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ABSTRACT
This study introduces the first literature report of rapidly solidified Nd–Fe–B–
Ce alloys fabricated using the melt-spinning technique at varying disc rotation 
speeds. The resulting alloy images are then analyzed using various image process-
ing techniques, and their structural and magnetic characteristics are described. 
The alloys are characterized using a variety of methods, including x-ray diffrac-
tion (XRD), field-emission scanning electron microscopy (FE-SEM), energy-dis-
persive x-ray spectroscopy (EDX), differential thermal analysis (DTA), vibrating 
sample magnetometry (VSM), and Vickers microhardness tests. By using XRD, 
the tetragonal hard magnetic Nd2Fe14B phase is detected in the Nd30Fe65B0.9Ce5 
alloy. The FE-SEM microstructure analysis shows that the grain structure of the 
ingot alloy is indistinct, and the tetragonal symmetric structure begins to appear 
at disc rotation speeds of 20 m/s and 40 m/s. The analysis of FE-SEM images 
using histogram analysis, the image segmentation technique, and VSM method 
reveals that the coercivity values of the sample produced at the 80 m/s solidifica-
tion speed increased by approximately 34% when compared to the ingot alloy.

1 Introduction

As energy resources decrease, energy efficiency prac-
tices are becoming more widespread. With the increase 
in energy usage worldwide, the efficient use of energy 
has emerged as a separate area of expertise. The qual-
ity of permanent magnets is very important when con-
sidering efficiency in generator and motor technolo-
gies. Due to their great energy efficiency and low price, 

Nd–Fe–B magnets are widely used in many applica-
tions, including hard disc drives, voice coil motors, 
hybrid, and electric automobiles. It has become very 
important to reduce the eddy current loss, which 
is observed in electric motors and reduces the effi-
ciency considerably. Because the electrical resistance 
of Nd–Fe–B magnets is relatively low, magnetic field 
loss due to eddy current loss is often observed under 
working conditions and wear. This loss can be limited 
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by adding different elements to Nd–Fe–B magnets 
and using production methods that prevent oxidation. 
Another advantage of these magnets is that they have 
a high anisotropy field and a large saturation mag-
netization. As a result of intensive research in the last 
decades, Nd–Fe–B magnets have become available for 
practical use with maximum energy production and 
high efficiency. The magnetic properties and electrical 
resistance of Nd–Fe–B magnets depend on their micro-
structures, especially the grain size of the Nd–Fe–B 
alloy. Rare earth metal-based Nd–Fe–B type magnetic 
alloys are widely utilized as permanent magnets in 
various applications due to their integrated structure, 
lightness, small size, and high maximum energy prod-
uct BH (max).

In recent years, permanent magnet applications 
have rapidly expanded in the industrial, transporta-
tion, information, and automation technology indus-
tries [1–3]. Nd–Fe–B magnets have higher magnetic 
properties than other rare earth element-based mag-
nets. They are also lighter, have a higher mechanical 
strength, and are less expensive [4]. Special condi-
tions are required to operate hard magnets at higher 
temperatures. Decreasing coercivity (Hc) makes the 
magnets more sensitive during the demagnetiza-
tion process. Therefore, heavy rare earth elements 
like terbium (Tb) and dysprosium (Dy) are neces-
sary for high-temperature applications [5, 6]. Cerium 
(Ce), one of the most abundant rare earth elements in 
nature, offers a promising alternative for Nd/Pr/Dy in 
2:14:1-type permanent magnets. The potential of Ce 
to reduce magnet production costs and decrease the 
demand for other rare earth elements has increased 
interest in this element. The lower intrinsic magnetic 
properties of sintered Ce2Fe14B (Js: 1.17 T, HA:2.6 T, TC: 
151 °C) compared to Nd2Fe14B (Js: 1.6 T, HA:7.3 T, TC: 
351 °C), due to the excessive substitution of Nd by Ce, 
significantly diminish the overall magnetic character-
istics [7–9]. With the increasing Ce ratio, the CeFe2 
phase, which has a negative effect on the magnetic 
properties, emerges, and the Ce ratio should be below 
6.85 wt% to minimize the negative effect on the mag-
netic properties. In recent studies, it has been shown 
that adding Ce to Nd-based magnets can increase 
the coercivity [10, 11]. Therefore, optimizing the sin-
tered Nd–Fe–B–Ce magnets is crucial [12, 13]. Many 
researchers have extensively studied the behavior of 
permanent magnets at various temperatures in recent 
years. Attempts have been made to enhance the mag-
netic properties of Nd–Fe–B by improving its thermal 

