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ABSTRACT

In this study, glass forming ability, structure and soft magnetic properties of melt spun ribbons of  
(Fe1-xCox) 88-yVyZr7B4Cu1alloys with compositions x0.1y2, x0.1y4 and x0.1y6 & x0.35y2, x0.35y4 and x0.35y6 have been investigated. 
All alloys were found to be fully amorphous after melt spinning. Annealing of amorphous ribbons of x0.1 series 
alloys leads to the formation of bcc α-Fe(Co) phase and Fe2Zr phase in the amorphous matrix, while annealing 
of amorphous ribbons of x0.35 series alloys, leads to the formation of only bcc α-Fe(Co) phase in the amorphous 
matrix. High precision lattice parameter calculations revealed that V addition influences the phase formation in 
low Co containing x0.1 alloys. It leads to low volume fraction of bcc α-Fe(Co) phase and promotes Fe2Zr phase. A 
higher Co content increases the Curie temperature (Tc) of amorphous phase, while V addition decreases the TC of 
amorphous phase in both x0.1 and x0.35 series of alloys. Saturation magnetization (Ms) of x0.35 alloys are higher than of 
x0.1 alloy due to higher Co content and the Ms decreases with increasing V content due to its non-magnetic nature. 
Coercivity was found to be increased with annealing in x0.35 alloys due to the low volume fraction formation of 
bcc α-Fe(Co) phase and Fe2Zr phase. The coercivity decreases with increasing V addition in x0.35 alloys as spun 
ribbons and a lowest coercivity of 0.13 Oe has been obtained in x0.35y6 alloy which is one of the lowest among 
FeCoZrBCu alloys reported.
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1. INTRODUCTION
FINEMET (Fe-Si-B-Nb-Cu), NANOPERM (Fe-Zr-B-

Cu) and HITPERM (Fe(Co)-Zr-B-Cu) are nanocrystalline 
soft magnetic materials prepared by partial devitrification of 
amorphous precursors and these materials have attracted much 
attention of the researchers worldwide due to their excellent 
soft magnetic properties and their wide variety of applications. 
They are used in pulsed transformers on defence and space 
systems in devices such as magnetic amplifiers, DC-DC 
converter, SMPS, common mode choke, wind generator and 
solar converter. 

Fe-Si-B-Nb-Cu alloys, developed by Yoshizawa1, et al. 
and Fe-Zr-B-Cu alloys, developed by Suzuki2, et al. are not 
suitable for the applications above 250 oC3 due to their low 
Curie temperature although they possess a good combination 
of soft magnetic properties such as higher permeability (µr) and 
saturation magnetization (Ms) combined with low coercivity 
(Hc) and core loss. Whereas Fe(Co)-Zr-B-Cu alloys developed 
by Willard4, et al. has low permeability, but its Curie temperature 
(Tc) and saturation magnetization (Ms) are appreciably high as 
compared to other nanocrystalline soft magnetic materials3, 5-7. 
Hence there is a continued research being pursued to improve 
the soft magnetic properties of these alloys. 

Numerous studies on investigation of structure and soft 
magnetic properties of Fe(Co)-Zr-B-Cu alloys have been 
carried out by various researchers by varying the composition, 
alloying additions and heat treatment. Babu8, et al. have reported 
the influence of melt-spinning parameters on the structure and 
soft magnetic properties of (Fe0.65Co0.35)88Zr7B4Cu1 alloy. Melt 
spun ribbons processed at various wheel speeds have profound 
influence on soft magnetic properties through formation 
of various microstructures. Subsequent annealing was not 
effective on improving the soft magnetic properties. They also 
have reported the structure and soft magnetic properties of 
melt spun (Fe1-xCox)88Zr7B4Cu1 alloys with x = 0.2, 0.35, 0.5, 
and 0.6 compositions9. They established that the composition 
of FeCo phase is almost same as (Fe73Co27) irrespective of 
initial compositions. They also reported that Ms value peaked 
at 0.35 at% Co and the coercivity increased with increase in Co 
content. An effort was taken by Parsons and Suzuki10 to reduce 
the alloying elements to increase the Ms value above 2T while 
achieving Hc as low as 9.3 A/m. Li11, et al. have studied (FeCo)
xBSiVCuY amorphous/nanocrystalline alloy system and found 
a large annealing temperature window to obtain dual-phase 
with improved magnetic properties. 

