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This study describes the relative effect on the permanent magnet characteristics viz. remanence
~B r ), intrinsic coercivity (H ci), Curie temperature (T C ), and rectangularity of the intrinsic
demagnetization curve, when Al, Cu, Ga, and Nb are added individually to NdFeB. Each elemental
addition causes significant improvement in H ci but the level of improvement differs from one
additive element to the other. The addition of Nb is favored over other elements for realizing
maximum enhancement in H ci and rectangularity of the demagnetization curve. The microstructural
features of the sintered samples of NdFeB with elemental addition show the formation of a new
phase, in addition to the phases ~w,h, and Nd-rich! generally found in the ternary sample. The
factors influencing the permanent magnet characteristics of sintered samples are the distribution of
the Nd-rich phase in the intergranular region, the size and distribution of the minor phases at the
grain junctions, the formation and distribution of new phases due to alloying addition, and the
solubility of the dopant element in various phases coexisting in the sample. © 2002 American
Institute of Physics. @DOI: 10.1063/1.1513879#

I. INTRODUCTION

High energy density sintered NdFeB magnets have been
receiving much attention of researchers for quite a long time
for its excellent device miniaturization, which hitherto was
never visualized as feasible with other classes of permanent
magnet materials. The low Curie temperature (T C ;585 K)
of the compound Nd2 Fe14B ~w phase! has, however, become
a matter of concern. The consequence of this deficiency is
reflected in the temperature coefficient of remanence (B r )
and intrinsic coercivity (H ci), especially in the latter.1 Alloying additions selectively improve some properties but affect
the other. For example, partial substitution of Fe by Co results in increasing the T C but reducing the H ci 2– 4 and that of
Nd by Dy results in increasing the magnetocrystalline anisotropy (H A ) but reducing the B r . 5–7 Coercivity in sintered
NdFeB magnets has a strong dependence on the microstructure. One of the phase constituents in the NdFeB magnet is a
low melting ~928 K! eutectic Nd-rich phase, which acts as a
sintering aid liquid phase. The distribution of it as a thin
layer (;2 nm) separating the grains of the hard magnetic
phase ~w! is considered a unique microstructural feature that
brings significant enhancement in H ci . The micromagnetism
modeling studies proposed a phenomenological equation
linking H ci and microstructural parameters.8 –10 Al or Ga is
known to cause significant improvement in H ci , which is
attributed to the better distribution of the Nd-rich intergranular phase with the solubility of the additive element in it.11–14
Recently, we reported that different intergranular phases
formed with Al and spread of the Nd-rich phase at the grain
junctions seem to be the microstructural factors that limit the
a!
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value of H ci beyond a certain Al concentration level in the
alloy.15 The minor addition of elements such as Nb or Cu is
also known to bring enhancement in coercivity.16,17 For the
realization of concomitant improvement in the second quadrant characteristics and in the thermomagnetic characteristics
of the magnet for elevated temperature performance, an optimal combination of elemental additions such as Dy, Co as
the main, and Al, Cu, Ga, Nb, etc. as the minor have been
found to be suitable.18 –21 Our recent paper describes that
simultaneous addition of Dy, Co, Ga, Cu, and Nb is gainful
to increase both H ci and T C of ternary NdFeB.22 The enhancement in the properties has been attributed to the distribution of the additive elements in the various phases as to
cause maximum beneficial effect on some property while
marginalizing their deleterious effect on the other properties.
NdFeB magnets for moderate temperature applications, however, may not require the addition of expensive elements Co
and Dy if high H ci and a near rectangular intrinsic demagnetization curve can be realized with elemental additions such
as Al, Cu, Ga, Nb, etc. The information on the comparative
study to make a qualitative assessment on the development
of magnetic properties and to bring out relative merits of
each elemental addition to NdFeB is rather limited. In the
present study, an attempt has been made to interrelate the
second quadrant characteristics with the microstructural features arising out of each addition of Al, Cu, Ga, and Nb.
Since the ultimate properties obtained in sintered magnets
depend critically on the composition of the alloy, its powder
characteristics, and thermal and other process parameters,
identical conditions were maintained for the study of each
alloying addition to establish a reliable comparison.
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FIG. 1. Sintering and postsintering heat treatment schedule adopted for
NdFeB samples.