stability [14–16]. Additionally, the effects of adding 
Ce and La to Nd–Fe–B permanent magnets to basic 
magnetic parameters at high temperatures have been 
studied and the magnetic properties were investigated 
in the range of 480 to 1080 ℃ [17–19].

This study is the first to report on the use of image 
processing techniques for analyzing the microstruc-
ture of Nd–Fe–B–Ce alloy samples. Through this anal-
ysis, valuable information, such as the crystal struc-
ture and grain sizes of the alloy, can be obtained. The 
data have the potential to offer valuable insights into 
the effects of rapid solidification on the microstruc-
ture and magnetic behavior of the alloy. To achieve 
this, Nd30Fe65B0.9Ce5 alloys were produced using the 
melt-spinning (MS) method at speeds of 20, 40, 60, and 
80 m/s. Subsequently, the obtained alloy images were 
analyzed using various image processing techniques 
to investigate their structural and magnetic properties.

2 �Experimental procedure

Ingot alloys with nominal compositions of Nd–65 wt.% 
Fe–0.9 wt.%Be–5 wt.% Ce were prepared in a vacuum 
induction furnace by using 99.99% pure Nd, Fe, Be, 
and Ce. The materials were added to an induction cast 
furnace and melted at a temperature of 1800 ℃, then 
held for 150 min to ensure the diffusion and dissolu-
tion of the elements. The single-cylinder melt-spinning 
method was used to produce rapid solidification (RS) 
samples of the alloy in an argon atmosphere at room 
temperature. The molten alloy underwent RS by flow-
ing it through a 1 mm diameter hole over a copper 
disc at velocities of 20, 40, 60, and 80 m/s. They were 
annealed in an argon environment at 853 K for 60 min, 
to reveal the strong magnetic properties of the sam-
ples. The thickness of the resulting ribbons was meas-
ured using a micrometer and the microstructures were 
analyzed via cold-mounting, grinding, and polishing, 
followed by observation using various methods such 
as FE-SEM, XRD, DTA, VSM, and EDX. A LABSYS 
Evo DTA differential thermal analysis instrument was 
used to conduct the thermal analysis in an argon envi-
ronment with a heating rate of 10 °C min−1. The DTA 
analysis of Nd30Fe65B0.9Ce5 samples was carried out 
using alloy strips and ingot alloys produced at dif-
ferent disc speeds of 20, 40, 60, and 80 m/s. To this 
end, each ribbon sample is cut into small pieces using 
scissors and 10–15 mg pieces are prepared from the 
strips. In addition, a controlled atmosphere is created 
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by providing a liquid nitrogen flow of 10 lt/min to 
the crucible to reduce the temperature increase and 
minimize the oxidation effect. The temperature control 
unit is set to heat the samples at a rate of 10 °C/min. 
The sample phase structures were analyzed via X-ray 
diffractometry utilizing a Panalytical Empyrean XRD 
diffractometer with CuKα radiation at 40 kV/40 mA. 
The XRD analysis was conducted at 2θ angles ranging 
from 10° to 90° with a step size of 0.02, a scan speed 
of 5°/min, and a time per 50 s for phase identification. 
The topographies of the samples were examined at 
high magnifications through the utilization of a ZEISS 
Gemini SEM 500 for the FE-SEM analysis. The micro-
hardness of the Nd30Fe65B0.9Ce5 alloys was measured 
at 25 °C using an Emcotest Durascan 70 model hard-
ness device with a holding time of 10 s and an applied 
load of 0.098, 0.245, 0.49, 0.98, 1.47, and 1.96 N. The 
magnetic properties of the samples were determined 
via VSM analysis utilizing the Lake Shore 7407 model 
vibrational sample magnetometer.

