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ELASTIC AND PLASTIC PROPERTIES OF POWDER
MATERIALS: A CONTINUUM MODEL

A. F. Fedotov!
UDC 621.762

A continuum model based on the physical hypotheses of the discrete contact model is developed to
describe the elastic and plastic properties of isotropic powder materials, taking into account the
inhomogeneous deformation of the solid phase. The localization of elastic and plastic deformation is
described by hypothesizing that deformable and nondeformable volumes form in the solid phase and
that the resistance to deformation is associated only with the deformable volume. An analytical
dependence of the deformable volume on the density of powder material is provided. The proposed
model ensures high-accuracy fit to the experimental compaction curves at the stages of interparticle
slip and plastic deformation of particles. At the beginning of plastic deformation, a particle is
regarded as a cast one already plastically deformed and hardened to the level of the effective yield
strength of the solid phase. The particle is further hardened as a cold-worked cast material is. Good
agreement is reached between calculated and experimental data on the elastic moduli and plastic
compaction of powders during isostatic pressing and deposition in a high-pressure chamber.

Keywords: powder material, deformable volume, elastic moduli, plasticity condition, strain
hardening.

INTRODUCTION

In continuum theory, the elastic deformation of isotropic powder and porous materials is described by
Hooke’s law. The theoretical effective bulk (K) and shear (n) moduli are found by solving two boundary-value
problems of elasticity for a representative cell of a discontinuous material subject to triaxial compression and pure
shear. The cell is a body of simple shape with a cavity. The well-known models [1-3] assume that the volume of the
material skeleton of the cell is equal to the volume of the solid phase V,,, and the volume of the cavity is equal to
the volume of pores V. In such models with initial density p,, the cell is a mechanically stable structure that resists
deformation and its elastic moduli are nonzero (K(py) >0 and p(py) >0). However, loose powder materials start
deforming under arbitrarily low loads, i.e., their elastic moduli must be infinitesimal (K(p,) — 0 and u(py) — 0)

and the continuum model must reflect their discrete structure.

Powder materials deform via the contact interaction of particles. Microscopic stresses and strains are
concentrated near the contact surfaces of particles and abruptly decrease with distance from them. As a result,
plastic deformation starts in the zones where elastic stresses and strains are concentrated, and just a portion
(V4 <V, of the total volume ¥V, of particles undergoes plastic deformation.

The idea of elastic and plastic volumes in the solid phase of powder and porous bodies is widely used in the
discrete contact [4] and continuum [5, 6] models of plastic deformation. The discrete contact model describes the
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inhomogeneity of the deformation of the solid phase by associating the fields of microscopic stresses and strains
only with a portion (active volume) of the entire volume of the solid phase [4]. With this hypothesis, the compaction
equations provide a good fit to experimental data. In this connection, we propose here a continuum theory to
describe the elastic and plastic properties of powder materials based on the physical hypotheses and structural
models of discrete contact theory.

APPROACHES AND MODELS

Powder and porous materials are bimodulus materials, i.e., their elastic moduli depend on the stress mode
[7], which is most clearly manifested as a difference between the tensile and compressive elastic moduli. Powder
and porous materials are deformed for compaction, usually under predominantly compressive stresses in closed
volumes. The results obtained here are related to the compression of such materials.

A plasticity condition for powder materials based on Bal’shin’s structural model [4] and describing the
contact interaction of particles was proposed in [8]. A deformable unit volume of a particle is a cylinder with one
base being the contact area. A plastically deformable powder body as a whole is a system of volume ¥V of

chaotically oriented cylinders contacting by bases. This system undergoes homogeneous tension/compression
deformation. Prior to plastic deformation, the volume V; is in an elastic state. By analogy with plastic properties, we

assume that the resistance to elastic deformation and the elastic properties of powder and porous materials are
determined only by the elastic properties of the volume V.

