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Abstract: Soft magnetic composites (SMC) based on metallic powders are
material group with a wide range of application frequencies. The basic
concept at the production of SMC is to add organic resin to the powder,
after which pressing and curing serves as a binder and a surface
insulation between the powder particles. This approach allows to reduce
the eddy current loss and to obtain a strong connection between the

powder par’ticies

MYenny ~F A Fm b e ,J Lo e A L P T A Tt ot o

uiie or e LUUIIHL{UUD used 101 proaucuon Or powder-resii CoITpacis Is d

layer by layer deposition of liquid resin and powder.

An equation for the modelling of the kinetics of 'iQJid resin-metal infiltration
esc

into a porous compact is proposed. A solution describing the kinetics of
infiltration is obtamed. Different forms of the deposition of the liquid resin
have been discussed. The model shows that the shortest time of infiltration
is obtained when the liquid resin is deposited as droplets embedded into
the powder deposit.

INTRODUCTION

During the last decade powder metallurgical processes have become increasingly
important for production of magnetic materials, especially for the soft magnetic cor*wposateQ
(SMC) based on metallic powders [1-5]. The latter is 2 material group with a wide range of
application frequencies, which explains the constantly growing interest to these materials.
Unfortunately, classical methods for compaction of the powders are not applicable in this
case. This is due to the fact that the excessive heating of the compact may leac to the
deterioration or even to the disappearance of the valuable magnetic properties. Another
problem is that, since the classical methods use metals or alloys as a binder, the powder
particles are not insulated from each other. This imposes on additional problem, namely
the increase of the eddy currents, which at high frequencies may lead to considerable
power losses. Note that the dissipated power due to eddy currents P, is proportionz! to the

square of the applied frequency ¢ and inversely proportional to the specific resistivity o,
P ~¢’/p. Thus the increase of the specific resistivity p leads to lower eddy currents



Therefore in order to avoid the problems mentioned above organic resins are used as a
binder instead metallic powders. The resin after pressing and curing serves as a binder
and a surface insulation between the powder particles [4,5]. This approach allows to
reduce the eddy current loss and to obtain a strong connection between the powder
particles [2-5].

One of the techniques used for production of powder-resin compacts is layer by layer
deposition of liquid resin and powder. This approach allows the avoid the most drawbacxs
of the methods used until now since it is applied at low temperatures and is simple to use
This technique nowever arises several practlcal queshons which are dnrectly connecteo to

A L2

0 o}
An excessive high t
particles and thus .g. rise of he oorosrtv Tne
second question is the influence of the viscosity and the surface tensron of thc used resin
on the infiltration kinetics [6]. In the present research we will introduce a criterion which will
allow us to determine the influence of these two physical parameters. The third question is
the way of the deposition of the resin: as will be shown below different ways of deposi“an
lead to dramatic change of the time required for resin infiltration mSIde the powc
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compact. The last question concerns the flow of the liquid resin through capmaries
formed by the powder particles [7-10]. More specific the dependence of ﬂ0w .easta"uce on
the fractional density 7. Several models have been developed to describe this important
characteristic of the powder. Most of these are obtained empirically and descrioe the fiow
of specific liquid through specific powder media [10].

The aims of the present research are:

-the development of a mode! of the infiltration kinetics,

-a selection of an appropriate permeability function that combines particie packing
characteristics such as fractional density with the applied pressure,

On the basis of the model that will be developed, it will be possible to determine the most
optimal way of the resin deposition. In the present investigation, three different forms of
deposition will be considered: a plane, a cylinder and a spherical droplet. Finally e
influence of the different physical parameters, e.g. surface tension, viscosity, fractic~al
density etc. on the infiltration kinetics will be checked.

THE MODEL

In order to obtain the equations governing the infiltration kinetics and a criterion, wh zh
determines the importance of the different physical parameters on the infiltration kinetics a
dimensional analysis is used [11,12]. The first step, according to this thsory is e
determination of the main parameters involved in the infiltration process and trzir
dimensions. These are the dynamic viscosity n=[Nsm™~], the surface tension & [Nm™'], :ne

infiltration velocity v [ms™"], the applied pressure gradient ar Nm™] and some
PP p I

characteristic parameter of the powder compact such as the capillary length / [m] or e
particle diameter D [m]. In the present analysis we choose the pressure gradant instead
of the pressure because actually the pressure gradient is the driving force of ths infiltrat on
process. All five parameters of the infiltration process are expressed through three besic
dimensions, namely, [m], [kg] and [s]. According to the =m-theorem of the cimensional
analysis, it thus can be stated that the number of dimensionless complexes, which can oe
constructed from the above parameters is two. Here, we skip the detailed cescription of



the procedure and write directly the final resuit: 1Y and ;illf The combination of these
o) g dx

complexes lead to the general dependence that describes the infiltration kinetics:

ﬂ:f(l' dP) (1)
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the relation between the friction and capillary forces and is not of special interest to our
analysis. The second complex is the criterion for which we are looking for: it reates both
driving forces of the infiltration process, namely the pressure gradient and the surface
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tension. In case that —— >>1 the infiltration process is driven by the pressure gradient; if
o dx
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drive the infiltration process. It can be easily shown that the role of the surface tension for
the infiltration during pressing of powders is negligible.

