, W)-C [4], and (Fe, Co, Ni)-(Zr, Hf, Nb)-B [5,6]. Moreover, there
are several studies for their commercial applications used in the electronics industry [7,8]
to improve the soft magnetic properties, for example, high saturation magnetic flux density
(Bs), low coercivity (H), and high permeability (ue) [9-13].

In particular, the Fe-rich Fe-Zr alloys attracted considerable attention in the past few
years because of their spin-glass behavior [14,15]. However, Fe-Zr alloys in their binary
composition with an amorphous structure are difficult to produce, which is a crucial
requirement for soft magnetic performance [16,17]. It is well known that the small addition
of B in Fe-Zr and Fe-Hf alloys improves their glass-forming ability (GFA). It has been
reported that Fe-(Zr, Hf)-B alloys have a high Bs of 1.5 T and, at the same time, a wide
compositional range for glass formation [5,16,17]. Furthermore, replacement of Zr by Hf
decreased H. in Fe-(Zr/Hf)-B alloys [18,19]. As another alloying element to increase the
GFA of the Fe-based amorphous alloys, Nb plays important roles in amorphous alloys
from different aspects: GFA, strength, and hardness [20]. Especially in the Fe-Zr-B system,
small Nb addition enhanced the thermal stability while maintaining high B, low H¢, and
high pe [21]. Moreover, appropriate substitution of Nb for Zr affected B, e, and mean
grain size [22,23]. As the last parameter to control the soft magnetic performance, Fe/Co
ratio should be considered since it has been known that alloying Fe and Co together when
producing Fe-Co-based amorphous metals resulted in improved saturation magnetization
as well as higher GFA [8,24-26]. Indeed, by addition of B and Si [27] and B, Si, P, and C [28],
Fe-Co-based amorphous alloys were recently reported to have outstanding saturation
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magnetization, 1.86 and 1.79 T, respectively. Combining the above-mentioned information
reported so far, it is of high importance to survey the effect of Zr/Hf replacement and
Fe/Co ratio in the same set of experimental schemes with an optimized composition of Nb,
whose result is expected to suggest a new competitive soft magnetic alloy.

In this context, we report the effect of substitution of Hf for Zr with varying Fe/Co
ratio in the (FeyCoj_,)g5sM9Nb1Bs (M = Zr or Hf, x = 0.4, 0.5, 0.6, 0.7, 0.8, and 0.9) alloys on
magnetic and thermal properties.

2. Materials and Methods

Multi-component Fe-Co-based alloy ingots with nominal atomic percentage compo-
sitions of (FeyCo1_y)gsMgNb1Bs (M = Zr or Hf, x = 0.4, 0.5, 0.6, 0.7, 0.8, and 0.9) were
prepared by using arc-melting under a Ti-gettered argon atmosphere with high purity
metals of Fe (99.95%), Co (99.95%), B (99.5%), Si (99.999%), Nb (99.95%). Ingots were
melted more than four times by flipping over the button-type ingot after every melting
to maximize their compositional homogeneity. Ribbons with 2 mm width and 20 um
thickness were fabricated by using melt-spinning technique under an argon atmosphere
with the rotational speed of a copper wheel of 56.3 m/s. The structure of the as-spun
ribbons was analyzed by using X-ray diffraction (XRD, D8 Advance, Bruker, Billerica,
MA, USA) with Cu-K« radiation. The crystallization temperature (Tx) was measured by a
differential scanning calorimeter (DSC, Labsys N-650, SCINCO, Seoul, Korea) under an
argon atmosphere. Ribbons were heated from room temperature to 1100 K with a heating
rate of 0.34 K/s. Magnetic properties such as Bs and H, were measured by a vibrating
sample magnetometer (VSM, EV9, MicroSense, Lowell, MA, USA) and a DC B-H loop
tracer at room temperature (DC B-H loop tracer, MI-36, SENSORPIA Co., Ltd., Daejeon,
Korea), respectively. Bs was measured by VSM under in-plane applied magnetic fields
ranging from —800 to 800 kA /m. For VSM measurement, ribbons were cut in length of
about 5 mm and 3 layers were used for a single measurement. H, was measured by DC
B-H loop tracer under maximum applied fields of 300 A /m. For B-H loop trancer, 5 layers
of 100 mm long ribbons were used. Both VSM and DC B-H loop tracer can provide the
information on the Hysteresis loop of materials under measurement. However, since H in
soft magnetic amorphous materials is very small, H. must be measured by a DC B-H loop
tracer with a low field which has a better resolution. Magnetic domain observation was
carried out by means of magneto-optical Kerr microscopy. Microscopic hysteresis loop, as
well as corresponding magnetic domain patterns, are simultaneously investigated, where
longitudinal magneto-optical Kerr effect is utilized to see the contrast [29].

