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ABSTRACT A new equation for calculating the electrical con-
ductivity of sintered powder compacts is proposed. In this
equation, the effective resistivity of porous compacts is a func-
tion of the fully dense material conductivity, the porosity of the
compact and the tap porosity of the starting powder. The new
equation is applicable to powder sintered compacts from zero
porosity to tap porosity. A connection between this equation and
the percolation conduction theory is stated. The proposed equa-
tion has been experimentally validated with sintered compacts
of six different metallic powders. Results confirm very good
agreement with theoretical predictions.

PACS 72.15.Eb; 72.90.+y; 81.05.Rm; 81.20.Ev

1 Introduction

Modeling the effective properties of porous mate-
rials, that is, how their macroscopic properties depend on the
porosity, is of extraordinary interest in many scientific areas.
These areas are very distinct, and include the study of soil
permeability, medication compaction ability, procurement of
materials with spongiform structure (known as foams), or
fabrication of pieces via powder metallurgy. For these areas,
finding equations relating material properties to density or
porosity is a crucial problem.

Among the very wide number of effective properties, this
work deals with electrical conductivity and its applications in
the specific field of powder metallurgy. This is of great im-
portance, as expressions derived in other contexts have been
applied to sintered powder compacts. This could be justified
when working with high density compacts, i.e., those with
very low porosity, but not when the porosity is high. The
reason for this is due to the special characteristics of these
powdered materials. Table 1 gathers some of the proposed re-
lationships, theoretical or empirical, concerning electrical or
thermal conductivity in porous media. Expressions in Table 1
refer to the normalized conductivity (thermal or electrical),
which is the ratio of the effective conductivity of the porous
material to the conductivity of the bulk or fully dense material.

As can be seen, most of these expressions include some
fitting parameter, because the conductivity of sintered parts
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is closely related to their microstructure. The total porosity
level, pore shape, and pore connectivity, as well as material
composition and microstructural homogeneity, have a signifi-
cant influence on the resistivity. It seems that a simple mathe-
matical description as a function of the total porosity, without
any empirical coefficients, cannot be derived for predicting
the conductivity.

It is intuitive that conductivity increases as porosity de-
creases. In fact, most expressions in Table 1 verify that the
relative conductivity increases from O to 1 when the porosity
changes from 1 to 0. Nevertheless, these boundary conditions
are not valid for powdered materials, as their maximum poros-
ity is always lower than 1. Only the expressions by Loeb [3],
McLachlan [8] and Montes et al. [9] satisfy this lower bound-
ary condition, being an application for powdered materials in
the high porosities range.

Concerning the expression proposed in [9], in some cases,
the results given by the exponent 2 seemed to be too high. This
forced a correction in the value of ®y, moving it away from
the experimentally measured value. On this basis, it seems of
interest to review this issue in order to obtain a more satisfac-
tory expression. The new model, proposed in this paper, will
be verified with experimentally measured data. The strategy
followed in this approach is not based on microstructural as-
pects measurements, but on a more easily measurable param-
eter as the powder tap porosity. An alternative method based
on the microstructure, using the concept of plain porosity de-
fined by Slesar et al. [11], was carried out by Danninger et
al. [12] and Simchi et al. [13]. In these works, besides assess-
ing the influence of the microstructure on the conductivity,
a relationship between conductivity and mechanical proper-
ties is pursued.

2 Modeling

The electrical conductance (G) of a fully dense ma-
terial can be calculated from its conductivity value and geo-
metric dimensions. Thus, for a specimen with constant section
(Sn) and uniform height (Ly), the electrical conductance is
calculated as

