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bstract

The influence of Cu and Mn substitution on the structure and magnetic properties of melt-spun Pr8Fe87−xB5Mx ribbons with 0 ≤ x ≤ 1.2 was
tudied. The experimental results show that the Cu substitution of appropriate quantity leads to the c-axis alignment of Pr2Fe14B phase in melt-spun

ibbons. The substitution of Mn improves magnetic properties of melt-spun Pr8Fe87−xB5Mnx ribbons, but does not show the same influences on
he alignment of Pr2Fe14B phase as Cu substitution does. A remanence of 1.33 T, a coercive field of 462 kA/m and a maximum energy product of
85 kJ/m3 in Pr8Fe86.4B5Mn0.6 ribbons are obtained at room temperature.
 2007 Elsevier B.V. All rights reserved.
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. Introduction

As predicted by theoretical calculation [1], nanocomposite
agnets consisting of hard and soft magnetic phases of nano-
etric sizes may have potential maximum energy products up

o 1 MJ/m3. The relatively lower rare earth contents make the
anocomposite magnets higher corrosion resistance and lower
n cost. So nanocomposite magnets are considered as another
ind of new magnet that may take the place of the traditional
are earth magnets, and attract more research interest of them.
ut so far the results of experimental research are far from those
f calculation, and the actual maximum energy products are
bout 80–160 kJ/m3 for samples prepared through mechanical
lloying [2,3] and melt spinning [4,5], which are main preparing
ethods of nanocomposite magnets. The reasons of large dif-

erence between the results of experiment and calculation may
ie in three aspects: (1) grain sizes of crystallites of hard and

oft phases in nanocomposite magnets prepared in the experi-
ent do not accord with those of calculation, which are about

0–20 nm; (2) crystallites are distributed not uniformly and their
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hapes are not regular; (3) the c-axis texture of hard phases such
s Pr2Fe14B, is not easily realized. For isotropic nanocompos-
te magnets, refinement and uniform distribution of the grains
n magnets are the important factors that influence the actual

agnetic properties [6,7]. Many efforts were made to optimize
he microstructure and improve magnetic properties by adding
ome transition metal or heavy rare earth elements to nanocom-
osite alloys [8–12], but in all case, iHc of the composites was
mproved but with a decrease in Br. It has been reported that crys-
allographic texture of nanocomposite Nd2Fe14B/�-Fe ribbons
an be prepared by controlled melt spinning [13]. However, it is
ifficult to realize ideal anisotropic microstructure for nanocom-
osite magnets in experiments. Therefore, more attempts should
e made to investigate the crystallization process, microstructure
nd magnetic properties of nanocomposite magnets prepared by
elt spinning.
It is reported that the addition of Cu [14] or the combined

ddition of Cu and Nb [15,16] can lead to the improvement
f the magnetic properties of nanocomposite Nd2Fe14B/�-Fe
elt-spun ribbons after optimal annealing due to the refinement
f the microstructure. Additionally, studies have shown that Cu
ddition can decrease the optimal cooling rate for achieving
igh coercivity in Fe3B/Nd2Fe14B-type nanocomposite mag-
ets [17]. But the effect of Cu addition on microstructure and

mailto:yangbai@g203.iphy.ac.cn
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ig. 1. X-ray diffraction patterns of the free surfaces of Pr8Fe87−xB5Cux (x = 0,
.2, 0.6, 0.8 and 1.2) ribbons prepared at the optimum wheel speed of 20 m/s.

agnetic properties of melt-spun nanocomposite magnets is still
nclear.

In this article, the structure and magnetic properties of melt-
pun Pr8Fe87−xB5Mx (M = Cu, Mn) ribbons are studied. The
ifferent effects of the Cu and Mn substitution on structure and
agnetic properties of the alloys are analyzed. It is found that

n appropriate amount of Cu substitution leads to the c-axis
lignment of Pr2Fe14B phase in melt-spun ribbons, and the sub-
titution of Mn makes the grain sizes of Pr2Fe14B phase finer and
mproves magnetic properties of melt-spun Pr8Fe87−xB5Mnx

ibbons.

