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Thermal properties, microstructure and magnetic properties of Fe79Zr9B12, Fe76Zr9B15, Fe39.5Co39.5Zr9B12

and Fe38Co38Zr9B15 alloys were investigated by di�erential thermal analysis, X-ray di�raction and vibrating sample
magnetometer. High Co addition has a signi�cant impact on the properties of alloys. High Co addition increases
the main crystallization peak temperature and the crystallization activation energy. Moreover, high Co addition
changes the crystallization products and in�uences the crystallization processes of Fe79Zr9B12 and Fe76Zr9B15

alloys. The speci�c saturation magnetization (Ms) increases and coercivity (Hc) decreases by high Co additions.
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1. Introduction

Fe-based amorphous and nanocrystalline alloys have
been extensively investigated because of their excellent
soft magnetic properties [1�6]. The magnetic prop-
erties strongly depend on the crystallization products.
The study on the crystallization process of Fe-based
amorphous alloy is very important. Besides α-Fe phase,
the α-Mn type [7�11] and Fe23B6 [7, 12] metastable
phases were observed in the initial crystallization pro-
cesses of Fe-based amorphous alloys. The α-Mn type
phase has bcc structure and transforms to α-Fe phase
during crystallization [7, 13]. The Fe23B6 phase adopts
the Cr23C6 prototype structure and decomposes into α-
Fe, Fe3B and Fe2B phases during crystallization [7].
Fe-based amorphous phase exhibits very low Curie

temperature. To meet the demand for soft magnetic
materials for high frequency and high temperature ap-
plications, Hitperm alloy is developed [14]. Since then,
extensive research has been carried out on Hitperm type
Fe(Co)�M�B(Cu) alloys (M = Zr, Hf, Nb etc.). Majum-
dar et al. studied the Fe(Co)�Zr�B�Cu alloys and found
that coercivity, saturation magnetization and Curie tem-
perature all increased due to the addition of Co [15].
Ping et al. found that FeCo nanocrystalline grains

nucleated in the amorphous precursor of HITPERM al-
loy without the need for Cu as a nucleation agent [16].
Ohnuma et al. found that the addition of Co to
Fe-based amorphous alloys in�uenced the crystalliza-
tion process signi�cantly [17]. Willard et al. stud-
ied the crystallization behavior of Fe44Co44Zr7B4Cu1 al-
loy and reported that the crystallites were ordered α-
Fe(Co) phase (B2 structure) [14]. Long et al. stud-
ied the Fe40Co40Nb4B13Ge2Cu1 alloy and reported that
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the Fe23B6-type phase (FeCoNb)23B6 was the secondary
crystallization product [18].
In this paper, the α-Mn type and Fe23B6 metastable

phases are observed in the crystallization processes of
Fe79Zr9B12 and Fe76Zr9B15 alloys. Co additions a�ect
the crystallization processes and the corresponding mag-
netic properties. The e�ect of high Co addition on
the thermal stability, crystallization process and mag-
netic properties of Fe79Zr9B12 and Fe76Zr9B15 alloys is
studied.

2. Experimental details

Fe79Zr9B12, Fe76Zr9B15, Fe39.5Co39.5Zr9B12 and
Fe38Co38Zr9B15 amorphous alloys were prepared by
melt-spinning. The four kinds of amorphous alloys were
all annealed at 573, 823, 873, 923 and 973 K for 1 h.
The thermal properties were investigated by di�eren-
tial thermal analysis (DTA, TG/DTA-6300). The mi-
crostructure was examined by X-ray di�raction (XRD,
D/max 2500/PC, Cu Kα1

, λ = 1.5406 Å). Magnetic
characteristics were measured with the use of vibrating
sample magnetometer (VSM, Lake Shore M7407).

3. Results and discussion

Figure 1 shows the DTA traces of the as-
quenched Fe79Zr9B12, Fe76Zr9B15, Fe39.5Co39.5Zr9B12

and Fe38Co38Zr9B15 alloys at three di�erent heating
rates of 10, 30, and 50 K/min. Co addition induces a
low exothermic peak, which precedes the main crystal-
lization peak. It is supposed to be a pre-crystallization
e�ect [19, 20]. At the same time, high Co addition de-
creases the crystallization temperature zone between the
�rst crystallization peak (the main crystallization peak)
and the second crystallization peak.
The Kissinger plots for the main crystallization

peak Tp are shown in Fig. 2. The crystallization activa-
tion energies E for Tp are calculated using the Kissinger

(340)
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Fig. 1. DTA traces of the as-quenched Fe79Zr9B12 (a),
Fe76Zr9B15 (b), Fe39.5Co39.5Zr9B12 (a′) and
Fe38Co38Zr9B15 (b′) alloys at three di�erent heat-
ing rates of 10, 30 and 50 K/min.

Fig. 2. Kissinger plots of Fe79Zr9B12 (a),
Fe76Zr9B15 (b), Fe39.5Co39.5Zr9B12 (a′) and
Fe38Co38Zr9B15 (b′) alloys for Tp.

equation [21] by plotting ln(β/T 2) versus 1/T (a straight
line with the slope of E/R can be obtained), where R is
the gas constant, β is the heating rate (K/min) and T is
a speci�c absolute temperature.

TABLE I

The main crystallization peaks Tp at a heating
rate of 10 K/min and the crystallization activa-
tion energies of as-quenched Fe79Zr9B12, Fe76Zr9B15,
Fe39.5Co39.5Zr9B12 and Fe38Co38Zr9B15 alloys.