SN

G=O‘0—,

In (1)

where oy is the conductivity of the fully dense material.
Let us consider now a porous specimen with identical
geometry and dimensions to the aforementioned specimen.
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. o TABLE 1 Different ex-
Authors Year Relative conductivity Up;.)e.r boundary Loqur boundary pressions for the normal-
(or = 0E/00) condition og — 1? condition og — 07? ized conductivity (thermal
or electrical) as a function
Maxwell [1] 1873 = 00 6—1 of the compact porosity (©).
. e O, is the critical porosity
1-0 . c
Fricke [2] 1924 1+a® ©—0 61 (the percolation threshold),
Loeb [3] 1954 (1-b0) e —0 ® —1/b ®OMm the tap porosity [10],
Murabayashi et al. [4] 1969 [3(1-6)°—1] (;;8) ®—-0 01 and the remaining parame-
. - ters (a, b, ¢, d, e and f) are
Aivazov et al. [5] 1971 ) -0 0—1 material constants
Meyer [6] 1972 -9 00 61
Schulz [7] 1981  (1—0)/ (closed porosity) ®—0 6 —1
3 0.
McLachlan [8] 1986 ( — %) 27 A -0 O — O,
2
Montes et al. [9] 2003 (1-2) =0 0= Oy

The conductance (G’) of this porous specimen (a priori, lower
than the one of the fully dense specimen) can be calculated in
two different ways. One of them considers the porous mate-
rial to behave with an effective conductivity, og, lower than oy,
that is,

2

On the other hand, the porous material may be considered to
have conductivity oy, but the effective cross sectional area for
the electrical or thermal flow to pass, as well as the length of
the mean path that the flow has to cover, are different (Fig. 1).

Despite both samples in Fig. 1 having the same dimen-
sions, the porous specimen has a lower section for the elec-
trical current to pass through than the fully dense specimen;
concretely Sg in the porous sample is less than Sy, because the
area corresponding to pores has to be excluded. In a similar
way, the path length to be travelled by the electric flow, longi-
tudinally passing through the specimens, will be equal to Ly
in the case of the fully dense specimen, and slightly higher,
Lg, for the porous specimen, where the flow has to avoid and
go around the pores, making the path longer.

St and Lg are the effective values of the mean transfer
section (smaller than the nominal) and mean effective path
(longer than the one corresponding to a fully dense specimen),
respectively. The conductance of the porous specimen can be
expressed as:

3)

Since Sg and Lg are functions of the specimen porosity (&),
combining (2) and (3) it is possible to obtain an expression

Porous
sample

Fully dense
sample

Sp<Sy
Lp>Ly

Effective area and path for a fully dense and a porous sample

FIGURE 1

for the effective conductivity, og, as a function of oy and the
porosity. Thus, the difficulty is knowing how the effective
magnitudes, Sg and Lg, depend on the porosity.

In previous works, the authors have proposed theoretical
expressions for the effective section [14, 15] and the effective
path [16, 17] of sintered powder compacts. These magnitudes
should be sensitive enough to take into account aspects related
to the porosity degree and the pores structure. Note that these
expressions are related to sintered compacts since only the
sintering process ensures the existence of metal-metal con-
tacts between particles, which in turn ensures the continuity
of the electric path. If the sintering processes were not carried
out, contacts between particles would be interrupted by the
oxide surrounding the powder metallic particles. The afore-
mentioned expressions are:

SE=Sn(1—-0/6w), 4)
1-6

where @) is the tap porosity of the starting powders. Es-
sentially, this porosity is that of a powder mass after being
vibrated [10]. The tap porosity is very much dependent on par-
ticle shape, size and distribution, and, thus, the pore structure
after pressing and sintering, depending on the aforementioned
parameters, should be to a great extent determined by the
value of ®y;. However, obtaining a clear relationship among
those concepts results is quite complex.

It can be verified that Sg — Sy as ® — 0 (fully dense ma-
terial), and Sg — 0 as ® — @), when interparticle contacts
are points. The limits are different for Lg, which can be seen
from (5)since Lg — Lyas® — 0,but Lg — coas @ — Oy
In practice, this represents the non-existence of continuous
paths.

By substituting (4) and (5) into (3) the following is ob-
tained:

Sy (1—6/6w)?