The alloying additions were reported by various 
investigators. Fan12, et al. have reported the effect of Ni 
addition on microstructure and soft magnetic properties of 
nanocrystalline alloys of (Fe0.7Co0.3-xNix)88Zr7B4Cu1, where 
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x=0, 0.1, 0.2, and 0.3. The results show that the substitution 
of Ni for Co increases the thermal stability and reduces the 
magneto-crystalline anisotropy. They also reported that these 
alloys exhibit Bs of 1.54-1.79 T, Hc of 17-20 A/m and low core 
loss of 9.1-11.1 W/kg at 1 T and 400 Hz, respectively. Yu13, 
et al. have reported the effect of Mo addition on the thermal 
stability, microstructure and magnetic properties of Fe80-

xCoxZr10-yMoyB9Cu1 (x=10, 20, 30; y=0, 2) alloys. Mo addition 
decreases the activation energies of primary crystallization. 
Mo addition was found to influence the presence of Co in 
either amorphous or α-Fe phase. Mitra14, et al. have reported 
Al and Si addition in FeCoZrBCu alloys and reported that 
annealing of Fe40Co40Cu0.5Zr9Al2Si4B4.5 alloy at 873 K for 
15 min. develops nanocrystalline structure with high curie 
temperature, high saturation magnetization and good AC soft 
magnetic properties. 

Blazquez15, et al. have reported the magnetic 
permeability of (FeCoGe)88Zr6B5Cu1 alloys and found that as 
nanocrystallization progresses, room temperature magnetic 
permeability (μ) decreases, but increases at high temperatures, 
thus leading to an improvement of its thermal stability. 
Srivastava16, et al. have reported, understanding the effect of Hf 
on thermal stability and glass forming ability of Fe57.2Co30.8Zr7-

xHfxB4Cu1 (x=3, 5, and 7) metallic glasses. This study indicated 
relative deterioration in thermal stability and GFA with an 
increase in Hf content at the cost of Zr. 

It is worth mentioning here that in Permandur FeCo 
alloys, Vanadium (V) is added to increase the ductility 
thereby workability. However, the magnetic softness can be 
achieved in FeCoV alloys by adopting suitable heat treatment 
schedule17. Since FeCoZrBCu alloys were developed based on 
FeCo Permandur alloys and effect of V addition in FeCoZrBCu 
alloys has not been reported in the literature, there is a scope for 
studying the effect of V addition in nanocrystalline FeCoZrBCu 
alloys. Therefore, the present investigation deals with the study 
of V addition on the structure and soft magnetic properties of 
Fe(Co)-Zr-B-Cu based amorphous and nanocrystalline alloys. 
The alloy systems under consideration in the present study, are 
(Fe1-xCox) 88-yVyZr7B4Cu1 with x = 0.1 and 0.35 series and y = 2, 
4 and 6 and these alloys are designated as x0.1y2, x0.1y4 and x0.1y6 
& x0.35y2, x0.35y4 and x0.35y6 respectively. 

2. EXPERIMENTAL DETAILS
Two series of alloys with nominal composition of (Fe1-

xCox) 88-yVyZr7B4Cu1 with x0.1y2, x0.1y4 and x0.1y6 (x0.1 series) 
& x0.35y2, x0.35y4 and x0.35y6 (x0.35 series) alloys were prepared 
using vacuum arc melting furnace (at a vacuum of 10-4 mbar). 
Rapidly solidified ribbons of 20 – 50 μm thick and 2-5 mm 
wide have been prepared using a vacuum melt spinning unit. 
Initially, a high vacuum of 4×10-4 mbar was achieved in the 
melt spinning chamber followed by backfilling of pure argon 
gas up to a pressure slightly below 1 atmospheric pressure. 
Subsequently, the melt spinning experiments were carried 

out with the processing parameters given in Table 1. As spun 
ribbons were annealed in a tubular furnace under a vacuum 
of 1×10-5 mbar at different temperatures (500 – 660 oC) for an 
hour. The experimental parameters were selected based on our 
previous work9. 

Structural characterization of as spun and annealed 
ribbons was carried out using by using X-Ray diffractometer 
(PHILIPS PW1830 XRD) using Cu-Kα (λ = 1.54056 Å) 
radiation. Microstructural characterization was done using 
transmission electron microscope (TEM) (Model: FEI Tecnai-
20 G2, Amsterdam, Netherlands). A differential scanning 
calorimeter (DSC, Model: TA DSC Q400) (at a heating rate of 
20 oC/ min) was used to evaluate the thermal stability of the as 
spun ribbons. Saturation magnetization (at an applied field of 5 
kOe) and thermomagnetic curves (at an applied field of 50 Oe) 
were obtained from Vibrating Sample Magnetometers (VSM) 
of ADE EV7 and LAKESHORE CRYOTRONICS 7404, 
respectively. A coercimeter (FÖSTER-KOERZIMET 1.095) 
was used to evaluate the coercivity of as spun and annealed 
ribbons.

