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GFA of the alloy [5‒7]. Furthermore, doping with Zr and Nb 
causes the microstructure refinement of the RE-Fe-B magnets 
and, thus, can enhance the magnetic properties of the annealed 
specimens [8‒10]. As was reported in [7], the appropriate set-
ting of the composition for the Fe67Co9.4Nd3.1Dy0.5B20 alloy 
led to an improvement of the GFA that allowed processing of 
the fully glassy rods with diameters up to 0.5 mm. A further 
change of composition and addition of Zr facilitated casting 
1-mm diameter amorphous rods and up to 3-mm outer diam-
eter tubes for the Fe61Co13.5Zr1Pr3.5Dy1B20 alloy [11]. How-
ever, a small amount of RE elements in the chemical compo-
sition caused the formation of a relatively low fraction of the 
RE2Fe14B phase. For this reason, such magnets reveal rather 
moderate magnetic parameters [12]. We have shown in our pre-
vious studies on rapidly solidified plates of various thicknesses 
produced for Pr9Fe50 + xCo13Zr1Nb4B23 – x (x = 0, 2, 5, 8) alloys 
that boron content greatly influences the GFA. In the case of 
the Pr9Fe50Co13Zr1Nb4B23 alloy, the 0.5-mm thick plates were 
fully amorphous while 1-mm plates were slightly crystalline 
and only one very low-intensity diffraction peak was detected 
[6, 13]. However, for alloys of lower B content, the suction 
cast plates were all crystalline in as-cast state. Furthermore, the 
critical cooling rate attainable for specific production equip-
ment depends on the sample geometry [14]. The changes in the 
microstructure and magnetic properties with the sample shape 
were shown for the Pr9Fe52Co13Zr1Nb4B21 alloy [15].

The aim of the present work was to study the influence of the 
Fe to B ratio on the GFA as well as on the phase constitution, 
microstructure, and magnetic properties of the 1-mm diameter 
rods of Pr9Fe50 + xCo13Zr1Nb4B23 – x (x = 0, 5, 8) alloys in the 
as-cast state and those subjected to annealing. Preliminary anal-
ysis of magnetic parameters has shown that optimal magnetic 

1. INTRODUCTION
Permanent magnets based on the Re-Fe-B alloys are extensively 
used in various areas of technical applications, especially in 
electrical motors and actuators [1]. In order to reduce the sizes 
of such devices, new processing techniques must be applied. 
Application of suction-casting in processing miniature mag-
nets of various shapes seems to be a promising method, facil-
itating cutting the manufacturing costs due to the reduction 
of time and energy consumption in the development of the 
nanocrystalline microstructure. Although this method enables 
us to obtain nanocrystalline miniature magnets in a single-stage 
process [2], it is rather difficult to control the magnetic prop-
erties of specimens of various shapes. Some of the RE-Fe-B 
alloys containing 9 at.% of RE (where RE = Nd, Pr, Dy) can 
be produced as partly or fully crystalline specimens directly 
by rapid solidification techniques. To obtain nanocrystalline 
samples doping of the base alloy with Zr, Ti, C, and Nb [2‒5] 
was used. However, a more efficient approach to the tailoring 
of the microstructure and magnetic properties involves suit-
able annealing of the glassy precursor [6]. Two main factors 
determine the possibility of obtaining bulk glassy samples. The 
crucial one is the glass-forming ability (GFA) of the alloy itself. 
The second just as important is the critical cooling rate that can 
be reached with the use of specific applied equipment. A lot of 
work has been done in order to improve the GFA of RE-Fe-B 
alloys. It was shown that the addition of Nb, as well as an 
increase in the B content in the alloy composition, improve the 
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Abstract. The rod specimens were produced from Pr9Fe50 + xCo13Zr1Nb4B23 – x (x = 0, 5, 8) alloys using the suction-casting technique. Subse-
quent devitrification annealing of those samples resulted in the change of their phase structure and magnetic properties. For annealed specimens 
of all investigated compositions, the Rietveld analyses of X-ray diffractions have shown the presence of three crystalline phases: the hard mag-
netic Pr2Fe11.2Co2.8B, soft magnetic α-Fe, and paramagnetic Pr1 + xFe4B4, which have precipitated within the amorphous matrix. This technique 
allowed us to determine the weight fractions of constituent phases. Furthermore, the microstructural changes with the alloy composition were 
observed. Magnetic measurements of annealed rods allowed us to calculate the switching field distributions (SFD) and δM plots in order to 
determine the strength and character of magnetic interactions between grains of constituent phases.
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parameters were obtained for samples annealed at 983K. There-
fore, in the present work, the detailed studies of rod samples 
annealed at this temperature were presented.

