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ct of niobium on the directional
dification and properties of
dinico alloys

_‘RAMANIK, V. RAO, O. N. MOHANTY
’nal Metallurgical Laboratory, Jamshedpur 831 007, India

ffect of niobium on the extent of columnar growth of grains and on the magnetic prop-
{Bs in Alnico alloys has been studied. Alloys containing 1% Nb show maximum growth of

il nar crystals. In columnar alloys, coercivity increases slowly with increasing niobium con-
.p to — 1 %. With further increase in niobium, coercivity and remanence decrease. The
@imum energy product (55 kJ m~3) has been obtained at 1°A Nb. Niobium addition has

been found to suppress the precipitation of the undesirable y phase.

Entroduction
i derable work has been reported in the literature
dinico alloys [1-6]. Alnico V which contains
1, 149 Ni, 24% Co, 3% Cu and balance Fe, is
By to give rise to amaximum energy product
)jia] OF 40-44 kI m ™=, Further improvement in
p-liesis possible through directional solidific-
i1l Directionally solidified Alnico alloys have
) Aarallel to the <1 0 0> direction resulting in
r remanence (1.3-1.4 T), good coercivity
B¥6-kAm~1) and a (BH),,., of 50-70kJm
it studies[7-10] have shown that the properties
fectionally solidified Alnico alloys can further be
Bt ved by addition of small amounts of niobium. A
8t atic study, however, on the effect of niobium on
8 tent of columnar crystallization and magnetic
' has not been reported in the literature.
file present work pertains to the studies carried out
ihe effect of niobium (0-2 wt %) on columnar
a1 |i zati on and magnetic propertiesin Alnico V

Experimental procedure

% -l oys were made. Low-carbon iron, cobalt, elec-
i i c copper and nickel were melted in a2 kg
il L ion furnace and then electrolytic a uminium
B dded. After deoxidizing with small amounts of
BN, the melt was held in the furnace for 2 min.
il quently, niobium was added in the form of
i 'obium. Molten metal was then poured into a
®ially made refractory mould (Fig. 1).

Mbul ds were made from 4 in (10 cm) diameter
ttory eevesand 1 in (2.5 cm) diameter silliman-
libes which were fixed at the centre of the sleeves
fo., sand and sodium silicate). The sillimanite tube
td in obtaining castings with smooth surfaces,
eby avoiding columnar growth of crystalsfrom
i ails of the mould. The moulds were heated to
il C and placed on awater-cooled copper plate.
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Figure 1 Schematic diagram showing the mould arrangements for
directional solidification.

1250°C,1/2 h

0, 920°C,1/2h
by R . 650°C, 6h .
e 600 C A 560-C, 10 h
| 7
A B Time

Figure 2 Schematic diagram of heat-treatment schedule. R
=32°C in amagnetic field.
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Figure 3 X-ray diffraction patterns of quenched and tempered Alnico alloys.
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Nominal composition of Alnico alloys (wt %)

8 14 24 3

8 14 24 3 0.5
8 14 24 3 1.0
8 14 24 3 15
8 14 24 3 2.0

etal was then poured at a temperature of
:and exothermic mixture was added on the hot
edd over the heated mould.

teens»10-20 mm thick were cut from the bot-
% well asthe upper portions of each ingot for
isreat ment magnetic measurements. All the
mens wese homogenized at atemperature of
C,,for 30 min and cooled in ablast of air. The
Bl ens were cooled at the rate of 0.5°C s~ from

920-600 °C in amagnetic field of 20 kA m', then
cooled to room temperature without the magnetic
field. The specimens were tempered first at 650 °C for
6 h and finaly at 560 °C for 10 h. A schematic repre-
sentation of the heat-treatment scheduleis givenin
Fig. 2.

To study the extent of columnar growth of crystals,
2in (5 cm) long samples were cut from the bottom
portion of each ingot and sectioned longitudinally
into two halves. The inside surface was macro-etched
with an etching solution containing 5 g cupric chlor-
ide, 1 g stannous chloride and 10 g ferric chloride
dissolved in 100 ml HCI and made up to 500 ml with
water.

