JOURNAL OF APPLIED PHYSICS 103, 07E729 (2008)

Crystallization and thermomagnetic treatment of a Co-rich
Co-Fe—-Ni-Zr-B—-Cu based nanocomposite alloy

P. R. Ohodnicki, Jr.,"® S. Y. Park,' D. E. Laughlin," M. E. McHenry,"

V. Keylin,? and M. A. Willard®

'"Materials Science and Engineering Department, Carnegie Mellon University, Pittsburgh,
Pennsylvania 15213, USA

2Magnetics, Division of Spang and Company, Pittsburgh, Pennsylvania 15238, USA
3Code 6355, Naval Research Laboratory, Washington, DC 20375, USA

(Presented on 6 November 2007; received 11 September 2007; accepted 30 October 2007,
published online 4 March 2008)

The magnetic properties observed after various thermal-magnetic treatments for a
(Cog.gsFeq.15)83.6Nis 4Zr7B,Cu, alloy are compared with those for a (Coy ggFe( 12)79. 4N ¢SigBg alloy
of similar Co:Fe ratio which exhibited a large field induced anisotropy in previous work. The
qualitative conclusions arrived at here also apply to the (CoggsFe ;5)gsZr7B4Cu; alloy without Ni.
For the transverse magnetic field annealed (CogsFe( s)g36NigsZr;B4Cu; alloy, the highest
anisotropy fields Hy (Hg~35-40 Oe), field induced anisotropies K;; (K;;~ 1700—2000 J/m?), and
lowest coercivities H- (H-~0.5—1.5 Oe at f=3 kHz) were observed for field annealed amorphous
ribbons as compared to field crystallized ribbons. For the (Cog ggFe( 12)79 4Nb5 ¢SigBg alloy, the field
induced anisotropy is a maximum for field crystallized ribbons (Hgx~28-45 Qe, Ky
~800-1800 J/m?) and the increase in dynamic coercivity (H-~0.5—1 Oe at f=3 kHz) observed
upon crystallization is much less dramatic. The field annealed amorphous alloy of composition
(Cog.gsFeq.15)g3.6Nis 4Zr7B,4Cu; exhibited field induced anisotropies and dynamic coercivities that

are competitive with the field crystallized alloys of composition (Cog gsFeq 12)794Nbs ¢SigBg.
© 2008 American Institute of Physics. [DOI: 10.1063/1.2834400]

Fe, Co based nanocomposites can be engineered to ex-
hibit excellent soft magnetic properties through averaging of
the magnetocrystalline anisotropy of randomly oriented
nanocrystals as described by the Herzer model.! Most atten-
tion has focused on Fe-rich alloysz’3 or alloys near equi-
atomic Fe—Co ratios* due to their large saturation inductions,
but Co-rich®” and Ni—containinglo’11 alloys have been in-
creasingly explored for technical applications and/or to study
their crystallization and magnetic properties. In Co-rich Co—
Fe-Nb-Si-B and Co-Fe-Zr-Si—B nanocomposite alloys,
Yoshizawa et al. demonstrated a large field induced aniso-
tropy and low losses for alloys with Co:Fe ratios of roughly
9:1 to 8:2."'* The large field induced anisotropy was attrib-
uted to the formation of the nanocrystalline phase.

This work aims to contrast the magnetic properties ob-
served after thermomagnetic treatment for a large field in-
duced anisotropy Co—Fe—-Nb-Si-B based alloy investigated
previously by Yoshizawa et al.”'? and two Co-Fe—Zr-B—Cu
based alloys synthesized here. Emphasis is placed on mea-
suring the magnitude of the uniaxial field induced anisotropy
constant K;; and the dynamic coercivity H. observed after a
number of transverse magnetic field annealing treatments.