2. SAMPLES PREPARATION AND EXPERIMENTAL 
METHODS

The alloys of nominal compositions Pr9Fe50 + xCo13Zr1Nb4B23 – x 
(x = 0, 5, 8) were produced by the arc-melting technique. For 
this purpose, the high purity elements, and pre-alloyed Fe–B 
were used. The process was carried out under the Ar atmo-
sphere in order to prevent oxidation. The rapidly solidified 
1-mm diameter rods were produced by suction-casting, using 
the procedure described in [15, 16]. The annealing was carried 
out at 983 K for 5 minutes in order to obtain the nanocrystalline 
microstructure and induce hard magnetic properties.

The phase constitution was determined using X-ray diffrac-
tometry (XRD). The XRD scans were measured using a Bruker 
D8 Advanced diffractometer equipped with a Cu tube. The CuKα 
radiation was separated using a Ni filter on the detector site of 
the goniometer. The specimens were crushed to powder in order 
to obtain XRD data representative for the entire volume of each 
specimen. After the qualitative phase identification, the Rietveld 
analysis of the XRD spectra was carried out. Prior to the anal-
ysis of studied samples, the instrument calibration using LaB6 
NIST 660 standard reference material was performed in order to 
determine the instrument peak profile. In the Rietveld analysis 
of the standard sample, the modified Thompson-Cox-Hastings 
(TCHZ) (pseudo-Voigt) function was used to generate phase 
peaks and to refine the emission profile (EM) of the instrument. 
The calculated TCHZ function and EM parameters were used 
for further analysis of the studied samples. For all investigated 
specimens, the background profile was fitted by the 5th order 
Chebyshev polynomials. The weight fractions of the amorphous 
phase and crystalline phases were calculated using the Rietveld 
refinement in which the partially or not known crystal structures 
method (the Rietveld-PONKCS method) was employed.

The microstructure was examined by the transmission elec-
tron microscopy (TEM).

Magnetic properties were measured at a room temperature, 
using the LakeShore 7307 VSM magnetometer in external mag-
netic field up to 2 T. The measurement of the recoil curves for 
the initially saturated and for initially demagnetized specimens 
allowed us to calculate the switching field distributions (SFD) 
and δM plots.

3. RESULTS AND DISCUSSION
X-ray diffraction patterns measured for 1-mm diameter rods 
in as-cast state and those subjected to annealing at 983K for 
5 min for all investigated alloys are shown in Fig. 1. One must 
consider the fact that it is very difficult to unambiguously iden-
tify the component phases in the multiphase materials of the 
nanocrystalline structure. The reason for that is a strong overlap 
of closely situated peaks coming from different phases. Addi-
tionally, those peaks are widened and have lower intensities 
due to the nanocrystalline structure. Therefore, in some cases, 
they might be indistinguishable or create cumulative peaks in 
the X-ray diffraction spectrum. The Rietveld refinement was 
performed based on the model that assumed a presence of hard 
magnetic Pr2(Fe, Co)14B, paramagnetic Pr1 + xFe4B4, and in 
some cases soft magnetic α-Fe crystalline phases. The detailed 
procedure used in the quantitative analysis was presented in 
[6, 12]. Especially, the Rietveld-PONKCS studies allowed us to 
determine the phase constitution including the weight fractions 
of the amorphous and crystalline phases as well as to estimate 
the crystal sizes of the investigated rods. In the analysis, the 
amorphous phase was represented by a group of peaks (peaks 
phase). The value of the ZMV parameter for such a phase was 
calculated from the XRD measurement carried out on the mix-
ture of powders made of the phase of interest and the standard 
α-Fe of known weight ratio. The exact procedure was described 
in [17]. The calculated weight fractions of constituent phases, 
the crystallite sizes, and the refined cell parameters of the crys-