. Experimental procedure

The alloy ingots with nominal compositions of Pr8Fe87−x

5Mx (M = Cu, Mn; x = 0, 0.2, 0.4, 0.6, 0.8 and 1.2) were pre-
ared by electric arc melting in argon atmosphere of high purity.
ive weight percent of Pr, more than that of the stoichiometric
alue, was added to the alloys to compensate for the loss of Pr.
ibbons of these alloys were obtained by melt spinning in argon
tmosphere. The substrate velocity of Cu wheel varied from 16
o 25 m/s. The phase composition and structures of melt-spun
ibbons were examined by X-ray diffraction (XRD) using Cu
� radiation. The microstructure of the ribbons was observed
y an H-800 transmission electron microscope (TEM). Thermo-
agnetic analysis was performed by using a vibrating sample
agnetometer (VSM) at a furnace temperature of 900 ◦C under

n applied field of 80 kA/m. The magnetic properties of the sam-
les were measured by a VSM with maximum applied field of
T.

. Results and discussion

Fig. 1 shows the X-ray diffraction patterns of the free
urfaces of melt-spun Pr8Fe87−xB5Cux (x = 0–1.2) ribbons pre-

ared at the optimum wheel speed of 20 m/s. It is found that
r2Fe14B/�-Fe type nanocomposite microstructure was formed
irectly during melt spinning. Strong alignment of Pr2Fe14B
hase with reflections of indices of (0 0 4), (0 0 8) and (0 0 1 0)

o
s
m
i
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s observed with x = 0.2–0.8, and the (1 1 0) reflection of �-
e is much stronger, which overlaps the (0 0 6) reflection of
r2Fe14B. The pure c-axis texture of Pr2Fe14B is evidently nor-
al to the free surface of the ribbons with x = 0.2–0.8. With
> 0.8, the c-axis alignment of Pr2Fe14B phase with the (0 0 l)

eflections disappears in the ribbon plane. It can be seen that
he Cu substitution of appropriate quantity promotes crystal-
ization and c-axis alignment of Pr2Fe14B phase during melt
pinning.

From the XRD patterns of the melt-spun ribbons of
r8Fe87−xB5Cux with x > 0, the value of lattice parameter a of �-
e in the ribbons is about 0.2886–0.2889 nm, a little larger than

hat of pure �-Fe (0.2866 nm). For the characteristic peaks for
-Fe in Pr8Fe87B5 ribbons is undistinguishable in the patterns,

he lattice parameters of pure �-Fe phase is not determined by
he XRD patterns but referred to a standard PDF card for pure �-
e (PDF number: 06-0696) published by JCPDS-International
enter for Diffraction Data in 1999. This implies that in the pro-
ess of melt spinning, a little amount of Cu probably dissolves
n �-Fe. The possible reasons of c-axis alignment of Pr2Fe14B
hase in the Pr8Fe87−xB5Cux ribbons may base on the loca-
ion of Cu in �-Fe. Since the nucleation and growth of both
r2Fe14B phase and �-Fe phase are determined by the atomic
iffusion, the existence of Fe in two phases would make them
rystallize and grow up competitively during solidification. The
etarded growth of �-Fe would trigger the nucleation and tex-
ure growth of Pr2Fe14B phase. Our experimental results have
hown that the pure c-axis texture of Pr2Fe14B is observed in
u-doped ribbons spun at high speed of 20 m/s. We believe that

his may be ascribed to the influences of Cu substitution on the
rocess of rapid solidification of Pr8Fe87−xB5Cux alloys. As is
nown, melt spinning is a nonequilibrium solidification process,
n which the supercooling of melt alloys has a strong impact on
rystallization process of the alloys. From the above, we deduce
hat a little amount of Cu in the Fe phase possibly increase the
upercooling of �-Fe during rapid solidification, and restrain the
rystallization and growth of �-Fe. The postponed growth of �-
e make Pr2Fe14B phase competitively crystallize and grow up

