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Abstract

The new results on the eect of thermal embrittlement (embrittlement of
structural metallic materials under prolonged action of relatively low stresses
and high temperatures) are obtained. The main attention is focused on the
formulation of the relations for the damage parameter and the development
of the long-term strength criterion. For comparison of the obtained relations
with the experimental results observational studies were performed on the determination of damage accumulation under high temperature creep conditions
for various metals and alloys: copper, aluminum, Magnox AL80, Nickel and
0.1% palladium alloy, various heat resistant alloys. The experiments were
carried out at dierent temperatures and levels of tensile stresses. Theoretical curves of density change were compared with the experimental results
for some of these metals and alloys. At the time interval 30-500 hours the
damage function is expressed as a straight line. The theoretical curves have
the general character irrespective of the material and the temperature-power
eects, which indicates the existence of a common law of damage processes
and indirectly conrms the selection of a physical damage parameter as the
ratio of the current density of the material to the initial density.

For the description of brittle fractures the conception of continuity (Kachanov [1])
and damage (Rabotnov [2, 3]) was developed. To materialize the damage parameter
various denitions were oered [4-6]. In the paper the parameter of continuity is
determined by the ratio ψ = ρ/ρ0 (ρ0 is initial, ρ is current density) and it is an
integral measure of the accumulation of structural microdefects during long-term
high-temperature loading [7-14]. In the initial conditions t = 0, ρ = ρ0 , ψ = 1, at
the fracture time t = tf , ρ = 0, ψ = 0.
In the brittle model of Kachanov it is supposed that creep deformation doesn't
inuence to fracture processes, and the kinetic equation of the continuity parameter
is taken as a power function of eective stress [1]

n
dψ
σmax
= −A
,
(1)
dt
ψ
where A > 0, n ≥ 0 are constants, σmax /ψ is eective stress.
The tension problem of specimen under the action of constant load P is solved.
It is considered that brittle fracture happens at small deformations therefore it is
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possible to neglect change of specimen cross section, i.e. the conditions F = F0 ,
σmax = σ = P/F = P/F0 = σ0 = const, (σ is true stress, σ0 is nominal stress, F0 , F
are the initial and current cross section area of a specimen) are accepted. At these
assumptions the equation (1) can be expressed in the form
 n
σ0
dψ
= −A
.
(2)
dt
ψ
In the Rabotnov's brittle fracture model [3] the damage parameter ω (0 ≤ ω ≤ 1)
is dened by the following kinetic equation

dω
= Aσ n .
(3)
dt
The damage parameter is introduced as ω = FT /F0 (FT is the total area of pores).
From condition F = F0 − FT , we have F = F0 (1 − ω), σ = P/F = σ0 F0 /F =
σ0 /(1 − ω). Taking into account these relations the kinetic equation (3) can be
written as

n
dω
σ0
,
(4)
=A
dt
1−ω
The equations (2) and (4) are identical at ω = 1 − ψ , dψ = −dω . From the solution
of these equations under the initial conditions t = 0, ψ = 1, ω = 0 we have


 1
ψ = 1 − ω = 1 − (n + 1)Aσ0nt n+1 .

(5)

Accepting the fracture conditions t = tbf , ψ = 0, ω = 1 (in the general case, the
fracture occurs when ρ = ρ∗ , ψ = ψ∗ , ω = ω∗ where the asterisk indicated the limit
values of density and damage parameters), from (5) follows the criterion

1
.
(n + 1) · Aσ0n

tbf =

(6)

Such approach can give to the parameter of Kachanov the physical content. However
from condition F = F0 , which is used in Kachanov's theory, follows ω = 0, i.e. the
concept of damage loses meaning. Thus, similar interpretation of Kachanov's continuity parameter isn't represented fully correct. The development of the conception
of damage received in work [3], where the system of equations for the creep deformation ε and damage parameter ω was proposed. When the criterion of ductile-brittle
fracture is determined using this system of equations, the condition of incompressibility, which is contrary to the damage conception, is accepted.
To overcome these contradictions a system of equations for the creep rate and damage, based on the continuity parameter ψ = ρ/ρ0 , is proposed. Let's consider the
following system of equations

dε
= Bσ m ,
dt

(7)

dψ
= −Aσ n ,
dt

(8)