Fig. 1. XRD patterns measured for the 1-mm diameter rods of Pr9Fe50 + xCo13Zr1Nb4B23 – x (x = 0, 5, 8) alloys in the as-cast state (a)  
and subjected to annealing at 983 K for 5 min (b)

a) b)



3

Structure and properties of suction-cast Pr-(Fe, Co)-(Zr, Nb)-B rod magnets

Bull. Pol. Acad. Sci. Tech. Sci. 69(5) 2021, e138971

talline phases are collected in Table 1. The XRD studies have 
shown that the Pr9Fe50Co13Zr1Nb4B23 alloy rods were fully 
amorphous. An increase in the Fe content (x = 5, 8) caused the 
precipitation of crystalline phases within the amorphous matrix 
during rapid solidification. By using the Rietveld-PONKCS 
method, it has been established that about 50 wt.% of the amor-
phous phase was present in their phase constitution. It implies 
the reduction of the GFA with the decrease in B content. These 
results are consistent with those obtained for the 0.5-mm and 
1-mm thick suction-cast plates manufactured for the same alloy 
compositions [6, 13]. The identification of precipitating phases 
was restricted by low intensities of diffraction peaks.

However, for the as-cast rods of higher Fe contents (55 and 
58 at.% of Fe), the phase analysis revealed the presence of the 
hard magnetic Pr2Fe11.2Co2.8B (2:14:1) and the paramagnetic 
Pr1 + xFe4B4 (1:4:4) phases. The amounts of constituent crys-
talline phases differ in x = 5 and x = 8 as-cast rods as was 
shown in Table 1. This is reflected in their magnetic properties 
(Fig. 3a). The coercivity JHc is higher for the x = 5 alloy, then 
for the x = 8, which might be related to a higher amount of the 
hard magnetic 2:14:1 phase in the x = 5 alloy (»34 wt.% of 
the 2:14:1 phase) than in the x = 8 as-cast rods (»25 wt.%). 
The amount of the paramagnetic 1:4:4 phase also differs in 
both as-cast rods. Its amount is lower in the case of the x = 5 
alloy (»15 wt.% of the 1:4:4 phase) than in the x = 8 alloy 
(»24 wt.% of the 1:4:4 phase). Based on these results, one 
can conclude that higher magnetic polarization Js (measured at 
the maximum magnetic field) for the x = 8 alloy than this for 
x = 5 alloy is related to the different chemical composition of 
the amorphous phase in both as-cast rods (higher Fe content 
in the amorphous phase of the x = 8 alloy). Furthermore, the 

