ELASTIC CHARACTERISTICS OF POROUS MATERTALS
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Investigations of the characteristics of matter under extreme conditions of impact-wave
loading have incited considerable interest in the analysis of the elastic characteristics
of porous materials [1]. The importance of investigating the elastic wave velocity and the
elastic moduli of porous media is also seen in designing new composite materials suitable
for operation under conditions of high pressure and temperature and variable mechanical
fields [2, 3]. The characteristics of porous solids are usually described within the frame
work of the mechanics of continuous media by devising geometric structure models [4]. We
shall investigate here the elastic characteristics of porous materials by using the semi-
empirical Morse equation for the energy of a strained solid.

Using the intrinsic energy as a function of the volume V, assigned by the Morse equa-
tion [5], we write the adiabatic modulus of cubic compressibility B in the following form:

B= —? PR+ a)exp2a (1 - X~ (27 + o) expa (1 = X)),

where x = V,/V; B, and V, are the modulus and the specific volume of the free material,
respectively. The a parameter, which characterizes the forces of interatomic repulsion and
attraction, was determined in [5] with respect to the energy and the modulus B in the un-
strained state. According to the proposed approach, the elastic characteristics of a
porous solid were considered as the parameters of the effective medium obtained as a re-
sult of cubic expansion of a free, compact body by repulsive forces to a density correspond-
ing to a porous material. Introducing the porosity defined by P = (V — V,)/V, we have the
following expression for the elastic modulus:

B(P)=12y(y+o)expla(l - 1/y) (1)

=1 — pyi/s . . ; . .
(y=1 P) / . Equation (1) makes it possible to determine the expression for the volume
wave velocity Cy:
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(Cyo is the value of Cy for P = 0). It should be noted that Cy is of interest as the first
term in the expression of the impact wave velocity with respect to the mass velcotity in
the material [6]. Equations (1) and (2) were used for calculating the velocity Cy and the
modulus B for porous iron. The values of the parameter a, borrowed from [5], and of the
modulus By, borrowed from [7], that were used in calculations are given in Table 1. The
calculation results are represented by the curves in Fig. 1b and 2b.

In order to check the adequacy of this approach, we performed ultrasound measurements
of the longitudinal Cy and the transverse C¢ velocities of elastic waves. The test speci-
mens were cylindrical and had a diameter of 10 mm and a length of 15 mm. They were made of
PZhRVZ iron powder with a mean particle size of 81 pm by pressing and sintering in vacuum
at 1450 K. The porosity of the specimens was specified in the range from 4 to 45%Z. The
mean dimension a of the pores, which emerged as the basic scattering centers, was measured

by means of a NEOPHOT-32 optical microscope and was monotonically increased from a = 7 um
for P = 57 to a = 16 ym for P = 40%.
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TABLE 1

Ma- By { £y { )
terial ¢ GPa
Fe 3,64 166 211 82
Ti 3,28 107 14 |° 43
Co 3.64 190 215 82
Ni 3,60 183 221 86
Cu 3,60 137 128 48
Mo 4,16 263 320 125
w 3,96 310 409 160
Mgo | 3,72 159 307 130

T T T
0 a2 o4 P 0 0,2 o4 P

Fig. 1 Fig. 2

The measurements were performed according to the phase interference method with sepa-
rately matched piezoelectric transducers [8]. The ultrasound velocity was determined by
automated analysis of the phase shift between the emitted and the received signals. The
frequency of the ultrasound signal was equal to f = 2.5 MHz, which corresponded to the
case ka = (2rf/C) a << 1. For specimens of compact Armco iron (P = 0), the error in mea-
suring Cg, and C¢, was less than 17.

As the porosity increases, considerable dispersion of elastic waves is possible due
to the increasing size and concentration of pores. The relative contribution of the dis-
persion to the ultrasound velocity was estimated to be Cg, P (ka)?/Cy in accordance with
f{9]. The experimental values of this contribution varied from 0.002% for P = 5% to 0.35%
for P = 40%.

The meésured ultrasound wave velocities are given in Fig. la (points 1), which also
shows the experimental data: 2 {10] and 3 [11]. The velocity of volume waves was deter-
mined by means of the equation .

c,=(Cl - 4C/3)"”

(Fig. 1b). A monotonic reduction in the velocity with an increase in porosity was observed.

The measured ultrasound velocity made it possible to determine the elastic character-
istics of porous iron as functions of P. The experimental values of the modulus of cubic
compressibility B, Young's modulus E, and the shear modulus p were determiend by means of
the expressions

B=(C'—4CH/3V, E=@C-4CHC/(CI-CHV, n=ClV.

The measurement results are given in Fig. 2 (points 1), which also shows the experimental
data: 2 {12]; 3 [13]; 4 [14]; 5 [15].
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Measurement of a sensitive characteristic, such as the Poisson bracket v, involves
special difficulties [14]. The theoretical concepts based on the model [4, 14] indicate
that v diminishes with an increase in P, while the experimental results are rather con-
tradictory [15, 16]. We have determined the experimental values of v with respect to the mea-
sured ultrasound velocity by means of the equation

v =(C] - 2CH/2(C - C7).

