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Gravitational forces exert an appreciable influence on shrinkage during the sintering of pressed com-
pacts as well as of loose powders [1]. Unlike locally applied external loads, they act simultaneously on all
volume elements of a solid. Now the action of magnetic forces on a disperse ferromagnetic powder system
is similar in character to that of gravity, and in a magnetic field, too, the magnitude of the force actingon a
specimen varies over its height. Unlike that of gravitational forces, however, the direction of magnetic forces
can be varied, and apart from this magnetic forces can be much larger than gravitational forces. In view of
this, it is of interest to study the effect of a magnetic field on densification and on the formation of properties
during the sintering of loose ferromagnetic powders —disperse systems capable of being deformed under the
action of light loads. Such an investigation can be of considerable practical importance and at the same time
provide a scientific basis for a number of production processes in which use is made of the action of a mag-~
netic field on the sintering of ferromagnetic powders.

In the present work a Weiss—Pogorelyi electromagnet supplied with current from two dc power sources
was employed. Ata pole shoe diameter of 100 mm and a pole gap of 100 mm the field strength attained ~ 0.3 T.
The fine electrolytic cobalt powders and carbonyl nickel and iron powders chosen for investigation were sin-
tered in the as~poured and tapped conditions. Powder samples were placed in a quartz tube through which ar-
gon was passed. The quartz tube was surrounded by a nickel—chromium alloy heating element which enabled
a temperature of 1473°K to be reached. Electrical and heat insulation was provided by an asbestos sheath and
a water-cooled copper tube unit (Fig. 1). The whole system was held between the pole shoes of the electro-
magnet,

Powder samples were sintered in 8- and 17-mm-diameter, 40- and 20-mm-~long capsules. During sin-
tering the capsules were arranged parallel to the magnetic force lines. The metals of the powders studied
have the following Curie points: cobalt 1404, iron 1041, and nickel 670°K. The sintering of the powders in a
magnetic field was performed at temperatures both below and above the Curie points. For purposes of com-
parison specimens were also sintered, under the same conditions and at the same temperatures, in the absence
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Fig. 1. Diagrammatic arrangement of set-
up for sintering in magnetic field: 1) elec-
tromagnetic pole shoe; 2) water~-cooled cop-
per tube unit; 3) asbestos lining; 4) electric
heating element; 5) quartz tube; 6) thermo-
couple; 7) container with powder.
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TABLE 1 TABLE 2
Rel. height Sintering . pporv 107’
of horizonta - Powde conditions Magnetic field 0-m
specimen N
section
As-poured
8,:15 g,ggé g.i Coel 1393 K; 1800sec Absent 240
0:5 01193 2:25 The same Present 68
0,7 0,183 0,96 Tapped
0,9 0,175 0,45
1393 K; 1800 sec Absent 90
The same Present to 673°K 60
» » Present 45
Fec arb 973 K; 1800 sec Absent 125.
The same Present 79
Ni.,.p 1393 K; 1800 sec Absent 52
The same Present to 673°K 46
» » Present 49

of a magnetic field. To sensure that a consolidating magnetic force was generated, during sintering current
was passed through the winding of only one pole shoe.

After sintering the specimens were subjected to porosity and volume shrinkage determinations involv-
ing hydrostatic weighing, To assess the degree of perfection of interparticle contacts, which is a criterion
of quality of sintering, measurements were made of the electrical resistivities of specimens and, using the
method described in [2], of the rates of propagation of ultrasonic vibrations through them in a direction par-
allel to the magnetic field lines.

The mean magnitude of the magnetic forces acting on a powder system in a magnetic field was found by
determining the force necessary to pull a capsule with the cobalt powder in a tapped condition off a pole shoe
at room temperature (a 10-g powder sample in a 17-mm-diameter, 20-mm-high capsule was used). The dis-
tance from the specimen to the magnetic pole was the same as during the sintering of specimens. The force
was found to be equal to 6.5 N. As the magnetic forces acting in horizontal sections of a specimen were great-
est at its base (lying near the surface of the pole shoe) and least at its upper face, determinations were made
of the magnetic force gradient over the specimen height. The magnetic force diminished with increasing
height owing to decrease in the volume of the ferromagnetic (in the same way the gravitational force decreases
with increasing height owing to decrease in the mass of material) and with increasing width of the gap between
the shoe and specimen section under consideration.

As magnetic field strength is an exponential function of distance, this relationship can be expressed with
the formula [3]

F = poo-c-V - Ho-e™, (1)
where F is the ponderomotive force; Ky, magnetic permeability of vacuum; x,, magnetic susceptibility of a
particle; V, volume of the ferromagnetic; Hj, maximum magnetic field strength; r, size of the gap, and c, a
geometric constant.

The variation of the magnetic field strength as a function of distance from the pole surface was deter-
mined by experiment, using a teslameter, and the variation of the magnetic force over the specimen height
was calculated, assuming the force at the specimen base to be equal to the force necessary to pull off a spe-
cimen (6.5 N) (Table 1). From the magnetic force gradient obtained we find that the mean value of the force
acting on the specimen was ~ 2.7 N, This force corresponds to a mean effective external specimen of
~1,2-10* Pa.