The equation describing the infiltration kinetics can be deduced from Eq.(1). Expand Eq.(1)
into Taylor series and keep only the linear terms:

o r0)- 0= o (1a)
o o dx
At d{—P~ 0 the infiltration velocity is equal to zero (v=0), thus it follows that f(0)=0 and
(ax
Eq.(1a) can be rewritten as:
1Y o) 4E (2)
P \=/
o o dx
Rearranging the members one obtainS'
T dP o dP .
veolo)dl _adb (3)
n dx n dx

The negative sign in the above equations indicates that the vectors of the pressure
gradient and the infiltration velocity have opposite directions. Eq.(3) is the model equation
for which we are looking for: it is known as Darcy's law (equation) and describes the
infiltration kinetics into porous media [10]. The coefficient « is called permeability
coefficient. The latter is a function depending on the packing characteristics of the porous
media e.g. from the fractional density f and the dimensions of the powder particles D [10].
It can be noted that no general dependence of the permeability coefficient as a function of
fand D is established until now. However it is well known that permeability is very
sensitive to the porosity and the pore size. Small changes in either characteristic will
induce major changes in the permeability coefficient.

In the present paper the Darcy's equation is applied to three different kinds of deposition of
the resin: deposits with a planar, a cylindrical and spherical (droplets) geometry. For the
sake of simplicity in the carried below analysis (for the all three cases studied) the
following simplifying assumptions are made:

-pressure gradient is assumed to be a constant;

-fractional density f of the powder compact is a constant during the infiltration.

a. Planar geometry of the resin deposit
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resin resin+powder powder
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Fig. 1 Scheme of the geometry used in the model. The co-ordinate x shows the farthest
distance reached by the resin at the time moment t. Co-ordinate z respectively, shows the
resin-powder boundary at this time. At the right side is shown the direction of the applied

two equations: the kinetic (Darcy’s) equation and the mass balance equation for the resin
The used below symbols are shown in Fig. 1;

dx a P

—=— (4a)
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(- ix-)+z=: (4b)
Here x is the co-ordinate of the farthest distance reached by the resin at time ¢, z is the co-
ordinate of the resin-powder boundary at the same time and z, is the resin-powser
boundary at the bpglnninn of the infiltration process.
Solving Eq.(4b) with respect to z and substituting the result into Eg.(da) aTer
uncomplicated transformations one obtains:

dx af P

de n ox-:,

The integration of this equation yields:

—
=z, +\/——*aj £ r!
n

Taking into account that at uniform distribution of the resin between the powder particzs

the co-ordinate of the farthest distance reached by the resin is x_, = 1 ~>— ths total tme
required to infiltrate a powder layer with thickness x_, = :Of and fractional density fis:
7z -
[[0t = (Dp[an:(f) a}(; x\:))
Wlth (Dp/(mc (f): _l—._—fﬁ
20-1)"

b. Cylindrical geometry of the resin deposit

In this case it is assumed that the resin is deposited in the form of an infinite cviinder with
radius Ry surrounded with powder. The Darcy's equation and the mass balance equa’on
for the resin are in thic raca-



dr _a_ P
dt nr-R
(- )r*=R)+R =R, (6b)
with r the co-ordinate of the farthest distance reached by the resin at time t, R the co-
ordinate of the resin-powder boundary and Ry the resin-powder boundary at the beginning
of the infiltration process. The substitution of Eq.(6b) into Eq.(6a) leads to the following
differential equation:

(62)

dr aP 1
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The solution of this equation yields for the totai time of infiltration:
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for the resm in this case read as:
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dt nr-R

(I- Yr —RHY+R =R’ (8b)

N 7 0 \ /
with r the co-ordinate of the farthest distance reached by the resin at time ¢, R the co-
ordinate of the resin-powder boundary and Ry the resin-powder boundary at the beginning
of the infiltration process. The substitution of Eq.(8b) into Eq.(8a) leads to the following

differential equation:

a’_r_aP 1
dt 7 {M—ﬁ—ﬁﬁ]3
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Unfortunately this equation cannot ‘-be solved analytically. In this case we solved
numerically. The obtained solution has been treated with the aid of non-linear regression
analysis. The algebraic function with highest correlation coefficient has bzen chosen to
describe the solution of the above equation. The total time of infiltration in this case is
given by:

nR;

o = @ ()0 (9)

a P

~9.1*%107 +0.084 - 0.102 /7 + 0.01967 f*
1-239f+1.803/7 —0.413f°

by the non-linear regression.
As mentioned above the value of the permeability coefficient « is of crucial imporiance to
the applicability of the model. In the next section we tested some of the most frequently
used permeation coefficients and their applicability to the discussed here case of resin
infiltration.