3. RESULTS AND DISCUSSION
3.1 Glass Forming Ability, Structure and Thermal 

Stability
The XRD patterns of as spun ribbons of x0.1 series and x0.35 

series alloys prepared at a wheel speed of 47 m/s are shown in 
Fig. 1 (a) & (b). From the XRD patterns, one can observe the 
existence of only broad halo peak without any sharp peak in all 
alloys which confirms the presence of only amorphous phase. 
Earlier, amorphous phase formation was reported in similar 
alloy without V addition, melt spun at similar experimental 
conditions9. This proves that V addition in these alloys does 
not seem to affect the glass formation. 

Figure 2a shows the DSC thermograms of as spun ribbons 
of x0.1y2, x0.1y4 and x0.1y6 alloys obtained at a heating rate of 20 
oC/min. It can be observed from the DSC thermograms that all 
alloys exhibit only one exothermic peak which corresponds to 
the crystallization of amorphous phase. The onset temperature 
of crystallization for x0.1y2 alloy is 559 oC which increases with 
increase in V content. Figure 2(b) shows DSC thermograms of 
as spun ribbons of x0.35y2, x0.35y4 and x0.35y6 alloys. In these alloys 
also, only one exothermic peak is observed as similar to x0.1 
alloys and it also shows the increase in onset of crystallization 
temperatures with increase in V content. These onset of 
crystallization temperatures, are higher than that of x0.35 alloy 
without Vanadium which was reported as 506 oC in our earlier 
study9. One can also notice that the onset temperatures of 
x0.1 alloys are higher than that of x0.35 alloys. The effect of V 
addition is well pronounced on crystallization behaviour at 
lower content and then the difference in onset temperature was 
found to be decreased at higher V content. It infers that a small 
addition of V is advantageous as it improves the stability of 
amorphous phase without affecting the magnetic properties. 

Table 1. Experimental parameters used in melt spinning experiments

Alloy Wheel speed (m/s) Ejection pressure (psi) Crucible orifice diameter (mm) Ribbon thickness (µm)

x0.1 and x0.35 47 2 0.8 20-50
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Figure 1. XRD patterns of (a) x0.1 and (b) x0.35 series alloys as spun ribbons with different vanadium content.

Figure 2. DSC thermographs of as spun ribbons of (a) x0.1 and (b) x0.35 series alloys obtained at a heating rate of 20 oC/min.

The increase in crystallization temperature may be correlated 
with melting temperature of the elements added. In case of Co 
having lower melting point (1495oC) replaced for high melting 
point Fe (1536oC), the onset of crystallization temperature 
decreases. In case of V having high melting point (1900oC) 
than that of Fe, the increase in the onset temperature is only 
marginal due to the low weight fraction of V added.

V addition in FINEMET alloys (Fe73.5Cu1B13Si9.5Nb3-x 
where x = 0, 1 and 1.5) have been reported to increase the glass 
forming ability (GFA) considerably. Since these alloys exhibit 
glass transition temperature (Tg), the GFA was calculated 

through undercooled regime (ΔT) which is calculated as the 
difference between the crystallization temperature (Tx) and 
Tg. The ΔT (i.e, GFA) increased to 132 oC for x = 1.5 alloy 
from 99 oC for x = 0 alloy. In the present study, as Tg was not 
observed, theoretical methods for calculating the GFA needs 
to be resorted. Hence, to understand the effect of V addition 
in these alloys, GFA of the alloys have been calculated using a 
theoretical parameter named PHSS parameter proposed by Rao18, 
et al. which is the product of three thermodynamic quantities 
viz. enthalpy of chemical mixing (ΔHchem), mismatch entropy 
(ΔSσ) and configurational entropy (ΔSc). Many reports have 
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Table 2.  Theoretical and experimental GFA parameters and 
thermo-magnetic properties of the alloys

Alloy 
composition

PHSS
(kJ/mol)

Onset crystallisation 
temperatures 
(Tx) (

oC)

