
J O U R N A L O F M A T E R I A L S S C I E N C E 3 6 (2 0 0 1 ) 5903 – 5907

Microstructural and magnetic studies on P/M

processed (Nd14.9Dy1.9)(Fe65.0Co8.0Cu1.0Ga1.0Nb0.7)

B7.5 alloy
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Sintered samples of (Nd14.9 Dy1.9) (Fe65 Co8 Cu1.0 Ga1.0 Nb0.7)B7.5 were prepared and
subjected to stepwise annealing in the temperature range 875 K–675 K. The XRD and
metallographic (optical and electron microscopy) studies reveal a multi-phase
microstructure with each phase showing different solubility of the alloying additions. This
alloy has TC of 705 K with an intrinsic coercivity of 1000 kA/m and energy product of
∼250 kJ/m3 at RT. Solubility of Co into the matrix phase and that of Ga and Cu into the
Nd-rich grain boundary phase are considered to be the main contributing factors for the
significant enhancement in TC and Hci respectively of the multi-component alloy when
compared to those of ternary NdFeB, wherein Hci = 720 kA/m and TC = 585 K. C© 2001
Kluwer Academic Publishers

1. Introduction
Excellent permanent magnetic properties are exhibited
by sintered Nd-Fe-B magnets with Nd2Fe14B as major
phase (ϕ-phase) and are exploited for enhancing the
performance and/or reducing the size of many electro-
technical devices. However, owing to thermal instabil-
ity of remanence (Br) and intrinsic coercivity (Hci) at
elevated temperatures [1], limitations exist in the ap-
plicability of this class of permanent magnet material.
The main interest of research has quite long been fo-
cussed on designing the alloy with suitable additions so
that substantial improvement in the magnetocrystalline
anisotropy field (HA) and Curie temperature (TC) of
the ϕ-phase is achieved without much reduction in Br.
Substitution of Nd by Dy increases the anisotropy field
of the ϕ-phase and has profound influence on the co-
ercivity [2, 3]. However such substitutions bring down
the magnetization owing to ferri-magnetic coupling of
the heavy rare earths with 3d-elements (Fe, Co) and
therefore Dy substitution is restricted only to a limited
concentration level. Similarly, addition of Co in place of
Fe results in the enhancement of TC, but is accompanied
by decrease in coercivity due to the formation of soft
magnetic phases such as Nd (FeCo)2 and Nd (FeCo)3
[4, 5]. Even though the combined addition of Dy and
Co appears to be an appropriate choice for the optimal
balance of Hci and TC, suitable microstructural modifi-
cations are also needed to reduce its deteriorating influ-
ences. In ternary Nd-Fe-B, a Nd-rich eutectic phase acts
as sintering aid liquid phase and helps in the magnetic
isolation of the ϕ-phase grains by delineating the grain
boundary [6]. This phase undergoes modification due
to alloying additions. Additives such as Cu, Nb, Ga etc.,

were tried [7–9] to improve Hci mainly with the inten-
tion to propitiate the microstructure with non-magnetic
nature of the secondary phases and uniform distribution
of them in the intergranular region. Thus, for optimal
permanent magnetic properties, many combinations of
alloying additions to NdFeB are being explored. It has
been reported that Cu brings down the melting point of
the sintering aid Nd-rich eutectic [7], but causes deteri-
oration in coercivity due to precipitation of α-Fe parti-
cles [10]. The study by Liu et al. [11], on the other hand,
indicated that Fe precipitation could be suppressed by
the addition of Nb. The combined addition of Cu and
Nb therefore will aid the development of a microstruc-
ture, conducive for coercivity enhancement. Further, Ga
is considered as an important additive since high coer-
civity can be obtained through modification in the mi-
crostructure, while its solubility in the matrix phase at
low concentration level is rather found to increase HA
and TC marginally [12]. The simultaneous addition of
Ga and Nb was found to be effective in getting very
high coercivity without affecting the TC of the matrix
phase [13]. It is therefore interesting to study the effect
of these three alloying additions viz Cu, Ga and Nb in
combination with Dy and Co in the NdFeB system. Ac-
cordingly, alloy of (NdDy)(FeCoNbGaCu)B has been
powder metallurgically processed and its microstruc-
tural features and the magnetic properties are reported
in this paper. Studies on ternary NdFeB have also been
made for comparison.

