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Abstract: This study investigates the effect of annealing
temperature and time on the structural and magnetic
properties of melt-spun Nd—Fe-B alloy ribbons. Annealing
was carried out at 550 °C for 30 min, while heat
treatments at 650 °C and 700 °C were performed for 30,
60, and 90 min. Phase evolution, microstructure, and
magnetic behavior were characterized using XRD, FE-SEM,
EDS, DSC, and VSM analyses. The as-spun ribbons
exhibited an amorphous structure with weak magnetic
properties. Annealing at 650 °C led to the formation of the
hard magnetic Nd,Fe;4B phase and promoted the
development of a uniform nanocrystalline structure. The
best magnetic performance was obtained at 650 °C for 90
minutes, where the coercivity reached 8710 Oe, and the
squareness ratio was 0.781. In contrast, annealing at 700 °C
resulted in the formation of soft magnetic phases and
significant grain coarsening, which reduced the magnetic
performance. These results indicate that annealing at 650 °C
for 90 minutes provides the most suitable condition for
obtaining a stable nanocrystalline structure and improved
magnetic properties in Nd—Fe—B alloy ribbons.
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1- Introduction

Nd-Fe-B permanent magnets owe their strong
performance to the tetragonal Nd, Fe; , B phase, whose
magnetic behavior is highly sensitive to microstructure [1],
[2], [3]- Melt spinning is an effective technique for
producing amorphous ribbons that can transform into fine
nanocrystalline structures through controlled annealing.
When grain sizes remain in the nanoscale range, coercivity
and remanence improve due to restricted domain wall
motion and strong grain boundary pinning [4].

Heat treatment, therefore, plays a central role in
optimizing these magnets. Proper annealing stabilizes the
Nd rich boundary phase and promotes full formation of
Nd, Fe; 4 B [6], while excessive temperatures can cause

grain coarsening and create soft magnetic phases such as a
Fe, which degrade performance [5], [6], [7]. Despite
previous research, a clear understanding of how both
annealing temperature and time jointly affect
crystallization and magnetic behavior is still incomplete.

In this study, melt spun Nd; 5 Fe; ; Bg ribbons were
annealed at 550, 650, and 700 °C for 30, 60,and 90 min.
Using DSC, XRD, FE SEM, EDS, mapping, and VSM
analyses, we identify how microstructure evolves at each
condition and determine the heat treatment window that
preserves the nanocrystalline structure and maximizes
magnetic performance.

2- Method

An Nd-Fe-B alloy with the nominal composition
Nd; 5 Fe; ; Bg (99.5% purity) was prepared and melt
spun to produce amorphous ribbons. The alloy was melted
in an induction furnace under high purity argon and rapidly
guenched onto a 25 cm copper wheel rotating at 25 m/s.
The melt spinning chamber operated at 5-10 mbar, and
the ejection pressure was 450 mbar. This rapid
solidification (~10° KI/s) produced uniform amorphous
ribbons.

To avoid oxidation, all heat treatments were carried out
in a quartz tube furnace under 99.999% pure argon. The
ribbons were annealed at 550, 650, and 700 °C for 30, 60,
and 90 minutes, using a heating rate of 10 °C/min,
followed by furnace cooling.

3- Results and Discussion

The phase evolution of melt-spun Nd—Fe-B ribbons was
investigated by X-ray diffraction after annealing at
650 °Cand 700 °C for different durations, as shown in
Fig. landFig. 2.
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Fig 1. X-ray diffraction (XRD) patterns of the Nd—Fe-B
melt-spun ribbons annealed at 650 °C for (a) 30 min, (b)
60 min, and (c) 90 min

At 650 °C, the XRD patterns in Fig. 1(a-c) clearly
demonstrate the progressive crystallization of the hard
magnetic Nd, Fe; , B phase from the initially amorphous
structure [6], [8], [9]. After 30 minutes of annealing
(Fig. la), weak diffraction peaks corresponding to
tetragonal Nd, Fe; , B (P4, /mnm) appear,
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Fig 2. X-ray diffraction (XRD) patterns of the Nd—Fe-B
melt-spun ribbons annealed at 700 °C for (a) 30 min, (b)
60 min, and (c) 90 min

indicating the onset of crystallization within a partially
amorphous matrix [2]. Increasing the annealing time to 60
and 90 minutes (Fig. 1b, c) leads to a significant
increase in peak intensity and a reduction in peak
broadening, confirming improved crystallinity and grain
growth [5], [4]. Importantly, no secondary phases such as
a-Fe are detected even after 90 minutes, indicating that
annealing at 650 °C results in the formation of a nearly
single-phase nanocrystalline Nd, Fe; , B structure. These
observations are consistent with the DSC results, where
exothermic peaks at ~535 °C and ~640 °C correspond
to Nd, Fe, ; B; formation and its transformation to
Nd, Fe; 4 B, respectively [8], [9].

