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Glass forming ability (GFA) and soft-magnetic behaviour of melt-spun FeggCs 5P11.5Mng 4Siz 3Cr13Mo1Bg 5
(alloy 2) and FeggCoP12Mn;SizNb,Bs, (alloy 3) alloys prepared using high phosphorous pig iron (h-PI,
FegpC14P2.2Mng 4Si3 4) has been studied. The glass formation, thermo-physical and soft-magnetic prop-
erties of the alloys were analyzed for different quenching rates by varying wheel speed as 23, 26, 33, 39
and 43 m/s. The simultaneous incorporation of alloying elements (Cr, Mo, Nb) and metalloids (C, B, P, Si)
transforms h-PI to complete glassy alloy, even at low quenching rates. The melt quenching rate in-
fluences the thermal parameters and Curie temperature of glassy ribbons in an opposite way. Amongst
all, FeCPMnSiCrMoB glassy alloy show superior combination of higher glass transition temperature of
788 K, super cooled region of 34 K, glass Curie temperature of 552 K, coercivity less than 13 A/m and
maximum saturation magnetization of 1.1 T. In addition, the annealing treatment at 758 K improves
magnetic softness (1.7 A/m) of the alloy by relaxation of quenched-in stresses. The comparison of
developed glassy alloy with similar Fe-glassy alloys and SENNTIX type alloys show best combination of
thermo-physical and magnetic properties. The glassy alloy prepared using blast furnace high phospho-
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rous pig iron can be used for uniformly gapped soft-magnetic cores.

© 2019 Elsevier B.V. All rights reserved.

1. Introduction

The glassy soft-magnetic cores find extensive applications in
electrical transmission and conditioning applications ranging from
few Hz to MHz frequencies [1,2]. In recent times, glassy soft mag-
netic alloys in the form of uniformly gapped powder cores, draw
attention due to their low coercivity, large magnetization, extended
permeability range, DC bias characteristics and tunable resistivity
[3,4]. Amongst different glassy systems, the Fe-based glassy soft-
magnetic alloys are preferred due to their low-cost raw materials,
industrial adaptability, tailoring of magnetic and glass forming
ability. Moreover, the Fe-based glassy soft magnetic core alloy re-
quires a combination of good glass forming ability(GFA), optimal
technical soft-magnetic properties, electrical resistivity and corro-
sion resistance, which would be applicable for preparing glassy
alloy powders through atomization [2,5—7]. Similarly, a
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multicomponent FePBNbCr based glassy alloy under the tradename
“SENNTIX” has been developed for high frequency electromagnetic
applications [2,8]. A large number of Fe-based glassy alloys has
been reported with high glass transition temperature (Tg > 700 K)
and extended super cooled region (ATxg>15 K) combined with low
coercivity (Hc < 10 A/m) and high saturation magnetization
(Mg < 100 emu/g) has been reported [9]. In general, the optimiza-
tion of elemental percentage in multicomponent alloy design and
optimization is a crucial approach for achieving desirable proper-
ties [10]. The GFA of Fe-based alloys is improved by the addition of
d-block early transitional elements (Nb, Zr, Hf, Sc) [11], metalloids
like C, B, Si, P and semi-metals like Al, Ga [12,13]. Further, the
thermal stability and soft-magnetic properties are improved by the
replacement of base Fe with a minor additions of ferromagnetic Co
and Ni elements [14]. Moreover, stable oxide forming elements like
Cr, Mo, Nb, Al, P are incorporated for surface passivation properties
[15,16]. The Fe glassy alloys are generally prepared using high pu-
rity raw materials and stringent refining conditions for achieving
better GFA [17]. In particular, the melt impurities like oxides, in-
clusions adversely impact on GFA and magnetic properties.
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Recently, the researchers have attempted to utilize industrial cast
iron and pig iron as the starting material for developing Fe-based
glassy soft magnetic alloys [18,19]. The present work involves the
utilization of high phosphorous pig iron (h-PI) material for devel-
oping glassy soft magnetic glassy alloys. The blast furnace h-PI
material is abundant and considerable presence of P, C, Si,
encouraging for improved GFA and minimizing excessive alloy
additions. Lastly, the structure, thermo-physical and DC magnetic
properties are compared with the reported SENNTIX type and other
pig iron based glassy alloys.