To find the effective bulk modulus K, we assume that the powder body is a ball and the equivalent
representative cell is a spherical shell with surface area equal to that of the ball. In the models [1- 3], the volume of
the spherical shell is set equal to the volume V;, of the solid phase, and the volume of cavity ¥}, = V' — V,,, where V'
is the total volume of the powder body. The volume fraction of the shell is equal to the relative density of the
powder: V./V'=p. In our model, the volume of the shell is equal to V', and the volume of cavity V', = V' — V4. Then

the volume fraction of the shell is equal to the relative deformable volume: V 4/} = o.. The modulus K can be found
by comparing the solutions of elastic problems for the ball and the spherical shell under hydrostatic compression.
The expression for K is derived by replacing the relative density p in formula (14) of [2] by a. After appropriate
transformations, we get
K:%Moz (I+vp)a ’ O
(1-2vp)++vy)(l-o)

where i, and v, are the shear modulus and Poisson’s ratio of the solid phase.

To find the effective shear modulus p, we assume that the powder body is a cube subject to pure shear, and
the equivalent representative cell is a cube with a cubic cavity [3, 9]. Averaging the microscopic stresses and strains
over the solid phase of the porous body, according to [3, 9], we obtain

H=pHy - @)
If the averaging is over the volume V), then it is necessary to replace p in (3) by o
p=apg. 3)

In the elastic case, the parameter o corresponds to the effective elastic moduli and can be defined as the
effective volume of the solid phase. In the plastic case, a is the fraction of the plastically deformable volume of the
solid phase.

To establish the functional relationship between the deformable volume V; and the density of the powder, it
is necessary to solve complicated boundary-value problems for determining the distribution of stresses and strains
in the ensemble of contacting particles of various shape. This can be avoided by compacting the powder [4]. The
following dependence of a on p for this model was proposed in [10]:
nP=Po. _27P=Po

l-py I=pg
where pj, is the initial (bulk) relative density of the powder.

a=p

4)
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While the powder is loose (p = p), the parameter o and the moduli K and p are equal to zero, i.e., the

powder does not resist deformation. This is how the model describes the initial (loose) state of powders. When
p > py, the powder undergoes either elastic or plastic deformation, depending on the level of macroscopic stresses.

Note that formulas (4) describe the plastic volume formed only by the compaction of powder and porous
materials. This model does not describe the variation in plastic volumes with the load at constant density.

EXPERIMENTAL VALIDATION
We compared theoretical and experimental values of Young’s modulus E of a compacted copper powder
with py = 0.3 [4]. The modulus E is calculated by the formula
_ 9Kp
3K+ ' ©)

We also calculated the moduli by the theoretical formulas given in [2]:

1 (1+vg)p’

K=—pg—; , m=p’H, (6)
30 2p7(1=2vp)+(1+vg)(1-p)
and in [11]:
2 d+vep 2/
K=—po———p ", n=p""Pp,. (7)
3 1-2vep

Figure 1 shows theoretical and experimental dependences of the ratio of modulus E for compacted copper
powder to the modulus £, for cast copper on the porosity 6 =1 — p. It can be seen that formulas (6) overestimate
Young’s modulus, whereas formulas (7) are in good agreement with the experimental data.

Unlike powders consisting of disperse particles, a porous body is a continuous matrix with pores.
Theoretically, the elastic moduli of such materials must be zero at zero density (p =0). Experiments, however,
discovered that the elastic moduli of porous materials become zero or nearly zero at nonzero density. For example,
according to [12], the elastic moduli of porous materials become infinitesimal at p = 0.227. Porous materials are
produced by partial sintering of powders after cold compaction. In turn, the initial density of a powder before
compaction is bulk density, while the effective volume o of a porous sintered material is calculated assuming that
its initial density p, is equal to bulk density. This conclusion is confirmed by experimental data in [12] where zero
values of elastic moduli of sintered iron obtained by extrapolation correspond to the bulk density of iron powder. In

the literature, however, one can find mainly the densities of sintered materials and very rarely the bulk density of
powders. The initial density p, can be defined as follows.