sizes of crystallites precipitating during rapid solidification are 
larger for specimens with lower B content. One can conclude 
that for the investigated alloy the boron element has an import-
ant role in the glass formation during the rapid solidification 
process. Short-time annealing (at 983 K for 5 min) led to nucle-
ation and growth of crystalline phases in all rod specimens. 
However, the presence of crystalline phases in the as-cast rods 
had a significant impact on the weight fractions of constituent 
phases in the samples subjected to annealing. The differences 
in the phase constitution between as-cast and annealed rods 
come out in the fractions of constituent phases. Annealing at 
985 K resulted in the full crystallization of the investigated 
samples. The phase analysis has shown the presence of hard 
magnetic Pr2Fe11.2Co2.8B and paramagnetic Pr1 + xFe4B4 phases 
in all annealed specimens, similarly to the as-cast x = 5 and 
x = 8 rods. Furthermore, an additional α-Fe phase was iden-
tified for all specimens. The diffraction peaks coming from 
the α-Fe phase are visible as weak humps on the right-hand 
slopes of the XRD patterns measured for the x = 8 and x = 5 
alloys (Fig. 1b). However, based on the TEM studies (Fig. 2), 
the microstructure of the investigated specimens is very fine-
grained, with nanocrystals having sizes lower than 100 nm. 
Such a microstructure leads to the substantial widening of the 
diffraction peaks. Furthermore, the multiphase composition of 
the studied specimens has a certain impact on the XRD pattern. 
Especially, the lines coming from the α-Fe phase are widened 
and overlap with those coming from the hard magnetic 2:14:1 
and paramagnetic 1:4:1 phases, whose corresponding peaks are 
also widened. This fact was considered in the Rietveld refine-
ment model that was used in these studies. The results of the 
Rietveld refinement are consistent with the magnetic measure-

TABLE 1
Rietveld refinement results; refined cell parameters (a, c), crystallite sizes (d) and weight fraction (wt. %)  

of crystalline phases (2:14:1 – Pr2Fe11.2Co2.8B, 1:4:4 – Pr1 + xFe4B4, α-Fe) and amorphous phase

at. % of Fe phase a [nm] c [nm] d [nm] wt. [%]

50 (annealed) 2:14:1 0.8774 ± 0.0001 1.2149 ± 0.0002 35.0 ± 0.6 56.3 ± 0.7

1:4:4 0.7099 ± 0.0001 3.4942 ± 0.0012 17.3 ± 0.6 36.6 ± 0.6

α-Fe 0.2868 ± 0.0001 – 10.1 ± 0.5 7.1 ± 0.3

55 (as-cast) 2:14:1 0.8811 ± 0.0001 1.2247 ± 0.0002 31.1 ± 1.1 33.6 ± 0.6

1:4:4 0.7164 ± 0.0002 3.5073 ± 0.0011 14.4 ± 0.8 15.3 ± 0.4

amorphous – – – 51.1 ± 0.7

55 (annealed) 2:14:1 0.8774 ± 0.0001 1.2171 ± 0.0002 55.1 ± 0.9 38.9 ± 0.7

1:4:4 0.7107 ± 0.0001 3.4820 ± 0.0010 25.3 ± 0.9 49.4 ± 0.7

α-Fe 0.2873 ± 0.0001 – 8.7 ± 05 11.7 ± 0.4

58 (as-cast) 2:14:1 0.8799 ± 0.0001 1.2241 ± 0.0002 55.7 ± 1.2 25.5 ± 0.6

1:4:4 0.7128 ± 0.0001 3.4918 ± 0.0012 21.4 ± 0.7 23.7 ± 0.6

amorphous – – – 50.8 ± 0.7

58 (annealed) 2:14:1 0.8756 ± 0.0001 1.2150 ± 0.0002 97.6 ± 1.7 39.7 ± 0.7

1:4:4 0.7084 ± 0.0001 3.4784 ± 0.0012 33.1 ± 1.2 45.5 ± 0.7

α-Fe 0.2867 ± 0.0001 – 12.3 ± 0.5 14.8 ± 0.4
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ments where the increase of the Fe contents in the alloy com-
position resulted in the rise of the magnetic moments of the 
annealed specimens. Here the presence of the α-Fe phase is 
responsible for the higher magnetic polarization of x = 5 and 
x = 8 rods at high magnetic fields. The highest amount of the 
hard magnetic 2:14:1 phase was determined for the x = 0 alloy 
(Table 1). In the case of annealed x = 5 and x = 8 alloy rods, 
a moderate increase in the weight fraction of the 2:14:1 phase 
was found. Furthermore, an increase in the crystallite sizes of 
the 2:14:1 phase in both alloys suggests that annealing causes 
the growth of the crystallites that already precipitated during 
the rapid solidification rather than nucleation and growth of this 
phase. On the other hand, a moderate increase in the crystallite 
sizes and the rise of weight fraction of the paramagnetic phase 
imply extremely intensive nucleation and growth of the para-
magnetic 1:4:4 and soft magnetic α-Fe phases during annealing. 
It should be mentioned that the lattice parameters determined 
for all investigated specimens using the Rietveld refinement 
were not significantly different for particular phases.