In contrast, annealing at 700 °C induces significant
structural changes. Even after 30 min, diffraction peaks
of soft magnetic a-Fe (Im3m) appear alongside
Nd, Fe; 4 B [6], [7]. With longer times, a-Fe intensities
increase, peaks sharpen, and secondary NdFe, B,
appears after 90 min, indicating phase decomposition at
elevated temperatures [8].

Thus, 650 °C is identified as the optimal temperature
for producing single-phase nanocrystalline Nd, Fe, , B
without phase degradation.

The microstructural evolution of the Nd—Fe—B ribbons
after annealing at different temperatures was examined
using FE-SEM, as shown in Figures 3 and 4. At650 °C
(Figure 3), the fractured cross-section images reveal the
gradual development of a uniform nanocrystalline
structure. After 30 minutes (Figures 3(ab)), the

microstructure still contains a partially amorphous matrix
with the initial formation of nanosized Nd, Fe; , B
grains, having an average size of about 90 nm. With
increasing annealing time to 60 minutes (Figure 3c),
grain growth becomes more evident and the grain
boundaries appear clearer, while the average grain size
increases to approximately 104 nm [2], [4].

Fig 3. FE- SEM fracture- surface micrographs of the Nd—
Fe—B melt- spun ribbons annealed at 650 °C for (a and b)
30 min, (¢) 60 min, and (d) 90 min

After 90 minutes (Figure 3(d)), a relatively
homogeneous nanocrystalline structure is formed with an
average grain size of about 156 nm. No abnormal grain
growth or phase segregation is observed, indicating a
stable nanostructure consistent with the single-phase
Nd, Fe; , B formation confirmed by XRD.

In contrast, the FE-SEM images of samples annealed
at 700 °C (Figure 4) show significant grain coarsening
and microstructural instability. After 30 minutes
(Figure 4(b)), the average grain size increases to about
175 nm, and the presence of brighter regions suggests the
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onset of phase segregation and possible formation of a-Fe,
which is consistent with the XRD results (Figure 2(a)).
With further annealing for 60 minutes (Figure 4c),
abnormal grain growth becomes more pronounced, with
some grains exceeding 250 nm. After 90 minutes
(Figure 4(d)), several grains grew beyond 300 nm,
resulting in a heterogeneous microstructure with coarse
grains and bright regions associated with phase separation
[8]. These features are consistent with the formation of
a-Fe and NdFe, B, phases detected in the corresponding
XRD patterns (Figure 2c). The magnetic behavior of the
melt-spun Nd—Fe—B ribbons after annealing at different
temperatures and durations was analyzed using VSM
measurements, as shown in Figures 5 and 6. At
650 °C (Figure 5), the hysteresis loops exhibit a steady
improvement in magnetic hardness with increasing
annealing time from 30 to 90 minutes.

Fig 4. FE- SEM fracture- surface micrographs of the Nd—
Fe-B melt- spun ribbons annealed at 700 °C for (a and b)
30 min, (c) 60 min, and (d) 90 min

After 30 minutes (Figure 5(a)), the sample showed a
coercivity (Hc) of about 8150 Oe, saturation
magnetization (Ms)~ 108.8 emu/g, and squareness ratio
(M/Ms) =~ 0.76, indicating the emergence of nanosized
hard-magnetic Nd, Fe; , B grains. With longer annealing
times (Figures 5(b,c)), the values of Hc and Mr/Ms
continued to increase, reaching 8710 Oe and 0.78,
respectively, after 90 minutes. The corresponding
increase in anisotropy energy (K = 3.67 x 10° J/m?
for 90 min) reflects enhanced crystal orientation and
magnetic  alignment  within  the  nanocrystalline
Nd, Fe; 4 B phase [2], [10]. The steady rise in coercivity
and squareness ratio confirmed that prolonged annealing
at 650 °C promotes optimum grain  coupling,
single-domain behavior, and magnetic stability [4].
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Fig 5. Magnetic hysteresis loops of the Nd—Fe—B melt- spun
ribbon annealed at 650 °C for (a) 30 min, (b) 60 min, and
()90 min