2. Experimental
NdFeB alloys of Nd16.8 Fe75.7B7.5 (alloy-1) and
(Nd14.9Dy1.9)(Fe65Co8.0Cu1.0Ga1.0Nb0.7)B7.5 (alloy-2)
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Figure 1 Thermal processing schedule adopted for sintering and post
sintering heat treatment of samples 1 and 2.

were prepared by vacuum induction melting of the
constituent elements. The alloy ingots were crushed
and ball milled to fine powder of average particle size
∼5 µm. The particles were magnetically oriented in
the presence of an aligning magnetic field of >1.5 T
and compacted into cylindrical test samples of 20 mm
diameter and 10 mm height. They were sintered at
1350 K, followed by a multi-stage post-sintering heat
treatment from 875 K to 675 K. A schematic of the
thermal process schedule adopted is presented in Fig. 1.
The room temperature permanent magnet characteris-
tics of the fully heat-treated samples were evaluated
using an auto-hysteresis graph. The temperature vari-
ation of magnetization was studied using a vibrating
sample magnetometer (VSM). For anisotropy measure-
ments, powders of alloys 1 and 2 were oriented in the
plane of the substrate at 2.5 T and magnetization mea-
surements were made both in easy and hard directions.
The metallurgical investigations were carried out us-
ing X-ray diffraction and metallographic techniques
(Optical, SEM & EPMA).

3. Results and discussion
3.1. Magnetic and thermomagnetic studies
Shown in Fig. 2 and Fig. 3 are the temperature vari-
ation of magnetization and the second quadrant hys-
teresis plots (normal and intrinsic) of fully heat-treated
samples of ternary (sample 1) and multi-component
(sample 2) NdFeB alloys. From these figures it can be
seen that even though the energy product of sample 2
is nearly the same as that of sample 1, a significant
improvement in coercivity (from 720 to 1000 kA/m)
and Curie temperature (from 585 to 705 K) has been
obtained in sample 2 and is attributed to the favourable
effects of alloying additions. The effect of step aging
from 875 to 675 K on the intrinsic coercivity (Hci) of
the samples is shown in Fig. 4. The peak coercivity is
reached in sample 1 in the first stage of post-sintering
heat treatment, i.e. at 875 K/1 h and further heat treat-
ment is found to have less effect on the property
enhancement. On the other hand, in sample 2, improve-
ment in coercivity is observed with step-wise heat treat-
ment, reaching a peak value at around 775 K.

In Fig. 5 is shown the magnetization plots of both
the samples, and it can be seen by extrapolation that

Figure 2 Temperature variation of magnetization of samples1 and 2
(bias field: 16 kA/m).

the anisotropy field HA of the sample 2 is higher than
that of sample 1.

3.2. Structural and microstructural studies
X-ray diffractograms of the sintered samples 1 and 2
(Fig. 6) show Nd2Fe14B (ϕ) as the major phase. The
maximum intensity lines (105) and (006) indicate a
strong [001] grain texture development of the ϕ-phase.

Figure 3 Second quadrant hysteresis plots of sintered and fully heat
treated samples 1 and 2 (Magnetizing field: 2.0 T).
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Figure 4 Plot of intrinsic coercivity versus heat treatment temperature
of sintered samples 1 and 2.

Figure 5 Magnetization plots of oriented powder of alloy 1 and 2, mea-
sured along the easy and hard axis. On extrapolation of the curves, it can
be noticed that sample 2 is more anisotropic than sample 1.

Figure 6 X-ray diffractograms taken on the surface of the samples per-
pendicular to the direction of magnetic orientation (c-axis).