Amorphous ribbons were melt spun using an overpres-
sure of 1 psi of argon to eject the melt for wheel velocities of
25 m/s. The three alloys synthesized have nominal compo-
sitions of (CoggsFey 15)gs_xNixZrsB,Cu; with Xy;=0 and
Xni=4.4 and (CoggsFeq 12)794NDb, ¢SigBg. The results focus
on the Xy;=4.4 composition but the conclusions are also
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qualitatively valid for the Xy;=0 alloy. As-cast amorphous
alloys were wound into toroidal cores and annealed at tem-
peratures ranging from 350-530 °C for 1 h with transverse
magnetic field annealed (TMF) or without no field annealed
(NF) an applied 2 T transverse magnetic field that was ap-
plied during heating and cooling as well. Below, field an-
nealed ribbons treated at temperatures sufficiently high to
undergo crystallization will be referred to as field crystallized
(FC). Field annealed ribbons treated at lower temperatures
such that they remain amorphous will be referred to as field
annealed amorphous (FA). High temperature magnetization
measurements were made using a Lakeshore high tempera-
ture vibrating-sample magnetometer (VSM) with a heating
rate of approximately 5 °C/min on average. Core losses and
B-H loops were obtained for toroidal cores with a Walker
AMH-401 ac permeameter. Saturation magnetostriction was
measured with strain gages by the Wheatstone bridge method
with a DMD-21 digital strain meter.

Figure 1 shows an M(T) plot of the as-cast amorphous
ribbons. Several characteristic phase transformation tempera-
tures are identified from these M(T) plots for the Co-Fe-
Zr-B based alloys.5 These temperatures correspond to (1)
primary crystallization temperature of a nanocrystalline
phase (T,;), (2) secondary crystallization of the remaining
amorphous phase (T,), (3) the onset of the formation of fcc
¥ phase (T'ys,q), (4) the completion of the bee to fee trans-
formation (7', ,fnish), and (5) the Curie temperature of the
crystalline fce phase (Tcyge,)-

For the Zr-B based Xy;=0 and Xy;=4.4 alloys, only bcc
phase is observed after 1 h isothermal annealing treatments
for temperatures near T,,. In addition, T, is difficult to
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FIG. 1. (Color online) M(T) curves for (CogsFe 5)sg_(Ni),Zr;B4Cu, al-
loys for Xy;=0 and Xy;=4.4 as well as a high field induced anisotropy alloy
(CogsgFeq.12)79 4Nb, ¢SigBg for comparison (labeled Nb-Si-B alloy).

identify as it lies close in proximity to Tx2.5 Based on Fig. 1,
the Xy;=4.4 composition exhibits slightly reduced magneti-
zation in the amorphous and crystallized ribbons and a re-
duction in Ty, Ty, and T, yinish s compared to Xy;=0. The
saturation induction of the as-cast amorphous and crystal-
lized ribbons and the Curie temperature of the as-cast ribbon
are all significantly smaller for the Nb-Si-B based alloy as
compared to the Zr—B based alloys. However, Curie tem-
perature of the as-cast amorphous ribbons cannot be accu-
rately estimated as they lie above 7.

Figure 2 illustrates the dynamic B-H loops obtained at
f=3 kHz for ribbons of composition Xy;=4.4 annealed with
(TMF) and without (NF) a 2 T applied transverse magnetic
field for 1 h at (a) 350 °C and (b) 530 °C. B-H loops mea-
sured for the Co-Fe-Nb-Si-B alloy are presented in Figs.
2(c) and 2(d) for comparison. X-ray diffraction reveals that
both compositions are amorphous after the 350 °C treatment
(FA) and that primary crystallization of a bcc nanocrystalline
phase has occurred for the 530 °C treatment (FC). The
shearing of the hysteresis loops is a result of the induced
magnetic anisotropy from transverse magnetic field anneal-
ing. The anisotropy field (Hy) is estimated from Fig. 2 by
extrapolating the linear portion of the hysteresis loop to the
saturation induction. An estimate for the field induced
uniaxial anisotropy constant K, is obtained using HxM /2.
Mg is the saturation magnetization of the ribbon. The esti-
mated values of Hy from the B-H loops are indicated by
arrows in Fig. 2.