2. Experimental techniques

The nmaster alloys with nominal composition, of
FegoCs 5P11.5Mng 4Siz 3Cr1Mo1Bgs (alloy 2) and FeggCoP1oMnyg.
Si3Nb>Bs, (alloy 3) were prepared in arc-melting furnace, using high
phosphorous pig Iron (h-PI, of FeggCi4P22Mng4Siz4) and pre-
melted ferro-alloys of Fe—Cr, Fe—Nb, Fe—P, Fe—C, Fe—B and
Fe—Mo. The alloy re-melting for homogenization and subsequent
ingot casting have been carried out by a vacuum induction furnace
under inert atmosphere. Furthermore, the molten alloy ingots were
rapidly quenched on Cu—Be wheel at different wheel speed of 23,
26, 33, 39 and 43 m/s for preparing continuous melt-spun ribbons.
Except h-PI alloy, ribbons are continuous of width 5 mm showing
good metallic lustre. The structural properties were studied on the
shiny (air) side of the ribbon by X-Ray Diffractometry (XRD, Bruker
D8 Discover) using Cu-Ko radiation source. The thermo-physical
properties were obtained using Differential Scanning Calorimetry
(DSC, PerkinElmer) at a heating rate of 0.67 K/s. The annealing
treatment of the melt-spun ribbons were carried out using Infra-
red furnace with a holding time of 900 s under continuous flow
of Ar gas. The magnetic coercivity (H¢) were measured by in-house
developed B—H loop tracer based on open-flux configuration. A
ribbon coupons of 8—10 cm were considered for the annealing
treatment and B—H loop measurement. The saturation magneti-
zation (M) curves were obtained using Vibrating Sample Magne-
tometer (VSM, Quantum Design Inc.) with a maximum applied field
of 1.2 T. The material weight and density were obtained from
precision density analyzer (Mettler Toledo, XS204).

3. Results and discussion
3.1. As-quenched ribbons
The average thickness (t) of melt spun ribbon i.e. cross sectional

area, decreases with increasing melt-spinning wheel speed
(Table 1), relating to the molten alloy quenching rate [20,21]. Fig. 1
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Fig. 1. XRD patterns of as-quenched alloy ribbons obtained from low and high wheel
speed.

shows the XRD patterns of thicker and thinner alloy ribbons ob-
tained at low (23 m/s) and high (43 m/s) wheel speed, respectively.
The thick ribbon of h-PI alloy exhibits the presence of multiple
peaks of a-Fe(Si), martensite, FesC(P) and Fe,3Cg, indicating the
formation of multi-phase crystalline structure due to poor
quenching rate. In contrast, thin h-PI ribbon (wheel speed: 43 m/s)
exhibits composite structure comprising amorphous hump along-
with single a-Fe(Si)crystal peak. Conversely, the entire Alloy 2 & 3
ribbons show broad hump region (26 = 40—-50°), without any
crystal peak indicating the formation of complete amorphous
structure. The sharp structural difference indicates low critical
cooling rate and better glass forming ability (GFA) for Alloy 2 and 3.
Moreover, the lack of complete amorphization for h-PI ribbons
occurs, even at high wheel speed signifying the presence of insuf-
ficient metalloid content and/or the intervention of crystallization
through melt impurities [22]. The GFA enhancement of multi-
component alloys is attributed to the large presence of metalloids
(B, P, Si, C) and alloying elements (Cr, Mo, Nb) [9]. The significant
atomic mismatch and negative enthalpy of mixing (-ve AHp;x)
between Fe and additive elements contributes to better chemical,
topological cluster packing in the liquid melt and congeal the glassy
structure [11]. Additionally, numerous empirical thermodynamic
and topological model parameters like Trg, Ppss, €/u ratio evidences
improvement of GFA of Fe-based glassy alloys through multicom-
ponent alloying [13,23—25].

Table 1
The physical, structural, thermal and soft-magnetic properties of as-quenched alloy ribbons.
Alloy Wheel speed (m/s) Avg. Ribbon thickness t (um) structure T Tg (K) ATyg (K) Tx1 (K) Hc (A/m) M; (T)
h-PI 22 80 crystalline 63 +3.6 13
26 75 crystalline 71 +2.0 13
33 48 Amo + cryst 795 44 + 1.2 14
39 32 Amo + cryst 844 42 + 0.8 14
43 29 Amo + Cryst 849 41+ 09 14
Alloy 2 22 65 glass 552 782 34 816 13+04 1.1
26 55 glass 550 781 32 813 6+0.2 1.0
33 51 glass 551 780 31 811 7+03 1.1
39 34 glass 552 786 27 813 9+02 1.0
43 31 glass 554 788 31 819 12+0.1 1.1
Alloy 3 22 58 glass 586 725 33 763 5+04 0.9
26 45 glass 586 728 33 761 15+ 0.5 0.9
33 38 glass 584 729 37 766 10+ 0.4 0.9
39 35 glass 585 730 36 766 5+02 0.9
43 33 glass 584 735 32 767 9+0.2 0.9
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Fig. 2. DSC thermogram of as-quenched ribbons obtained at various wheel speeds for a) Alloy 2 and b) Alloy 3.