In our model, the elastic properties of a discontinuous body are determined by the volume o. At low
porosity, pores are isolated from each other by the solid phase. As the volume of pores increases, the cross-section
of the material skeleton decreases. Let the volume a become zero once open porosity has formed. If the pores are
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Fig. 1. Relative Young’s modulus versus porosity 6 of copper powder: /) formula (4); 2) formula (6);
3) formula (7); circles = experiment [4]
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Fig. 2. Relative Young’s modulus versus porosity 0 of porous nickel (a¢) and porous iron (b):
1) formula (6); 2) formula (7); 3 and 4) formula (4) with p, =0 and p, = 0.26, respectively; circles =

experiment [11, 12]
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Fig. 3. Relative shear modulus versus porosity 0 of porous iron: /) formula (6); 2) formula (7); 3 and
4) formula (4) with p, = 0 and p,= 0.26, respectively; circles = experiment [12]

equal spheres, the maximum closed porosity 6. =0.74, which corresponds to the close packing of balls with

max
highest density. Therefore, in the absence of information on the bulk density of porous sintered materials, we can
assess the initial density at which the elastic properties start showing up from the volume fraction 0, of the

skeleton as p,=1 -0, = 0.26. For nonspherical pores and for spherical pores of various size, p, can be different.

The theory of elastic properties of sintered materials was experimentally validated in two cases: p, = 0 and
po = 0.26. Figures 2 and 3 show theoretical and experimental dependences of the relative Young’s and shear moduli
of sintered nickel and iron on their porosity. Formula (6), which averages the microscopic properties over the solid
phase, works well for porosities of up to 10%. The empirical formula (7) is in good agreement with experimental
data in the examined range of porosity. The proposed model also describes well the elastic moduli of porous
sintered materials, the best agreement with the experimental data being in the case of p, = 0.26.

Let us discuss the plastic properties of powder materials. The mathematical description of the plastic
deformation is based on the plasticity condition mentioned above. Loose powders plastically deform via both plastic
shear of particles and slip of contacting particles. The plasticity condition proposed in [13] accounts for the dual
mechanism and local nature of the deformation of particles:

)
T *
G—+—=oc(co —fo) foro<c*; (8a)
2y 9
2 g2
T *
G—+—:ar§0 forc>o, (8b)
2y ¢
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where o is the average macroscopic stress; 7 is the intensity of macroscopic shear stresses; ¢ is the shear
coalescence constant; fis the coefficient of internal friction; Ty is the yield stress in shear of particle material; c* is

the average macroscopic stress at which the plastic deformation of particles begins. The plasticity conditions (8a)
and (8b) describe the process of compaction via slip of particles and via plastic deformation of particles,
respectively. Unlike the models [14], the right-hand side of Egs. (8) includes a instead of p.

The functions y and ¢ in (8) are the ratios of the moduli K and p to the shear modulus p, of the solid

phase:

Yy="—>50=—.
2u Ho ©)

In [13], the elastic moduli were determined considering the elastic deformation of the entire solid phase.

Since the deformation of the solid phase is of local nature, the moduli K and p must be expressed in terms of the
effective volume a.. In the plastic case, the solid phase is considered incompressible (v, = 0.5), and we obtain the

following expressions for y and ¢ from (1) and (3):

2 o
=-——,0p=qQ. (10)

W_El—a ’

Various expressions for the functions y(p) and ¢(p) are used in the models describing the elastic
deformation of the entire solid phase [15]. In what follows, we will use the best-known expressions proposed by
Skorokhod [1, 16]:

2p 2
V=3, 0P (1)
and by Koval’chenko [11]:
12+p° 2p. 2/p
W_61—p2p ;e=p " (12)

The plasticity condition in the space of the stress tensor describes the loading surface of the powder body.
An analysis of the canonical form of Eqs. (8a) shows [13] that the loading surface is either an ellipsoid, or a
hyperboloid, or a paraboloid, depending on the structural condition of the powder. Under parabolic and hyperbolic
plasticity, bulk strain rate e >0 at any stress o <c* and the powder is loosened [13]. Powders are commonly
deformed for the purpose of compaction. The process of compaction is described by elliptic plasticity conditions.
Therefore, we will deal with elliptic plasticity for both 6 < o* and ¢ > o*. In this case, the constitutive equations
are as follows [13]:

Gl/ = E—g(p 6511 +(p€l] _FCOSU foroc< o 5 (13&)
\/2\|/e2 +2\|/(|)FH2

2TSO\/E 1 *
Cj =—F——— \V—E(p ed; +¢e; | forocz o, (13b)
\/2\|1e2 +(pH2

where e is the bulk strain rate; H is the shear strain rate intensity; F is the density and internal friction function
defined by
1 2
F=——-af".
2y f (14)
The system of equations of plasticity for compressible materials is supplemented with the continuity
equation
dp