For X-ray diffraction studies, 5 mm thick specimens
from the bottom portion of each ingot were .used.
X-ray diffractograms were taken on Siemens X-ray
dif Tractometer, model D-500 using CrKg, radiation.
X-ray and metallographic studies were made in the as-
cast, air-quenched and double-tempered conditions.

3 Macrostructures of columnar Alnico aloysin as-cast conditions. Alloy: (a) I. (b) 2, (c) 3. (d) 4, (e) 5.
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For TEM studies, a standard carbon extraction repli-
catechnique was used for samples in the heat-treated
condition.

The magnetic measurements were made using
Walker's Hysteresisgraph, model MH-3020. The sam-
ples for measurement were taken from the central
portion of the columnar regions where the grains were
nearly parallel.

3. Results and discussion

Table | gives the nominal composition of the alloys
studied. Alloy 1 corresponds to the conventional
Alnico V, and the others contain varying amounts of
niobium.

X-ray diffraction patterns of a few quenched and
tempered alloys are shown in Fig. 3.

The macrostructures of the cast alloys (Fig. 4) reveal
that (a) columnar crystals are quite thick and (b) the
length of the columnar crystals formed is maximum
when the niobium content is 1%. Fig. 5a shows the
microstructure of Alloy 1 containing no niobium,
cooled in blast of air from 1250 'C. The structure
shows predominantly single phase (a) with some pre-
cipitation of a second phase (probably y phase). X-ray
diffraction studies have also shown the presence of y

Figure5 Microstructures of columnar alloy containing no niobium
(Alloy 1), (a) quenched in blast of air and (b) tempered.
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phase. Fig 5b shows the microstructure of the s
aloy in the fully tempered condition. The struc
shows the presence of a, and & phases with so
phase as indicated by X-ray diffraction data. Fi
and b show the microstructures of Alloy3 (conta
19% Nb) in the air-quenched condition, the
(equiaxed) and bottom (columnar) portions of
ingot, respectively. As can be seen, in both the c
there is no precipitation of 7 phase, as evinced by
studies.

Scanning electron micrographs of Alloy 3
shown in Fig. 7. The aspect ratio of a; particlesi
spinodally aged columnar alloy appearsto be
larger than that of the equiaxed alloy (Fig. 7c an
TEM features of Alloy 1 are shownin Fig. 8. Wh
the SAD pattern of the alloy containing no nio
(Alloy 1) (Fig. 8b) shows the presence of y phase
aloy containing niobium (Alloy 3) has*noy p
[11]. Table | I givesthe magnetic properties o
columnar samples from different alloysin the
dally aged condition. This table shows that thed
able magnetic properties are not yet developed at
stage (Stage B). Alloy 1, though, has exhibited
coercivity, has shown alower remanence
compared to Alloy 3. Tablelll and Figs 9 an
depict the magnetic properties of the alloys after

hcbl}

Figure 6 Microstructures of quenched niobium-cOntaining]
(Alloy 3), (a) equiaxed, (b) columnar. 4




Scanning electron micrographs of Alloy 3: (a, ¢, €) columnar and (b, d, f) equiaxed. (a, b) Homogenized, (c, d) cooled under a magnetic
il tempered.

i

b, catment (Stage C of Fig. 3). These figures also
il e the influence of niobium on the magnetic
ities in the equiaxed (Fig. 9) as well as columnar
S (Fig. 10). It is evident, when one compares
 ith the magnetic properties obtained at Stage B,
there is an appreciable improvement after going
joh Stage C. From Fig. 9 it can be seen that the

remanence, B,, and energy product, (BH), ..., values of
eguiaxed alloys decrease continuously with the addi-
tion of niobium. Coercivity, He, remains constant up
to 1.5% Nb and then decreases. The decrease in re-
manence and hence gHymax IS attributed to the dilu-
tion effect of non-magnetic niobium addition which
decreases the saturation induction and hence B, [12].
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(a) LW — ~ o~
Figure 8 (&) Transmission electron micrograph (replica) of Alloy 1,

air quenched. (b) The corresponding SAD pattern and indexing.