3.2. Thermal properties

The characteristic thermal parameters like glass transition
temperature (Tg), the onset of crystallization (Tx), supercooled
region (ATyg), amorphous Curie temperature (T¢) are discussed in
Table 1. The DSC thermograms of all alloys demonstrate the in-
fluence of quenching rate on thermal properties. The Tyx; tem-
perature of h-PI ribbons replicates the quenching rate through
disappearing T, for thicker ribbons and increasing Tx; of 795, 844
and 849 K with a wheel speed of 33, 39 and 43 m/s, respectively,
for thinner ribbons (Table 1). The drastic change of Tx; from 33 m/s
is attributed to the difference in residual amorphous matrix
composition. On the other hand, the DSC thermogram of both
Alloy 2 and 3 show the occurrence of Ty, ATxg and Ty region,
justifying glassy nature of the alloys (Fig. 2). The DSC results
substantiate the XRD result of enhanced GFA for multi-component
alloys. Amongst the glassy alloys, the alloy 2 possess higher Tg of
780—788 K compared to alloy 3 (Ty ~725—735 K) attributing better
GFA and as-quenched structure stabilization for the former alloy.
Except for Curie temperature (T.), other thermal parameters show
a slight shifting towards higher temperature with increasing
quenching rate (23—43 m/s) (Table .1). However, the increase in Tg
and AT is minimal. It is noteworthy that glassy alloys depict a
decreasing area under endothermic supercooled region from
thicker to thinner ribbons (Fig. 2 a&b). The minimal area attributes
to the difference in short-range ordering of clusters with
increasing quenching rate [26]. Also, the shifting of Tx towards
higher temperature indicates the varied level of glass structure
stabilization through free volume generation and relaxation pro-
cess [27]. Further, the glassy alloy 2 & 3 exhibit double (Fig. 2a)
and triple (Fig. 2b) crystallization event during the de-vitrification
process. In case of alloy 2, the first and second exothermic peaks
overlap for thicker ribbons and tends to separate for thinner rib-
bons. Similarly, the distinct peak separation with higher quench-
ing rate is observed for alloy 3. The crystallization being diffusion
controlled process, the solute rejection takes place during primary
crystallization, enriches solute atom in the residual glassy matrix
[28]. Subsequent crystallization (T2 & Tx3) occurs from the solute
enriched intergranular residual matrix (Fig. 2). The incidence of
double and triple crystallization event in alloys 2 and 3, can be
attributed to the difference in solid solubility of d-block transition
alloying elements. Particularly, alloy 2 consisting Mo and Cr has
better solid solubility in ¢-Fe, compared to Nb in alloy 3 and allows
for less solute rejection process after primary crystallization [29].

3.3. Soft-magnetic properties

The magnetic coercivity(H.) of as-quenched alloys exhibit clear
demarcation between partially amorphous h-PI alloy and glassy
multicomponent alloys (Table 1). A drop in H¢ from 63 to 71 A/m for
thicker h-PI ribbons (23, 26 m/s) to (~41—44 A/m) for thinner rib-
bons are observed. The reduction in H¢ is due to the presence of
non-magnetic crystalline phases. The complex crystal structure of
Fe3C(P) possess large magneto-crystalline anisotropy (K;) and
negatively affects domain wall movement through the pinning
mechanism [30]. In the case of thinner h-PI ribbons, the ferro-
magnetic a-Fe (Si) phase dispersed in partially amorphous struc-
ture lowers H. by the absence of complex crystal phases.
Nevertheless, still higher Hc is due to the strong grain size de-
pendency of H. and volume fraction of crystallite a-Fe (Si) phase in
the amorphous matrix [31]. Conversely, the glassy alloy 2 & 3 rib-
bons show low H¢ (<15 A/m) for all wheel speeds (Table 1). The low
H¢ of glassy alloys is due to the vanishing magneto-crystalline
anisotropy (K;) by the absence of long-range crystal periodicity.
Therefore, the H. of as-quenched ribbons are governed by
magneto-elastic anisotropy (Ke). The variation of H. amongst the
ribbons of different wheel speeds is due to the presence of large
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Fig. 3. XRD patterns of ribbons annealed at 823 K.
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Fig. 4. The room temperature saturation magnetization (M;s) curves of ribbons annealed at a) 758 K and b) 823 K.

quenched-in stresses across the ribbon cross-section. The locked-in
stresses in association with magnetostriction property influence
the K, thereby the magnetic domain wall movement [32].
Furthermore, the low H, for intermediate wheel speeds in alloy 2
and the inverse behaviour for alloy 3 can be related to the surface
defects and self-annealing nature of thicker ribbons [33].

The saturation magnetization (Ms) of as-quenched alloy ribbons
are listed in Table 1. The h-PI exhibit maximum M;s due to large Fe-
content and composite structure of dispersed ferromagnetic o-
Fe(Si) crystallites in amorphous matrix. On the other hand, the alloy
2 and 3 exhibit lower M and the latter is being the least due to
ferromagnetic dilution.