as algebraic function chtained

with @.,,..(f)=



EXPERIMENTAL RESULTS AND DISCUSSION

An experiment was carried out in order to check the validity of the cobtained actove
theoretical results. Three specimens have been prepared. The specimen were with
rectanguiar form (100x15x10 mm) and have green fractional density of about /=0.6.
Spherical droplets with different size (diametsrs of 3, 5 and 7 mm) have been put ir the
centre of the green powder compact. The so prepared specimens have been kept under
pressure (750 MPa) for 30 s each. It was estimated that the mean fracional density ¢ the
compact during the pressing process should be /=0.9. The obtained results are show in
Figs. 2, 3 and 4. The photos have besn taksn &t the farthest boundary reached by the
resin, at the centre of the droplet and at half the distance batwesn the centre anc the

boundary reached by the resin. For the smzliest droplet (the one with diameter &
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structure difference between the droplets with the different diameters and
difference along the specimens. The obtained results can be summarised as

Fig.2a Ig. g
Fig.2 SEM micro-graphs of the resin distribution after pressing with 750 MPz for 30s. "ne
initial diameter of the deposit was 7mm. The photos have been taken a! the far-est
boundary reached by the resin (Fig.2a), at half the distance between the ¢ ‘
boundary reached by the resin (Fig.2b) and at the centre of the droplet (Fig.2c'.

) "}3 PR
z . r >
L ORN

R LD

initial diameter of the deposit was 5mm.
boundary reached by the resin (Fig.3z2),
poundary reached by the resin (Fig.3b) and



Fig.4 SEM micro- grap‘wx of the resin distribution after pressing with 750 MPa for 3Js
initial diameter of the deposit was 3mm. The photos have besan taken at tne farthest

boundary reached by the resin (Fig.4b), and et the cantre of the croplet (Fig.4a).
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high pressure. This can lead to cbsure of tho capii lar
thus according to Egs. (5), (7‘) and (9) to a high flow resisti
-t is clearly seen that the initial radius of the deposited droplet is of significant importance
ior the uniform infiltration of the

resin. This is also predict ed by our mode! (see Eq./9)). The
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fractional density at the centre ¢f the droplet with larger initial racius (Ymm) is lowe- than at
the centre of the ones with smaller radiuses. Therefore, irn order to obtain uniform
infiltration of the resin among the powder particles it can be recommended the radius of
the deposited droplets to be kept as small as possible. This fact is confirmed from ths
obtained by us results, which predict that the infiltration time is proportional to ths square
of the deposit thickness {see Egs.(5), (7) and (9)\,
-The value of the parmeability cce‘nuen a 15 of crucial imporiance to the applicability of
the modsl. In Table 1 are compared the total infiliration times required for evenh
distribution of the resin betw sen the powder paricles predictel by different permeabiliy
models. it is evident that ali of the permeability depandencies used underestf“ate ths
infiltration time. As seen fro the micrographs in Figs. 2,3 and 4 the resin is nct eveni
distributed for the pressing time of 30s used in the present resezrch. This is probzably due

to the fact that the used here opendenolea for the permeabliity coefficient have been

obtained empirically for media’s different from the one studied by us (metallic Dowdem
Thus, more investigations are reedpd in order to obtain proper ;ermuabillty depsndence.
However the above permeation dependencies, especially the firs: one, can be suczassfully

used for the estimation of the infiltration tims.

Table 1 Comparison of the tota! infiltration times f {s] accor
models [7-8]. The following values for the involved physécal D

D

g to different pe-meation
eters have bezsn ussc:

m
(\)

D=60um, n=0.6 Pas, =0.9, Ry=1.5mm and P=750 M -
| . . 1(0.9) tor [S] Reference
46107 D17 1.448107° 0.11 German[8]
48107 D "7 (1-p*F | 155610 | 0.01 Smith and Marth (3]
107 D7 (1-)°F 7 444107 | 34107 German [7] -

-As mentioned abhove iths

asometry of the deposit leads ta cnirial Aiffarancz



with different geometries are related as follows: tyane-teyiinder tscnere= 22:7:0.15. It is seen that
depending on the deposit's geometry, the infiltration time may vary up to two orders of
magnitude.

he results can be summarised as follows:
- A model of the infiltration kinetics during production of SMC is proposed, based on the
. . N H —~&
classical Darcy’s equation. The equation combines most important physical parametars

of the process.

- According to the obtained criterion the influence of the surface tension of the resin on
the infiltration kinetics is negligible.

- The permeability coefficients used here considerably underestimate the infiltration time.
This is probably due to the fact that they are obtained for media’s different from the one
studied here. In order to better match the predicted and the real infiltration tme,
additional research is needed in this direction.
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disperse the latter as small droplets into the powder. Th;s considerably reduces the
infiltration time and leads to a more uniform distribution of the resin into the compact.
17 4P
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In the discussed case here,
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gradient. Thus, the omission of the terms with higher order in the Taylor expansion in Eq.
(1a) is not fully correct. In this case one should also keep the terms with a higher order,

S ep te
depending on the value of the expansion coefficients in front of the different expansion
members. Unfortunately, this would lead to additional coefficients in the kinetic equztion.
Therefore, additional experimental work is needed in order to further improve cf the
description of kinetics of resin infiltration into powders.
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