ψβ
ψα
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where B , A, α, β are constants.
Taking into account the mass conservation law ρ0 l0 F0 = ρlF the true stress can be
expressed as σ = σ0 ψeε . Taking into account this relation the equations (7)-(8) can
be written in the form

dε
= Bσ0m ψ m−β emε ,
dt

(9)

dψ
(10)
= −Aσ0n ψ n−α enε .
dt
The system of equations (9)-(10) can be solved approximately, for example, for the
case of purely brittle fracture and small deformations, when the approximations
emε ≈ 1, enε ≈ 1 can be considered. In this case, using the initial conditions t = 0,
ψ = 1, ω = 0 we can receive the following analytical solutions

 1
ψ = 1 − (α − n + 1)Aσ0nt α−n+1 ,

(11)


 γ o
Bσ0m−n n
1 − 1 − (α − n + 1)Aσ0nt α−n+1 ,
(12)
Aγ
where γ = m − β + α − n + 1.
Consider the approximate and exact solutions for the damage function ψ(ε). Taking
emε ≈ 1, enε ≈ 1 from the system of equations (9)-(10) we get
ε=

A
dψ
= − σ0n−m ψ n−α−m+β .
(13)
dε
B
The solution of equation (13) with initial conditions ψ = 1, ε = 0 has the form
Aσ0n−m (1 − n + α + m − β)
ψ(ε) = 1 −
ε
B


1
 1−n+α+m−β

.

(14)

The exact solution of equations (9)-(10) for function ψ(ε) can be received. Dividing
(10) to (9), we will obtain the following equation

dψ
A
= − σ0n−m ψ n−α−m+β e(n−m)ε .
dε
B
Using the initial conditions ψ = 1, ε = 0 and solving (15) we receive
1

 1−n+α+m−β
Aσ0n−m (1 − n + α + m − β)
ψ(ε) = 1 +
(1 − e(n−m)ε )
.
B(n − m)

(15)

(16)

On Fig. 1 the curves ψ(ε) according formulas (14) and (16) for dierent values
of parameter α (α = 6 - curves 1, 1', α = 4 - curves 2, 2' è α = 2 - curves 3,
3') are shown. In the calculations the following values of coecients were used:
A = 10−9 [M P a]−2 , B = 5 · 10−14 [M P a]−4 , σ0 = 100 M P a, n = 2, m = 4, β = 1.
As can be seen from Fig. 1 the damage curves for formulas (14) and (16) are
identical.
Taking the fracture conditions t = tf , ψ = 0, from (11) we obtain the creep fracture
criterion
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Figure 1: The curves ψ(ε) according formulas (14) and (16) for dierent values of
parameter α: α = 6 - curves 1, 1', α = 4 - curves 2, 2' è α = 2 - curves 3, 3'.

tbf =

1
.
(α − n + 1) · Aσ0n

(17)

When α = 2n the criterion (17) coincides with the Kachanov-Rabotnov criterion.
In Fig. 2 are shown the theoretical creep deformation curves according to the relation
(12) for dierent values of the coecient α (α = 6 - curve 1, α = 4 - curve 2 è α = 2
- curve 3). As can be seen from this gure, the system of equations (9)-(10) is able
to describe the third phase of creep curves, which is determined by the processes of
damage accumulation. In the calculations the following values of coecients were
used: A = 10−9 [M P a]−2 , B = 5 · 10−17 [M P a]−4 , σ0 = 100 M P a, n = 2, m = 4,
β = 1.
For comparison of the obtained relations with the experimental results observational
studies were performed on the determination of damage accumulation under high
temperature creep conditions for various metals and alloys: copper, aluminum, Magnox AL80, Nickel and 0.1% palladium alloy, various heat resistant alloys [8-14]. The
experiments were carried out at dierent temperatures and levels of tensile stresses.
Dwell times under load to failure were within 30-500 hours. Theoretical curves of
density change were compared with the experimental results for some of these metals
and alloys. On Fig. 3 theoretical curves ψ(ε) (solid line) and experimental points
of density changes of pure copper during creep under 500◦ C [8] (circle points) and
250◦ C [10] (cross points) are shown.
On Fig. 4 theoretical curves ψ(t) (solid line) and experimental points of density
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Figure 2: The theoretical creep deformation curves according to the relation (12)
for dierent values of the coecient α: (α = 6 - curve 1, α = 4 - curve 2 è α = 2 curve 3.