The transmission electron microscopy (TEM) images 
obtained for the annealed 1-mm diameter rods of the Pr9Fe50 
Co13Zr1Nb4B23 and Pr9Fe58Co13Zr1Nb4B15 alloys are shown in 
Figs. 2a and 2b, respectively. A relatively uniform microstruc-
ture was observed for the rod of the Pr9Fe50Co13Zr1Nb4B23 

alloy where the average grain diameters of 20‒40 nm were 
measured. Furthermore, the dotted ring-shaped electron dif-
fraction, confirms a crystalline microstructure of the speci-
men. For the rod of the Pr9Fe58Co13Zr1Nb4B15 alloy, an inho-
mogeneous microstructure, consisting of coarse nanocrystals 
(dia. »100 nm) mixed with finer ones, was observed (Fig. 2b). 
Such a distinct microstructure came from the growth of the 
crystallites formed during the rapid solidification of rods and 
subsequent nucleation and growth of new crystallites during 
annealing. The measured crystallite sizes are in good agreement 
with those obtained from the XRD studies.

The hysteresis loops measured for the as-cast and annealed 
rods of Pr9Fe50 + xCo13Zr1Nb4B23 – x alloys are shown in Fig. 3. 
For the as-cast rods of the x = 0 alloy, the J(H ) curve is typi-
cal for the soft magnetic material that confirms its amorphous 
structure. It is characteristic for these types of alloys that fully 
amorphous samples exhibit significantly larger polarizations 
than the crystalline ones in the available external magnetic 
fields (of »2T) [6]. One must notice that in the annealed x = 0 
rods the 2:14:1 phase is present. This phase has relatively low 
saturation polarization (»1.67T for pure 2:14:1 phase at room 
temperature) and a high anisotropy field (µ0HA = 8.7T). Fur-
thermore, the isotropic crystallization of this hard magnetic 
phase occurs during the annealing of the alloy. For this reason, 

Fig. 2. Transmission electron microscopy images obtained for the annealed 1-mm diameter rods of the Pr9Fe50Co13Zr1Nb4B23 (a)  
and Pr9Fe58Co13Zr1Nb4B15 (b) alloys

Fig. 3. The hysteresis loops measured for 1-mm diameter rods of Pr9Fe50 + xCo13Zr1Nb4B23 – x (x = 0, 5, 8) alloys in the as-cast state (a)  
and after annealing at 983 K for 5 min (b)

a)

a)

b)

b)
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the maximum applied magnetic field does not saturate the sam-
ple, thus the resultant magnetization measured below »2T is 
relatively low for the crystalline specimen. As the amorphous 
sample is initially soft magnetic, therefore it can be saturated at 
low magnetic fields, reaching much higher magnetic polariza-
tions in the available range of external magnetic fields.

An increase in the Fe content to 55 at.% caused a decrease 
in glass-forming abilities, leading to the growth of the hard 
magnetic and paramagnetic phases during the rapid solidifi-
cation, which was confirmed by XRD studies. Consequently, 
the as-cast rods had hard magnetic properties with relatively 
high coercivity of »370 kA/m. As was expected based on the 
XRD studies, the annealing caused significant a change in the 
hysteresis loops measured for the rods of various composition. 
All annealed samples revealed the remanence enhancement, 
Jr/ Js, reaching up to 0.70 for the rods containing 55 at.% of Fe.