3. Results and Discussion

Figure 1 shows XRD patterns of the (FexCo1_,)g5sM9Nb1Bs (M = Zr or Hf, x = 0.4, 0.5,
0.6, 0.7, 0.8, and 0.9) melt-spun ribbons. For all specimens, typical pattern of amorphous
structure characterized by a broad halo hump is observed. Although the lab-XRD is limited
in detecting precipitation taking place in nanometer scale, XRD profiles of all samples
suggest that those specimens prepared in this study are mostly composed of amorphous
phase. A sharp peak with low intensity is observed for the case of (FeyCoj_,)g5sMgNb1Bs
(M = Hf, x = 0.9), however, based on its intensity compared to that of the amorphous hump,
it appears that the fraction of the crystalline phase is not significant. Moreover, it could
be noted that, for Figure 1b, where Hf was used, the broad hump became stronger as the
Co concentration increased (as x decreased from 0.9 to 0.4). This observation suggests that
higher fraction of Co compared to Fe in the case of Hf-added alloys could weaken GFA
while mixing of Co and Fe in mutually comparable concentration leads to reasonable GFA
of the alloys.
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Figure 1. XRD patterns of the as-spun ribbons of (a) (FexCo1_x)s5Zr9Nb;Bs (alloys with Zr and
x=04,0.5,0.6,0.7,0.8, and 0.9) and (b) (FexCo;_,)g5HfgNb;Bs5 (alloys with Hf and x = 0.4, 0.5, 0.6,
0.7, 0.8, and 0.9).

Figure 2 shows the DSC thermograms of the (FexCoj_,)ssM9Nb1Bs (M = Zr or Hf,
x =04, 0.5, 0.6, 0.7, 0.8, and 0.9) melt-spun ribbons, and the crystallization onset tem-
peratures (Tx) of the alloys were marked by arrows. With increasing Fe content, Ty of
the (FexCoj_yx)g5Zr9Nb1Bs (alloys with Zr and x = 0.4, 0.5, 0.6, 0.7, 0.8, and 0.9) and
(FexCo1_y)s5HfoNb1Bs (alloys with Hf and x = 0.4, 0.5, 0.6, 0.7, 0.8, and 0.9) as-spun ribbons
was also increasing from 819 to 858 K and from 808 to 849 K, respectively. These values of
the Tx for all alloys are shown in Table 1. For a given ratio of Fe/Co, Tx of the alloy with Zr
is higher than that of the Hf case, which suggests the enhanced thermal stability induced
by Zr substitution for Hf.
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Figure 2. DSC curves of the as-spun ribbons of (a) (FexCo1_)s5Zr9Nb;Bs (alloys with Zr and x = 0.4,
0.5,0.6,0.7,0.8, and 0.9) and (b) (FexCoj_y)s5HfgNb1Bs (alloys with Hf and x = 0.4, 0.5, 0.6, 0.7, 0.8,
and 0.9).

The magnetic properties were analyzed by measuring hysteresis loops. Hysteresis
loops (B-H curves) of the (FexCo1_y)ssMgNb1Bs (M = Zr or Hf, x =04, 0.5, 0.6, 0.7, 0.8, and
0.9) melt-spun ribbons were obtained by using VSM as shown in Figure 3. VSM measured
the Bs values, and the H, values were measured by DC B-H loop tracer. All of the hysteresis
loops are shown as typical B-H loops of soft magnetic amorphous materials.

All of the Bs and H, values are summarized in Table 1. The Bs and H. of the Metglas
2605 CO, a common amorphous material, are 1.2 T and 80 A /m, respectively. Moreover, for
30KCP (Fes7C024Cr3B14Cp 2 metallic glass), it has been reported that B is 1.3 T, and H is
80 A/m [30]. Compared to these values, the Fe-Co-(Zr/Hf)-Nb-B alloys used in this study
turned out to have better soft magnetic properties.
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Table 1. Thermal and magnetic properties of (FexCoj_,)gsMgNb1Bs (M = Zr or Hf, x = 0.4, 0.5, 0.6,
0.7,0.8, and 0.9) as-spun ribbons.

