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Magnetic properties, phase evolution, and microstructure of directly quenched Nd,Fegs_y_,TixBis
(x=0-4; y=8-10) bulk magnetic rods with a diameter of 0.7 mm were studied. The experimental results
show that Ti substitution can not only suppress the formation of the Nd,Fe,3B3; and one unknown phases,
leading to the presence of the large amount of Nd,Fe 4B phase, but also refine the grain size, resulting
in the remarkable enhancement of magnetic properties. Besides, proper Ti substitution and Nd con-
centration can well modify phase constitution and uniformly refine grain size. In this study, the optimal
magnetic properties of B, =6.5 kG, jHc = 10.3 kOe and (BH)max = 8.7 MGOe are achieved in Ndg 5Fe72 5Ti3B1s

© 2009 Published by Elsevier B.V.

1. Introduction

In the R-Fe-B system, two different types of nanocomposites
magnets, RyFe4B/a-Fe and Ry Fe4B/Fe3B, have been widely devel-
oped via melt spinning for bonded magnet applications, because
their remanence B; and maximum energy product (BH)max can be
effectively enhanced by exchange coupling effect between magnet-
ically soft and hard phases [1-8]. Traditionally, the bonded magnets
have been produced from molding the powders, obtained by com-
bining the crushing melt spun ribbons, fabricated at an optimal
quenching velocity and followed by post-annealing with proper
temperature, with a polymer binder. The main disadvantages of
the traditional method include multifarious manufacturing pro-
cesses and the dilution of magnetic properties by nonmagnetic
polymer.

To overcome these disadvantages, a new group of R-Fe-M-B
(R=Pr, Pr+Dy, Nd +Dy; M = Co, Cu, Mo, Nb, Ti, V, and Zr) bulk metal-
lic glasses have been developed by copper mold casting method,
and then followed by one-step heat treatment to optimize the per-
manent magnetic properties [9-13]. The compositions with the
extremely high B content, such as R3_4 5Fep, MxByg (R=Pr, Pr+ Dy,
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Nd +Dy; M = Co, Cu, Mo, Nb, Ti, V, and Zr), were adopted in order to
produce bulk amorphous precursor in rod form with 0.5-0.6 mm
in diameter at first, and then they were annealed at 600-700 °C for
10-30 min [9-13]. Although higher (BH)max of 7.3-12.0 MGOe can
be attained, the intrinsic coercivity (jHc) is too low (<4 kOe), result-
ing from the existence of considerable amount of the magnetically
soft phases a-Fe or Fe3B, to suit for high temperature application.
Zhang et al. reported that after optimal crystallization, the bulk
Ndg gFepa NbyBos s alloy showed a high coercivity of 13.8 kOe but
a relatively low (BH)max (~4 MGOe) [14], and Tan et al. reported
that NdsY4FeggZr,B,q bulk sheet specimens with relatively larger
size of 0.8 x 10 x 50mm?3, annealed at 690°C, exhibited ordinary
magnetic properties of H. =4.8 kOe and (BH)max = 5.4 MGOe [15].

In our previous study [16-18], for melt spinning ribbons, the
R-lean and B-enriched Rg_qiFep,; M2B1g_15 with Ti substitution
exhibits high coercivity (jHc) and (BH)max simultaneously, because
proper volume fraction of magnetically soft and hard phases and
uniformly fine grains are obtained in them. To explore the pos-
sibility of simplifying manufacturing process for making isotropic
magnet, in this study, we adopt the copper mold casting method to
fabricate directly quenched bulk NdFeTiB magnet, in the rod form
of a larger diameter of 0.7 mm, without any post-heat treatment.
The effects of Ti and Nd contents on the magnetic properties and
microstructure of directly quenched NdyFegs_y_,TixBi5 (x=0-4;
y=8-10) bulk magnets are reported.
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2. Experimental