n solidification. In the phase diagram of Fe–Cu, the solubility of
u in �-Fe is about 0.6 at.% at room temperature. In the alloys
f Pr8Fe87−xB5Cux with x > 0.6, besides the solubility of Cu in
-Fe, the redundant amount of Cu possibly crystallizes before
-Fe and Pr2Fe14B phase, and exists surrounding such phases to
rohibit the growth of them. So with more additions of Cu, there
s no c-axis alignment of Pr2Fe14B phase in the Pr8Fe87−xB5Cux

ibbons. From grain sizes estimated by X-ray reflection broaden-
ng by the Scherrer formula, it also can be seen that the average
rain size of Pr2Fe14B in Pr8Fe85.8B5Cu1.2 ribbons at speed of
0 m/s is about 20 nm, while those of Pr2Fe14B with the c-axis
lignment is about 30–40 nm.

Our further experiments show that there is no c-axis align-
ent in the roller surface of ribbons so that texture of Pr2Fe14B

hase in the free surface does not penetrate through the thickness

f melt-spun ribbons because of high cooling rate in the roller
urface. From the above results, it can be concluded that during
elt spinning the formation of c-axis texture of Pr2Fe14B begins

n the free surface.
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ig. 2. X-ray diffraction patterns of the free surfaces of Pr8Fe87−xB5Mnx (x = 0,
.2, 0.6, 0.8 and 1.2) ribbons prepared at the optimum wheel speed of 20 m/s.

Fig. 2 shows the X-ray diffraction patterns of the free surface
f melt-spun Pr8Fe87−xB5Mnx (x = 0–1.2) ribbons prepared at
he optimum wheel speed of 20 m/s, which show nanocomposite

icrostructures different from those of the melt-spun ribbons of
r8Fe87−xB5Cux. In Fig. 2, no c-axis orientation of Pr2Fe14B
hase but the (1 1 0) reflection of �-Fe is observed.

The representative dark-field TEM micrographs of grain mor-

hology of the Pr8Fe86.4B5Cu0.6 and Pr8Fe86.4B5Mn0.6 ribbons
repared at the optimum wheel speed of 20 m/s are presented
n Fig. 3. It indicates that the Cu-doped ribbons have a coarse

icrostructure consisting of large Pr2Fe14B and �-Fe grains

n
P
m

ig. 3. TEM micrographs of grain morphology of the ribbons melt-spun at the optimu
ibbons (b).
d Engineering B 145 (2007) 11–16 13

ith an average size of 30–40 nm. Some oriented Pr2Fe14B
rystals having a columnar characteristic with a grain size of
bout 60 nm can be observed. A homogeneous microstructure
ith ultrafine grains is observed in Pr8Fe86.4B5Mn0.6 ribbons

n Fig. 3(b). The substitution of Mn does not have the same
ffect on microstructure of melt-spun ribbons as Cu substitution
oes, the cause of which likely lies in different influences of
u and Mn substitution on the process of rapid solidification of
r8Fe87B5 alloys.

One may notice that the diffraction peaks of the 2:14:1
hase in melt-spun Pr8Fe87−xB5Mnx ribbons are not obviously
etected in comparison with those of Cu-doped ribbons. For
urther investigation of the existence of 2:14:1 phase, we have
easured the temperature dependence of magnetization of melt-

pun Pr8Fe87−xB5Mnx ribbons with x = 0 and 0.6 under an
pplied field of 80 kA/m, as shown in Fig. 4. It can be found
hat there are two onsets in the M–T curves, and besides one
et at about 780 ◦C corresponding to �-Fe phase, a set at about
30 ◦C are observed, indicative of the existence of the Pr2Fe14B
hase in melt-spun Pr8Fe87−xB5Mnx alloys. The HRTEM image
r select-area electron diffraction (SAED) may present the exis-
ence and morphology of 2:14:1 phase better, but the H-800
ransmission electron microscope (TEM) used in our experiment
annot perform these items. A high-level TEM will be used in
ur future work.
Fig. 5 shows the room-temperature coercive field iHc, rema-
ence Br and maximum energy product (BH)max of melt-spun
r8Fe87−xB5Mx (M = Cu, Mn) ribbons prepared at the opti-
um wheel speed of 20 m/s as a function of M concentration

m wheel speed of 20 m/s: Pr8Fe86.4B5Cu0.6 ribbons (a) and Pr8Fe86.4B5Mn0.6
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ig. 4. Temperature dependence of magnetization of Pr8Fe87−xB5Mnx ribbons
ith x = 0 and 0.6 melt-spun at the optimum wheel speed of 20 m/s.