—+pe=0. 15
” p (15)
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The plastic deformation of particles of metal powders is accompanied by the strain hardening of the solid
phase. The shear strain rate intensity w depends on the invariants of strain rates of the powder body in the volumes

1| 1]
w=— 2\|/ez+(pH2 ;o W=—s 2\|/ez+(pH2 . (16)
Va Jp

The equivalent plastic strain g;, averaged over the deformable volume can be found by integrating (16) over ¢:

o or p as follows [8, 16]:

1 t
81' = Wdt
o \E{ (17)

If strain hardening obeys a power law, the yield stress o, for the solid phase is defined by
G50 =002 + Bejg - (18)
where 6, and o, are the offset yield strength and the tensile yield stress, respectively; B and m are hardening

constants. The shear yield stress and the compressive yield stress are related by T,y =0/ \/g .

Since the theory of plasticity is phenomenological, it is necessary to determine some material constants
experimentally. For powder materials, estimates of these constants will depend on the deformation model and
density functions y and ¢. These functions may be either theoretical or experimental. Theoretical functions usually
include only one structural parameter (porosity). However, the mechanical properties of powders are strongly
dependent on particle size and morphology, production method, etc. These factors can be integrally incorporated
into experimental density functions. In [15], it was shown that experimental density functions are different for
different materials. Therefore, there can be no universal theoretical formulas for all porous bodies. Determining
experimental density functions in each specific case is difficult and costly. It is thus reasonable to specify the
functions y and ¢ and to determine the effective properties of the solid phase from experimental data.

For powder materials, it is first necessary to find the average stress o* at which interparticle slip completes
and the plastic deformation of particles of the solid phase begins. The stress o* can be determined from the
coordinates of the salient points of a linearized experimental compaction curve [17]. This method, however,
requires high experimental accuracy and a great number of data points. It is therefore desirable to simplify,
whenever possible, the general model, keeping physical consistency and mathematical accuracy. One of such
simplifications is the following. The plastic deformation of particles begins after the highest density of packing is
reached and further compaction via movement of particles becomes impossible. The stage of plastic deformation of
particles for commercial powders begins in the range p* = 0.7-0.76 [17] which includes the highest relative density
(p=0.74) of the close packing of monodisperse spheres. We can assume that the plastic deformation of particles
begins at p* = 0.74. Then the relative density (p > p* = 0.74) rather than the average stress (¢* > ) should be
limited.

The phenomenological constants were determined from the results reported in [18] for the true compaction
pressure for metal powders in a closed die without contact friction. To determine the phenomenological constants
for both stages of compaction, we need experimental data on compaction of powders from bulk density to relative
density of no less than p = 0.9. However, only aluminum powder was compacted to p = 0.92 in the experiment [18].
The maximum relative density of copper, iron, and nickel powders reached in [18] is p = 0.65-0.73.

The true pressure of compaction to high density was calculated as follows. The compaction curves for the
true pressure p, are shifted to the left from the compaction curve for the total pressure p,s, the shift Ap, = p_s —p.
increasing with density [18]. An analysis of the compaction curves for aluminum powder under true [18] and total
[19] pressure shows that Ap_ (p) is described by a power equation:

Ap.= A(p—po)". (19)

306



TABLE 1. Phenomenological Constants of Powder and Cast Materials

Powder material Cast material [22]
Metal Functi
Po “‘;Cnii"?“’ co» MPa r ', MPa | Gg() MPa | 045, MPa | B,MPa | m
Aluminum  0.378 (10) 66.8 0.131 31.0 122.2 18.0 2.8 0.74
80 15.2 0.496 37.0 60.0
(12) 28.3 0.633 29.2 84.4
Copper 0.160 (10) 176.0 0.279 130.3 380.4 75.0 56.0 0.41
1y 74.0 0.399 148.0 240.3
(12) 141.0 0.388 117.0 337.6
Iron 0.260 (10) 160.0 0.454 115.0 3724 250.0 50.0 0.56
11 56.2 0.484 1332 216.3
(12) 104.7 0.602 105.2 303.8
Nickel 0.310 (10) 290.7 0.385 178.2 627.5 150.0 1370  0.38
an 77.0 0.521 209.4 340.0
(12) 153.4 0.651 165.5 4777

Thus, the approximating formula (19) can be obtained from compaction curves for true and total pressure in
the range of low densities. Then, by extrapolating (19) to the range of high densities, it is possible to find Ap_ and
p.. Validation of the approach for aluminum powder against experimental data for true [18] and total [19] pressure
shows that the extrapolated and experimental values of true pressure differ by no greater than 5%. Likewise,
extrapolated values of the true pressure of compaction to high density for copper, iron, and nickel powders were
obtained from compaction curves for true [18] and total [4, 20, 21] pressure.