II. EXPERIMENT

Alloys of nominal composition 36Nd–1.2B–Fe and
36Nd–1.2B–1.0M–Fe, where M5Al, Cu, Ga, or Nb, were
prepared by melting the high purity elements ~Nd, Dy, Co,
Al, Nb, Cu; 99.9% and B, Ga; 99.5%! under vacuum and
chill casting the alloy in a copper mold. The as-cast alloy
obtained in plate form was reduced to powder of average
particle size ;5 m m by ball milling for 1.5 h. The powders
were compacted into cylindrical samples of 20 mm diameter
and 10 mm height in a nonmagnetic die under the simultaneous application of a magnetic field of strength 1.5 T and
compacting pressure of 240 MPa. The powder compacts
have been sintered at 1355 K for 1 h followed by a postsintering heat treatment at an intermediate temperature range
875 – 675 K. The treatment schedule adopted for the
samples is described in Fig. 1.
Using the autohysteresis loop tracer ~M/s Walker Scientific Inc.! the second quadrant hysteresis curves were plotted
for the samples after each thermal treatment. Thermomagnetic plots with an applied field of H50.02 T were made
using a vibrating sample magnetometer ~M/s Digital Measurement Systems!. X-ray diffraction patterns of the samples
have been taken using a Philips diffractometer. The microstructural features of the samples have been investigated with
the help of optical metallography and EPMA ~CAMECA
electron probe microanalysis!. A solution of 2% Nital was
used as an etchant to reveal the microstructural features of
the samples.
III. RESULTS AND DISCUSSION

The normal and intrinsic demagnetization curves of the
samples heat treated to obtain peak coercivity are shown in
Fig. 2, while B r , H ci , and T C are compared in Table I. It has
been observed that every additive element causes significant
improvement in H ci over that realized in the ternary composition. A marginal reduction in B r of about 2% to 3% is
observed in the case of Nb and Ga additions. However, with
Al and Cu addition a significant fall of 5%–10% is observed.
The peak coercivity value measured in a sample with Nb
additive is about 20% higher than that measured in samples
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FIG. 2. Second quadrant hysteresis loop of sintered alloys, heat treated to
achieve peak values of H ci .

with the addition of Al, Ga, or Cu. The rectangularity of the
intrinsic demagnetization curve, assessed from the ratio of
H k /H ci , where H k is the knee field required to bring 10%
reduction in B with respect to B r , is found to be better with
Nb or Ga addition as compared to that of Al or Cu addition.
H ci values of the samples measured after each heat treatment are shown in Fig. 3. The peak H ci value has been realized with a postsintering heat treatment of 875 K for 1 h in
all alloy samples except in the sample with Nb addition. The
H ci enhancement from the sintered to heattreated condition is
observed to be of 20%–25% in ternary and in samples with
additive elements of Al or Cu. In the case of Ga and Nb
added samples, the trend was found to be different. The H ci
value measured in the as-sintered condition for a Ga added
sample has been the lowest (430 kA/m) and the enhancement is almost double after the heat treatment at 875 K for 1
h.
In the Nb added sample, a progressive improvement in
H ci during the step-heat treatment from 875 to 775 K takes
place, which can be attributed to the microstructural effect
that will be discussed later.
The thermomagnetic plots of the samples are shown in
Fig. 4. There is no evidence of the existence of any other
ferromagnetic phase having T C less than that of the w phase
(Nd2 Fe14B). The T C of the w phase corresponding to each
alloy composition is shown in Table I. Al and Cu cause noticeable reduction in T C , while Nb causes minimal dilution.
With Ga, however, a marginal increase in T C was observed
which is in agreement with an earlier report23 for low concentration additions of Ga. The magnetization is negligibly
small after the crossover of the T C of the w phase in all the
samples with additives. A significant value of magnetization,
however, remains in the ternary NdFeB sample, indicating
the presence of residual Fe in the sample.
X-ray diffraction patterns of the sintered samples, with
the sample surface exposed to an x-ray perpendicular to the
direction of the texture axis, are shown in Fig. 5. The optical
micrographs of the samples are shown in Fig 6. The micrographs show the presence of three phases viz., w as the main
and h and Nd-rich as minor phases in all the samples. An
additional minor phase is found formed in doped samples.
The minor phases are found to be distributed at the grain

[This article is copyrighted as indicated in the article. Reuse of AIP content is subject to the terms at: http://scitation.aip.org/termsconditions. Downloaded to ] IP:
131.193.242.44 On: Tue, 02 Dec 2014 00:33:43

6084

Pandian et al.