The relative areas of the dynamic B-H loops of Fig. 2
show that the FC Co-Fe—Zr-B based ribbon (7=530 °C,
Xni=4.4) exhibits dramatically higher core losses than the
FA Co-Fe-Zr-B based ribbon (T=350 °C, Xy;=4.4). The
FC ribbon also exhibits a lower anisotropy field and a lower
value of K, than the FA ribbon. These trends are illustrated
in Fig. 3 for several additional annealing treatments along
with the results for the Co—Fe-Nb-Si-B based alloy. For the
Co-Fe—Nb-Si-B alloy, the trend in Hg with annealing tem-
perature is different. The measured values of Hyg are much
larger for the FC ribbons as compared to the FA ribbon.

For the X\;=4.4 Zr-B based alloy, a sharp increase in
H_ at f=3 kHz and a decrease in K, are observed for FC
ribbons as compared to FA ribbons. For the Co-Fe-Nb-Si-B
alloy, a clear increase in K, is observed with increasing an-
nealing temperatures and the increase in H for FC ribbons
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FIG. 2. (Color online) Dynamic B-H loops obtained for toroidal cores of a
Zr-B based alloy with Xy;=4.4 annealed at (a) 350 °C and (b) 530 °C with
and without a field. Dynamic B-H loops obtained for a Nb-Si-B based alloy
annealed at (c) 350 °C and (d) 530 °C with and without a field are pre-
sented for comparison. The sheared hysteresis loops correspond to the trans-
verse magnetic field annealed core, and the estimated values of Hy are
indicated by the arrows.

is not as dramatic. The highest values of K;; measured for the
Co-Fe-Nb-Si-B alloy here are lower than, but in reasonable
agreement with the values originally quoted in Refs. 7 and
12.

Comparison between the two alloys investigated accord-
ing to Fig. 3 shows that H. is comparable for most of the
ribbons investigated with the exception of dramatically
higher values measured for the Co-Fe—Zr-B based FC rib-
bons. In contrast, K;; is comparable for FC ribbons of both
alloys but for the FA ribbons, it is much higher for the Co-
Fe—Zr-B based ribbons as compared to the Co-Fe-Nb-Si-B
ribbons. Because M is higher for the Co—Fe—Zr-B based
ribbons (M~ 125-135 emu/g) than the Co-Fe-Nb-Si-B
based ribbons (M,;~93—-100 emu/g), they exhibit a higher
estimated K, for the same measured H.

The trend of increasing Hy and K;; with increasing field
annealing temperature observed for the Co—Fe-Nb-Si-B al-
loy here agrees with the results of Yoshizawa et al. in Refs. 7
and 12. This trend led the authors to conclude that the large
field induced anisotropy is associated with the formation of
the nanocrystalline phase. For the Zr-B based alloys studied
here, however, the field induced anisotropy is larger for FA
ribbons rather than for FC ribbons and the formation of
nanocrystalline phase actually results in a decrease in the
field induced anisotropy. For the Co—Fe—Zr-B ribbons stud-
ied here, it is not yet clear if the amorphous phase plays a
significant role in the overall field induced anisotropy. One
justification for the possibility of a relatively larger contribu-
tion of the amorphous phase to the overall field induced an-
isotropy for the FC Co—Fe—Zr-B ribbons as compared to the
FC Co-Fe—Nb-Si-B ribbons is the relative Curie tempera-
ture of the as-cast amorphous ribbons. From Fig. 1, it is
observed that the as-cast ribbons of the Co—Fe-Nb-Si-B al-
loy have a Curie temperature of roughly 500-600 °C which
is in the vicinity of the annealing temperatures of
450-550 °C used to obtain FC ribbons. The Co-Fe-Zr-B
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FIG. 3. (Color online) The (a) coercivity, (b) anisotropy field, and (c) field induced anisotropy constant estimated from the 3 kHz dynamic B-H loop.

as-cast amorphous ribbons, however, have Curie tempera-
tures significantly larger than 600 °C.

