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A commercial grade Nd55Fe;sB5Cu; 5 alloy was prepared through the melt-
ing-casting route. The as-cast (AC) alloy was characterized by X-ray diffrac-
tion (XRD) and scanning electron microscopy techniques. XRD and energy-
dispersive spectroscopy analyses revealed the presence of Nd,Fe 4B, NdoFeq7,
Nd-rich phase (Nd/NdCu eutectic), and «-Fe phases in the AC specimen.
Retainment of o-Fe in the AC microstructure makes a core-shell type
microstructure in this condition. Thermodynamic predictions based on the
non-equilibrium (Scheil-Gulliver) solidification calculations validate the
retainment of both o-Fe and NdyFe;; phases in the AC microstructure. A
homogenization treatment has been conducted at 1373 K for 2 h, which
effectively results in a substantial reduction in the phase fraction of remnant

o-Fe.

INTRODUCTION

Nd-Fe-B alloys are the candidates for permanent
magnets that are extensively used in electronic data
storage devices, h;fbrid electric vehicles, and wind
power generators.'~ Based on production methods,
the Nd-Fe-B magnets are broadly categorized into
three groups: sintered, hot deformed, and bonded
magnets.* To attain optimal properties from the Nd-
Fe-B magnets, fully dense and textured magnets are
preferred akin to the sintered magnets, without the
use of any binders, as is the case in bonded
magnets.® The state-of-the-art production of the
alloy involves a sintering process that is commonly
used to produce high performance Nd-Fe-B mag-
nets.® The advanced sintering process used for
production of the Nd-Fe-B alloy encompasses a
sophisticated multistep powder metallurgy process
that begins with melting of alloy ingots, progresses
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through powder synthesis, magnetic field align-
ment, pressing, and culminates in sintering fol-
lowed by subsequent annealing.® Alternatively,
these alloys can also be produced through die
upsetting of the precursors prepared through melt
spinning, followed by hot compaction,” and spark
plasma sintering of powders prepared through
powder metallurgy techniques.® Irrespective of the
production route, an ideal finished component
should comprise a microstructure with individual
matrix NdyFe 4B crystallites separated by a thin
Nd-rich grain boundary layer for obtaining higher
coercivity.® Except for the melt spinning process
(i.e., rapid solidification route), the microstructure
of the starting material employed in producing
sintered magnet holds significant importance.'® In
all the instances mentioned for the production of
sintered Nd-Fe-B alloy, the multistep powder met-
allurgical processes outlined above commence with
vacuum induction melting and casting process.!
Therefore, a considerable amount of effort is still
focused on the studies of solidification behavior and
phase transformation related to Nd-Fe-B alloys with
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other alloying additions.'®'® Under normal cooling
rates observed during casting of the Nd-Fe-B ingots,
undesirable o-Fe phase is typically observed in the
cast microstructure.'’'*!® The o-Fe phase is found
in the microstructure as a remnant unreacted pro-
peritectic phase, which has a debilitating effect on
the hard magnetic property of the alloy.*>'¢ Accord-
ingly, to circumvent the significant presence of «-Fe
phase in the post-solidification microstructure, usu-
ally a rare-earth rich composition is selected to
ensure congruent solidification of the hard magnetic
Nd,Fe4B phase directly from the liquid.'” How-
ever, adopting such an approach leads to an
increase in the volume fraction of the Nd-rich phase
at grain boundaries and triple junction regions,
which dilutes the remanence of the final sintered
magnet. Alternatively, a post solidification homog-
enization heat treatment is typically employed on
the cast ingots to reduce the amount of o-Fe in the
microstructure which improves the prospects of
achieving better magnetic properties in the final
sintered magnet.'®

In the present study, an Nd-Fe-B-Cu alloy is
prepared through melting and casting, and subse-
quently a heat treatment is carried out to homog-
enize the as-cast (AC) microstructure. To
understand the solidification sequence during cast-
ing of the alloy, Scheil-Gulliver (non-equilibrium
solidification model) calculations are performed and
compared with the microstructure of the AC alloy.
In addition, equilibrium solidification calculations
are performed to finalize an appropriate homoge-
nization temperature. The study also investigates
the phase evolution and microstructural changes
following the post-solidification homogenization
heat treatment of the cast Nd-Fe-B-Cu alloy. The
thermodynamic calculations, along with experimen-
tal validation, assist in understanding the develop-
ment of microstructure in both AC and as-
homogenized (AH) alloys.

