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Effect of Al,O; particles on the growth
kinetics of molybdenum grains in liquid

nickel

SUK-JOONG L. KANG, DUK N. YOON
Department of Materials Science and Engineering, Korea Advanced Institute of
Science and Technology, P.O. Box 131 Chongryang, Seoul 131, Korea

Grain growth inhibition by inert third phase particles during liquid phase sintering
has been investigated in Mo—Ni alloys containing Al, O, particles sintered at

1460° C. The grain growth is inhibited slightly by the Al, O, particles, and this result
is explained in terms of the shielding of material precipitation at the contact area
and of the suppression of material precipitation around the contact area, which is
determined by the dihedral angle between the molybdenum grain and the Al, O,
particle. The result is compared to those obtained earlier with specimens containing

highly soluble third phase particles.

1. Introduction
Grain growth inhibition by a small amount of
second phase particles in two-phase systems is
explained essentially by the well-known Zener
effect [1]. The effect of a third solid phase on
grain growth in three-phase systems (solid
A—solid C-liquid B), however, is not well under-
stood. Experimental results [2-5] have pre-
viously shown that the grain growth of solid A
was strongly inhibited by the presence of a small
amount of solid C in liquid matrix B. White [3]
attributed this grain growth inhibition effect to
the changes in the curvature of solid/liquid inter-
faces of the growing grains of solid A in contact
with the grains of solid C. Warren [5] explained
the inhibition effect as due to the lower mobility
of contiguous grain boundaries between dif-
ferent phases. The growth behaviour of solid A,
however, is expected to be also influenced by the
solubilities of the components of solid C in
liquid B and thus the change of liquid and grain
compositions. In the previous experimental
systems [2-5], coarsening of solid C occurred
simultaneously with that of solid A.

In the present investigation, the grain growth
behaviour in three-phase systems containing
essentially inert third phase particles has been

0022-2461/85 $03.00 + .12 © 1985 Chapman and Hall Lid.

studied. Mo—Ni alloys with and without Al,O,
particles have been prepared in order to examine
the effect of small amounts of these inert par-
ticles on the rate of molybdenum grain growth.
The solubility and the growth rate of Al,O, in
liquid nickel are both negligible compared to
those of molybdenum in liquid nickel [6].

2. Experimental procedure

The experimental procedure was similar to those
described in previous studies [7, 8]. Four
different Mo—Ni specimens with or without
Al O, particles were prepared. Binary Mo-Ni
(96Mo—4Ni and 95Mo-5Ni wt %) alloys were
prepared from molybdenum powder of 7 um
(FSSS) and nickel powder of 1.7 um. Speci-
mens containing Al,O; - (95Mo0-4Ni-1A1,0,)
and 94.4Mo-5Ni-0.6A1,0;) were prepared by
adding Al,O; particles of 30 um in average dia-
meter to molybdenum and nickel powders. The
dry mixed powders were pressed under 100 MPa
into cylindrical compacts 10 mm diameter and
approximately S mm high. The compacts were
presintered at 900°C for 4h and sintered at
1460° C for various times in a tube furnace under
flowing hydrogen. The heating and cooling rate

was approximately 30 K min—".

3213



Figure 1Microstructures of (a) 96Mo—4Ni, (b) 95Mo—4
sintered at 1460° C for 8 h.

The average cross-sectional area of the grains,
A, was obtained from the grain volume fraction
and grain frequency per unit cross-sectional area
[8, 9]. The average cross-sectional radius, 7, was
calculated from the relation 7 = (4/7)"**. For
each specimen, the grains within the area of
15500 to 31000 um? (about 300 to 700 grains)
on two or four photomicrographs taken at dif-
ferent areas were measured.

3. Experimental results
Microstructures of the sintered specimens are
shown in Fig. 1. Figs. 1a and ¢ show typical

liquid phase sintered structure of Mo-Ni
specimens. The microstructures of the specimens
containing Al,O, shown in Figs. 1b and d reveal
that the molybdenum grains in contact with
Al,O, particles have grown around Al,O,
particles with a concave curvature at the contact
areas. L

The average measured volume fractions of the
phases and their standard deviation are shown
in Table 1. The specimens with 5 and 4 wt % Ni
have, on the average, 9.6 and 7.5 vol % liquid
phase. The liquid contents calcuiated from the
Mo-Ni phase diagram [10] are approximately

TABLE I Measured average volume fraction of phases

Specimen Phase (vol %)

Solid Liquid Al O,
96Mo—4Ni 92.7 + 0.7 73 + 0.7
95Mo0-4Ni-1Al,0, 893 + 1.6 77+ 14 3.0 £ 0.5
95Mo—5Ni 90.8 + 1.8 92 + 1.8
94.4Mo—5Ni—0.6Al,0, 87.7 + 1.0 10.0 £ 0.9 23 +£07