G’=O‘0
Ly (1-0)

(6)

In addition, comparing (2) and (6) the next and final expres-
sion is obtained:

(1-0/6w’

) (7

OE = 0y
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FIGURE 2 Values of ¢ vs. ®y optimizing the approximation of (7) and (8).
The continuous line shows the analytical expression of (9)

It is possible, nevertheless, to make a final change to ex-
press og as a function of the relative porosity, defined as
Or = ®/By, instead of the porosity . Effectively, (7) can be
rewritten as

og X 0y(l —O/On)' = ap(1 — ORr)’, (8)
where the exponent r may be calculated from the expression
t=1+4(1—Oyw5. ©)

The method employed to obtain (9) was as follows: for dif-
ferent values of @y (between 0 and 1), the optimum values
of ¢ leading to the best coincidence between (7) and (8) have
been calculated by the least squares method (with coefficients
of determination better than 0.999). Then, the data cloud of
pairs (O, 1) were fitted by an analytical expression relating ¢
and Oy, resulting in (9). The excellent, obtained agreement is
shown in Fig. 2. Since the approximation degree is notewor-
thy, as evidenced by the attained coefficient of determination
0f 0.999, and (8) is simpler than (7), this will be the equation
used in this work from this point forward.

Both (7) and (8) satisfy the desired boundary conditions,
og — 0p as ® — 0, and og — 0 as ® — ®y, because in this
last situation interparticle contacts are points. However, an ad-
ditional reason for the preference of (8) is its similarity with
the percolation theory [18, 19]. In fact, a simple algebraic ma-
nipulation of (8) leads to:

o =0o(1 — GR)’

Omn—0\'
= O’O @M

1-0—-1+6y)
T ew )

Furthermore, as the term (1 — ®) coincides, by definition,
with the relative density ¢, defining ¢, = (1 — @), the fol-
lowing may be obtained:

p—o\
OE = 0y l—go
C
0o

= m(‘ﬁ—%) .

(10)

(1D
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FIGURE 3 Normalized conductivity vs. relative porosity for several values
of the tap porosity, Oy

This is

or X (9— o), (12)
which is what the percolation theory predicts [18-20]. Ac-
cording to this theory, . represents the percolation threshold.
For the same reason, the tap porosity, @y, also represents
such a threshold. A final consideration refers to the exponent
value, which reaches values near 2 (but not exactly 2, as hap-
pened in [9]), depending on the percolation threshold value.
The fact that the exponent ¢ depends on @y means, in the
terminology of percolation theory, that the value is not univer-
sal. Figure 3 represents the quotient o /oy (or, normalized or
relative conductivity) versus the relative porosity (®g), show-
ing the influence of @y on (8).

3 Validation

3.1 Materials

Selected powders with different morphologies, all
in commercial grade, were studied: AS61 irregular-shaped
aluminum powder and 89/11 AK spherical bronze powder
from Eckart-Werke; WPL200 and NC 100.24, irregular and
spongiform iron powders from QMP and Hoganids AB, re-
spectively; and 4SP 400 spherical and Type 255 filamentary
nickel powders from Novamet and Inco, respectively. The
very different morphology of the studied powders obtained by
scanning electron microscopy (SEM) is shown in Fig. 4.

The selection of two types of iron powders, as well as two
of nickel, is made to establish whether the model is sensi-
tive enough to the morphometric characteristics of the pow-
der. Thus, it will be determined whether the parameter @y is
good enough to show these differences, even though the two
powders have a similar chemical nature. Two iron powders
with similar morphometric characteristics have been chosen,
as well as two clearly different nickel powders. Finally, alu-
minum and bronze powders, with similar morphometric char-
acteristics were also studied.

Table 2 lists, for each type of powder, the mean particle
radius (rp) obtained by laser diffraction, and the tap porosity
(®m) measured according to MPIF Standards [10]. Essen-
tially, this latter test consists of determining the porosity of
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Type 255 nickel powders obtained by scanning electron microscopy (SEM)

FIGURE 4 From left to right and from top to bottom, images of AS61 aluminum, 89/11 AK bronze, WPL 200 iron, NC 100.24 iron, 4SP 400 nickel and

i

Powder ro (um) Owm (exp.)
AS61 aluminum 22.2 0.45
89/11 AK bronze 28.6 0.43

‘WPL 200 iron 39.2 0.63

NC 100.24 iron 55.6 0.65

4SP 400 nickel 6.6 0.60

T255 nickel 9.4 0.86
TABLE 2 Mean particle radius (r9) and tap porosity (@y) of studied

powders

a vibrated powder mass by the measurement of its volume and
weight.