. For all ribbons, magnetic measurement is parallel to the
ibbon planes. For Pr8Fe87−xB5Cux ribbons, magnetic proper-
ies are also measured perpendicular to the ribbon planes by
sing a demagnetization factor of 1, but the measured results
long two directions are almost the same, and the Br value of
r8Fe87−xB5Cux ribbons with c-axis texture are not enhanced
y the alignment of Pr2Fe14B as it was predicted by theoret-

cal calculation [1]. Our recent experiments have shown that
he incompletely textured structure in melt-spun Pr2Fe14B/�-
e ribbons does not bring about remanence enhancement [18].
s mentioned above, the texture of Pr2Fe14B phase in the free

ig. 5. Room-temperature coercive field iHc, remanence Br and maximum
nergy product (BH)max of melt-spun Pr8Fe87−xB5Mx (M = Cu, Mn) ribbons
s a function of M concentration x.
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ig. 6. The initial magnetization curves of Pr8Fe87−xB5Mx (M = Cu, Mn; x = 0,
.6) ribbons melt-spun at the optimum wheel speed of 20 m/s.

urface does not penetrate through the thickness of melt-spun
ibbons because of high cooling rate in the roller surface, so the
urface c-axis texture does not result in remanence enhancement.

It can be seen that coercivity of ribbons is improved by the
ubstitution of Cu or Mn, but remanence of ribbons have max-
mum values when the content of Cu and Mn reaches 0.2 and
.6, respectively. Like the addition of other transition metal such
s V, Cr, Nb and Zr [8–10], the substitution of Cu improves
Hc but with a significant decrease in Br. However, Mn sub-
titution of appropriate amount has good effects to both iHc
nd Br of the ribbons. In comparison with Cu substitution, the
ubstitution of Mn improves significantly the Br and (BH)max
f melt-spun Pr8Fe87−xB5Mnx ribbons, which mainly resulted
rom the stronger exchange-coupling effect due to fineness of
rain caused by Mn substitution. As shown in Fig. 3, the Cu-
oped ribbons show a rather different morphology from that
f Mn-doped ribbons. The 2:14:1 phases in Cu-doped rib-
ons seem to be oriented, so the grain shape of the 2:14:1
hase is not well-defined. However, Mn-doped ribbons show
uniform microstructure with ultrafine grains of hard and soft
hases, which may lead to the stronger intergranular exchange-
oupling effect between the two phases. Due to magnetic dilute
ffect of nonmagnetic element Cu, the Js value decreases from
.68 T for Pr8Fe87B5 ribbons prepared in our experiments to
.61 T for Pr8Fe86.4B5Cu0.6 ribbons. While the Js value of
r8Fe86.4B5Mn0.6 deceases to 1.65 T, slightly higher than that
f Pr8Fe86.4B5Cu0.6.

Studies have shown that replacement of Fe by Mn in
2Fe14−xMnxB (R = Nd, Pr) systems leads initially to an

ncrease in their anisotropy field HA [19,20]. So the substitution
f Mn may lead to an increase of HA in Pr2(Fe, Mn)14B/�-Fe
anocomposites, which may result in the significant enhance-
ent of coercivity in Pr8Fe87−xB5Mnx ribbons. The initial
agnetization curves of Pr8Fe87−xB5Mx (M = Cu, Mn; x = 0,
.6) ribbons melt-spun at the optimum wheel speed of 20 m/s
re shown in Fig. 6. The inset presents dM/dH–H curves of the
pecimens. In the dM/dH–H curve, the observed sharp peak is
ssociated with the critical value, which is comparable to the
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ig. 7. Room-temperature hysteresis loops of Pr8Fe87−xB5Mx (M = Cu, Mn;
= 0, 0.6) ribbons melt-spun at the optimum wheel speed of 20 m/s.