3 �Results and discussion

3.1 �X‑Ray structure analysis

Samples of the alloys were obtained using the ingot 
and melt-spinning methods before undergoing the 
XRD analysis. This process was used to examine the 
phase structure of the alloy. The XRD analysis results 
for the Nd30Fe65B0.9Ce5 ingot alloy are illustrated in 
Fig. 1(a). In the Nd30Fe65B0.9Ce5 ingot alloy, the peaks 
associated with a tetragonal symmetric hard magnetic 
Nd2Fe14B phase (space group P42/mnm) were detected 
on planes (004), (214), (105), (115), (006), (116), (511), 
(008), (317), (208), (218), and (319). No peaks associ-
ated with Ce were observed in this alloy. Previous 
research has shown that CeFe2 phases and other Ce-
related phases are not detected in Nd–Ce–Fe–B when 
the Ce content is below the critical value of 21.5 atb 
.% [10, 20]. Also, the Ce-based lattice constants in the 
RE2Fe14B phase (a = b = 0.876 nm, c = 1.211 nm) were 
lower than those of the Nd-based lattice constants 
(a = b = 0.880 nm, c = 1.220 nm) [21, 22].

Figure 1b, c, d, e shows the XRD analysis peaks 
of the MS Nd30Fe65B0.9Ce5 alloys at disc speeds of 
20, 40, 60, and 80, respectively. In the samples of 
Nd30Fe65B0.9Ce5 produced at 20 and 40 m/s, peaks 
corresponding to the Nd2Fe14B phase in a tetrago-
nal structure on (004), (214), (105), (115), (006), (116), 

(511), (008), (317), (208), (218), and (319) planes had 
been detected. The X-ray diffraction (XRD) analysis 
of the RS Nd30Fe65B0.9Ce5 alloys shows that the high-
est peak observed is the (006) peak plane. The peak 
planes of the Nd30Fe65B0.9Ce5 alloys solidified at 20 
and 40 m/s were approximately similar. The (511) peak 
was not observed in the Nd30Fe65B0.9Ce5 alloy solidi-
fied at 40 m/s. It was found that (004), (214), (115), 
(116), (317), and (218) peaks disappeared or weak-
ened in Nd30Fe65B0.9Ce5 alloy when the disc speed 
was increased from 40 to 60 m/s. The peak planes of 
the Nd30Fe65B0.9Ce5 alloys solidified at 60 and 80 m/s 
were also similar to each other. The (319) peak was 
not observed in the Nd30Fe65B0.9Ce5 alloys solidified at 
80 m/s. Based on the XRD analysis, it has been deter-
mined that some peak points of the patterns have dis-
appeared and/or weakened depending on the solidi-
fication rates. Peaks such as (004), (214), (115), (116), 
(511), (317), (218), and (319) have disappeared and/or 
weakened with varying disc speeds. This is a signifi-
cant effect of rapid solidification [14, 21].

The crystal structure of the tetragonal Nd2Fe14B 
phase is depicted in Fig. 2. The crystal structure of the 
Nd2Fe14B phase has a structure similar to the Heusler 
crystal structure and is tetragonal in symmetry. In 
this structure, there are three atomic layers consisting 
of four atoms of the Nd, Fe, and B group elements. 
These layers are arranged parallel to the (001), (010), 
and (100) planes. This structure is used in many tech-
nological applications such as super magnets, mag-
netic motors, and other electromagnetic devices due 
to its excellent magnetic properties. Nd (two atomic 
sites), Fe (six atomic sites), and B (one atomic site) 
atoms occupy a total of nine different atomic sites. A 
systematic scattering electron diffraction model has 
been developed to determine the crystal structure of 
the matrix grain in Nd–Fe–B magnets.