The absolute error in the determination of &y, consider-
ing the precision of the instruments employed, can be esti-
mated to be +0.01, a small value. Nevertheless, during the
measuring process, the means and intensity of the vibration
could account for a non-controlled increase of the experimen-
tal uncertainty. Experimental checks, concerning the vibra-
tion effect, lead to an uncertainty range of 40.05 for @,
which is still a relatively small value.

3.2 Experimental procedure

The electrical conductivity was measured on cylin-
drical parts, with height of 10 mm and 12 mm diameter, with
different porosities. Initially, powders were uniaxially cold
compacted according to the desired pressure obtained from
the compressibility curve [21]. Porosities ranged from the
maximum, allowing for a handleable specimen, to that ob-
tained for a pressure of 1400 MPa, as detailed in Table 3.
The compaction was carried out with a uniaxial single ac-
tion press, in a wall-lubricated fixed-die. The pressing pro-
cess was followed by 30 min of sintering (1.2 x 103 Pa argon
atmosphere) at the temperature indicated in Table 3. Such

Powder Porosity Sintering
range temperature (°C)

AS61 aluminum 0.01-0.32 650

89/11 AK bronze 0.05-0.10 850

WPL 200 iron 0.02-0.43 1150

NC 100.24 iron 0.03-0.44 1150

4SP 400 nickel 0.06-0.37 800

T255 nickel 0.05-0.19 800

TABLE 3  Porosity range of the studied specimens and sintering tempera-

ture employed to obtain them

temperatures were selected after different tests, choosing the
lower temperatures allowing a correct sintering with mini-
mum changes in the material microstructure. The final poros-
ity after sintering (®) was again measured by weighing and
measuring the specimens, and the obtained value is used in
later calculations.

Fully dense reference samples of each powder were pro-
duced by a double pressing (with intermediate annealing to
half of the sintering temperature) and final sintering for 3 h for
comparison purposes.

The electric resistance measurements were carried out
using the four-point probe technique and a Kelvin bridge
(Fig. 5). The resistance was measured several times, at room
temperature, changing the probe polarity to remove the ther-
moelectric effects. Finally, the results were averaged.

From these measurements, whenever the electrode sepa-
ration s is much lower than the specimen thickness (in our
case s = 2mm, vs. a 10 mm specimen height), the electrical
conductivity can be calculated as [22]:
O = (27719Rl‘neasured)_l . (13)
The maximum relative error in the conductivity measurement
results is lower than 7%. The exception is the Al powders,
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FIGURE 5 Four-point probe scheme for the electrical resistance measure- ° .
ment of a specimen. For convenience, the distance between electrodes is @ 5010
uniform (s). The Kelvin bridge, where electrodes are connected, supplies the w 0.0 S e

quotient V/I (with electrical resistance dimensions, Rmeasured), Which is later
interpreted

Material Bulk material Fully dense sample
conductivity (2 m)~! conductivity (2 m)~!

Aluminum 36.63 x 10° 34.22 x 10°

Bronze 89/11 5.54 % 10° 5.37 x 10°

Iron 9.59 x 10° 8.50 x 10°

Nickel 14.03 x 10° 12.20 x 10°

TABLE 4 Electrical conductivities of bulk materials and fully dense sam-

ples, at room temperature

which have a lower Rpeasured- The error in the worst of the
cases reaches 20%.

Table 4 gathers the conductivity values of the bulk mate-
rials at the measuring temperature (~ 25 °C) [23], as well as
the ones experimentally determined on the fully dense sam-
ples. These later values are somewhat lower, probably due to
the presence of some residual porosity, contamination intro-
duced by the surface oxides of the powder particles, or traces
of other elements.

Considering the values in Table 4, the data cloud corres-
ponding to pairs porosity-effective conductivity was fitted to
(8) by the least squares technique. The only fitting parameter
was Oy.

33 Results and discussion

Figure 6 shows the data clouds corresponding to
the pairs (@, og) and (Og, or) for each one of the studied
powders. In these graphs the fitted theoretical curves are also
shown, considering the values of o obtained for fully dense
parts (Table 4), with @y as the only fitting parameter. Table 5
gathers the resulting values of &y and the coefficients of de-
termination obtained for each of the powders. As can be seen,
the achieved fit is quiet acceptable.