Alloys Thermal Properties Magnetic Properties
. - Tx H, Bs
Fe/Co Ratio Alloy Composition K) (A/m) T
4:6 Fes, Cos; Zrg Nb; Bs 819 24 1.22
5:5 Fe47,5 CO47A5 ZI‘9 Nb1 B5 822 22 1.33
6:4 Fe51 C034 ZI‘9 Nb1 B5 827 21 1.52
7:3 Fe59,5 C025‘5 ZI‘9 Nb1 B5 837 18 1.48
8:2 Fe63 C017 ZI‘9 Nb1 B5 850 15 1.38
9:1 Fe76_5 COS.S ZI‘9 Nb1 B5 858 12 1.19
4:6 Fe34 C051 Hfg Nb1 B5 808 23 1.43
5:5 Fe47,5 CO47A5 Hf9 Nb1 B5 817 20 1.62
6:4 Fe51 C034 Hfg Nb1 B5 823 19 1.54
7:3 F659'5 C025‘5 Hfg Nb1 B5 832 17 1.40
8:2 Fe63 C017 Hf9 Nb1 B5 839 14 1.18
9:1 FE76_5 COS.S Hfg Nb1 B5 849 11 0.93
(a) 15[ (nplane) ' % () 2O [Ah plane) T 5 %
151
= ~ 10}
Z os| 2 i~
c @ osf
3 o
o 00 = o
2 (Fe,Co,,),; Zr,Nb, B, E (Fe Co, ),, Hf,Nb B
£ *=06 L] S ——— *=06
Q 10r x=0.7 - 3 x=0.7
= x=0.8 = 15 x=0.8
15 ¢ ! n 1 L 1 Xz‘?'g L 1 L ! L L ":9‘9 L

2.0 L
-1000 -800 -800 -400 -200 O 200 400 600 800 1000
Applied Magnetic Field (kA/m)

-1000 -800 -600 -400 200 O 200 400 600 800 1000
Applied Magnetic Field (kA/m)

Figure 3. Hysteresis loops of the as-spun ribbons measured by VSM of (a) (FexCo1_,)g5ZrgNb;Bs
(alloys with Zr and x = 0.4, 0.5, 0.6, 0.7, 0.8, and 0.9) and (b) (FeyCo;_,)gsHfgNb1B5 (alloys with Hf
and x =04, 0.5, 0.6, 0.7, 0.8, and 0.9).

Figure 4 shows variation of the Bs and H, of (FexCo1_,)ssM9Nb1Bs (M = Zr or Hf,
x=04,0.5,06,0.7, 0.8, and 0.9) as-spun ribbons. Bs of Fe-Co-Hf-Nb-B as-spun ribbons has
a wider variation than that of Fe-Co-Zr-Nb-B, as shown in Figure 4a. The highest value of
Bs was 1.62 T with Feyy 5Co47 sHfgNb1 Bs (M = Hf and x = 0.5) amorphous ribbon, and the
lowest was 0.93 T of Feys 5Cog sHfgNb1Bs (M = Hf and x = 0.9). Moreover, from Figure 4a,
we can determine the optimum ratio of each alloy system. The optimum Fe/Co ratios are
5/5 and 6/4 for Hf- and Zr-added alloys, respectively. The observed behavior also agrees
with the previous report on Fe-Co-based alloys claiming the improvement in Bs by mixing
Fe and Co rather than having Fe-only or Co-only alloys [6].

For the variation of H. shown in Figure 4b, monotonous decrease in H for both
groups of alloys was observed with increases in Fe/Co ratio: from 24 to 12 A/m and from
23 to 11 A/m for Zr- and Hf-added alloys, respectively. In all of the compositions, the
Fe-Co-Hf-Nb-B alloys have lower H, than the alloys with Zr for every given ratio of Fe/Co.
This could be attributed to the difference in amorphous structure: as shown in Figure 1b,
Hf-added alloys could have lower crystallinity (evidenced by slight crystallinity shown for
the case of x = 0.9) which was also discussed in the context of ‘quenched-in-disorder’ [31,32].
Therefore, it is evident that the substitution of Hf for Zr induces lower H. values.
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Figure 4. (a) Variation of the saturation magnetization (Bs) and (b) coercivity (H¢) of the as-spun
ribbons of (FexCo1_,)s5sM9Nb1Bs (M = Zr or Hf, x =04, 0.5, 0.6, 0.7, 0.8, and 0.9).