EXPERIMENTAL PROCEDURE

In this study, thermodynamic calculations for the
Nd-Fe-B-Cu (Nd;55Fe;sB5Cu;5) system were per-
formed with FactSage 8.1 thermochemical soft-
ware.'® The calculations were carried out using
the thermodynamic database of the Nd-Fe-B system
developed by Van Ende and Jun%20 In addition,
optimized parameters of Cu-Nd,?"*? Cu-B,*® and
Cu-Fe?* binaries were added to the existing ternary
Nd-Fe-B system. As a result, a comprehensive
database was prepared and used to understand
the phase equilibria in the investigated quaternary
system. Alloy ingots with the composition men-
tioned in Table I were prepared by vacuum induc-
tion melting of high-purity elemental ingredients,
viz., Nd (> 99.9% purity), Fe, B, and Cu (> 99.99%
purity) under Ar atmosphere. The alloy composition
was prepared on a 1000-g scale and at an induction
power of 10 kW. An excess of 3% Nd has been added

Table I. Nd-Fe-B-Cu alloy composition (wt.%)
employed in this study

Nd Fe Cu B

33.2 64.6 14 0.8

to compensate for the loss of Nd owing to oxidation
and evaporation. Details regarding the sequence of
element addition while melting are reported else-
where.?® The melt was cast into a mild steel mold
and slowly cooled in the furnace under an Ar
atmosphere. A pan-cake shaped ingot (thick-
ness = 30 mm, diameter = 70 mm) was obtained.
Differential scanning calorimetry (DSC) was carried
out on the AC alloy, for which 10-15 mg of powder
specimen was taken and heated at 10 K/min in a
PerkinElmer Pyris Diamond DTA-TG analyzer. To
perform homogenization treatment, a specimen
(10 mm x 10 mm x 10 mm) from the AC ingot
was sectioned, wrapped with Ta foil, and homoge-
nized at 1373 K for 2 h under an Ar atmosphere in a
vacuum tube furnace (Model: RHTC 80-450/15,
Nabertherm GmbH, Germany). After homogeniza-
tion, the specimen was slowly cooled in the furnace
under Ar atmosphere. A schematic illustrating the
experimental steps carried out along with the
processing conditions is shown in Fig. 1.

Microstructural investigations on both AC and
AH specimens were carried out using X-ray diffrac-
tion (XRD) and field emission scanning electron
microscopy (FE-SEM) techniques. The XRD pat-
terns were obtained using a Bruker D8 Advance
A25 X-ray diffractometer with a Cu-K, target at a
step size of 0.02° over the 20 range of 20°-90°. The
XRD peaks were identified using X’pert HighScore
Plus software and further analyzed with the help of
the ICDD PDF-4 + database. For SEM observation,
all specimens were ground with SiC paper starting
from 320 grit to 4000 grit followed by polishing
using 1 yum and 0.25 ym diamond suspension. The
polished specimens were etched with 2% Nital
solution. The SEM micrographs and energy disper-
sive X-ray spectroscopy (EDS) data were acquired in
backscattered electron (BSE) imaging mode using a
ZEISS MERLIN microscope operated at an acceler-
ation voltage of 15 kV.

RESULTS AND DISCUSSION
XRD Analysis

The XRD analysis of the AC alloy, shown in Fig. 2,
reveals peaks corresponding to NdoFe 4B, o-Fe, a-
Nd, and NdCu phase. ICDD PDF numbers #04-006-
3648, #04-007-9753, and #01-078-6511 are used as
references for identification of NdyFe 4B, «-Fe, and
NdCu phase, respectively. In addition, the XRD
pattern provided by Siva Kumar et al.2é is used as
reference for the «-Nd phase. The peaks of the NdCu
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Fig. 2. XRD pattern of the AC alloy.

phase exhibit considerable overlap with those of
NdsFe 4B phase at most of the 20 positions. The
XRD analysis indicates that the peak positions of
o-Fe and NdyFe 4B phases coincide with each other
at 20 value of 44.6°. The peak with the highest
intensity is observed at 20 value of 42.4°, which
corresponds to the NdsFe 4B phase.