3.2 �Microstructural and image processing 
analysis with FE‑SEM

One of the key factors that affect the performance of 
Nd-based magnets is grain size and shape. Reducing 
the grain size increases the coercive field of permanent 
magnets. Microstructure analysis helped to identify 
the optimal grain size and shape to provide a balance 
between magnetic density and magnetic stability. 
Using a FE-SEM, a detailed microstructural analysis 
of the ingot and alloy specimens that had been RS at 
speeds of 20, 40, 60, and 80 m/s is performed. In the 
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Fig. 1   XRD peaks of Nd30Fe65B0.9Ce5 alloy a ingot alloy, b MS 20 m/s, c MS 40 m/s, d MS 60 m/s and e MS 80 m/s
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FE-SEM analyses, different magnification ratios are 
applied. Figure 3 a, b, c, d, e depicts, respectively, the 
microstructure photographs of the ingot and alloys 
generated at disc speeds of 20, 40, 60, and 80 m/s.

The microstructure of the ingot Nd30Fe65B0.9Ce5 
alloy has been observed to possess a non-homogene-
ous stacked structure. In the alloy solidified at a disc 
speed of 20 m/s, distinct tetragonal structures have 
been identified in the microstructure. Additionally, in 
alloys produced at disc speeds of 40, 60, and 80 m/s, 
tetragonal structures are also clearly visible. As the 
solidification speed increases, the grain boundaries 
become more pronounced and the microstructure 
becomes more homogeneous. It is noteworthy that the 
grain size of the RS alloy strips is smaller than that 
of the ingot. The tetragonal structure observed in the 
alloy’s microstructure is likely attributed to the tetrag-
onal strong magnet Nd2Fe14B phase. The increase in 
disc speed effectively improves the homogeneity of the 
alloy which is an effect of rapid solidification. EDX is a 
method that aims to determine the chemical composi-
tion of an alloy. This method determines the elements 
that make up a substance by measuring the energy 
distribution that results from the substance emitting 

X-rays. The analysis of the samples was performed 
using EDX in conjunction with FE-SEM. In our EDX 
analyses, the magnification ratio was 1000, the accel-
eration voltage was 20 kV, and the angle of incidence 
of the electron beams was 90°. Figure 4 a, b shows 
the EDX analyses of the ingot and Nd30Fe65B0.9Ce5 
alloys produced at a solidification speed of 20 m/s, 
respectively.

EDX analysis allows for the qualitative and quan-
titative determination of the elements present in an 
alloy. As a result of the analysis, the amounts of the 
elements and peak planes of Nd-Fe-Ce are obtained. 
The analysis revealed that the ingot alloy contained 
3.32% Ce, 22.14% Nd, and 76.69% Fe. Also, the 
Nd30Fe65B0.9Ce5 alloy is produced at a solidification 
rate of 20 m/s and it is determined that Ce is 3.48%, 
Nd is 21.37%, and Fe is 75.15%.

Table  1 presents the EDX analysis results of 
Nd30Fe65B0.9Ce5 alloys solidified at ingot and disc 
speeds of 20, 40, 60, and 80 m/s. The EDX analysis indi-
cates a decrease in the amounts of Ce and Nd elements 
with increasing disc speed. These results highlight the 
impact of solidification speed on the microstructural 
properties and element distribution of the alloy. In the 
EDX analysis, no peak for B is observed. This can be 
attributed to the atomic radius and the amount of the 
element contributed. On the other hand, EDX analy-
sis, which determines the composition of a substance 
by measuring the energy distribution caused by the 
X-rays emitted by the substance, may not be able to 
detect some of the elements in the periodic system. 
Some of the elements’ X-ray energies are lower than 
the detection limit of the detector, so they cannot be 
detected. Boron is one of the elements that cannot be 
detected by EDX analysis, for example. To determine 
the presence of Boron, different spectroscopic methods 
can be used.