*The actual average grain radius can be obtained by multiplying a proportionality constant to F with a known size

distribution [9].
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TABLE II Measured average cross-sectional grain radius (ym)*

Time 96Mo—4Ni 95Mo-4Ni-1A1,0, 95Mo-5Ni 94.4Mo-5Ni-0.6A1,0,
) F ) F F(Fex)

2 - 25.6(25.7) 25.5 25.1(25.2)

42 33.7 32.6(32.8) 323 31.4(31.5)

8 422 40.7 (41.2) 412 39.5 (39.8)
16 55.2 52.6(53.1) 52.4 50.8(51.2)

*This grain radius is not a conventional average grain radius. The average cross-sectional grain radius (7) is obtained from
the average cross-sectional area (4) using the relation 7 = (d/m)'2
f and 7, are average and extended average grain radii, respectively. See text for the implications of these different radii.

9% and 7%, respectively, for specimens with
5% and 4% Ni, in good agreement with the
measured values.

Table II summarizes the increase of average
cross-sectional grain radius, 7, with sintering
time. The average grain radius of the specimens
containing Al,O; was determined in two dif-
ferent ways. The average radii, 7, in the table
(without parentheses) were obtained from the
average cross-sectional areas of the molyb-
denum grains. These values represent the
average cross-sectional molybdenum grain
radius when the grains are assumed to be spheri-
cal. In determining the average radii in paren-
theses (extended average radii, 7,,), the volume
fraction of the grains was taken to be different
from that for the average grain radii, 7. For
grains in contact with Al, O, particles, the shape
of the grains was assumed to be roundish, as in
Mo—Ni specimens, and a part of the Al,O, par-
ticles and of liquid was included in calculating
the volume of the grains, as schematically shown
in Fig. 2. This measurement would allow the
climination of the local effect of Al,O; particles
on grain growth.

Figure 2 Schematic illustration of two different ways for the
determination of molybdenum grain size in contact with
Al O, particle (a) without and (b) with taking into account
the hatched area. The dashed lines illustrate schematically
the growth behaviour of the molybdenum grain under the
assumption that no material change occurs at the contact
area.

Fig. 3 shows the relationship between the
cube of the average cross-sectional grain radius,
7, and the sintering time, ¢. A linear relationship
between 7 and ¢ is well maintained except at
16 h. This discrepancy probably arises from the
decrease of the liquid content by evaporation
during prolonged sintering. For specimens sin-
tered for 16 h, the amount of liquid was found to
be approximately 1% less than the average
values shown in Table I. The linear relation
between 7 and ¢ agrees with the previous experi-
mental results on similar two phase alloys with
the low liquid contents [8, 11, 12].

4. Discussion

In the previous studies on liquid phase sintered
Mo-Ni-Al, O, alloys, the growth behaviour of
molybdenum grains around Al O, particles
was determined by etch boundaries formed
by a cyclic sintering treatment [7, 13]. Fig. 4
shows a typical microstructure of a cyclically
sintered 94.4Mo-5Ni-0.6Al1,0, alloy. The in-
hibited growth of large molybdenum grains in
contact with Al,O, particles is revealed by the
etch boundaries within the grains, which are
schematically shown in Fig. 2 by the dashed
lines. The etch boundaries converge at the
contact area indicating that no material had
precipitated in this area and that material pre-
cipitation had been suppressed at the grain sur-
faces adjacent to the Mo—Al, O, junction during
grain growth.

The absence of material precipitation at the
contact area appears to arise from the shielding
of material flux by Al,O, particles under the
influence of the compressive pressure due to
liquid meniscus at the specimen surface {7, 14].
Since material transport to the contact area is
limited by the small cross-section of the liquid
film at that area [7], material change at the con-
tact area will be small. The contact boundaries

3215



—-—-— A!96.0Mo~4.0Ni
+: 95.0 Mo —4.0Ni — |.OAILO5
O: 95.0Mo-50Ni

e — @: 94.4Mo- 5.0Ni ~0.6Al1,05

Figure 3 Observed increase of the
average cross-sectional grain radius
with sintering time.

Sintering time (h)

of growing molybdenum grains can thus appear
to be immobile relative to Al,O, particles in
contact.