Curie 
temperature 
(TC) (oC)

x0.1y0 -0.98 - -

x0.1y2 -1.01 559 198

x0.1y4 -1.04 580 167

x0.1y6 -1.07 582 121

x0.35y0 -0.83 506 -

x0.35y2 -0.85 497 520

x0.35y4 -0.88 509 460

x0.35y6 -0.90 510 420

Figure 3. XRD patterns of annealed ribbons of (a) x0.1 and (b) x0.35 series alloys at different temperatures for an hour.

been published validating this method for Fe based alloys18,22. 
PHSS can empirically be given as,

( )( )/ /chem
HSS B cP H S k S Rσ= ∆ ∆ ∆            (1)

where ΔHchem is the enthalpy of chemical mixing, ΔSσ is the 
mismatch entropy, ΔSc is the configurational entropy, kB is 
Boltzman constant and R is gas constant. The value of enthalpy 
of chemical mixing (ΔHchem) calculated from Miedema’s semi-
empirical model19,20. The mismatch entropy was calculated 
from the empirical relation given by Mansoori21, et al. The 
configurational entropy was calculated using a formula,

1
1  xn

c i ii
S R x n

=
∆ = − ∑            (2) 

where R is the gas constant and x is the mole fraction. Alloys 
with high GFA will have high PHSS values on the negative side. 
PHSS values for x0.1 and x0.35 alloys have been calculated and 
given in the Table 2. One can see that the PHSS value increases 
with increase in V content in both x0.1 and x0.35 alloys and 
however the PHSS values of x0.1 alloys are marginally higher 
that of x0.35 alloys. It is also to be noted that though V addition 
increases the PHSS values and Co content decreases it. In the 
alloys studied, PHSS values decreases with increasing Co and it 
increases marginally with increasing V. This indicates that the 
Co addition decreases the GFA and V addition increases it in the 
respective alloys. Also the increase in onset of crystallization 
temperature (Tx) observed in DSC results indicates the increase 
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of thermal stability of amorphous phase and it is also used in ΔT 
(=Tx-Tg, where Tg is glass transition temperature) to calculate 
the GFA where high Tx suggests high GFA. The Tx behavior 
with respect to Co and V addition is in agreement with PHSS 
results.    

Figure 3(a) shows the XRD patterns of annealed ribbons 
of x0.1y2, x0.1y4 and x0.1y6 alloys. It can be noted that the patterns 
exhibit sharp reflections which proves the formation of 
crystalline phases from amorphous phase. Indexing of theses 
peaks reveal that the formation of bcc α-Fe(Co) phase and 
Fe2Zr phases. A shallow broad base at the base of the (110) 
peak of bcc α-Fe(Co) phase proves that the amorphous phase 
transformation into crystalline phases is not completed. The 
general behaviour in Fe(Co)ZrBCu materials reported in 
the literature is that initially bcc α-Fe(Co) phase forms from 
amorphous phase upon annealing which gets converted into 
Fe3Zr phase at high temperatures. However, recently it is 
reported in Fe86Zr7B6Cu1 alloys that increasing Zr from 7 to 
9 at%22, an intermediate phase of Fe2Zr phase forms before 
Fe3Zr phase forms. The similar behaviour is also observed in 
the present study. To get the volume fraction of the amorphous 
phase and bcc α-Fe(Co) phase qualitatively in the annealed 
ribbons, area fraction of the each phase is calculated after 
deconvoluting both phases using Gaussian peak fitting. It is to 
be noted that the volume fraction of the bcc α-Fe(Co) phase is 
in the range of 60 to 70 % and the amorphous phase is in the 
range of 20 to 35 %. 

Figure 3b shows the XRD patterns of annealed ribbons of 
x0.35y2, x0.35y4 and x0.35y6 alloys at different temperatures for an 
hour. unlike, x0.1 alloys, all annealed ribbons of x0.35 alloy have 
only one crystalline phase i.e. bcc α-Fe(Co) phase along with 
the amorphous phase. No trace of Fe2Zr phase and amorphous 
phase are observed in all annealed ribbons. This suggests that 
annealing leads to the formation of only bcc α-Fe(Co) phase 
from amorphous phase.