To study the effect of a magnetic field on densification during sintering, experiments were conducted
with the cobalt powder because of its high Curie point. A sample of the cobalt powder in a tapped condition
(starting porosity 70%) in a quartz capsule was sintered for 1800 sec in an argon atmosphere of 1073°K. At
this temperature the relative saturation magnetization intensity of cobalt amounted ~ 80%. The volume shrink-

“age of the cobalt powder was found to be equal to 13% after sintering in a magnetic field and 5.5% after sinter-
ing without a magnetic field. These values correspond to specimen porosities of 65.5% after magnetic sinter-
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TABLE 3

Sintering o USV speed,
Powder conditio s Magnetic field e
Co.q; 1393 K; 1800 sec Absent 1300
The same Present to 673°K 1600
» » Present 1900
Nicarh 1393 K; 1800 sec Absent 3900
car The same Present to 673°K 4050
» » Present 4000

Note: The USV speeds have been reduced to the same porosity.

and 68.20 after conventional sintering. Thus, the application to a disperse ferromagnetic system of volume
magnetic forces substantially surpassing volume gravitational forces has a marked intensifying effect on
powder densification during sintering.

The operation of magnetic forces during sintering results also in changes in the physical properties of
sintered specimens. Electrical resistivity measurements were made on cobalt, nickel, and iron powder spe-
cimens sintered with and without 2 magnetic field in 8-mm-diameter, 40-mm-long quartz capsules (Table 2).
The electrical resistivity of cobalt powder specimens sintered in a magnetic field was only one-third to one-
half that recorded after ordinary sintering. These results demonstrate that sintering in a magnetic field en-
sures a much higher degree of perfection of interparticle contacts in specimens.

The reason why the effect of a magnetic field on sintering quality is greater with an as-poured than with
a tapped powder is that a disperse system in the as-poured condition experiences greater deformation under
the action of a light load. When a magnetic field was present only up to 673°K, its effect on the electrical re-
sistivity of cobalt specimens was much less marked. The same field strongly affected also the quality of sin-
tering of tapped iron powder specimens in experiments in which the sintering temperature did not exceed the
Curie point. The influence exerted by a magnetic field on the sintering of the nickel powder was vary slight
because a magnetic field acts on nickel at temperature below 671°K, i.e., temperatures at which the pro-
cesses of viscous flow of metal at low stresses are severely impeded.

The rates of propagation of ultrasonic vibrations (USVs) through specimens sintered from tapped cobalt
and nickel powders with and without a magnetic field are presented in Table 3. The data of this table bear out
the results of electrical resistivity measurements, and are evidence that a magnetic field substantially in-
creases the degree of perfection of interparticle contacts in the sintering of a cobalt powder, but has only a
slight effect on the sintering of a nickel powder.

In connection with what has been said above, it is interesting to note that, with what appears to be only
a small difference in porosity between cobalt specimens sintered in a magnetic field and by the orthodox
method, the difference in physical properties between these specimens is very substantial. It may be that this
apparent discrepancy is linked with some of the sintering characteristics of loose powders described in [4].
In particular, it is shown in that work that in the sintering of an unpressed powder the size of interparticle
contacts (which controls the level of physical properties) is directly determined by the volume densification
of the powder, and an expression is proposed relating the relative linear size of contacts to the change in

porosity brought about by sintering,
0 4/3
2 1[92 (2
P1 ( eﬂ) , )

where 6, is the starting porosity and  is the porosity after sintering.

In [4, 5] a formula is given for calculating the electrical resistivity of a porous solid with imperfect in-
terparticle contacts,

_ Qo
hor = ———E(l — o (3)
where ¢ is the relative linear size of an interparticle contact, ppor and p, are the porosities of the porous and
nonporous materials, respectively, and 8 is the porosity. In the present work we calculated, using Eq. (3),
values of Ppor for tapped cobalt powder specimens sintered in a magnetic field and without it. Relative con-
tact diameters for substitution in Eq. (3) were determined with Eq. (2).
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For specimens sintered in a magnetic field and by the conventional technique values of Ppor of 118+1077
and 2101077 - m, respectively, were obtained. Thus, when the porosity of specimens sintered in a tapped
condition changes from 68.2 to 65.5%, their electrical resistivity can be expected to fall by almost one-half;
this was in fact confirmed by electrical conductivity measurements on such specimens. These results indi~
cate that the same laws govern the sintering of unpressed powders in a magnetic field and without it. Conse-
quently, the growth of interparticle contacts in both cases is linked directly with the volume densification of
porous material.

The marked improvement in physical properties (measured in the direction of action of the magnetic
force lines) induced by magnetic sintering can probably be attributed also to powder in a magnetic field being
arranged anisotropically as a result of particle reorientation, but this hypothesis requires further investigation.

CONCLUSIONS

The action of volume magnetic forces markedly surpassing volume gravitational forces on a disperse
ferromagnetic system strongly intensifies the densification of the powder during sintering. The substantial
improvement in physical properties exhibited by porous specimens after magnetic sintering indicates a higher
degree of perfection of interparticle contacts, resulting from the intensification of densification achieved dur-
ing sintering in a magnetic field, and, possibly, an anisotropic arrangement of powder in a magnetic field.
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