The optical micrograph and the back scattered elec-
tron image of both the samples (Fig. 7) exhibit a multi-
phase microstructure with ϕ as the matrix phase. Minor
phases such as Nd1.1Fe4B4 (η-phase) and Nd-rich are

Figure 7 (a) Optical micrograph of samples 1 and 2. Fine particles
(1–2 µm) of Nb-Fe rich phase distributed within the grains of ϕ-phase
and at the grain boundary are indicated by the arrow marks. (b) SEM back
scattered electron image of sample 1 and 2. Both samples display multi-
phase microstructure. A-Nd2Fe14B (ϕ), B-Nd1.1Fe4B4 (η), C-Nd-rich,
D-Nd-oxide, E-NbFeB particles.

also found in both the samples. The presence of an addi-
tional phase in the form of tiny particles (1–2 µm) dis-
tributed inside the grain and at the boundary as well is
observed in sample 2. From the EDX spectrum (Fig. 8)
and the EPMA results (Table I), these particles are iden-
tified as Nb13(FeCo)20B67 with a little amount of Nd
soluble in it. In an earlier investigation of Nb substi-
tution in NdFeB, Parker et al. [14] reported that Nb
increases the coercivity and attributed this effect to the
perturbation caused by these Nb-rich particles to the
domain wall motion. The later studies on the role of Nb
in NdFeB indicated that an hexagonal phase of NbFeB
is found distributed in the grains of ϕ phase [15] and the
formation of Nb-Fe rich phase suppresses the precipi-
tation of Fe, whose soft magnetic nature is detrimental
to the development of high coercivity [11]. Therefore,
it is viewed that the formation of Nb13(FeCo)20B67
is beneficial to the development of high coercivity in
sample 2.

Figure 8 EDX spectrum of the fine particles found in sample 2.
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T ABL E I Electron Probe Microanalysis of sintered and heat-treated
multi-component NdFeB magnet (sample 2)

Concentration of the elements in at.%

Region
analyzed Nd Dy Fe Co Cu Ga Nb Phase identified

A 11.5 1.7 75.2 7.9 0.3 0.4 0.1 ϕ-phase
B 12.6 1.4 40.3 4.2 0.1 0.1 – η-phase
C 51.4 0.5 3.0 8.1 27.6 8.6 – (NdDy)(CuGaCoFe)
D 28.0 1.9 1.5 0.3 0.1 – – (NdDy)(FeCo)-Oxide
E 0.3 – 18.3 1.7 0.1 – 12.7 Nb13(FeCo)20B67

It is further seen from Fig. 7 that the Nd-rich phase is
distributed mostly at the grain junctions, overlapping
the pores, partly or wholly, and extending into the
grain boundary region. This phase appears in two forms
in sample 2 with differentiating contrast as shown in
Fig. 9a. The EDX spectrum (Fig. 9b) indicates that the
Nd-rich region with bright contrast exhibits solubility
of the dopant elements viz. Ga, Cu & Co while that of
the Nd-rich phase with grey contrast (Fig. 9c) contains
oxygen to the extent of ∼70 at.% and is likely to exist
in the form of Nd2O3. The hard boride η-phase, which
is identified through its dark boundary, is seen in sam-
ples 1 and 2 as separate grains, distributed at the grain
junctions and at the intergranular regions. A reduction
in the size and volume fraction of this phase is no-
ticed in sample 2, which is considered beneficial for the
enhancement of the magnetic properties. A schematic
representation of the distribution of the various phases
observed in sample 2 is given in Fig. 10.

From the results of EPMA shown in Table I, the dis-
tribution of the dopant elements in various phases in
sample 2 can be seen. Cu and Ga preferentially go
into the bright Nd-rich phase, although they exhibit
solubility in very low concentration level (<0.3 at.%)
in the matrix phase. The phase composition as ob-
tained from EPMA approximately corresponds to
(NdDy)(FeCuCoGa) in 1 : 1 ratio. The total concentra-
tion of Cu, Ga and Co in this phase is around 50 at.% out
of which 20–30 at.% is Cu. According to Ohmori [7],
a change of Nd-rich phase from Nd-Fe base to Nd-Cu
is accompanied by depression of melting point (from
928 K to ∼793 K). The decrease in the melting point
of the Nd-rich phase has a greater influence in the uni-
formity of the distribution of this phase. Therefore, it
is inferred from the present study that the Nd-Cu phase
formed at the intergranular region is beneficial for the
development of high coercivity.