Microstructure and Thermodynamic
Correlation

In Fig. 3a, the BSE micrograph of the AC
specimen reveals four different Z (atomic number)
contrasts: light gray, dark gray, dark, and bright
regions, as indicated with red, blue, yellow, and
green arrows, respectively. Figure 3b, ¢ and d
depicts the elemental distribution maps for Fe,
Nd, and Cu, corresponding to the BSE micrograph
in Fig. 3a. Clearly, the dark region (indicated by
yellow arrows in Fig. 3a) is abundant in Fe, whereas

the bright region (indicated with green arrows in
Fig. 3a) is enriched in Nd and Cu. On the other
hand, no appreciable difference in Z-contrast is
discerned between the light gray and dark gray
regions through the elemental distribution map.
The corresponding point EDS results of the light
gray (marked by red circle in Fig. 3a) and dark gray
(marked by blue circle in Fig. 3a) regions are shown
in Fig. 3e and f, respectively. The stoichiometric
ratio obtained from the EDS analyses indicate that
the light gray region is NdyFe 4B, whereas the dark
gray region is NdsFe ;7. Results from XRD patterns
(Fig. 2) and EDS elemental maps (Fig. 3b, ¢ and d)
suggest that dark (marked by yellow arrow in
Fig. 3a) and bright (marked by green arrow in
Fig. 3a) regions in Fig. 3a correspond to o-Fe and
Nd-rich phases, respectively. A high magnification
BSE image highlighting the Nd-rich phase is shown
in Fig. 3g and the elemental distribution results are
represented in Fig. 3h and i. A combined observa-
tion from the XRD pattern in Fig. 2 and the
elemental distribution results in Fig. 3h and i
suggests that the Nd-rich inter-dendritic region
consists of a eutectic mixture of «-Nd and NdCu
phases. The average phase fraction values corre-
sponding to the phases investigated in the BSE
microstructure are calculated with the help of
Imaged software and the results are represented
in Table II. Although traces of NdyFe;; phase are
observed in the AC microstructure, XRD peaks for
the same are not evident in Fig. 2 because of its
limited presence in the microstructure. Evidently,
analysis of the phase fraction values suggests that
the NdyFe 4B constitutes the major phase in the AC
microstructure.

The equilibrium phase formation in the alloy
system as a function of temperature is shown in
Fig. 4a. The equilibrium cooling plot shows that y-Fe
is the primary phase forming as the solidification
begins at ~ 1560 K. Upon further cooling, the
amount of y-Fe increases up to 30 wt.% and then
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Fig. 3. (a) BSE micrograph of the AC alloy and (b—d) EDS elemental distribution maps showing distribution of (b) Fe, (c) Nd, and (d) Cu; (e-f)
point EDS analysis of the (e) light gray region (encircled by red) and (f) dark gray region (encircled by blue); (g) BSE micrograph of the Nd-rich
region and (h—i) EDS elemental distribution of (h) Nd and (i) Cu (Color figure online).

Table II. Phase fraction values in the AC
microstructure

Phases Phase fraction (in %)
Primary-Fe 12 + 0.8
Nd2F617 75+ 0.3
Nd-rich 9+05
NdsFe 4B Balance

starts decreasing from ~ 1420 K. As y-Fe decreases,
evolution of Nd,Fe 4B and Nd,Fe;; phases takes
place at ~ 1413 K. The amount of Nd,Fe 4B
increases to ~ 80 wt.% with continued cooling and
remains more or less constant till the cooling
completes. Simultaneously, several complex phase
transformations result in formation of NdsFi7,
NdCu, and Nd-rich phase with decrease in temper-
ature. To mimic the phase evolution under actual
casting conditions, the non-equilibrium Scheil-Gul-
liver model is employed. The Scheil-Gulliver cooling
calculations are performed using the developed
thermodynamic database, and the results are out-
lined in Fig. 4b. Correspondingly, a Scheil-Gulliver
cooling plot depicting the compositional change in
the liquid phase during solidification is presented in
Fig. 4c. As evident from the Scheil-Gulliver cooling
calculations in Fig. 4b, the y-Fe phase is first to
nucleate from the liquid phase, hereafter referred to