Core losses obtained for fixed B, of 1, 3, and 10 kG
are shown in Fig. 4 for the Xy;=4.4 Co-Fe—Zr-B based cores
annealed at two different temperatures, 7=350 °C (FA) and
T=530 °C (FC), with and without a transverse field. The
core losses were reduced significantly in both cases by trans-
verse field annealing. The FA ribbon also exhibits lower core
losses than the FC ribbon in agreement with the coercivity
trend of Fig. 3. Core loss results for the Co—Fe-Nb-Si-B
alloy are not presented here for brevity.

Possible reasons for the higher dynamic coercivity (f
=3 kHz) and higher core losses observed for the FC Xy;
=4.4 Co-Fe-Zr-B based ribbons as compared to the FC Co—
Fe—-Nb-Si-B alloy include differences in the magnetocrystal-
line anisotropy of the crystalline grains, the average grain
size, and the magnetostriction of the ribbons. For the Co—Fe—
Zr-B based Xy;=0 FC ribbon (T=530 °C), \,>27 ppm, and
for the corresponding Co-Fe-Nb-Si—B based FC ribbon,
A;~8-9 ppm. The higher core losses of the Co—Fe—Zr—B
FC ribbons may be partially explained by residual stresses in
the ribbon and a higher saturation magnetostriction. How-
ever, it is not clear if magnetoelastic effects are the dominant
cause of the relatively large core losses and coercivity for the
field crystallized Co—Fe—Zr—B alloys studied here.

In conclusion, a two phase mixture of amorphous phase
and bcc nanocrystalline phase was present in all ribbons in-
vestigated in this work after primary crystallization. The Co—
Fe-Nb-Si-B alloy first investigated by Yoshizawa et al.™"?
exhibited the largest field induced anisotropy in the field
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FIG. 4. (Color online) Core loss data for fixed B,,,, values of 10, 3, and
1 kG of varying frequency for the (a) 350 °C and (b) 530 °C cores annealed
with (open symbols) and without (solid symbols) a transverse magnetic field
H=2 T applied. In both cases, the cores annealed with a transverse field
exhibit lower core losses.

crystallized state (K;~800—1800 J/m?, H ~0.5—1 Oe).
The origin of the large field induced anisotropy is attributed
primarily to the formation of nanocrystalline phase for this
composition. However, the largest field induced anisotropy
and best soft magnetic properties for the Co—Fe—Zr—B alloys
of similar Co:Fe ratio were observed in field annealed amor-
phous ribbons (K~ 1700-2000 J/m?, H-~0.5-1.5 Oe)
rather than field crystallized ribbons. For these compositions,
the possibility of a significant contribution of the amorphous
phase to K;; of field crystallized ribbons cannot be excluded
based on the data obtained here. The relative Curie tempera-
tures of the as-cast amorphous ribbons of both alloys as com-
pared to the annealing temperatures during field crystalliza-
tion experiments also suggest that the amorphous phase
could provide a relatively larger contribution to the overall
Ky in field crystallized Co-rich alloys of the Co-Fe-Zr-B
type. The transverse field annealed amorphous Co-Fe—Zr-B
alloys studied here appear to be more attractive for applica-
tions requiring low permeability, B-H linearity to high fields,
and low core losses at high frequencies as compared to the
corresponding field crystallized Co-Fe—Zr-B alloys. The
transverse field annealed Co-rich amorphous Co-Fe-Zr-B
alloys investigated here also exhibited properties that are
competitive with the field crystallized Co-rich Co-Fe—Nb-
Si—B alloys of Yoshizawa et al.™"?
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