They are given in Fig. 3b (points 1), where points 2 correspond to data from [12], 3 rep-
resent data from [14], and 4 are data from {15]. On the whole, a slight reduction in v
was observed with an increase in P. In measurements, the value of v is usually determined
with respect to the E and u moduli by means of the expression v = E/2py —'1 [14, 16]. There-
fore, for a more reliable analysis of the Poisson bracket, we determined for a number of
materials the experimental ratio (E/w)/(E,/uy), where E; and u, are the compact-state char-
acteristics borrowed from [7], which are given in Table 1. The results obtained are given
in Fig. 3a for iron, copper (5: [14]), molybednum (6: [17]), and tungsten (7: [17]). It

is evident from Fig. 3 that the variation of porosity hardly affects this ratio. These
data support the assumption that the Poisson bracket is independent of porosity in estimat-
ing the mechanical characteristics of porous materials.

In utilizing the above assumption, the moduli E and u can be calculated, like the
modulus B, on the basis of expression (1), and the velocities Cy and C¢, like Gy, by means
of (2). The calculation results for iron are represented by the curves in Figs. la and Za.

This agreement with experimental data made it possihle to use the proposed approach
for a wide range of porous materials. The parameter o and the elastic characteristics
necessary for calculations are given in Table 1 for Ti, Ni, Co, Cu, Mo, W and MgO on the
basis of data from [5, 7, 18]. As an example of typical results, Fig. 4b provides the
curve representing Young's modulus of porous nickel as a function of P. It lies close
to the experimental data from [19] (points 1) and [11] (points 2). Figure 5 shows the
theoretical values of the relative shear modulus u/u, for titanium and molybdenum as
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functions of porosity (curves I and II). The calculated values of the moduli of other metals
lie between these curves. There is a tendency to a stronger dependence of the elastic char-
acteristics on porosity for metals with a large atomic number, which is a due to an increase
in the o parameter in passing from titanium to molybdenum and tungsten. The experimental
results for a number of metals virtually overlap and fit well within the interval between
curves I and II (Fe: points 1 — present paper, 2 [12]; Cu: 3 [14]; Mo: 4 [17]; W: 5 [17]).

Description of porous ceramic materials is of considerable interest. Figure 4a shows
the results obtained in calculating the shear modulus u for magnesium oxide. The theoretical
curve is in good agreement with experimental data from [18] (points 1) and [20] (points 2).
This indicates a fairly broad applicability of the proposed approach in investigating the
elastic characteristics of porous materials.

LITERATURE CITED

1. R. McQueen, S. Marsh, J. Taylor, et al., High-Velocity Impact Phenomena [Russian tans-
lation], Mir, Moscow (1973).
2. V. E. Panin, Structural Levels of Plastic Strain and Rupture [in Russian], Nauka, Novo-
sibirsk (1990).
3. R. Prummer, Detonation Processing of Powdered Materials [Russian translation], Mir,
Moscow (1990).
4. V. V. Novikov, "Determination of the effective elastic moduli of inhomogeneous mate-
rials," Prikl. Mekh. Tekh. Fiz., No. 5 (1985).
5. V. V. Polyakov and E. A. Shchegolev, 'Calculation of the impact adiabatic curves of
solids,'" Prikl. Mekh. Tekh. Fiz., No. 2 (1982).
6. V. A. Zhdanov and V. V. Polyakov, ''Impact adiabatic curves of ion crystals,' Fiz.
Tverd. Tela, 17, No. 11 (1975).
7. K. M. Swamy and K. L. Narayana, 'Elastic and acoustic properties of isotropic poly-
crystalline metals,'" Acoustica, 54, No. 2 (1989).
8. R. Trewell, C. Elbaum, and B. Chik, Ultrasound Methods in the Physics of Solids
[Russian translation], Mir, Moscow (1972).
9. C. M. Sayers, "Ultrasonic velocity dispersion in porous materials," J. Phys. D.:
Appl. Phys., 14, 413 (1981).
10. G. V. Stepanov and V. I. Zubov, "Elastic compression of porous materials," Probl.
Prochn., No. 6 (1989).
11. 0. V. Roman, V. V. Skorokhod, and G. P. Fridman, Ultrasound and Resistometric Inspec-
tion in Powder Metallurgy [in Russianl], Vysheish. Shk., Minsk (1989).
12. J. P. Moon, "Elastic moduli of powder metallurgy steels,' Powder Met., 32, No. 2
(1989).
13. V. V. Skorokhod, "Calculation of elastic isotropic moduli of solid disperse mixtures,"
Poroshk. Metall., No. 1 (1961).
14, M. Yu. Bal'shin, Scientific Fundamentals of Powder Metallurgy and Fiber Metallurgy
[in Russian], Metallurgiya, Moscow (1972).
15, T. J. Griffits and A. Ghanizadeh, "Determination of elastic constants for porous
" sintered iron powder compacts," Powder Met., 29, No. 2 (1986).
16. Yu. A. Kashtalyan, Elastic Characteristics of Materials at High Temperatures [in
Ru551an], Naukova Dumka, Kiev (1970).
17. S. A. Balankln, S. S. Bashlykov, A. S. Bubnov, and D. M. Skorov, "Effect of porosity
on the elastic moduli of ‘tungsten and molybdenun,'" Izv. Akad. Nauk SSR, Metally,
No. 2 (1981).
18. E. A. Dean and J. A. Lopez, "Empirical dependence of elastic moduli on porosity for
ceramic materials," J. Am. Ceram. Soc., 66, No. 5 (1983).
19. R. Cytermann, Contiguity and Properties of Porous Materials, Fragm. Form and Flow
Fract. Media, Proc. 3rd Conf., Neve Jean, 1986, Bristol (1986).
20, K. L. Phani and S. K. Niyogi, Elastic Modulus — Porosity Relationship in Brittle
Solids, High Tech. Ceramics: Proc. World Congr., 6 Int. Meet. Mod. Ceram. Technol.,
Amsterdam (1987).

628