Changes in the saturation polarization Js, remanence Jr, coer-
civity J Hc and maximum magnetic energy product (BH )max with 
the alloy composition for the annealed rod samples are shown in 
Fig. 4. A gradual decrease of coercivity J Hc from 950 kA/m (for 
50 at.% of Fe) to about 400 kA/m (for 58 at.% of Fe) is most 
likely related to the decrease of the weight fraction of the hard 
magnetic 2:14:1 phase. The highest coercivity J Hc value was 
measured for the sample with very fine and uniform crystal-
lites of a hard magnetic phase. The Jr and (BH )max reached the 
highest values for the annealed rod of 55 at.% of Fe alloy. This 
might be related to the impact of the α-Fe phase. Relatively low 
crystallite sizes of this soft magnetic phase may contribute to 
the exchange spring effect in these hard magnetic materials [18]. 
However, a relatively low weight fraction of the hard magnetic 
phase for the annealed rods of the x = 5 and x = 8 alloy did not 
produce the expected outcomes of the exchange spring effect.

The influence of the microstructure and phase constitution on 
the magnetization reversal process in the annealed rods can be 
investigated based on the profiles of the switching field distri-
bution (SFD) curves. This distribution is defined as the function 
of derivatives of the irreversible remanence magnetization with 
respect to the magnetic field dMirr/dH vs. the value of magnetic 
field H. The SFD curves were calculated from recoil curves 
measured on the specimens in the demagnetized state and cor-
respond to the rates of magnetic remanence Mirr changes with 

the increase in the maximum applied magnetic fields H [19–23]. 
The profile of the SFD curve provides information about the 
strength of magnetic interactions between grains of magnetic 
phases. Therefore, a sharp and narrow peak in the SFD indi-
cates a well-coupled magnetic system of homogenous grains, 
while broad distribution corresponds to a low level of magnetic 
coupling [24]. Broad SFD curves calculated for all annealed 
samples carried out in the present studies suggest weak coupling 
of hard magnetic grains in the annealed rods (Fig. 5). How-
ever, for the x = 0 alloy rods, the homogenous microstructure 

Fig. 5. The switching field distributions (SFD) for the annealed 1-mm diameter rods of the Pr9Fe50 + xCo13Zr1Nb4B23 – x (x = 0, 5, 8) alloys

Fig. 4. Dependences of the remanence polarization Jr, coercivity 
field J Hc and maximum magnetic energy product (BH )max in the alloy 
composition measured for the 1-mm dia. rods of Pr9Fe50 + xCo13Zr1 
Nb4B23 – x (x = 0, 5, 8) alloys in as-cast state and after annealing at 

983 K for 5 min
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consisting of single-domain grains resulted in a Gaussian dis-
tribution of switching fields, with a maximum (Hmax) at about 
1000 kA/m, which is close to the J Hc of the sample. On the 
other hand, for the x = 5 and x = 8 annealed rods, a character-
istic tail at high magnetic fields (above 800 kA/m) was shown. 
That can be attributed to the inhomogeneous microstructure of 
the samples. For these specimens the SFD curves were fitted 
with two or three Gaussian distributions. The positions of SFD 
maxima (Hmax) are collected in Table 2. Variation of the grain 
sizes for alloys of higher Fe content caused their magnetiza-
tion reversal in wide range of magnetic fields. The Gaussian 
deconvolution of SFD curves gives additional components with 
maxima at lower magnetic fields, at which larger grains are 
reversed, although some fraction of grains is still reversed at 
higher fields. The evolution of SFD shapes implies changes in 
the fraction of single and multi-domain grains with an increase 
in the Fe content in the alloy composition.