as primary-Fe. In the Scheil-Gulliver calculations,
the amount of primary-Fe increases till 30 wt.%
between 1560 K and 1418.92 K. With further
decrease in temperature, the y-Fe phase fraction
remains constant at 30 wt.%. The Nd,Fe;; phase is
formed in the temperature range between
1418.92 K and 1412.32 K, and its phase fraction
also remains unchanged with further decrease in
temperature. This observation suggests that as the
alloy undergoes solidification, the liquid phase
traverses through the phase fields of primary Fe
and NdoFei;. Consequently, the amount of these
phases remains constant with further decrease in
temperature. Figure 4b further shows that forma-
tion of the NdsFe 4B phase from liquid takes place
at ~ 1412.32 K. In the temperature range between
1326.57 K and 886.65 K, Nd2F614B and NduFe4B4
co-precipitate from the liquid phase, which is evi-
dent from the increase in their phase fraction as
observed in Fig. 4b. As illustrated in Fig. 4c, in the
temperature range of 1412.32 K to 886.65 K, the Fe
in the liquid phase is continuously decreasing while
B and Cu are relatively constant. Consequently, the
liquid composition shifts to Nd-rich part of the
quaternary system where Nd and NdsFe;; phases
are formed at 886.65 K and 873.97 K, respectively.
The solidification terminates at the final eutectic
temperature (766.11 K) with the formation of
f-NdCu and Nd as eutectic components. This obser-
vation is further confirmed in the EDS elemental
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Fig. 4. (a) Equilibrium and (b) Scheil-Gulliver cooling plot of the AC alloy; (c) compositional change in the liquid phase during cooling of the liquid
as per the Scheil-Gulliver cooling calculations; (d) schematic illustration showing the solidification sequence leading towards the formation of
Nd,Fe 4B phase in the AC alloy.
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maps of Nd and Cu in Fig. 3h and i, respectively,
where the Nd and NdCu eutectic components are
observed at the inter-dendritic regions in the AC
microstructure. The Scheil-Gulliver calculations
suggest the formation of a core-shell-type structure,
wherein the primary-Fe dendrites comprise the
core, surrounded by NdyFe;; and the matrix
Nd,Fe 4B phase, as observed in Fig. 3a. The rem-
nant primary-Fe undergoes allotropic transforma-
tion from y-Fe (FCC) into a-Fe (BCC) without any
morphological change in the parent phase. How-
ever, this allotropic transformation from y-Fe (FCC)
to a-Fe (BCC) is not observed in the Scheil-Gulliver
cooling calculations in Fig. 4b. This is primarily
because the solidification begins at the y-Fe (FCC)
phase field and the liquid composition continuously
shifts to the Nd-rich part of the quaternary system
without ever crossing the «-Fe (BCC) phase field.
The overall solidification sequence leading to the
formation of NdyFe 4B phase is schematically
shown in Fig. 4d. Phases such as Nd;Fe/B, and
NdsFe;7, as depicted in the Scheil calculations in
Fig. 4b, are not observed in the microstructure of
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the AC alloy possibly because of their low content in
this condition.

Effect of Homogenization Treatment

To reduce the debilitating effect of primary-Fe, it
is desirable to minimize the presence of the detri-
mental primary-Fe phase through a homogeniza-
tion treatment. An enlarged view of the selected
region of the equilibrium cooling plot (refer Fig. 4a)
is represented in Fig. 5a. A systematic analysis
influencing the selection of the homogenization
temperature is carried out with the help of equilib-
rium cooling plot and the DSC plot (Fig. 5b). As
explained in section 3.2, formation of Nd,Fe 4B
begins at ~ 1413 K (indicated as T, in Fig. 5a) along
with decrease in primary-Fe. Furthermore, the DSC
plot of the AC alloy in Fig. 5b shows the onset of an
endothermic peak at ~ 1413 K, indicating melting
of the NdyFe 4B phase during heating of the alloy.
Ensuring that the NdyFe;4B phase does not melt
during the heat treatment, a homogenization tem-
perature (Ty) of 1373 K prior to the onset of melting
of the NdyFe 4B phase is selected.

Equilibrium Coolin i
1004 (@) q = _81413 & (b) Endothermic
Tyg=13713K P~ (down)
aQ N
. 804w
E
= g
S 60 —*—Nd,Fe,, =
N
E —v— Nd,Fe, B 5 T
S
S 401 Liquid = T,=1413K
b2 —e— vy-Fe
>
20 1
" y=13713K
0 T T T T \ T T ll T T T T
1100 1200 1300 1400 1500 1600 1325 1350 1375 1400 1425 1450 1475
Temperature (K) Temperature (K)
(© 4 Nd,Fe,4B &
- | | Nsze]'/

Intensity (a.u.)