The suppression of material precipitation near
the contact area, on the other hand, is probably
determined by the dihedral angle’ between the

Figure 4 Typical etch boundaries within growing molyb-
denum grains in contact with Al,O; particles in a 94.4Mo-
5Ni-0.6A1,0; alloy cyclically sintered at 1460° C with four
holding times (1 + 1 + 1 + 1h).

molybdenum grain and the Al, O, particle, since
any appreciable deviation from the dihedral
angle condition at the Mo/Al,O,/liquid junc-
tion, brought about by material deposition at
the surrounding region, may require diffusions
by molybdenum in liquid over a distance of a
few atomic units before the surface tension con-
dition at the junction can be restored. As the
dihedral angle in this system is 0° {7], the pre-
cipitation of material at the molybdenum/liquid
interface near the contact area must be inhibited,
if the dihedral angle of 0° is to be maintained,
resulting in a converging growth behaviour of
molybdenum grains at the contact area.

Therefore, the effective amount of growth
inhibition due to an Al, O, particle is reflected as
the difference between the volume of a growing
grain which is in contact with other grains or
immersed in liquid matrix and the volume of a
growing grain which is in contact with the Al, O,
particle. This volume difference is schematically
shown by the hatched area in Fig. 2.

The difference between the average grain

*The dihedral angle between two phases is not a conventional one, since only the force component perpendicular to the radial|

direction of the spherical third phase particle is satisfied [7].
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TABLE 111 Observed growth rate constants of three-phase alloys in comparison with those of two-phase alloys with

equal amount of liquid {(k)*

White [3], Stephenson and White [4], Warren [5], This work,
Ca0-MgO-Fe,0," CaO-MgO-Al,0,-Si0," NbC-VC-Co' Mo-Ni-AlL, O,
CaO(Mg0, Fe,0;) ~0.7k CaO(Mg, Al, Si, 0) ~0.6k (Nb, VIC + <k Mo(Ni) + ~0.9%
+3 vol % MgO + 9 vol% MgO trace (~0.7k) 3 vol %
(Ca0, Fe,0,) (Ca, AL Si, 0) (V, Nb)C ALO,
MgO(Ca0, Fe,0,) ~ 0.6k (V, NB)C + ~10"%k
+3 vol% CaO trace
(MgO, Fe,0,) (Nb, V)C

*The rate constant, k, was obtained using the relation, * = k¢, which was found to be maintained for the studied range,
where r and ¢ are average grain radius and sintering time, respectively.
"The rate constant was calculated from the reported grain radii for certain sintering times.

radius, 7, and the extended average grain radius,
.., of specimens containing AlL,O, particles in
Table II can thus be interpreted to be a result of
grain growth inhibition due to material shielding
and a dihedral angle of 0°. The relative volume
difference obtained from the third power of the
average and the extended average radii is less
than 4%, implying that this inhibition effect is
very small. It appears, however, that the inhibi-
tion effect increases with sintering time. This
result may arise from the increase in the volume
of Al,O; particles and of liquid with grain
growth, both increases of which are included in
the volume fraction of grains for the calculation
of 7.,. Comparing the average radii of specimens
containing Al,O, particles with the extended
average radii in Table II, these inhibition effects
are shown to be higher with larger amounts of
Al, O, particles.

The overall grain growth in these alloys is only
slightly inhibited by a small amount of Al,O,
particles. Table III summarizes the observed
growth rate constants of three-phase alloys
studied in this and in previous investigations
[3-5] in comparison with those of two-phase
alloys. The liquid contents in two-phase and in
three-phase alloys are approximately equal in
each system investigated. From this table, it is
evident that the effect of the third phase on grain
growth rate varies greatly depending on the
alloy system under investigation and also on the
kind of third phase for the system concerned. It
is noteworthy that essentially inert Al, O, parti-
cles have a much smaller effect on the grain
growth rate than other third phases soluble in
liquid. These results suggest the existence of a
strong effect on grain growth of the solubilities

of the components of the third phase. With the
presence of third phase particles soluble in liquid
and in growing solid grains, and themselves
coarsening, the composition of growing grains
and liquid matrix become different from those in
two-phase alloys. The growth kinetics of the
three-phase alloys can consequently deviate
from that of the two-phase alloys. Furthermore,
when two grains of different phases are in close
contact with each other, the difference in solu-
bilities of each component in liquid may affect
each other’s growth rate.

5. Conclusion

In this study, the effect of inert third phase parti-
cles on grain growth in liquid matrix could be
determined by comparing the grain size and the
amount of phases in the Mo—Ni specimens with
and without Al,Q, particles. The grain growth
inhibition was found to be not as large as
previously expected, and limited to the vicinity
of the region in contact with AL, O, particles.
When the third phase particles are soluble in
liquid matrix, as in previous investigations, the
solubilities of the components of the third phase
may affect the grain growth rate.
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