Figure 4 shows the precision lattice parameter values as a 
function of annealed temperature of all ribbons. The Precision 
lattice parameter values (a0) (determined using Nelson-Riley 
Extrapolation method23) of bcc α-Fe(Co) phase of all annealed 
ribbons are in the range of 0.286 nm to 0.289 nm. One can 

see that a0 values of x0.1 alloys are low and are in the range of 
0.286 to 0.287 nm. As the x0.1 alloys are having Fe as a major 
constituent element with low Co content, bcc α-Fe(Co) phase’s 
a0 values are approximately equal to the a0 value of pure iron 
(Fe) which is 0.2866 nm. However, for x0.35 alloys a0 values 
are higher than that of x0.1 alloys and are in the range of 0.287 
to 0.289 nm. Babu9

, et.al. reported that the a0 value of x0.35y0 as 
0.2869 nm which proves that the V addition increases the lattice 
parameter. x0.1 and x0.35 alloys having the same composition 
except the Co content variation and hence V addition in the 
presence of Co seem to increase the ao value. 

This can be explained by the enthalpy of mixing (ΔHmix) 
calculated from the Miedema’s model which gives that ΔHmix 
for Fe-V is -29.8 kJ/mol, Co-V is -59.8 kJ/mol, V-Zr is + 15kJ/
mol and for V-B is -248 kJ/mol. It is to be noted that ΔHmix of V 
in Cu is not considered as the concentration of Cu in this alloy 
is very less. Although V in B has very highly negative value of 
ΔHmix, the concentration of B in this alloy is very less i.e. 1 wt% 
and hence the interaction B atoms with other elements may be 
scarce. The positive value of ΔHmix for V in Zr repels the V 
atoms in the amorphous matrix and ΔHmix of Co-Zr (-208 kJ/
mol) is higher than that of ΔHmix of Fe-Zr (-124 kJ/mol), Zr gets 
attracted to the bcc α-Fe(Co) phase because of the presence of 
higher Co content in x0.35 alloys during phase transformation of 
amorphous to bcc α-Fe(Co) phase in annealing. The chances 
of V atoms to go into the α-Fe(Co) phase are very low as 
ΔHmix for Fe-V (-29.8 kJ/mol) and Co-V (-59.8 kJ/mol) have 
lower negative values than that of ΔHmix of Co-Zr and Fe-Zr. 
Therefore, Zr having higher atomic size (2.05Å) than that of 
Fe (1.26Å) and Co (1.18Å), presence of Zr in bcc α-Fe(Co) 
phase increases lattice parameter in x0.35 alloys as compared to 
x0.1 alloys.

It is interesting to note that V addition in x0.1 alloys leads 
to the formation of nanocrystalline bcc α-Fe(Co) phase as a 
major phase and Fe2Zr phase as a minor phase. However, in 
x0.35 alloys, only bcc α-Fe(Co) phase is formed and Fe2Zr phase 
does not form. In case of FeCoZrBCu alloys, annealing only 
forms only bcc α-Fe(Co) phase and many researchers have 
reported in similar lines6-7. 

The unusual behaviour of the formation of Fe2Zr phase 
formation in x0.1 alloys can be explained using the precision 
parameter (a0) calculations. As a0 values of bcc α-Fe(Co) phase 
formed on annealing of x0.1 alloys, are equivalent to the pure Fe 
values, V (1.44Å) and Zr (2.05 Å) being the bigger size atoms 
are expected to remain in the amorphous phase. As ΔHmix of V 
in Zr is positive (+ 15kJ/mol) and ΔHmix of Zr in Fe is highly 
negative (-124 kJ/mol), Zr is repelled by V and attracted by Fe. 
ΔHmix of Zr in Co is still highly negative (-208 kJ/mol) and as 
Co atomic fraction is less as compared to Fe, Co-Zr interaction 
is highly unlikely. Therefore, Fe-Zr interaction is highly likely 
which may possibly be the reason for the formation of Fe2Zr 
in x0.1 alloys. As it was proved earlier, in case of x0.35 alloys, the 
Zr atoms go into the nanocrystalline bcc α-Fe(Co) phase on 
annealing due to the presence of Co atom in α-Fe(Co) phase, 
Fe-Zr interaction in the amorphous matrix is unlikely and 
hence Fe2Zr phase does not form.

The crystallite size of bcc α-Fe(Co) phase was calculated 
using Debye-Scherrer formula and the calculated crystallite 

Figure 4.  Precision lattice parameter as a function of annealed 
temperature of all ribbons.
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Figure 5.  Crystallite size of: (a) x0.1 and (b) x0.35 alloys as a 
function of annealing temperature.