Compositions [at.%] Tp [K] Ep [KJ/mol]
Fe79Zr9B12 857.4 440.3

Fe39.5Co39.5Zr9B12 904.7 463.3
Fe76Zr9B15 879.9 363.5

Fe38Co38Zr9B15 900.1 536.4

The main crystallization peaks Tp and crystalliza-
tion activation energies E of the as-quenched alloys are
listed in Table I. High Co addition increases the main
crystallization peak temperature and the crystallization

activation energy. That is to say, high Co addition in-
creases the thermal stability.
XRD patterns of Fe79Zr9B12 (a), Fe76Zr9B15 (b),

Fe39.5Co39.5Zr9B12 (a′), and Fe38Co38Zr9B15 (b′) alloys
corresponding to di�erent annealing temperatures are
shown in Fig. 3. No crystalline peaks are observed in the
as-quenched alloys, which indicates that the as-quenched
alloys are all amorphous.The e�ects of crystallization

Fig. 3. XRD patterns of Fe79Zr9B12 (a),
Fe76Zr9B15 (b), Fe39.5Co39.5Zr9B12 (a') and
Fe38Co38Zr9B15 (b') alloys as-quenched and an-
nealed at di�erent annealing temperatures. The insets
correspond to the magni�ed XRD, respectively.

TABLE II

Crystallization processes of Fe79Zr9B12, Fe76Zr9B15,
Fe39.5Co39.5Zr9B12 and Fe38Co38Zr9B15 alloys.

Compositions [at.%] Crystallization process

Fe79Zr9B12
amorphous→residual amorphous

+α-Fe +α-Mn type→ α-Fe

Fe39.5Co39.5Zr9B12
amorphous→residual amorphous+α-FeCo

+unknown phase→ α-FeCo+ZrCo3B2

Fe76Zr9B15
amorphous→residual amorphous

+α-Fe+Fe23B6 type→ α-Fe+Fe3B+Fe2B

Fe38Co38Zr9B15
amorphous→residual amorphous

+α-FeCo→ α-FeCo + ZrCo3B2

processes of four kinds of alloys are described in Ta-
ble II. High Co addition in�uences obviously the crystal-
lization processes of alloys. The α-Mn type and Fe23B6

type metastable phases are observed in the initial crys-
tallization processes of Fe79Zr9B12 and Fe76Zr9B15 alloys,
respectively. The unknown metastable phase is observed
in the initial crystallization process of Fe39.5Co39.5Zr9B12

alloy. No metastable phase and only α-FeCo phase is ob-
served in the crystallization process of Fe38Co38Zr9B15

alloy.
Speci�c saturation magnetization (Ms) and coerciv-

ity (Hc) of four kinds of alloys as a function of an-
nealing temperature (Ta) are shown in Fig. 4. Ms of
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four kinds of alloys increases with increase of annealing
temperature. On the whole, Ms of Co-containing alloys
are larger than that of Co-free alloys. For Fe79Zr9B12

alloy, high Co addition leads to the reduction of Hc to
a great extent. An abruptly deterioration (Hc) is ob-
served in the Fe79Zr9B12 alloy at 873 K, which is related
to the precipitation of α-Mn type phase [8]. The observed
magnetic softening phenomenon later is due to the disap-
pearance of α-Mn type phase and the stronger exchange
coupling between α-Fe nanocrystals. For Fe76Zr9B15 al-
loy, high Co addition leads to the decrease of Hc at high
temperature. Hc of Fe76Zr9B15 alloy increases contin-
uously above 823 K. There is no abrupt deterioration
phenomenon at 873 K. Hono [22] and Zhang [23] et al.
suggested that the Fe23B6 phase is a soft magnetic phase
and its formation does not adversely a�ect the magnetic
properties. Hc of Fe38Co38Zr9B15 alloy increases contin-
uously above 873 K and is lower than that of Fe76Zr9B15

alloy. In general, the soft magnetic properties of Co-
containing alloys are better than those of Co-free alloys.

Fig. 4. Speci�c saturation magnetization (Ms)
and coercivity (Hc) of Fe79Zr9B12, Fe76Zr9B15,
Fe39.5Co39.5Zr9B12 and Fe38Co38Zr9B15 alloys as a
function of annealing temperature (Ta).

4. Conclusions

1. A pre-crystallization e�ect is found in the high Co-
containing alloys and not found in the Co-free al-
loys. High Co additions also increase the thermal
stability of alloys.

2. High Co additions in�uence the crystallization pro-
cesses of alloys. The crystallization process of
Fe79Zr9B12 alloy runs as follows: amorphous →
residual amorphous + α-Fe+α-Mn type → α-Fe.
The crystallization process of Fe39.5Co39.5Zr9B12

alloy has the following course: amorphous → resid-
ual amorphous + α-FeCo + unknown phase → α-
FeCo + ZrCo3B2. The crystallization process of
Fe76Zr9B15 alloy runs as follows: amorphous →
residual amorphous + α-Fe + Fe23B6 type → α-
Fe + Fe3B + Fe2B. The crystallization process
of Fe38Co38Zr9B15 alloy has the following course:
amorphous → residual amorphous + α-FeCo → α-
FeCo + ZrCo3B2.

3. The soft magnetic properties of Co-containing al-
loys are better than those of Co-free alloys.
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