Alloy ingots with nominal compositions of NdyFegs_y_yTixB1s (x=0-4; y=8-10)
were prepared by arc melting mixtures of pure Nd, Fe, and M metal and pure B
crystal in an argon atmosphere. 5% excess Nd was adopted to compensate the loss
of Nd during processing. These magnetic rods with cylindrical shape of a diameter
of 0.7 and 15 mm in length were obtained by injection casting into a copper mold.
The Curie temperatures of magnetic phases were determined by a thermal gravi-
metric analyzer (TGA) with an externally applied magnetic field (conventionally
referred as “TMA”), under a heating rate of 20°C/min. The macroscopic morphol-
ogy of the cross-section of rods was studied using a scanning electron microscopy
(SEM), while the microstructure was directly observed by a transmission electron
microscopy (TEM). The crystalline structures of the powders, crushed from the bulk
rods, were identified by X-ray powder diffraction (XRD) with Cu-Ka radiation. The
magnetic properties of the rods at room temperature were measured by a vibrating
sample magnetometer (VSM). All samples were magnetized by a 50 kOe peak pulse
field prior to magnetic measurement. For the cylinder samples with a diameter of
0.7mm and a length of about 3 mm, the proper factor of 0.7 is applied to correct
demagnetization.

3. Results and discussion

At first, effect of Ti content on the magnetic properties and
phase evolution of directly quenched Ndg sFe755_4TixB15 (x=0-4)
magnets have been studied. Fig. 1 shows the second quadrant
demagnetization curves of NdgsFeys55_4TixBys alloys. Obviously,
the ;H. of the alloy rod increase from 1.0 kOe for x=0 to extremely
high value of 13.4kOe for x=2, however, due to the lower B; and
poor squareness of the demagnetization curve (SQ), the magnetic
energy product of the latter is as high as 7.0 MGOe. Interestingly, as
the Ti content x is increased to 3, the coercivity is slightly decreased
to 10.3 kOe, but the remanence and the SQ are improved, giving rise
to the highest magnetic energy product (8.7 MGOe) in this series
alloys. Further increase of x to 3.5 or 4, the remanence does not
increase, instead, ;H. continues to decrease, degrading the magnetic
energy product to 8.0 and 7.7 MGOe for x=3.5 and 4, respectively.

Fig. 2 shows X-ray diffraction patterns of directly quenched
NdgsFe755_xTixB1s bulk magnets. For all the samples, almost all
diffraction peaks of Nd,Fe 4B phase are overlapped with those of
Nd,Fe,3B3, Fe3B, a-Fe, or other existed phase to complicate the
phase identification. Nevertheless, it is seen that the full width
at half of the maximum (FWHM) for diffraction peaks slightly
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Fig. 1. Demagnetization curves of directly quenched Ndg s5Fes5_TixB1s bulk mag-
nets with a diameter of 0.7 mm.
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Fig. 2. XRD patterns of directly quenched Ndg 5Fe7s55_»TixB15 bulk magnets.

become broadened with Ti substitution, and the average grain size,
estimated from XRD analysis based on the Scherrer’s formula, is
reduced with Ti substitution from 55.2 nm for x =0 to 24.5-41.5 nm
for x=1-4. Besides, almost all diffraction peaks for 2:14:1 phase
slightly shifts toward lower angle side, indicating that a part of Ti
elements have entered the crystal structure of 2:14:1 phase to form
Nd,(Fe, Ti)14B phase due to the larger atomic radius of Ti (0.147 nm)
than that of Fe (0.124 nm).