Figure 6.  TEM bright field image of (a) x0.1y2 as spun ribbon, 
(b) x0.1y2 alloy annealed at 610 oC, and (c) x0.35y2 ribbon 
annealed at 500 oC. 

sizes of annealed ribbons are plotted as a function of annealing 
temperature which are given in the Fig. 5 (a&b) for x0.1 and x0.35 
series alloys, respectively. In case of x0.1 alloys, the crystallite 
size increases with increasing annealing temperature and the 
minimum and maximum crystallite sizes obtained are 6 nm 
and 16.4 nm, respectively. In case of x0.35 alloys, the increase 
in crystallite sizes with annealing temperatures is not as high 
as compared to x0.1 alloys. However, the observed crystallite 
sizes of x0.35 alloys are in the range of 14.7 nm to 20.5 nm 
which is much higher than that of x0.1alloys. Babu9, et.al. have 
reported the maximum grain size of 22.11 nm in x0.35y0 alloy 
which suggests that V addition does not influence much in the 
grain growth of bcc α-Fe(Co) phase of x0.35 alloys.

Figure 6(a) shows the TEM bright field (BF) image of as 
spun ribbon of x0.1y2 alloy and the inset shows the corresponding 
selected area electron diffraction pattern (SAD). From the TEM 
BF image, one can see a featureless contrast and the bright halo 
in the SAD patterns which prove that the as spun ribbon is 
completely amorphous corroborating the XRD results. Figure 
6b shows the TEM BF image of x0.1y2 alloy ribbon annealed 
at 610 oC and the inset shows the corresponding SAD pattern. 
One can see that the uniform distribution of nanograins in the 
amorphous matrix with the size ranging from 10 – 20 nm and 

the indexing of the ring pattern observed in the SAD shows 
the nanograins are of bcc α-Fe(Co) phase. It can be seen that 
the volume fraction of bcc α-Fe(Co) phase is low validating 
the volume fraction calculation from XRD results. A rough 
estimation of volume fraction of nanograins would give 60 
to 70 %. Figure 6c shows the TEM BF image of x0.35y2 alloy 
ribbon annealed at 500 oC. Similar to x0.1y2 alloy ribbon, 
uniform distribution of bcc α-Fe(Co) phase is seen in the 
microstructure. unlike x0.1y2 alloy ribbon, the population of 
nanograins in the x0.35y2 alloy ribbon annealed at 500 oC is very 
dense. General trend in the FeCoZrBCu nanocrystalline alloys 



KuMAR, et al.: EFFECT OF VANADIuM ADDITION ON STRuCTuRE AND SOFT MAGNETIC PROPERTIES OF NANOCRYSTALLINE

237

is that the dense population of nanograins of bcc α-Fe(Co) 
phase form on annealing4-5.

It is interesting to note that only x0.35 alloy follows that 
general trend while x0.1 alloy does not. This can be understood 
considering the elements parting into the amorphous phase 
or nanocrystalline phase during annealing. In nanocrystalline 
alloys, Cu becomes fine clusters in the amorphous matrix during 
solidification which acts as a heterogeneous nucleation sites 
for the nanocrystalline grains to form and grow. Many studies 
reported that Fe becomes the core of the nanocrystalline grains 
and hence it is present in the nanocrytalline phase. As already 
proved through precision lattice parameter calculations, x0.1 
alloy having the lattice parameter close to pure Fe value, all 
other elements are expected to be present in the amorphous 
phase during the formation bcc α-Fe(Co) phase. Since Zr (1.6 
Ǻ) and V (1.44 Ǻ) being heavier atoms than that of many other 
elements present in the alloy i.e. Fe = 1.26 Ǻ, Co=1.18 Ǻ, and 
B=0.85 Ǻ, their presence in the amorphous phase decreases 
the long range diffusion of Fe atoms which would otherwise 
be required for the formation of bcc α-Fe(Co) phase. Because 
of aforesaid reasons, the volume fraction of α-Fe(Co) phase 
formation during the annealing is low in x0.1 alloys. As proven 
through precision lattice parameter calculations, Zr tends to get 
into the FeCo phase forms on annealing in x0.35 alloys. Hence, 
long range diffusion of Fe would be easy causing the high 
volume fraction formation of α-Fe(Co) phase. 

3.2  Magnetic Properties
Figure 7 (a) & (b) shows the thermomagnetic curves of 

x0.1 and x0.35 alloys obtained in VSM at an applied field of 50 
Oe. In x0.1 alloy series, a sudden decrease of magnetization 
is observed in all alloys in the range of 120 to 200 oC which 
corresponds to the ferromagnetic to paramagnetic transition of 
amorphous phase i.e. Curie temperature (Tc) of the amorphous 

phase. It can be noted that the TC of amorphous phase decreases 
with increase in V content in x0.1 alloys. V being non-magnetic 
atom, while replacing magnetic Fe and Co elements in the 
composition, it reduces the curie temperature of the amorphous 
phase.