J. Appl. Phys., Vol. 92, No. 10, 15 November 2002

TABLE I. Comparison of magnetic properties (B r , H ci, H k , T C ) obtained in alloy samples of NdFeB with additive elements ~Al, Cu, Ga, Nb!
Alloy composition
36Nd–1.2B–Fe
36Nd–1.2B–1Al–Fe
36Nd–1.2B–1Cu–Fe
36Nd–1.2B–1Ga–Fe
36Nd–1.2B–1Nb–Fe

B r (T)

H ci(kA/m)

H k (kA/m)

H k /H ci

T C (K)

1.22
1.07
1.15
1.18
1.20

710
820
880
820
1050

650
660
700
750
980

0.92
0.8
0.8
0.92
0.94

585
570
580
590
585

boundaries and at the grain junctions. In Nb added alloy, the
additional phase formed with the additive element is distributed within the grains as well. The delineation of the grain
boundary in samples with Al or Ga becomes well marked
when etched and viewed under an optical microscope In
other words, the wettability and distribution of the low melting eutectic Nd-rich phase in the intergranular region are
improved by the addition of these dopant elements.14 On the
contrary, the grain coarsening effect and the spread of the
dark gray phase at the grain junctions, as observed from the
optical micrograph of the Al added sample, seem to be the
reason for the poor rectangularity of the intrinsic demagnetization curve in spite of improvement in H ci . The stray field
contribution around the nonmagnetic region, such as the Ndrich phase at grain junctions, seems to be an important factor
determining the shape of the demagnetization curve. The demagnetization behavior observed in the Cu added alloys
could also be attributed to the coarse grain junctions as evidenced from its optical microstructure. Evolving an appropriate microstructure with uniform distribution of the minor
phases to improve the demagnetization characteristics appears possible at a low dopant concentration in the alloy.15
The x-ray diffraction patterns of all the samples show the
presence of the w phase as the main phase. The occurrence of
the h phase and the fcc Nd-rich phase has also been noticed.
There is, however, no evidence of the additional phases
formed in the alloy samples from their corresponding x-ray
diffraction pattern.
The microprobe backscattered electron images of the
samples and the x-ray map of minor elements are shown in
Fig. 7. Also shown in Table II is the solubility of the minor

element in different phases as obtained from EPMA using
wavelength dispersive spectrometry.
The dopant element concentration in the w phase is low
but it is much higher in the Nd-rich phase and in the additional phase. The solubility of Al in the w phase is significantly large followed by that of Ga, Cu, and Nb. The observed variation in the properties of B r and T C can be
explained on the basis of the dissolved level of dopant element in the w phase of the samples. Higher concentration
levels of Al and Cu dissolved in the w phase contribute to the
significant fall in B r and T C while the minimum concentration level of Nb for the marginal or negligible fall in the
same properties. Ga, in spite of exhibiting a relatively higher
solubility, affects B r but causes an increase in T C , both marginally. The substitution of Ga for Fe in the j 1 site in the
tetragonal crystal structure of Nd2 Fe14B has been reported to
be the reason for the rise in T C since it results in changing
the negative exchange interaction of the three coordination
atoms, viz. for j 1 -k 1 and j 1 - j 1 pairs, into positive exchange
interaction.23
The complexity of the intergranular region increases
with additive elements. At least one additional phase is
clearly identified in each of the samples with elemental addition besides the other minor phases, viz. Nd-rich and h. In
Al and Cu added samples this new phase corresponds to
Nd(Fe12x Mx ) 2 where M is Al or Cu and in the Ga added
sample, it corresponds to Nd6 Fe11Ga3 . In the Nb containing
sample, the new phase appearing in the form of tiny particles, corresponds to NbFeB. The analysis of the new phases
in the samples with additives is in general agreement with
Fidler and Knoch24 who have earlier reported two types of
phases formed in alloy modified NdFeB, one being rare earth

FIG. 3. Effect of heat treatment on the coercivity development in sintered
FIG. 4. Thermomagnetic plots of sintered NdFeB samples with and without
samples of NdFeB with and without the addition of Al, Cu, Ga, and Nb.
additive elements, Al, Cu, Ga, and Nb.
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FIG. 6. Optical micrographs of sintered samples of ~a! 36Nd–1.2B–Fe, ~b!
36Nd–1.2B–1Al–Fe, ~c! 36Nd–1.2B–1Cu–Fe, ~d! 36Nd–1.2B–1Ga–Fe,
and ~e! 36Nd–1.2B–1Nb–Fe. The micrographs show the w phase ~1!, h
phase ~2!, Nd-rich phase ~3!, and a new phase with a high concentration of
an additive element ~4!.