When powders are compacted in closed cylindrical dies without friction, the radial and hoop strains are
equal to zero (e, = &5 = 0) and the principal stresses are equal (c, = 63). The formulas for the phenomenological
constants were derived from the constitutive equations (13). The values of ¢, and ' were found by the least-squares

method from the equation
Co\/g 1 + 2 o+ (Xf
pP:= ST PT o 20
fyr V2F 37 F (20)

The initial yield stress 6, at relative density p* = 0.74 was calculated by the formula

3p.

OO0 = 77— . 21
\ ooy + 400 @

The offset yield strength o) ,,) of powder particles was set equal to 6. The phenomenological constants

of powders under the plasticity condition (8) for a = p and density functions (11) and (12) were determined in a
similar way. Table 1 summarizes the calculated results and the properties of cast materials [22].

The effective hardening parameters B and m of the solid phase can be obtained by fitting an experimental
curve o(¢;,)- Let us examine the possibility of using the hardening parameters of a cast material. A polycrystalline

particle of a powder has a high initial yield strength &) 5, (Table 1).

Then, at the beginning of plastic deformation, a particle can be considered a deformed cast material with
cumulative plastic strain intensity &;). Let the particle be strain-hardened in the same way as a cast material

during plastic deformation above &;(.) . The yield stress o, of the solid phase is related to the hardening parameters

of the cast material as follows:

G50 =02(0) +B(8i(c) +e,,)", (22)
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where ¢€;, is the equivalent plastic strain of the cast material hardened to the level of the yield strength o, of

the powder material and expressed in terms of S0.2(p) and S02(c) -

308

The equivalent plastic strain g, in (22) can be found from expressions (15)—(17):

i) =

€iq :%i

B

1

S02(p) ~%02(c) |"

2y 4¢ d
v, 2%

e

o 3a p

(23)

24)

Theoretical and experimental compaction curves for powders in a closed die are shown in Fig. 4. The
calculations used the plasticity condition (8) with density functions (10) and the equality o =p with density
functions (11) and (12). The compaction via interparticle slip is described well by the formulas with the density
functions (10) and (12). The results obtained with the density functions (11) are in poor agreement with the
experimental data. Real powders in loose state begin to be compacted under arbitrarily low pressure, whereas the
calculation for o = p predicts finite initial compaction pressure. This is because of the limitation of the physical
model in which the entire solid phase deforms. The compaction by plastic deformation of particles was described
using the hardening parameters of cast materials (Table 1) and the law of hardening (22). The results obtained with
the density functions (10) are in best agreement with the experimental data for all powders. Thus, the simplified
model of plastic deformation of powders based on the plasticity condition (8) provides a good fit to experimental
compaction curves. This allows reducing the number of phenomenological parameters in the model and the labor
intensity of the experiment.
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Fig. 4. Fitting of compaction curves for aluminum (a), copper (b), iron (c), and nickel (d) powders
compacted in a closed die: /) density functions (10); 2) o = p, density functions (11); 3) o = p, density
functions (12); circles = experiment [18] and extrapolation of (19)
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Fig. 5. Compaction curves for isostatically pressed copper powder: /) density functions (10); 2) o = p,
density functions (12); 3) o = p, density functions (11); circles = experiment [20]

c " MPa

800 -

700 -

600 -

1 1 1 1
50OO 0.05 0.1 0.15 0.2

1000 - 1

800 -

600 ! ! ! !
0 .