According to the following equation, the Curie temperature 
is strongly dependant on the exchange interaction of magnetic 
atoms (Jex)

17.

( )
3

2 1
c

ex
kT

J
zS S

=
+                   (3)

where, z, S and k are number of nearest neighbours, spin 
(1/2) and constant, respectively. Exchange interaction can be 
understood using Bethe-Slater curve which gives the exchange 
interaction of the values Fe, Co, Ni and Mn atoms. When the 
bigger size V atoms (atomic size: 1.44 Å) replacing the Fe 
(atomic size: 1.26 Å ) and Co (atomic size: 1.18 Å) atoms, 
the effect of V with other non-magnetic elements of Zr, B and 
Cu, would be to increase the Fe-Fe distance so much that the 
exchange interaction reduces. This leads to the decrease in the 
TC of amorphous phase with V addition.

Similar to x0.1 alloys, ferromagnetic to paramagnetic 
transition is observed in x0.35 ribbons ranges of 420 to 520 
oC which correspond to the Curie temperature (Tc) of the 
amorphous phase. The Tc of amorphous phase decreases with 
increase in V content similar to x0.1 alloy ribbons for the similar 
reason mentioned early. The Tc of amorphous phase of x0.35 
alloys is higher than that x0.1alloys due to the high Co content 
having high Tc (1115oC) than Fe (768oC) in the x0.35 alloys.   

The saturation magnetization values (at 5 kOe) are plotted 
as a function of annealing temperature and given in Fig. 8 (a&b) 
for x0.1 and x0.35 alloys, respectively. From the Fig. 8a, one can 
see that the saturation magnetization values of as spun ribbons 
of x0.1 alloy are in the range of 0.6 to 1.0 T which increase 
on the annealing due to the formation of bcc α-Fe(Co) phase 

Figure 7. Thermomagnetic curves of as spun ribbons of (a) x0.1 and (b) x0.35 alloys obtained at an applied field of 50 Oe.
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upto 1.19 T. The amorphous alloys posses low magnetization 
values due to two reasons namely (i) presence of Fe and Co 
magnetic elements along with non-magnetic elements in the 
amorphous phase and (ii) the Tc of amorphous phase is close 
to room temperature at which the measurement was carried 
out. The magnetization values decrease with increasing V 
content and this is due to the non-magnetic nature of V element 
replacing magnetic Fe and Co elements FeCoZrBCu alloys 
possess very high magnetization value as high as 1.8 to 1.9T9 
and however, x0.1 alloys shows low magnetization values up 
to a maximum of 1.19 T. This is due to two reasons. First is 
that low volume fraction formation of bcc α-Fe(Co) phase 
as proven through XRD and TEM studies. As this phase has 
high magnetization value, its presence in low volume fraction 
reduces the magnetization value considerably. Second is that 
formation of Fe2Zr phase with low magnetization value whose 
presence further reduces the magnetization values.

The magnetization values of x0.35 alloys are much higher 
than that of x0.1 alloys and the values are in the range of 1.2 
T to 1.65 T. The higher magnetization values are due to the 
reason that FeCo alloys show high magnetization at Fe0.65Co0.35 

and Fe:Co ratio in x0.35 alloys also is same. According to band 
theory of solids, the maximum magnetic moment which is 
the difference between the up-spin and down-spin electrons 
moments, is observed at the composition of Fe0.65Co0.35 and 
hence shows highest magnetization. 

In x0.35 alloys also, the magnetization values decrease 
with increasing V content for the same reason mentioned for 
x0.1alloys. unlike x0.1 alloys, the increase in magnetization 
upon annealing is not much in the case of x0.35 alloys. The 
magnetization values of these alloys are almost similar to the 
nanocrystalline alloys of x0.35y0

9. This is due to the fact that Tc 
of amorphous phase is close to the room temperature (around 
60 oC) in x0.1 alloys and the magnetization is very low near Tc 
and hence shows low magnetization at room temperature. This 
alloy forms bcc α- Fe phase having high magnetization and high 
Tc (770 oC) on annealing and this increases the magnetization 
drastically when it is measured at room temperature. If the 
measurement was done at far below room temperature (which 
is also far below than the Tc of amorphous phase), the increase 
in magnetization would not be drastic and the extent of increase 
in magnetization decreases with decrease in temperature. This 

Figure 8. Saturation magnetisation as a function of annealing temperature of (a) x0.1 and (b) x0.35 alloys.