Dy partitions mostly into the ϕ-phase, η-phase and
Nd-rich (oxide) phase. The partial substitution of Dy in
ϕ-phase is also evident from the higher anisotropy (HA)
exhibited by the multi-component alloy (sample 2) as
compared to the ternary NdFeB (sample 1) with similar
rare earth concentration. Dy has negligible solubility in
the Nd-Cu rich phase and in the Nb-Fe rich phase. Co
exhibits maximum solubility (8 at.%) in the ϕ-phase
and in the Nd-Cu rich phase. Buschow [4] has eval-
uated the exchange coupling constant between 3d-3d
moments and 3d-4f moments in R2Co14B and R2Fe14B
and found that 3d-3d exchange in R2Co14B is more
than three times that in R2Fe14B. Since in the present
study Co has replaced Fe, the increase in TC can be

(a)

(b)

(c)

Figure 9 (a) SEM back scattered electron image showing the inter-
granular region in sample 2. Nd-rich phases are found in two different
contrast viz. bright (C) and grey (D). (b) EDX spectrum of the bright
intergranular phase showing the presence of Cu, Ga and Co besides Nd.
(c) EDX spectrum of the grey intergranular phase showing the presence
of oxygen and Nd.
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Figure 10 A schematic of the distribution of various phases in the sin-
tered and step-aged multi-component sample 2.

attributed to the increase in the exchange between 3d-
3d moments.

The solubility of Co in the other minor phases such
as η-phase and Nb12(FeCo)21B67 phase, is quite limited
to approximately 4 at.% and 2 at.%, respectively. Least
solubility of Co is shown by the Nd-rich oxide phase.

3.3. Coercivity and microstructure
The main coercivity mechanism prevailing in NdFeB
magnet is of nucleation type [16]. However, domain
wall pinning at the grain boundary has also been re-
ported [17], particularly to account for the coercivity
improvement in NdFeB samples containing refractory
elements. The coercivity enhancement on step-wise
heat treatment in sample 2 may therefore be attributed
to the strengthening of the pinning sites at the grain
boundary by the migration of the non-magnetic ele-
ments. Further, in sample 2 even with 8 at.% Co, soft
magnetic phases such as Nd(FeCo)2 and Nd(FeCo)3 are
not observed. The addition of Cu along with Ga seems
to profoundly modify the grain boundary phase into one
of non-magnetic, with depression of melting point.

Precipitation of Fe can occur in NdFeB due to non-
equilibrium solidification of the alloy since a high tem-
perature Fe freezing zone exists in the ternary phase
diagram [18]. The detrimental effect of Fe particles is
circumvented by the addition of Nb in small quantity,
leading to the formation of boride precipitate particles
of Fe-Nb.

4. Conclusions
The microstructural and magnetic investigations on
the powder metallurgically processed (Nd14.9Dy1.9)
(Fe65.0Co8.0Cu1.0Ga1.0Nb0.7)B7.5 alloy are summarised
as follows:

1. Addition of Dy,Co,Ga,Nb and Cu results in (a)
the partitioning of Dy and Co to a larger extent into
the matrix phase(ϕ), (b) the solubility of Cu,Ga and to
a lesser extent Co into the intergranular Nd-rich phase

and (c) the formation of NbFeB phase, suppressing the
precipitation of free Fe particles.

2. The alloy exhibits Curie temperature of 705 K
and the improvement as compared to ternary system is
attributed to the large solubility of Co in ϕ-phase.

3. The realisation of high intrinsic coercivity
(1000 kA/m) is attributed to (a) solubility of Dy in ϕ-
phase leading to increase in HA (b) better distribution
of the sintering aid liquid phase owing to decrease in
the melting temperature caused by dopant elements (Ga
and Cu) and (c) suppression of Fe precipitation by the
addition of the refractory element (Nb). A multi stage
step-wise post sintering heat treatment helps in achiev-
ing this property.
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