To understand magnetic phase constitution of directly
quenched NdgsFe;s55_xTixB1s bulk magnets, TMA technique
is adopted. Fig. 3 presents TMA scans of directly quenched
Ndg sFe755_xTixB1s bulk magnets with a diameter of 0.7 mm.
For ternary NdgsFe;s5Bis magnet, in addition to Nd,Feq4B,
Nd,Fe;3B3, FesB, and a-Fe, an unknown phase with T¢ ~580°C
is found. Clearly, magnetically soft 2:23:3 and unknown phases
are suppressed to induce the presence of large volume fraction of
Nd,Fe 4B phase, for the magnets with Ti substitution, resulting
in the remarkable increase of coercivity from 1.7 kOe for x=0 to
13.4kO0e for x=2. However, the volume fraction of Fe3B phase
increases with the increase of Ti substitution, leading to the
enhancement of remanence from 5.0 kG for x=0 to 6.5 kG for x=4,
and also the gradual decrease of coercivity from 13.4 kOe for x=2
to 6.9kOe for x=4. The increment of the amount of Fe3B phase
with the increase of Ti content might be presumed that more Ti
substitution for Fe in this alloy system makes 2:14:1 phase more
unstable. Furthermore, it is found that with the increment of x the
Curie temperature (Tc) of 2:14:1 phase is decreased from 316°C
for x=0to 304 °C for x=4, revealing that a part of Ti elements have
entered the crystal structure of 2:14:1 phase, consistent with the
outcome of XRD analysis.
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Fig. 3. TMA scans of directly quenched Ndg sFess55_xTixB1s bulk magnets.

Furthermore, effect of Nd content on the magnetic proper-
ties and phase evolution of directly quenched NdyFeg,_,Ti3Bq5
(y=8-10) magnets is also studied. Fig. 4 shows their second
quadrant demagnetization curves, and magnetic properties are
summarized to list in Table 1. Clearly, with the decrease of Nd
content y, B; slightly increases from 6.4 kG for y=10 to 6.5 kG for
y=9-9.5 at first, and then decreases to 5.8kG for y=8, on the
contrary, jH. decreases monotonously from 11.8 kOe for y=10 to
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Fig.4. Demagnetization curves of directly quenched Nd, Feg,_, Ti3B;5 bulk magnets.

Table 1
Magnetic properties of directly quenched NdyFeg, ,Ti3Bs bulk magnets with a
diameter of 0.7 mm.

y B: (kG) iHc (kOe) (BH)max (MGOe)
10 6.4 11.8 8.6

9.5 6.5 10.3 8.7

9 6.5 8.7 7.7

8.5 6.1 8.3 5.7

8 5.8 6.7 4.1

6.7 kOe for y = 8. On the other hand, SQ is deteriorated with decreas-
ing y from 9.5 to 8. Therefore, with the decrease of Nd content,
(BH)max slightly increases from 8.6 MGOe for y=10 to reach the
maximum value of 8.7 MGOe for y =9.5 at first, and then decreases
to 4.1 MGOe for y = 8. This suggests that proper Nd content is impor-
tant to obtain the directly quenched NdyFeg, _,Ti3sB15 magnets with
higher both jHc and (BH)max. In these studied alloys, the optimal
magnetic properties of By =6.5 kG, ;H: =10.3 kOe and (BH)max =8.7
MGOe are achieved in NdgsFe7,5Ti3B1s magnet. It is worthy to
note that the directly quenched NdyFeg;,_,Ti3B15 rods with a diam-
eter of 0.7 mm could exhibit high coercivity and energy product
simultaneously.

Fig. 5 presents TMA scans of NdyFeg,_, Ti3B15 bulk magnets. It is
found that the large volume fraction of magnetically hard 2:14:1
phase coexists with minor amount of soft FesB and a-Fe phase
in this series magnetic rod. In addition, the volume fraction of
2:14:1 phase decreases with decreasing Nd content, giving rise to
areduction of jHc, and it is in agreement with our previous study of
PryFegg_,Ti;B1o (¥=7-9.5) nanocomposite ribbons [17]. Further-
more, magnetically metastable 2:23:3 phase appears for the rod
withy =8.5, resulting in the marked reduction of remanence and the
deterioration of SQ, and besides, due to the presence of amorphous
phase, the demagnetization curves with the shoulder phenomenon
occurs for the magnet with lower Nd content of 8 at%, as shown in
Fig. 4, resulting in the deterioration of magnetic properties.