FIG. 5. X-ray diffraction patterns of sintered NdFeB magnet samples with
and without additive elements, Al, Cu, Ga, and Nb. The patterns indicate the
presence of three phases, viz. the w phase, the h phase, and the Nd-rich
phase.

rich and containing a higher concentration of the minor elements such as Al, Ga, and Cu and the other being rich in
transition metal ~Fe! and containing the maximum concentration of the minor elements such as Nb, W, V, Ti, etc.
The ambivalence in the composition of the Nd-rich
phase, noticeable strikingly in the ternary NdFeB, persists
even in the alloys with additive elements. The Nd-rich phase
exists in different concentration levels of Nd with varying
solubility of Fe, an additive element, and possibly O and B,
the last two of which could not be estimated.
The ability of Nb to form a compound with Fe in the
NdFeB is viewed as beneficial for the development of high
H ci and also for the near rectangularity of the intrinsic demagnetization curve. Compositional shift and locally bound

chemical inhomogeneity in the alloy during processing can
lead to the formation of free Fe particles and they can act as
easy nucleating centers for reverse domains to cause demagnetization of the magnet at a lower applied field. The suppression of Fe precipitation without consuming much of Nd
is the main advantage arising from the addition of Nb to
NdFeB. The improvement in H ci towards a step-wise heat
treatment with decreasing temperature, noticed in Nb added
alloy, seems to indicate the pinning of the domain walls at
the grain boundary; the pinning strength being a function of
heat treatment temperature. The partial grain boundary separation seen in the optical micrograph of the Nb added sample
also suggests that the boundary width is narrow for effecting
domain wall pinning. A similarity in the grain boundary
separation can be noticed even in the Cu added sample.
However, due to the coarse size and distribution of the minor
phases at the grain junctions, the stray field contribution for
demagnetization is viewed to be high, which ultimately affected the second quadrant characteristics.
IV. SUMMARY AND CONCLUSIONS

The effect of the individual addition of Al, Cu, Ga, and
Nb to NdFeB was studied. The demagnetization characteristics obtained for the samples after postsintering heat treat-

TABLE II. Solubility of additive elements ~Al, Cu, Ga, Nb! in different phases coexisting in the sintered NdFeB
alloy samples.
Solubility of M in wt %
Alloy composition
36Nd–1.2B–1M–Fe
(M5Al, Cu, Ga, Nb)

w phase

h phase

36Nd–1.2B–1Al–Fe
36Nd–1.2B–1Cu–Fe
36Nd–1.2B–1Ga–Fe
36Nd–1.2B–1Nb–Fe

0.5–0.7
0.2 to 0.3
0.3–0.5
;0.1

,0.1
,0.1
;0.1
,0.1

Nd-rich phase

Nd-rich
phase with
dissolved oxygen

New phase

,1
,2
1–3
;0.4

0.3–2
3–5
,0.2
,0.1

1–3
18 –24
15–18
;50
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FIG. 7. Backscattered electron probe images of the sintered NdFeB samples
with additive elements, Al, Cu, Ga, and Nb and the x-ray map of the corresponding dopant element showing its distribution in different phases: w
phase ~1!, h phase ~2!, Nd rich ~3!, and the additional new phase ~4!.

ment to realize the peak H ci value were compared with the
microstructural features viewed from optical and electron
probe microanalysis. Following are the conclusions that
emerged from the present study.
~1! H ci enhancement is significant with Al, Cu, Ga, or
Nb additions. Reduction in B r and T C is significant with Al
or Cu addition. Nb and Ga additions show better demagnetization characteristics with a minimum change in T C .
~2! Peak H ci in sintered NdFeB samples can be reached
with a postsintering heat treatment of 875 K/1 h but a stepheat treatment with decreasing temperature is suited for Nb
added alloy. Pinning of the domain wall at the grain boundary by the Nb containing phase, with the pinning strength a
dependent function of heat treatment temperature, is considered as a plausible reason for the H ci improvement.
~3! The formation of at least one new phase is observed
with each additive element to NdFeB. The concentration of
the additive element in the new phase is high as compared to
that in other phases.
The development of high H ci in NdFeB depends on ~i!
the delineation of the grain boundary by the Nd-rich phase,
~ii! the distribution of the minor phases in the intergranular
region, especially in the grain junctions, since the coarse size
configuration of the grain junctions, as observed in Al or Cu
added alloys, may contribute to the rise of the stray field
around them, impairing H ci , and ~iii! how the Nd-rich phase
gets modified.
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