1300

1100

900

700

Fig. 6. Axial stress versus axial strain for iron powder deposited in a high-pressure chamber for r =
315 (a), 472.5 (b), and 630 (c) MPa: 1) density functions (10); 2) a = p, density functions (12); 3)
calculated data [15], circles = experiment [15]
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Fig. 7. Relative density versus axial strain for iron powder deposited in a high-pressure chamber for
r=315 (a), 472.5 (b), and 630 (c) MPa: I) density function (10); 2) o = p, density function (12); 3)
calculated data [15]; circles = experiment [15]

The calculated values of the phenomenological constants confirm the leading role of the density functions
in the description of the plastic properties of powder materials. These functions define the density dependence of
the elastic moduli and the limiting elastic state of a powder. Accordingly, the validity of the plasticity condition for
powder materials depends on the description of the limiting elastic state. The density functions (10) and (12)
accurately describe the elastic moduli, which ensures the correct description of the plastic deformation of powders.

The data on compaction in a closed die were used to determine the phenomenological constants of powder
materials. The continuum plastic model of powder materials was validated against test data on isostatic pressing and
deposition in a high—pressure chamber. These processes permit exact analytic solutions and involve no contact friction.

Figure 5 shows theoretical compaction curves for isostatically pressed copper powder. The
phenomenological parameters were obtained by fitting compaction curves for powders pressed in a closed die
(Table 1). The experimental data points lie below the theoretical compaction curves plotted using the plasticity
condition (8) for o = p and density functions (12) and lie above the curves plotted using the density functions (11).
The results obtained with the density functions (10) are in best agreement with the experimental data.

Theoretical curves describing deposition in a high-pressure chamber can be found in [15]. An iron powder
already compacted to relative density p,= 0.89 was subject to deposition. The relative density exceeds the limiting
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relative density (p = 0.7-0.76) at which compaction via interparticle slip is still possible. This is why the plasticity
condition (8b) was used. Use was also made of the yield strength o, of iron powder and the hardening
parameters of cast iron (Table 1). Since the samples for deposition in a chamber were preliminarily pressed in a
closed die, the first to be determined was the cumulative equivalent plastic strain g, in the solid phase of a sample
compacted in a closed die from p* =0.74 to p= 0.89. Then the process of deposition in a high-pressure chamber
was studied.

Figure 6 shows theoretical and experimental curves of axial stress 6, versus axial strain ;. It can be seen

that the results calculated with theoretical density functions are in better agreement with the experimental data than
the results obtained in [15] based on experimental density functions. Our model is more accurate than the
calculation for a = p with the density functions (12). The theoretical curve of relative density p versus axial strain
g (Fig. 7) is also in good agreement with the experimental data. The sole exception is the case of chamber pressure
p = 630 MPa in which the calculations [15] based on experimental density functions are in better agreement with
experiment than our model.

The results on deposition in a high-pressure chamber suggest that the accuracy of the continuum model
describing the plastic properties of powder materials is sufficient for practical purposes. For most calculation cases,
the theoretical density functions (10) provide a better agreement with experiment than the empirical formulas used
in[15].

CONCLUSIONS

Based on the physical hypotheses of the discrete-contact model, we have developed a continuum model that
describes the elastic and plastic properties of isotropic powder materials during compaction and takes into account
the inhomogeneous deformation of the solid phase. The inhomogeneity of the stress—strain state of the solid phase is
described by associating the fields of microscopic stresses and strains with its effective volume rather than with the
entire solid phase. Therefore, the elastic moduli and density functions are expressed in terms of the effective or
deformable volume of the solid phase. The model shows good agreement with experimental data on the elastic
properties and compaction via plastic deformation of powder materials.

ACKNOWLEDGEMENT

The study was performed in line with the analytic departmental purpose-oriented program “Development of
the Scientific Potential of Higher School (2009-2010)” (Project No. 2.1.2/1431).

REFERENCES

1. V. V. Skorokhod, Rheology-Based Theory of Sintering [in Russian], Naukova Dumka, Kiev (1975), p. 151.

2. V. V. Skorokhod and L. I. Tuchinskii, “Condition of plasticity of porous bodies,” Powder Metall. Met.
Ceram., 17, No. 11, 880-883 (1978).

3. A. K. Grigor’ev and A. I. Rudskoi, Deformation and Compaction of Powder Materials [in Russian],
Metallurgiya, Moscow (1992), p. 192.