TABLE 2
The parameters of the Gaussian fitting of SFD curves:  

Hmax — the value of magnetic field at which the maximum  
in dMirr/dH occurs, WH — the half width of Gaussian curve

Hmax [kA/m] WH [kA/m]

50 at. % Fe 1025 408

55 at. % Fe 468
630

315
795

58 at. % Fe 241
552
916

370
403
308

In order to describe the inter-granular interactions in the 
annealed rods, the δM plots can also be used. The δM was 
defined by the formula [21]:

	 δM(H ) = 
M D

irr(H ) ¡ (Mr ¡ 2M R
irr(H ))

Mr
.  (1)

where: Mr – remanence magnetization; M D
irr(H ) – demagneti-

zation remanence measured after applying the demagnetizing 
magnetic field H to the sample in magnetic saturation; M R

irr(H ) 
– magnetization remanence measured after applying a magne-
tizing field H to the initially demagnetized sample. δM (H ) 
reaches zero for noninteracting particles based on Wohlfarth’s 
model [25]. The values of M D

irr(H ) and M R
irr(H ) used in this 

procedure can also be determined from the recoil curves. Based 
on the Kelly et al. [26] interpretation, the non-zero positive δM 
corresponds to exchange interactions that can stabilize mag-
netization, while the negative δM can be attributed to dipolar 
interactions that demagnetize the sample. The δM plots cal-
culated for the annealed samples are presented in Fig. 6. The 
strongest exchange interactions, as indicated by positive δM 
values, were present for the annealed rods of the x = 0 alloy 
in a wide range of magnetic fields up to 1100 kA/m. For this 
sample, the δM changes its sign at »1100 kA/m, which indi-

cates a dominant role of demagnetizing interactions between 
grains at high magnetic fields. In the case of x = 5 and x = 8 
alloy rods, a lower positive δM values in magnetic fields up 
to 600 kA/m were measured. In higher fields, the δM is close 
to zero, which can indicate a similar contribution of exchange 
and dipolar interactions to the magnetization of the samples.

4. CONCLUSIONS
It was shown by the XRD studies that glass forming abilities 
of Pr9Fe50 + xCo13Zr1Nb4B23-x (x = 0, 5, 8) alloys decrease with 
an increase in the Fe content. The x = 0 alloy rods in as-cast 
state were fully amorphous, while higher Fe content resulted in 
the precipitation of the hard magnetic Pr2Fe11.8Co2.8B and para-
magnetic Pr1 + xFe4B4 phases within the amorphous matrix. The 
phase constitution of the as-cast samples undoubtedly affected 
the final phase composition and magnetic properties of the rods 
subjected to annealing. The initial state of rods also influenced 
the microstructure of the annealed specimens. Heat treatment of 
fully amorphous rods of the x = 0 alloy resulted in the forma-
tion of a homogenous microstructure consisting of nanocrystals 
of diameters between 20‒40 nm. This fact and a large fraction 
of the hard magnetic phase resulted in the highest coercivity of 
these alloy rods. Partial crystallization of as-cast specimens pro-
duced for alloys of higher Fe contents caused the formation of 
an inhomogeneous microstructure during annealing. However, 
the highest Jr and (BH )max were achieved for the annealed rods 
of Pr9Fe55Co13Zr1Nb4B18 alloy, which might be related to the 
presence of the α-Fe phase responsible for larger saturation po-
larization. Relatively low crystallite sizes of this soft magnetic 
phase may contribute to the exchange spring effect in these hard 
magnetic materials. It was shown that the increase in B content 
(at the expense of Fe) in the chemical composition of the alloy 
promoted the formation of the paramagnetic phase during an-
nealing. Furthermore, a higher B to Fe ratio together with Zr 
and Nb additions hindered the crystal growth. Broad switching 
field distributions reflecting a wide range of magnetic fields that 

Fig. 6. The δM  plots for the annealed 1-mm diameter rods of the 
Pr9Fe50 + xCo13Zr1Nb4B23 – x (x = 0, 5, 8) alloys

δM

Magnetic field, H (kA/m)
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cause the magnetization reversal are related to the inhomogeneity 
of the microstructure. The δM plots have shown that the stron-
gest exchange interactions between grains occur for the annealed 
rods of the x = 0 alloy with the finest crystallites. For samples 
with coarser crystallites existence of multi-domain structure and 
dipolar interactions, it causes the reduction of δM values.
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