By contrast, samples annealed at 700 °C (Figure 6)
exhibit significant variations in magnetic performance due

to phase decomposition and grain  growth.
After 30 minutes (Figure 6(a)), the  sample
demonstrated high Ms (= 126 emu/g) but

reduced M/Ms (= 0.60) and Hc; (= 6307 Oe),
attributed to the presence of soft magnetic a-Fe, as
confirmed by XRD (Figure 2(a)). After 60 minutes,
coercivity rose moderately (= 6529 Oe) and squareness
improves (M/Ms = 0.71), suggesting partial
reorganization toward the hard Nd, Fe, , B phase [6], [7].
However, after 90 minutes (Figure 6c), excessive grain
growth and the appearance of secondary NdFe, B, phase
(see Figure 2c¢) lead to a sharp decrease
in He (= 4213 Oe) and Mr/Ms (= 0.56). These
changes indicated structural heterogeneity and weakened
exchange coupling between magnetic grains, consistent
with the FE-SEM observations [11].
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Fig 6. Magnetic hysteresis loops of the Nd—Fe—B melt- spun
ribbon annealed at 700 °C for (a) 30 min, (b) 60 min, and
(c)90 min

4-  Conclusions

The results of this study demonstrate that the annealing
process plays a decisive role in developing the
hard-magnetic properties of melt-spun Nd—Fe—B ribbons.
Annealing at 650 °C enabled the controlled formation of
a uniform nanocrystalline Nd, Fe; 4, B phase, resulting in
progressive improvement of coercivity and magnetic
squareness with increasing time. The highest performance
was achieved after 90 minutes, where optimized grain
size and strong exchange coupling produced stable and
enhanced magnetic behavior. In contrast, annealing at
700 °C led to excessive grain growth and the emergence
of soft magnetic phases such as a-Fe and NdFe, B, ,
which substantially reduced coercivity and magnetic
stability. Overall, the findings confirm that 650 °C
represents the optimal annealing temperature for
preserving nanocrystallinity, maximizing coercivity, and
ensuring desirable hard-magnetic performance in Nd—Fe—
B melt-spun ribbons.
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Effect of Annealing Temperature and Time on The Magnetic Behavior of Nd-Fe-B Alloy Ribbons
Produced by Melt Spinning Method

Ghader Ahmadpour Farzad Nasirpouri

Abstract In this study, the effects of annealing temperature and time on the magnetic properties, microstructure, and phase
composition of Nd-Fe-B alloy ribbons produced by melt-spinning were investigated. The samples were annealed at
temperatures of 550, 650, and 700 °C for durations of 30, 60, and 90 minutes. Characterization was carried out using X-
ray diffraction (XRD), field emission scanning electron microscopy (FE-SEM), energy-dispersive X-ray spectroscopy
(EDS), elemental mapping, and vibrating sample magnetometry (VSM). Annealing at 650 °C for 90 minutes led to the
complete crystallization of the hard magnetic Nd,Fe,,B phase with a nanocrystalline structure. At 700 °C, in addition to
the Nd,Fe,4B phase, soft a-Fe and secondary NdFe,B, phases also appeared. FE-SEM images confirmed the gradual
grain growth with increasing temperature and time. Elemental mapping and EDS analysis showed a uniform distribution
of elements in the annealed samples. The maximum coercivity (8710 Oe) and squareness ratio (0.781) were achieved for
the sample annealed at 650 °C for 90 minutes, which is attributed to the stable nanocrystalline structure and effective
pinning of domain walls. In contrast, annealing at 700 °C led to a reduction in coercivity and squareness ratio due to
excessive grain growth and the formation of soft phases. The annealing condition of 650 °C for 90 minutes was determined
as the optimal condition for achieving desirable magnetic properties while preserving the nanocrystalline structure.

Keywords: Nd-Fe-B alloy, Melt-spun ribbons, Annealing treatment, Nd,Fe,,B phase, Microstructure, Magnetic
properties
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