TABLE Il Magnetic properties of columnar Alnico alloys after
spinodal ageing (Stage B, Fig. 2)

Alloy He(kAm~1) B(T) (BH),,,ar (kI mi* 3)
1 33.0 1.0 12.48
2 20.4 113 8.96
3 12.3 1.04 488
4 26.6 1.0 8.88
5 8.8 0.76 2.48

Beyond 1.5% Nb, the particles are probably of multi-
domain size, thus reducing the coercive force.

In the columnar specimens (Fig. 10) it may be seen
that remanence continuously, but only marginally,
decreases from 1.3 T to 1.27 T with the addition of
niobium up to 2%, as expected, due to the dilution
effect of niobium [10]. The remanence values of col-
umnar samples have been found to be much higher
than those of the equiaxed ones. The higher values of
remanence in columnar alloys may be ascribed to
better alignment and distribution of the ferromagnetic
a; phase in afeebly magnetic matrix of a, phase. The
coercivity of columnar aloysis, in general, higher
than that of corresponding equiaxed ones. Thisis
attributed to the shape anisotropy of the columnar

TABLE Il Magnetic properties of Alnico alloys after final tempering (Stage C of Fig. 2)

alloys. The coercivity in columnar alloys was foun(
increase with increasing niobium content and is i
imum at 1% Nb (Fig. 10) [10]. Beyond this poin
decreases. The maximum Pl at 1% Nb may be d
the reduction in number of domainsin the a, pi
Dispersion of the ferromagnetic a; phase in the ingj
of a, phase reduces the demagnetizing field and hg
the increase in the coercive force. The adverse effef
niobium beyond 1% is probably due to the forma
of multidomain a, particles. Asthe His maxipj
and the remanence more or less constant at 1°/ @
one would expect the highest value of (BH),4
1% Nb. The maximum value in (BH)ax, infac
been observed at 1% Nb (Fig. 10). Some detl
characteristics of the alloy containing 1% Nb (Allg
will now be discussed. Fig. 11 shows the demagn]
ation and energy product behaviour for Alloy 3.
shape of the demagnetization curve shows thag
anisotropy has been achieved to the desirable. exf
taking into account the fact that the coercive for ¢
the remanence obtained in the alloy are both seq
“ably high. From the XRD one finds mostly .thg
sence of a phase, with some intermetallics sugj

Alloy Equiaxed Columnar
H, B (BH)max H B (BH)max
kAm~) (T) (kdm~3) kAmL)y (T) (kAm~3)
56.5 1.05 26.96 55.7 1.3 40.0

2 56.5 0.95 24.0 61.3 129 46.0

3 55.3 0.90 20.72 64.5 1.28 55.0

4 57.3 0.88 19.36 60.5 1.28 48.0

5 422 0.85 13.52 56.5 1.27 42.0
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7¢ Demagnetization and energy product curves of alloy 3 (columnar) after final tempering.
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NiFein the as-cast as well as Stage A (Fig. 3) condi-
tions. However, after Stage C, one observes primarily
oc; and a, phases. Further improvement in the mag-
netic properties, i.e. (BH)ma, can only be expected
through either improvement in H. (by addition of
elements like titanium) or improvement in remanence
(through better alignment of the columnar grains) or
both.

4. Conclusions

1. Niobium addition prevents the precipitation of
undesirable 7 phase.

2. The length of the columnar crystalsis maximum
at 1% Nb. More than 1% Nb addition decreases the
length of the crystals.

3. Remanence decreases with addition of niobium.

4. Coercive force increases with increase in niobium
content and at 1°)/0 Nb it reaches a maximum. Further
addition of niobium decreases the coercive force.

5. The energy product is maximum at 1% Nb.
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