orresponding coercivity. For Mn-doped specimen, the critical
alue of the specimen is greatly increased. As shown in Fig. 6,
he pinning characteristic in the initial magnetization curve
or the Pr8Fe86.4B5Mn0.6 specimen is more distinct than the
thers, which implies that the coercivity of the Mn-doped spec-
mens is primarily governed by domain wall pinning [21,22].
t has been shown that a slight substitution of Mn for Fe in
d2(Fe1−xMnx)14B with x ≤ 0.3 increases the strength of the
ining potential barrier during domain wall movement [23]. So
he replacement of Fe by Mn may also lead to the improvement
f intrinsic magnetic properties of hard magnetic phase Pr2(Fe,
n)14B in the Pr8Fe86.4B5Mn0.6 ribbons, which results in the

istinct pinning characteristics during magnetization.
Fig. 7 shows the typical hysteresis loops of Pr8Fe87−xB5Mx

M = Cu, Mn; x = 0, 0.6) ribbons melt-spun at the optimum
heel speed of 20 m/s. The Pr8Fe86.4B5Mn0.6 ribbons have a

emanence ratio of 0.81 and also have a good squareness in
ysteresis loop. A room-temperature remanence Br = 1.33 T, a
oercive field iHc = 462 kA/m and a maximum energy product
BH)max = 185 kJ/m3 are obtained in Pr8Fe86.4B5Mn0.6 ribbons.

According to the above results, it can be seen that both Cu and
n of appropriate amount mainly influence the process of rapid

olidification of the alloys so that they have different effects on
he microstructure of the melt-spun ribbons. The Cu substitu-
ion of appropriate quantity probably detains the nucleation and
rowth of �-Fe crystallites, consequently to promote Pr2Fe14B
hase crystallize competitively and grow up perpendicular to
he free surface of the ribbons due to heat flow induced by the
ontact of the alloys and surface of Cu wheel during melt spin-
ing. But the surface texture does not bring about remanence
nhancement. Otherwise, the surface texture makes Pr2Fe14B
rain coarser in Pr8Fe87−xB5Cux ribbons. On the contraries,
n substitution makes the grain sizes of Pr2Fe14B phase finer,
hich strengthens the exchange-coupling interaction between
ard and soft magnetic phases. The replacement of Fe by Mn

n Pr2Fe14B possibly leads to the increase of intrinsic coercivity
f Pr2(Fe, Mn)14B phase in PrPr8Fe87−xB5Mnx ribbons. These
esult in significant improvement of magnetic performances of

[

[

d Engineering B 145 (2007) 11–16 15

he Pr8Fe87−xB5Mnx ribbons. In our previous work, Ga addi-
ion has been also found to effectively refine the grain sizes of

agnetic phases in nanocomposite Pr2(Fe, Co)14B/�-(Fe, Co)
ibbons and greatly enhance both the remanence and coercivity
f the ribbons [6], but the saturation magnetization of the alloys
y Ga addition deceases greatly than Mn substitution. Compared
ith effects of some heavy rare earth elements such as Tb and Dy

dditive [11,12], which intensify coercivity of the ribbons mostly
ecause of their high magnetocrystalline anisotropy, but weaken
emanence seriously, the Mn substitution of appropriate amount
o not impair seriously the integrated magnetic performances of
anocomposite alloys.

. Summary

The structure and magnetic properties of melt-spun
r8Fe87−xB5Mx (M = Cu, Mn; x = 0–1.2) ribbons were stud-

ed. An appropriate amount of Cu substitution promotes the
-axis alignment of Pr2Fe14B phase in the melt-spun ribbons
f Pr8Fe87−xB5Cux, which likely results from delay of nucle-
tion and growth of �-Fe caused by the substitution of Cu. The
ubstitution of Mn leads to the increase of magnetic perfor-
ances of melt-spun Pr8Fe87−xB5Mnx ribbons mainly due to
ner grain sizes and uniform microstructure. The optimal room-

emperature remanence of 1.33 T, coercive field of 462 kA/m
nd maximum energy product of 185 kJ/m3 are obtained in
r8Fe86.4B5Mn0.6 ribbons melt-spun at the optimum wheel
peed of 20 m/s.
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