In addition to the XRD, FE-SEM, and EDX evalu-
ations, the results are also analyzed with the help of 
image processing techniques. As shown in Fig. 5, the 
original images (left column), the grayscale histogram 
of the input images (middle column), and the segmen-
tation of these images (right column) using a marker-
controlled watershed algorithm are visualized. In the 
image analysis, the FE-SEM images of Nd30Fe65B0.9Ce5 
ingot alloy, 20 m/s, 40 m/s, 60 m/s, and 80 m/s MS 
microstructure photographs magnified by 5000x were 
used.

An image histogram is a representation of the 
distribution of pixel intensities in an image. It gives 

Fig. 2   Crystal structure of the Nd2Fe14B phase with a tetrago-
nally symmetric structure [22]



	 J Mater Sci: Mater Electron (2024) 35:14851485 Page 6 of 14

Fig. 3   FE-SEM analysis of 
Nd30Fe65B0.9Ce5 alloy a ingot 
alloy, b MS 20 m/s, c MS 
40 m/s, d MS 60 m/s, and e 
MS 80 m/s (The microstruc-
ture photographs on the left 
are magnified 1000 × and the 
microstructure photographs 
on the right are magnified 
5000x)
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Fig. 4   FE-SEM with 
EDX analysis results of 
Nd30Fe65B0.9Ce5 alloys a 
ingot and b produced at 
20 m/s disc speed
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us information about the number of pixels at each 
intensity value in an image. The benefits of histogram 
analysis in image processing are that (i) it provides a 
simple and effective way to analyze the properties of 
an image, (ii) it can be used for image enhancement by 
adjusting the intensity values of pixels, (iii) it helps to 
analyze image texture and can be used for texture clas-
sification, (iv) it is a useful tool for image segmentation 
as it helps to identify the objects or regions of interest 
in an image, and (v) it can also be used for evaluating 
the quality of an image by comparing the histograms 
of two images [23, 24]. For grayscale images, a 0-pixel 
value means a pure black color and a 255-pixel value 
means a pure white color. The values between 0 and 
255 represent the corresponding gray level in the gra-
dient. As can be seen from Fig. 5, for the ingot sample, 
the majority of the pixels are close to the black color (0 
in the x axis). For the 20 m/s sample, the pixel densities 
are spread over a wider range due to the texture and 
rough surfaces. For the 40, 60, and 80 m/s samples, 
the pixel densities are concentrated in a narrow color 
space, averaging ~ 125, ~ 140 and ~ 150 Gy level colors 
according to the x axis, respectively. For samples 40, 
60, and 80 m/s, this analysis shows that smoother sur-
faces are obtained and the color brightness increased.

A watershed segmentation approach to image pro-
cessing found the borders between the areas of the 
image that have varying intensity values by treat-
ing the image as a topographic surface. The method 
starts by specifying the markers that act as the initial 
points for the segmenting regions before building a 
topographic surface by converting the original image 
into a gradient. The segmented regions of the original 
image are defined by the borders between the flooded 
regions from the markers in the gradient image. The 
end result is an image that has been segmented, with 
each section representing a different intensity value 
or object from the original image [25, 26]. In Fig. 6, 
the steps of the marker-controlled watershed segmen-
tation algorithm are given as an example using the 
80 m/s image.

As can be seen in Fig. 5, for the ingot sample, there 
are no regular surface shapes. There are plenty of 
pits on the surface and the segmentation results are 
accordingly inaccurate. Although some regular hex-
agonal shapes were formed for the 20 m/s sample, the 
sample surfaces are quite rough. The segmentation 
results are partially correct, for example, for the large 
piece at the bottom right, it produced incorrect seg-
mentations. In the 40 and 60 m/s samples, hexagonal 
smooth surfaces are formed. However, some of the 
regions are segmented together, while some regions 
are segmented into two parts. In the 80 m/s sample, 
a large number of hexagonal structures were formed 
and segmented with high accuracy in the visual evalu-
ation. The histogram and segmentation analysis indi-
cate that the Nd2Fe14B hard magnetic phase is more 
evident when there is an increase in disc velocity.