4, M. Yu. Bal’shin, Scientific Basis of Powder and Fiber Metallurgy [in Russian], Metallurgiya, Moscow
(1972), p. 336.

5. A. L. Gurson, “Continuum theory of ductile rupture by void nucleation and growth: Part I. Yield criteria
and flow rules for porous ductile materials,” Teor. Osn. Inzh. Rasch., No. 1, 1-16 (1975).

6. Ya. E. Beigel’zimer and A. P. Get’manskii, “A model of the development of plastic deformation of porous
solids in the percolation theory approximation,” Powder Metall. Met. Ceram., 27, No. 10, 773-776 (1988).

7. E. V. Lomakin and Yu. N. Rabotnov, “Elastic relations for an isotropic bi-modulus body,” Mekh. Tverd.
Tela, No. 6,29-34 (1978).

8. A. F. Fedotov and P. 1. Krasnoshchekov, “Model of plastic deformation of powder materials taking account

of the proportion of contact volume,” Powder Metall. Met. Ceram., 44, No. 9—10, 420-425 (2005).

311



10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

312

M. Oyane, S. Shima, and Y. Kono, “Theory of plasticity for porous metals,” Bull. JSME, 16, No. 99, 1254—
1262 (1973).

A. F. Fedotov and P. I. Krasnoshchekov, “Calculating the effective elastic moduli of isotropic powder
materials,” in: Proc. All-Rus. Sci. Conf. on Mathematical Modeling and Boundary-Value Problems, Part 1
[in Russian] (May 29-31, 2007), SamGTU, Samara (2007), pp. 262-265.

M. S. Koval’chenko, “Mechanical properties of isotropic porous materials. 1. Elastic and rheological
properties,” Powder Metall. Met. Ceram., 32, No. 3, 268-273 (1993).

G. S. Pisarenko, V. T. Troshchenko, and A. Ya. Krasovskii, “Investigation of the mechanical properties of
porous iron in tension and torsion. Communication 2,” Powder Metall. Met. Ceram., 4, No. 7, 587-592
(1965).

A. P. Amosov and A. F. Fedotov, “Variant of the plasticity condition for powdered solids,” Powder Metall.
Met. Ceram., 39, No. 3—4, 116-121 (2000).

Ya. E. Beigel’zimer, A. P. Getmanskii, and L. I. Alistratov, “Plasticity condition for hard-metal mixture
powders,” Powder Metall. Met. Ceram., 25, No. 12, 952-956 (1986).

A. M. Dmitrieva and A. G. Ovchinnikova (eds.), Advanced Processes and Equipment for Forging Powder
Parts [in Russian], Mashinostroenie, Moscow (1991), p. 320.

V. V. Skorokhod, M. B. Shtern, and I. F. Martynova, “Theory of nonlinearly viscous and plastic behavior
of porous materials,” Powder Metall. Met. Ceram., 26, No. 8, 621-626 (1987).

N. V. Andreeva, I. D. Radomysel’skii, and N. I. Shcherban’, “Compressibility of powders,” Powder Metall.
Met. Ceram., 14, No. 6, 457-464 (1975).

N. F. Kunin and B. D. Yurchenko, “Net compaction pressure of metal powders,” Powder Metall. Met.
Ceram., 7, No. 8, 604—609 (1968).

N. F. Kunin, B. D. Yurchenko, and N. V. Myshkina, “Energy relations in the compaction of binary powder
mixtures,” Powder Metall. Met. Ceram., 7, No. 9, 688—692 (1968).

M. Yu. Bal’shin and S. S. Kiparisov, Fundamentals of Powder Metallurgy [in Russian], Metallurgiya,
Moscow (1978), p. 184.

I. F. Martynova, “Physics of the plastic deformation of porous bodies,” in: Rheological Models and
Deformation of Porous, Powder, and Composite Materials [in Russian], Naukova Dumka, Kiev (1985), pp.
98-105.

A. V. Tret’yakov and V. 1. Zyuzin, Mechanical Properties of Metals and Alloys Subject to Plastic Working
[in Russian], Metallurgiya, Moscow (1973), p. 224.



	Abstract
	INTRODUCTION
	APPROACHES AND MODELS
	EXPERIMENTAL VALIDATION
	CONCLUSIONS
	ACKNOWLEDGEMENT
	REFERENCES