3.4. Annealing treatment

The soft-magnetic properties of melt-spun alloys can be further
improved by suitable heat-treatment, causing internal stress
relaxation or by the controlled precipitation of ferromagnetic
nanocrystallites [34]. To understand the annealing effect on soft-
magnetic properties, the melt-spun ribbons of 33 m/s wheel
speed are subjected to 758 and 823 K for 900 s respectively. The
annealing temperature of 758 and 823 K is chosen below and above
Tx1 temperatures, representing the stress-relief and crystallization
region. Fig. 3 depicts the XRD pattern of ribbons annealed at 823 K.
Both h-PI and alloy 3 ribbon exhibit the presence of multi-phase
crystallization in amorphous matrix. Whereas, the alloy 2 show
amorphous hump with minor crystal peak indicating predomi-
nantly glassy matrix. The structural difference evidences the
enhanced thermal stability and glassy structure stabilization of
alloy 2 during de-vitrification.

The h-PI, alloy 2 and alloy 3 ribbons annealed at 758 K show
magnetic coercivity (H¢) of 398, 1.7 and 264 A/m, respectively. For
still higher annealing temperature of 823 K, the H. deteriorates
drastically to 985 A/m and 540 A/m for h-PI and alloy 3. On the
other side, the alloy 2 annealed ribbon shows a slight increase in H¢
to 5.5 A/m. The H, behaviour complements the XRD result of

annealed ribbons. The annealed h-PI and alloy 3 ribbons exhibit
poor thermal stability by precipitating multiple non-magnetic
crystal phases. These non-magnetic crystallites negatively affect
the soft-magnetic properties(Hc) through domain wall pinning
[35]. Whereas, alloy 2 having glassy matrix even at 823 K, retains
soft-magnetic properties due to the absence of large crystal
anisotropy (K1) and reduction of magneto-elastic anisotropy (Ke) by
internal quenched-in stress relaxation. The saturation magnetiza-
tion (M;) decreases in the order of h-PI, alloy 3 and alloy 2 for 758 K
annealed ribbons and reverses for 823 K (Fig. 4). The reversal of M;
for higher annealing temperatures is due to precipitation of non-
magnetic crystalline phases as observed in Fig. 3. Besides, the Mg
curves of 823 K annealed sample explicitly show high Ms, low Hc
rectangular loop for predominantly glassy Alloy 2 compared to low
Ms, circular loop for crystallized h-PI sample (Fig. 4b). The
annealing study explains the favourable combination of ultra-soft
magnetic properties and better thermal stability for alloy 2
annealed at 758 K. Moreover, the soft-magnetic deterioration oc-
curs for all alloys with crystallite precipitation during the de-
vitrification process.

Table 2 compares the thermal and soft magnetic properties of
alloy 2 with reported literatures including SENNTIX type alloys. The
data clearly explains the favourable combination of glass forming
ability, thermal stability and soft magnetic properties compared to
other alloys.

4. Conclusion

The study investigates the development of Fe-based glassy al-
loys using blast furnace high phosphorous pig iron. The quenching
rate modulation by wheel speed proves to be an effective way of
understanding the GFA of developed alloys. The rapidly quenched
h-PI shows weak glass-forming ability and forms composite
microstructure. The as-quenched alloy 2 & 3 ribbons show glassy
characteristics and exhibit better soft magnetic properties. The
glassy alloy 2 possess excellent thermal stability coupled with low

Table 2

Comparison of physical, thermal and magnetic properties of select Fe-based glassy alloys and prepared alloy.
Alloy composition Structure Tec Tg (K) AT (K) Tx1 (K) Hc (A/m) Ms (T) Ref
FE71_2C7513_3B5_5Pg_7Cr2_3Al2 Glass 578 788 21 809 12.6 0.9 [19]
Fegg 2C7Si3 3B5 5P 7Cr2.3A1,Co3 Glass 590 789 19 808 9.3 1.03 [19]
Fe;7P9B11Nb,Crq (SENNTIX) Glass 556 767 36 795 25 13 [2]
Fe;7P11BgNb,Crq (SENNTIX) Glass 549 754 29 783 3.1 13 [2]
Feg4CryBgSioPy Amorphous — — — 689 9.1 1.5 [3]
FegoCs.5P11.5Mng 4Si5 3Cry sM01Bg 5 Glass 552 782 34 816 1.7¢ 1.05° This work

2 758 K annealed.
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of 1.7 A/m and Ms of 1.05 T on annealing at 758 K. The study

suggests an alternative raw material for glassy soft magnetic alloy
preparation and its potential applicability in electromagnetic
powder cores.
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