From the macroscopic study, with SEM of the cross-section of
bulk magnets, the morphology normally consists of a fine grained
peripheral region and a coarse grained core region. The latter has
a typical dendritic microstructure, and the area is verified with the

Amor. 1 2:14:1

Magnetic weight (arb. unit)

y=9
y=9.5
y=10 st
i 1 A 1 i L i L "
200 400 600 800
Temperature (°C)

Fig. 5. TMA scans of directly quenched NdyFeg,_,Ti3By5 bulk magnets.
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Fig. 6. TEM images of directly quenched (a) Ndg 5sFe55B15, (b) Ndg sFe7, 5 Ti3B1s, and
(c) NdgFe74Ti3Bs bulk magnets.

transition metals adopted. It is in contrast to the morphology that
observed in the samples with 20 at% B [9-10]. Since the grain size
and distribution of the magnets are very crucial to affect the ;H¢, SQ
and the (BH)max, it is needed to know the grain size especially at the
core region of the magnets. Fig. 6(a-c) depicts TEM images of the
core region of directly quenched Ndg sFe7s55B15, Ndg sFe7, 5Ti3B1s,
and NdgFe74Ti3B15 magnets, respectively. Obviously, the grain size
of ternary Ndg 5Fe75 5B15 magnet is extremely large and can be esti-
mated to 500-800 nm, however, substituting Ti for Fe is helpful in
refining the grain size of the magnetic rod to 80-150 nm, respec-
tively. Because of the slowest cooling rate for the core region of
rod, the grain size of core region of rod, observed by TEM, is much
larger than the average grain size, analyzed by XRD. Besides, grain
boundary phase is observed for these samples, and it is more obvi-
ous for Ti-substituted ribbons. For identifying the composition of
the grain boundary phase for Ti-substituted alloys, energy disper-
sive X-ray analysis (EDX) is employed. The EDX result shows that
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Fig. 7. Delta M curves of Ti-free NdgsFe7s5B1s and Ti-containing NdgsFe725Ti3Bs
bulk magnets.

Ti atom tends to appear at the grain boundary for Ti-substituted
ribbons. It is presumed that Ti prefers to react with excess boron
to form Ti-boride in the grain boundary, giving rise to the strong
affinity between Ti and B. The isolation effect of nonmagnetic grain
boundary phase is very beneficial in enhancing the coercivity of
magnet [19].

Fig. 7 depicts the applied magnetic field dependence of
dM=mgy(H)—(1—-2m:(H))[20,21], with my being the reduced mag-
netization and m; the reduced remanence, of Ti-free Ndg 5sFe755B15,
and Ti-containing NdgsFe;;5Ti3B1s bulk magnets. The posi-
tive dM peak height, (8M)max, indicates that the strength of
exchange-coupling interaction between magnetic grains. Clearly,
the exchange coupling effect exists in those two samples, and
the stronger exchange coupling effect exists for Ti-containing
Ndg 5Fe, 5Ti3B5 bulk magnets. The much larger (8M)max for Ti-
containing NdgsFe7,5TizBs bulk magnets is mainly contributed
by the strong exchange coupling effect between magnetically hard
phases (2:14:1 phase) and soft phase (Fe3B, and a-Fe phase) due to
grain refinement with Ti substitution, leading to an enhancement
in the remanence. Therefore, the main reasons for high magnetic
property achieved in this studied alloy rods include proper vol-
ume fraction of magnetically soft and hard phases (2:14:1, Fe3B,
and «-Fe), fine grains, and grain boundary phase due to proper Ti
substitution and Nd concentration.

4. Conclusions

Magnetic properties of directly quenched NdyFegs_x_,TixB1s
bulk magnets are dominated by phase constitution and microstruc-
ture. The Ti substitution for Fe in Ndg 5Fe;55MxB15 alloy rod can
not only suppress the formation of Nd,Fe,3B3 and one unknown
phase, leading to the presence of the large volume fraction of
Nd,Feq4B phase, but also refine the grain size. Besides, proper
Nd concentration can well modify phase constitution. As a result,
the magnetic properties of the bulk magnetic rods are remark-
ably improved. In this study, NdgsFe;;5TisBis magnetic rods
exhibit the best magnetic properties (B;=6.5KkG, jHc.=10.3 kOe,
and (BH)max =8.7 MGOe). High magnetic properties are presum-
ably resulted from proper phase constitutions, fine grains, and grain
boundary phase.
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