5.0
20 (Degrees)

40

Fig. 5. (a) Equilibrium phase diagram (marked region in Fig. 4a is enlarged) and (b) DSC plot of AC alloy; (c) XRD pattern and (d) BSE
micrograph of the AH alloy. The red, blue, yellow, and green arrows in (d) indicate the Nd>Fe 4B, Nd>Fe 7, primary-Fe and Nd-rich phase,

respectively (Color figure online).
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The XRD pattern and BSE micrograph of the AH
specimen are shown in Fig. 5¢ and d, respectively.
The XRD analyses indicates the presence of peaks
corresponding to NdyFe 4B and Nd,Fe ;. Distinct
XRD peaks corresponding to NdsFe 7 are observed
in the XRD pattern of the AH alloy. ICDD PDF
number #04-004-4987 is used as a reference to
identify the peaks corresponding to the NdoFeqs
phase. The BSE micrograph of the AH alloy reveals
presence of NdyFe 4B (indicated with red arrow),
primary-Fe (indicated with yellow arrow), NdoFeq;
(indicated with blue arrow), and Nd-rich phase
(indicated with green arrow). Average phase frac-
tion values of the phases identified in the AH
microstructure are presented in Table III. Approx-
imately 70% reduction in the phase fraction of
primary-Fe is observed after homogenization. Fur-
thermore, the Nd-rich phase is also reduced by 44%
after homogenization, and it is observed mainly at
the triple junction regions. Also, a clear phase
boundary delineating the individual Nd;Fe 4B
grains is not observed in the AH microstructure
(Fig. 5d). Nonetheless, it is evident that the size of
the NdsFe 4B phase in the AH microstructure is
relatively coarser compared to that observed in the
AC condition, indicating coarsening of the NdyFe 4B
phase after the homogenization treatment.

Melting and solidification of the Nd-Fe-B-Cu alloy
as well as the homogenization treatment results in
evolution of complex microstructures due to the line
compound nature of the NdyFe 4B matrix phase.
The resulting microstructures in both AC and AH
alloy exhibit many undesirable features, including
non-optimal size of matrix Nd,Fe 4B crystallites,
heterogeneous distribution of Nd-rich intergranular
phases, and presence of soft magnetic primary-Fe
and NdyFe;; phases. The evolution of the soft
magnetic phases in the Nd-Fe-B-Cu alloy
microstructure reduces the amount of desirable
hard magnetic NdyFe 4B phase. Their existence in
the microstructure shunts the magnetic field, thus
reducing the hard magnetic properties of the
alloy.?” In addition, the reduction in primary-Fe
phase fraction after homogenization treatment is
accompanied by an increase in the Nd;Fe 7 phase,
which is also soft magnetic in nature and not
desirable. It is also understood that presence of
primary-Fe in the conventional AC microstructure
is unavoidable and can be suppressed through

Table III. Phase fraction values in the AH
microstructure

Phases Phase fraction (in %)
Primary-Fe 3.6 £0.8
Nd,Fe;; 23.2+ 0.6
Nd-rich 5405

Nd,Fe 4B Balance
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direct/congruent solidification of the NdyFe 4B
phase by rapid solidification processing routes.'!

CONCLUSION

In this work, the solidification sequence of a Nd-
Fe-B-Cu alloy composition is investigated to unravel
the post-solidification microstructure under non-
equilibrium cooling conditions. Furthermore, the
effect of a homogenization treatment on the evolu-
tion of microstructure, especially dissolution of the
remnant primary-Fe, is studied. In this context, the
following conclusions are drawn from the
investigation:

e The XRD and SEM-EDS analyses collectively
indicate that the Nd;5sFe;sBsCu; s alloy con-
tains primary-Fe, Nd;Fe;,B, Nd-rich phase (Nd/
NdCu eutectic), and NdyFe;; phases in the AC
microstructure. The Scheil-Gulliver cooling cal-
culations can effectively explain the microstruc-
ture evolution in the AC alloy.

e The retainment of primary-Fe in the AC
microstructure leading to a core-shell-type struc-
ture is explained appropriately with the help of
Scheil-Gulliver cooling calculation.

e A significant reduction in the phase fraction of
primary-Fe is achieved after the homogenization
treatment. In addition, significant grain coars-
ening of the Nd,Fe 4B phase is also observed in
the AH microstructure.
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