The fitted ®yvalues are all inside the accepted uncer-
tainty range of +0.05, except for the T255 Ni powder. In this
case, the obtained value of 0.67 is far from the experimentally
measured (0.86). This deviation could be due to the filamen-
tary morphology of this powder, and its great tendency to
form agglomerates. This leads to an incorrectly measured tap
porosity, which is higher than the actual one. Even a mini-
mum compression (that may be caused by a hand) causes the
porosity to abruptly decrease to a value around 0.7 (the value
resulting from the fitting process). Thus, it seems that for this
type of powder morphology, the tap porosity does not result in

0 0.1 0.2 0.3 0.4 0.5 0.6 0.7
Porosity

%“ — o Fe NC100.24
3 o Fe WPL 200
E 0.8 1 — @ Ni T255
S 07 — oNi 4SP 400
O » Bronze 89/11 AK
= 067 5 Al AS 61
£ 051
[&]
2 0.4 -
w
o 0.3 A
I
= 0.2 1
E 011
o
Z 0.0 T T T T T T T T T
0 01 02 03 04 05 06 07 08 09 1

Relative Porosity

FIGURE 6 Experimental data (symbols) and fitted curves (lines) according
to (8) for the different studied compacts

Powder Oy (fitted) R?
AS61 aluminum 0.45 0.960
89/11 AK bronze 0.45 0.855
‘WPL 200 iron 0.67 0.980

NC 100.24 iron 0.69 0.988
4SP 400 nickel 0.69 0.995
T255 nickel 0.67(1) 0.962
TABLE 5  Values of the adjustable parameter (®y) in (8), and resulting

coefficients of determination after fitting to the experimental data

an adequate parameter. In the rest of the cases, the parameter
seems to be perfectly adequate and gathers the morphometric
information of the powder.

In order to compare the expression proposed in this paper
to those of other authors mentioned in Table 1, the data cloud
of the arbitrarily selected NC100.24 Fe powder has also been
fitted with such expressions.

In Table 6, parameter p represents the fitting parameter for
each one of the expressions. In all fittings, the resistivity value
of 8.50 x 10° (2 m)~!, measured on the fully dense sample,
has been considered for op. As can be seen, the expression pro-
posed in this work offers the best coefficient of determination.
For the first seven expressions in Table 6, the fitting param-
eter does not have a clear physical meaning. Thus, nothing
may be discussed in favor of or against the obtained value.
However, it should also be noted that for the expressions re-
ported by McLachlan [8] and Montes et al. [9], the resulting p
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Experimental and fitted theoretical values are in very good
agreement.
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Authors R? P
Maxwell [1] 0.579 -
Fricke [2] 0.966 1.83
Loeb [3] 0.979 1.78
Murabayashi et al. [4] 0.985 0.54
Aivazov et al. [5] 0.978 6.52
Meyer [6] 0.966 0.55
Schulz [7] 0.986 2.25
McLachlan [8] 0.947 0.50
Montes et al. [9] 0.987 0.91
This paper 0.988 0.69
TABLE 6 Coefficients of determination and resulting value of the ad-

justable parameter (p) after fitting the experimentally measured resistivities
of the NC100.24 Fe powder with theoretical expressions of several authors

parameter does not give satisfactory results. In the first case,
the p value, which represents a certain critical porosity (the
percolation threshold), is too low to be identified as the tap
porosity (initial), as suggested by Argento et al. [24]. On the
other hand, in the second case, p is too high to be tap porosity.
If the parameter p is forced (in these two cases) into admis-
sible values (between 0.6 and 0.7), then the coefficients of
determination change to 0.896 and 0.765, respectively. There-
fore, the expression proposed in this paper represents a better
approach in which the fitting parameter acquires a realistic
value.

4 Conclusions

A new equation for calculating the effective elec-
trical conductivity of porous sintered materials has been de-
veloped. According to this expression, the effective electrical
conductivity (og) of a porous sintered compact can be ex-
pressed as a function of the fully dense material conductivity
(09), its porosity (®) and the powders tap porosity (Op):

o =00(1—0/6n)",

where r =1+ (1 — @M)%. The validity of this model has
been experimentally verified, using sintered compacts of iron,
nickel, bronze and aluminum with different porosity levels.
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