3.3 �DTA analysis

The melting characteristic of the Nd30Fe65B0.9Ce5 sam-
ple alloy is determined by the DTA analysis shown in 
Fig. 7. In these analyses, only one endothermic melting 
curve is observed. These melting peaks are measured 
in the range of 1123–1180 K and are attributed to the 
tetragonal Nd2Fe14B phase. These values are consist-
ent with the literature and similar results have been 
obtained in previous studies [27–29]. Additionally, 
the melting peaks observed in Fig. 7 are also consist-
ent with the peaks observed in the XRD analysis (see 
Figs. 1). This melting peak detected in DTA analysis 
belongs to the Nd2Fe14B phase [21, 30]. This compat-
ibility shows us that the thermodynamic properties 
and phase structure of the alloy are consistent.

3.4 �VSM analysis

In a magnetic system, the magnetic hysteresis curve 
shows the relationship between the magnetiza-
tion of a material and the applied magnetic field. 

Table 1   EDX analysis 
results of ingot and melt-spun 
Nd30Fe65B0.9Ce5 alloys

Element Ingot 20 m/s 40 m/s 60 m/s 80 m/s

Weight Atomic Weight Atomic Weight Atomic Weight Atomic Weight Atomic

Ce 3.52 1.15 3.48 1.08 3.32 1.04 2.98 0.92 2.74 0.87
Nd 22.14 12.36 21.37 12.14 20.38 12.03 20.10 12.03 19.05 11.66
Fe 74.34 86.49 75.15 86.78 76.30 86.93 76.92 87.05 78.21 87.47
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The magnetization of the material increases as the 
applied magnetic field is increased.

VSM analyses have been carried out to determine 
the magnetic properties of the Nd30Fe65B0.9Ce5 alloys 
produced at different ingot and solidification rates.

The shape of the magnetic hysteresis curve pro-
vides important information about the properties of 
the material. In general, materials with high coer-
civity have steep hysteresis loops, while materials 
with low coercivity have flat loops. According to the 
hysteresis loop in Fig. 8, the sample with a disc speed 
of 80 m/s exhibits a better hysteresis loop than the 
ingot and the alloy samples at 20, 40, and 60 m/s and 
all samples are ferromagnetic. As the solidification 
rate increases, the loop area increases. The homog-
enization of the alloy structure and the decrease in 
grain size with increasing solidification rate lead to 
an increase in regular magnetism.

Demagnetization is the process by which the mag-
netization is reduced. This process can be achieved 
by reducing or completely eliminating the magnetic 

Fig. 6   Steps of marker-controlled watershed segmentation of 
the 80  m/s result: a input image, b gradient magnitude, c ini-
tial watershed segmentation, d foreground object marking using 
morphologic opening, e regional maxima calculation, f regional 

maxima on the original image, g modified reginal maxima, h 
background extraction using binarization, i watershed ridge lines, 
j markers and object boundaries, k colored watershed labels, and 
l colored labels on the original image

Fig. 7   DTA melting peaks of Nd30Fe65B0.9Ce5 alloys produced 
in ingot and different disc speeds
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field of an object. Demagnetization is often neces-
sary for measuring the magnetic properties of a sub-
stance or eliminating the effects of a magnetic field. 
Demagnetization is usually performed by applying 
an electromagnetic field, and the power and dura-
tion of this field can vary depending on the degree of 
demagnetization.

From the demagnetization curve in Fig. 9, the coer-
civity values of the ingot and MS samples at 20, 40, 60, 
and 80 are measured to be 810, 871, 932, 1011, and 1091 
kA/m, respectively.

According to an ingot alloy, the coercivity value of 
a sample produced at a solidification rate of 80 m/s 
increases by approximately 34%, indicating that the 

sample produced at a solidification rate of 80 m/s has 
better magnetic properties. The reason why RS alloys 
exhibit better magnetic properties may be due to the 
increase in homogeneity in the structure as well as 
the decrease in grain size as the solidification rate 
increases. Table 2 tabulates the data obtained from 
experimental results.