Figure 9. Coercivity as a function of annealing temperature of (a) x0.1 and (b) x0.35 alloy ribbons.



KuMAR, et al.: EFFECT OF VANADIuM ADDITION ON STRuCTuRE AND SOFT MAGNETIC PROPERTIES OF NANOCRYSTALLINE

239

behavior is more pronounced in x0.35 alloy having high Tc 
ranging from 421 to 520oC which shows almost slight or no 
increase in magnetization. 

Figure 9(a) shows the variation of coercivity as a function 
of annealing temperature of x0.1alloys. One can observe that 
the coercivity value of as spun ribbons are in the range of 
0.12 to 0.15 Oe which are equivalent to the coercivity values 
of FeZrBCu amorphous alloys3,4 and however the coercivity 
values of annealed ribbons increase drastically to higher values 
in the range of 0.35 to 0.55 Oe. In case of nanocrystalline alloys, 
the annealing leads to the formation of densely populated nano 
grains in the amorphous matrix and this leads to the exchange 
interaction between the nano grains through amorphous matrix 
which reduces the coercivity on annealing due to the averaging 
out of magnetocrystalline anisotropy by the number of grains. 
For exchange interaction to take place, the distance between 
the nanograins to be in the order of ferromagnetic exchange 
length (Lex) which happens to be few tens of nm for Fe based 
alloys. However, in the present study, the volume fraction of 
nanograins is approximately in the range of 60 to 70 % which 
is not sufficient enough to cause exchange interaction through 
amorphous phase and this leads to the increase in the coercivity 
on annealing in these alloys. 

Figure 9(b) shows the variation of coercivity as a function 
of annealing temperature of x0.35 alloy ribbons. In these alloys, 
the coercivity values of as spun amorphous ribbons decrease 
with increasing V content. Since as spun ribbons with only 
amorphous phase possess almost zero magnetocrystalline 
anisotropy (K1), the possible reason for the reduction of 
coercivity with increase in V content, may be the reduction 
in magnetostriction. The coercivity values of annealed ribbons 
either increase or remain almost constant. It is worth noting that 
a coercivity of 0.13 Oe is obtained in the x0.35y6 alloy ribbon in 
the as spun condition which is lower than the coercivity values 
reported among FeCoZrBCu alloys3,4. A combination of good 
soft magnetic properties obtained in V containing alloys has 
shown potential for practical applications in magneto-electric 
technical devices. 

4. CONCLUSIONS
The glass forming ability, structure and soft magnetic 

properties of melt spun ribbons of (Fe1-xCox)88-yVyZr7B4Cu 
with x0.1y2, x0.1y4 and x0.1y6 & x0.35y2, x0.35y2 and x0.35y6 have been 
investigated. The salient points are summarized and presented 
here, 

In melt spinning, the structure was found to be fully amor-• 
phous for all the ribbons processed at a wheel speed of 47 
m/s. Glass forming ability (GFA) of these alloys increase 
marginally with increase in V content in both x0.1 and 
x0.35 alloys and Co addition decrease the GFA
Annealing of amorphous ribbons of • x0.1 alloys, leads to 
the formation of bcc α-Fe(Co) phase as a major phase and 
Fe2Zr phase as a minor phase in the amorphous matrix,  
while annealing of amorphous ribbons of x0.35 alloys leads 
to the formation of only bcc α-Fe(Co) phase in the amor-
phous matrix 
Precision lattice parameter calculations revealed that V • 
addition influences the phase formation in x0.1alloys. It 

leads to low volume fraction of bcc α-Fe(Co) phase and 
promotes Fe2Zr phase
T•	 C of amorphous phase increases with Co content and de-
creases with increasing V addition
x•	 0.35 alloys have higher Ms values than that of x0.1 alloy due 
to higher Co content and however the Ms decreases with 
increasing V content due to the non-magnetic nature of V
Coercivity increases with annealing in all V added alloys • 
due to the low volume fraction formation of bcc α-Fe(Co) 
phase and Fe2Zr phase. The coercivity decreases with in-
creasing V addition in x0.35 alloys as spun ribbons and a 
lowest coercivity of 0.13 Oe has been obtained in x0.35y6 
alloy which is one of the lowest among the similar alloys 
reported in the literature
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