
ISSN 2075-1133, Inorganic Materials: Applied Research, 2020, Vol. 11, No. 3, pp. 669–671. © Pleiades Publishing, Ltd., 2020.
Russian Text © The Author(s), 2019, published in Fizika i Khimiya Obrabotki Materialov, 2019, No. 4, pp. 46–49.

COMPOSITE MATERIALS
Lower Limit Size of Pores in Metals under Sintering
M. I. Alymova, * and S. I. Averinb, **

aMerzhanov Institute of Structural Macrokinetics and Materials Science, Russian Academy of Sciences,
Chernogolovka, Moscow oblast, 142432 Russia

bBaikov Institute of Metallurgy and Materials Science, Russian Academy of Sciences, Moscow, 119334 Russia
*e-mail: alymov@ism.ac.ru

**e-mail: qqzz@mail.ru
Received March 20, 2019; revised April 9, 2019; accepted May 27, 2019

Abstract—The results of the derivation of an analytical expression for determining the lower limit (critical)
pore sizes in the material are presented. It is shown that the material cannot contain pores with a size below
a certain critical value.
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INTRODUCTION
Diffusion mass transfer and dislocation mass trans-

fer occur in the process of thermomechanical treat-
ment of materials. This leads to a decrease in pore size
and an increase in the density of the material. These
processes also occur when there is no external pressing
pressure and internal gas pressure in the pores of the
material [1], and their driving force is a decrease in the
free energy of the material due to a decrease in the free
surface area as a result of the action of surface tension
forces. The effect of external compressive pressure
leads to an even greater decrease in porosity.

The results of investigations of the shape of an iso-
lated pore, the stress-strain state of the material
around the pore, and the features of the distribution of
vacancies, which is caused by the stress field, are con-
sidered in detail in [2, 3], where it was shown that the
distribution of stresses around the isolated pore and
their magnitude substantially determine the features
and kinetics of mass transfer associated with healing of
the pore. An expression for the minimum pore radius
possible in a material when there is no external pres-
sure is given in [1].

The purpose of this work is to determine the lower
limit size of pores existing in the material under exter-
nal pressure, which corresponds to the conditions of
hot isostatic pressing (HIP) used in industry to reduce
the porosity of materials and increase their strength
properties.

RESULTS AND DISCUSSION
The solution to the problem of the stress-strain

state of a material near a spherical cavity with radius R

with an internal pressure Pi subjected to external pres-
sure P0 in an infinite medium belongs to G. Lamé [4, 5].

The distribution of radial σr and tangential σt
stresses around a spherical cavity with radius R is
determined by the expressions

(1)

(2)

where r is the distance from the center of the pore.
If there is no internal pressure in the material with

a spherical pore and the external pressure does not act,
then the stresses in the material are not equal to zero,
since there is a Laplace pressure PL acting in the direc-
tion from the material to the pore and equal to

(3)

where α is the surface tension of the material. This
pressure contributes to the formation of the stress-
strain state of the material. In this case, the action of
the internal pressure Pi can be represented as the sum
of the gas pressure inside the pore PG and the Laplace
pressure

The stresses are maximal on the pore surface at r = R
and are equal to

(4)
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Table 1. Properties and critical radius of pores for some metals at room temperature [6–10]

Material α, N/m [6–10] σ0.2, MPa [6] Rcr, nm (P0 = 0) Rcr, nm (P0 = 100 MPa)

Iron 1.90 170 34 285
Chromium 2.20 190 35 165
Titanium 1.70 300 17 34
Cobalt (annealed) 1.97 300 20 39
Copper (cold-hardened) 1.75 380 14 23
Molybdenum (annealed) 2.60 570 14 19
Nickel (deformed) 1.82 686 8 10
Tungsten 2.80 760 11 14
Then, the principal normal stresses acting on the areas
where there are no tangential stresses are

(6)

(7)

Plastic deformation of the material around the pore
will begin when a certain critical stress value is
reached.

In the context of the theory of strength, there are
several hypotheses according to which the material

begins to deform if the acting equivalent stress σeq
exceeds some acceptable value [σ]. The energy theory
of strength (the theory of the highest specific potential
energy of deformation) proceeds from the assumption
that the amount of potential energy of deformation
accumulated at the moment of the onset of material
plasticity is the same both in a complex stress state and
under simple tension. The fourth energy hypothesis of
strength is consistent with experimental data for duc-
tile materials. According to the fourth energy hypoth-
esis [5], the strength condition has the form

(8)

Equations (6)–(8) show that the equivalent stress
σeq is

(9)

The yield strength of the material σ0.2 can be taken
as the allowable stress [σ], and then, if the equivalent
stress σeq is equal to the yield strength, plastic defor-
mation will begin and the material will f low into the
pore, and the pore will collapse. Therefore, Eqs. (3)
and (9) make it possible to derive an analytical expres-
sion for the lower limit (critical) pore size Rcr

(10)

Table 1 shows the calculated values   of the critical
pore radius for some metals at room temperature for
the case where the internal gas pressure PG = 0 (press-
ing and sintering in vacuum) and the external pressure
P0 = 100 MPa (isostatic pressing).

The yield strength decreases with increasing tem-
perature, which leads to an increase in the critical pore
size, while the action of internal pressure reduces the
critical pore size. An increase in external pressure
leads to the fact that large pores begin to collapse, that
is, the critical pore size increases.

The results of optical microscopy of a thin section
of a magnetically hard alloy Fe–26Cr–16Co–2Mo–
2W–0.5Si sintered at 1420°C are presented in [11].
Pores with a lower limit size of ~1 μm are visible in
photomicrographs. Studies of the same alloy with a
scanning electron microscope show that the lower
limit pore size is ~0.6 μm. An evaluation for the alloy
ZhS32U-VI confirmed by experiments on the resto-
ration of the fine structure is conducted in [12]. It
shows that small pores ~0.25 μm in size, remaining in
the castings after their compaction, dissolve by the dif-
fusion mechanism in a time of ~100 s. Our evaluation
of the critical pore size for pure nickel is Rcr = 42 nm
(α = 1.82 N/m, σ0.2 = 280 MPa, T = 1200°C [13], and
P0 = 100 MPa).

The results make it possible to conclude that lower
limit pore size in porous materials is limited by the
critical value Rcr, which can be evaluated from expres-
sion (10).

CONCLUSIONS
It is shown that the decrease in pore size due to

plastic deformation of the material occurs as a result of
the action of surface tension and external pressure. An
analytical expression for the lower limit size of pores
existing in the material is obtained by comparing the
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principal effective stresses with the yield strength of
the material.
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