We have carried out direct observation of magnetic domain patterns with Fe/Co ratio
variation, as shown in Figure 5, where domain patterns and corresponding microscopic
hysteresis loops for the cases of x = 0.5 and 0.9 for (FeyCo1_,)s5sHfgNbBs alloys are illus-
trated. In case of x = 0.9 (Figure 5a), the domain pattern is significantly simpler compared
to the case of x = 0.5 (Figure 5b) with a configuration of 180° domain wall. The microscopic
hysteresis loop corresponding to the observed area when x = 0.9 shows a stepwise behavior
both in increasing and decreasing branches. The observed patterns are consistent with the
structural properties in Figure 1b, where a relatively narrow XRD peak in case of x = 0.9
probably promotes a simpler domain pattern. On the other hand, the domain pattern be-
comes more complex in case of x = 0.5 as seen in Figure 5b. The corresponding microscopic
hysteresis does not exhibit a stepwise jump behavior but shows a gradual change with dis-
persion around the coercivity. It should be also mentioned that the rather complex domain
patterns are matching with the saturation magnetization results in Figure 4a, where the
highest saturation magnetization might lead to the highest magnetostatic energy, generally
resulting in more complex domain patterns.
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Figure 5. Magnetic domain observation result and corresponding microscopic hysteresis loops for
(FexCoj_y)s5sHfgNb; Bs alloys with (a) x = 0.9 and (b) 0.5.

This study discussed the effect of substitution of Zr for Hf by varying the ratio of
Fe/Co on thermal and magnetic properties. Tx decreases when Zr is replaced by Hf,
whereas the magnetic properties of Bs and H. improve. Bs has a wider range of variation in
the Fe-Co-Hf-Nb-B alloys compared to the Fe-Co-Zr-Nb-B alloys, so the highest and the
lowest values are found in the Fe-Co-Hf-Nb-B alloys. Especially, it should be noted that the
highest value of Bs obtained in this study is 1.62 T, which is a significantly competitive value
in soft magnetic amorphous materials. Moreover, all of the H, values of the Fe-Co-Hf-Nb-B
alloys are lower than those of the Fe-Co-Zr-Nb-B alloys for all the given ratio of Fe/Co,
suggesting another positive effect of the Hf substitution.

4. Conclusions

In this study, we observed the effect of substituting Hf for Zr with the Fe/Co ratio
variation in the Fe-Co-(Zr/Hf)-Nb-B alloys on saturation magnetization (Bs), coercivity
(Hc), and crystallization temperature (Tx). Magnetic and thermal properties of the Fe-Co-
(Zr /Hf)-Nb-B alloys were measured by VSM, DC B-H loop tracer, and DSC. The results of
this study can be summarized as follows:

(@) The effects of substituting Hf for Zr on Ty, B, and H. values are noted as follows.
The Ty decreased for every given Fe/Co ratio by incorporating Hf. The variation of
Bs is increased by the incorporation of Hf so that both the highest and the lowest By
values are observed in the Fe-Co-Hf-Nb-B alloys. Particularly, the highest Bs is 1.62 T
in Feyy 5Co47 5HfgNb1Bs (M = Hf and x = 0.5) amorphous ribbon. Moreover, the He
decreases by substituting Hf for Zr for every given Fe/Co ratio. The lowest H, value
is 11 A/m in Feys 5Cog sHfgNb1Bs (M = Hf and x = 0.9) melt-spun ribbon. Therefore,
the soft magnetic properties, both Bs and H,, are enhanced by substituting Hf for Zr.
(b) The effects of varying the Fe/Co ratio from 4/6 to 9/1 on thermal and magnetic
properties are noted as follows. The Ty increases gradually from 819 to 858 K and
from 808 to 849 K in the Zr- and Hf-added alloys, respectively, with the increase in the
ratio of Fe/Co from 4/6 to 9/1, suggesting that the Fe/Co ratio affects the thermal
stability of the alloys. The optimum Fe/Co ratios for maximizing Bs are 6/4 for
the Fe-Co-Zr-Nb-B alloys and 5/5 for the Fe-Co-Hf-Nb-B alloys. The H. decreases
continuously from 24 to 12 A/m for the Fe-Co-Zr-Nb-B alloys and 23 to 11 A/m for
the Fe-Co-Hf-Nb-B alloys with the variation of Fe/Co ratio from 4/6 to 9/1. As a
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result, it can be concluded that the values of Ty and H. depend on Fe/Co ratio, and the
optimum mixing ratio of Fe/Co achieves the maximum saturation magnetization (Bs).

In conclusion, the (FeyCo1_y)gsMgNb1Bs (M = Zr or Hf, x =0.4, 0.5, 0.6, 0.7, 0.8, and
0.9) alloys studied in this report have excellent soft magnetic properties and high thermal
stability, which suggests that they can be used in various commercial applications.
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