changes of pure aluminum during creep under 250◦ C [9] (circle points) and nickel
alloy under 503◦ C [13] (cross points) are shown.
From Fig. 3-4 it follows that the experimental points are described well by straight
lines and have the general character for dierent metals tested under various temperature and force conditions. These results allow us to consider the damage parameter
ψ = ρ/ρ0 as universal characteristic of porosity accumulation in the creep process.

Acknowledgements
Financial support of the Russian Foundation for Basic Research (Grant N 15-0103159) is gratefully acknowledged.

References
[1] Kachanov L.M. Time of fracture under creep // Proceedings USSR Academy
of Sciences. OTN. 1958. N 8. P. 26-31. (in Russian).
41

REFERENCES

Figure 3: Theoretical curves ψ(ε) (solid line) and experimental points of density
changes of pure copper during creep under 500◦ C [8] (circle points) and 250◦ C [10]
(cross points).

[2] Rabotnov Y.N. On the mechanism of long-term fracture // Problems of strength
of materials and structures. M.: Publishing House of the USSR Academy of
Sciences. 1959. P. 5-7. (in Russian).
[3] Rabotnov Y.N. Creep of elements of designs: M.: Nauka. 1966. 752 p. (in
Russian).
[4] Novozhilov V.V. On plastic loosening // Applied Mathematics and Mechanics.
1965. N 4. P. 681-689. (in Russian).
[5] Arutyunyan R.A. The problem of strain aging and long-term fracture in mechanics of materials. SPb.: Publishing House of the St. Petersburg State University. 2004. 252p. (in Russian).
[6] Arutyunyan R.A. High-temperature embrittlement and long-term strength of
metallic materials // Mechanics of solids. 2015. Volume 50. Issue 2. P. 191-197.
[7] Arutyunyan R.A. Embrittlement problem in mechanics of materials. // Vestn.
St. Petersburg. Univ. 2009. ser. 1. vol. 1. P. 54-57. (in Russian).
42

REFERENCES

Figure 4: Theoretical curves ψ(t) (solid line) and experimental points of density
changes of pure aluminum during creep under 250◦ C [9] (circle points) and nickel
alloy under 503◦ C [13] (cross points).

[8] Boethner R.C., Robertson W.D. A study of the growth of voids in copper during
the creep process by measurement of the accompanying change in density //
Trans. of the Metallurg. Society of AIME. 1961. vol. 221. N 3. P. 613-622.
[9] Beghi C., Geel C., Piatti G. Density measurements after tensile and creep tests
on pure and slightly oxidised aluminium // J. Mat. Sci. 1970. vol. 5. N 4. P.
331-334.
[10] Brathe L. Macroscopic measurements of creep damage in metals // Scand. J.
Metal. 1978. vol. 7. N 5. P. 199-203.
[11] Ratclie R.T., Greenwood G.W. Mechanism of cavitation in magnesium during
creep // Phil. Mag. 1965. vol. 12. P. 59-69.
[12] Woodford D.A. Density changes during creep in nickel // Metal science journal.
1969. vol. 3. N 11. P. 234-240.
[13] Bowring P., Davies P.W., Wilshire B. The strain dependence of density changes
during creep // Metal science journal. 1968. vol. 2. N 9. P. 168-171.
[14] Kumanin V.I., Kovalev L.A., Alekseev S.V. The durability of the metal in the
creep conditions. M.: Metallurgy. 1988. 223p. (in Russian).
Robert A. Arutyunyan, Universitetskii pr., 28, Faculty of Mathematics and Mechanics
Sankt-Petersburg State University, Sankt-Petersburg, Petrodvoretz, 198504, Russia.

43