3.5 �Mechanical properties

The microhardness results of RS ribbons are depend-
ent on surface quality and can give very accurate 
results if the surface is polished using proper metal-
lographic processes. Vickers microhardness measure-
ments are used to determine the properties of the RS 
ribbons and ingot alloy in this study.

The Vickers hardness value (HV) is measured using 
an applied load of 0.098N for both the ingot and the RS 
specimens. The standard Vickers formula was used to 
calculate the values. In this test, a diamond pyramid-
shaped indenter was pressed onto the surface of the 
material to be measured.

HV is calculated using the following formula, which 
incorporates the average diagonal length (d), the 
indentation force (P), and the 1.8544 geometric factor:

In this formula, P is the indentation force (typically 
chosen as 0.098 N) and d is the average diagonal 
length. The Vickers hardness value is used to measure 
the indenter resistance of the material.

The Vickers microhardness values of RS and tradi-
tional ingot alloys are presented in Table 3; it shows 
that the microhardness of RS strips is approximately 
32% higher on average compared to the original ingot 
alloy. The hardness value for the Nd16Fe78B6 alloy is 
620 Hv [31] and for the alloy sintered at 850 °C using 
the spark plasma sintering (SPS) method, the hardness 
value is 707.6 Hv [32]. In another study, the Vickers 

Hv = 1.8544 × P∕d2
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produced at 20,40,60, and 80 m/s disc speed
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Fig. 9   Demagnetization curve of Nd30Fe65B0.9Ce5 alloys ingot 
and produced at 20, 40, 60, and 80 m/s disc speed

Table 2   Demagnetization values of ingot and alloys produced at 
disc speeds

Samples Jr (Br) (T) Hc (A/m)

Ingot 1.25 − 810
Alloy produced at 20 m/s 1.29 − 871
Alloy produced at 40 m/s 1.30 − 932
Alloy produced at 60 m/s 1.34 − 1011
Alloy produced at 80 m/s 1.37 − 1091
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hardness values of NdFeB and NdFeB + Ag magnets 
were measured to be 587 and 580 Hv, respectively [33].

As also mentioned in the FE-SEM analysis, com-
pared to the grain size of the ingot alloy, the grain 
size of the RS strips is much smaller. Therefore, this 
high hardness can be attributed to the reduction in 
grain size and homogenization [34, 35]. Changes in the 
microstructure also lead to significant changes in hard-
ness. The solidification rate and changes in the micro-
structure significantly increase the bending strength 
of the magnets.

4 �Conclusion

This study examines the effects of rapid solidification 
on the structural, thermal, mechanical, and magnetic 
properties of Nd30Fe65B0.9Ce5 alloys. The morphology 
of these alloys is greatly affected by the disc speed of 
the rapid solidification process as evidenced by the mor-
phological investigation. Comparing the alloys made 
by ingot casting, those made at low disc speeds exhibit 
a more pronounced tetragonal phase structure, while 
those made at high disc speeds display a smaller, more 
homogeneous tetragonal structure. The experimen-
tal results are supported by the image histogram and 
segmentation analysis. The XRD analysis indicates that 
the XRD peak plane belongs to Nd2Fe14B, the primary 
phase of Nd30Fe65B0.9Ce5 magnets. Various disc speeds 
cause differences in peak intensities and widths. The 
DTA study shows that Nd30Fe65B0.9Ce5 samples only 
exhibit one endothermic melting curve which is part of 
the tetragonal Nd2Fe14B phase and observed between 
1123 and 1180 K. According to the hysteresis curve, the 
sample with the best magnetic characteristics in the 
alloys generated at solidification rates of 20, 40, 60, and 
80 is found to be the sample produced at 80 m/s. As 
the disc speed increases, the hysteresis conversion area 
also increases, and the smaller alloy structure provides 

an increase in magnetism. On average, the RS samples 
have approximately 32% higher microhardness values 
compared to the original ingot alloy.
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