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Abstract

The paper concerns with the generalization of synthetic theory to the modelling of
both plastic and creep deformations, as well as the interrelation between them.
Together with the modelling of conventional creep, non-classical problems such as
creep delay and creep with different plastic pre-strains are considered, which
grow out of the competency of the classical theories of plasticity and creep.
Results obtained in terms of the generalized synthetic theory show satisfactory
agreement with experiments.

1. Introduction

The work presented herein regards the generalization of the
synthetic theory of plastic deformation presented in the work of Rusinko
and Rusinko [21] to the modelling of not only plastic, but also creep (both
primary and steady-state) deformation, as well as the plastic-creep
deformation interrelation. The key points of the generalized synthetic

theory are:
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I. It is of both mathematical and physical nature. As a mathematical
(formal) model, the synthetic theory is in full agreement with basic laws
and principles of plasticity such as Drucker’s postulate, the law of the
deviator proportionality, isotropy postulate, etc. (Rusinko and Rusinko

(21]).

On the other hand, the synthetic theory is a physical one, which
includes the characteristics of the microstructure of metal (the nucleation
and evolution of crystal lattice defects) and their interplay with
microscopic and macroscopic plastic flow. This is motivated by that
classical plasticity ignores completely the microstructure and its
evolution in the course of plastic flow, yet the evolution of microstructure
is the reason for work hardening and many other plasticity and creep
phenomena. Being of two-level nature, the synthetic theory is akin to the
crystal plasticity theories (Asaro [4], Hutchinson [10], Nemat-Nasser and
Okinaka [14]). The key question is: which mechanisms of the act of
plastic/creep deformation should be taken into account, and in what
manner plastic microstrains should be connected to their carriers, the
defects of crystal lattice? For the basic mechanism of irreversible strain,
we take a slip of the parts of crystal grains relative to each other. To
model microstrains vs. defects relation, we focus only on incontrovertible
facts about in what interplay the defects of crystal lattice and
plastic/creep straining are, while those of secondary importance are
omitted from consideration. This makes possible to introduce relatively
simple relations on the micro-level of material which, at the same time,
adequately reflect the real behavior of material in unrecoverable
(permanent) deforming. An excessive concretization of the mechanisms,
which accompany/induce irreversible deformation inevitably leads to
extremely cumbersome expressions, in which the role of the dominating

processes can be unjustifiably veiled.

Summarizing, the synthetic theory is aimed to strike a compromise
between a physical adequacy, and simplicity in calculations to be more
readily applied to engineering design (Ruszinko [22]).

II. Independently on the type of deformation (creep or plastic) to be

modelled, a single notion, irreversible (permanent) deformation, is
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introduced, 1i.e., the deformation i1s mnot splitted into plastic
(instantaneous) and creep (viscous) parts (Rusinko [19, 20]). The
manifestation of plastic or creep component and their interrelations
depend on concrete loading- and temperature-regimes. The correctness to
use the notion of irreversible deformation follows from the similarity of
the mechanism of time-dependent and plastic deformation. Indeed, this
mechanism is a slip of the parts of crystal grains relative to each other.
These slips are induced mainly by the motions of dislocations which, in
turn, are induced/accompanied by other micro-structural imperfections
(defects) of crystalline lattice (vacancies, interstitial atoms, etc.).
Undoubtedly, the driving forces and configurations of defects are
different under different conditions. Nevertheless, despite of the variety
of processes occurring in a body subjected to different loading regimes,
numerous experiments systematically record the arising of dislocation
gliding for any type of inelastic straining. Other facts justifying the
similarity of the nature of plastic and time-dependent deformation are (i)
a hydrostatic stress does not affect creep deformation; (i1) the axes of
principal stress and creep strain rate coincide; (iil) no volume change
occurs during creep (Bethen [5]). These observations are the same as
those for plastic deformation (Chen and Han [9], Chakrabarty [8]).

III. Following the tendency of wunified approaches to the
determination of irreversible deformation (see, e.g., Chaboche et al. [6,
7]), the system of constitutive equations that governs the whole spectrum
of inelastic deformation has been worked out. In terms of generalized
synthetic theory, the universality of this system is based on following:

(1) a single equation provides the relation between (a) micro-
irreversible-deformation, (b) defects of crystalline structure inducing this
deformation, and (¢) time. Further, the procedure of the transition from
micro-to macro-level is also uniformed: irreversible macro-strains are

calculated as the sum of the corresponding irreversible micro-strains.

(i1) a hardening rule is set in such a way that, the transformation of
loading surface obeys an unique rule; in addition, the kinetics of the
loading surface transformation is not set a priori, but is fully determined
by loading trajectory.
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The objectives of this paper are to demonstrate how, by utilizing the
uniformed method, the generalized synthetic theory is capable of
embracing both plastic and creep deformation. In addition, the problem of
the interrelation between plastic and creep deformation, i.e., creep
deformation with different plastic pre-strains, is considered. This
problem, which grows out of the competency of classical theories, remains
a challenging open one; experiments performed by Ohashi et al. [15]
refute the erroneous conjecture that plastic and creep deformations do
not affect each other, and thus must be described by separate models. The
results of Ohashi et al. [15] contradict the hypothesis of creep potential
(Bethen [5], Rabotnov [17]) that defines the creep strain as a single-
valued function of the acting stress and temperature independently on
loading prehistory. Another phenomenon, creep delay, which under
certain conditions accompanies creep, is modelled.

2. Fundamentals of the Synthetic Theory of
Plastic Deformation

The synthetic theory, concerned only with small plastic strains, falls
within the category of work-hardening theories of plasticity. Below, the
basic principles of the synthetic theory (Rusinko and Rusinko [21]) are

briefly reviewed.

(A) The establishment of strain-stress relationships takes place in the

Ilyushin stress deviatoric space, S5, (Ilyushin [11]). A load is presented

by stress-deviator vector, é, whose components are
S; =8/2S,, Sy =S, /V2+42S,,

Sy =+28,., S, =+28 S5 = V2S,,, 2.1)

xy >
where Sij (i, j = x,y,z) are the stress-deviator tensor components;
‘é‘ = 3x/§J2, where J5 is the second invariant of stress deviator tensor

(Chen and Han [9]). Further throughout, we will consider the cases when

Ses? (s, =85 =0).
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(B) Yield criterion and yield surface. One of the key points
consists in the construction of planes tangential to yield surface in S5,
instead of the yield surface itself. The inner-envelope of tangent planes
constitutes the yield surface. By making use of this method, a new yield
criterion is introduced, which coincides with neither the Tresca nor von-
Mises yield criterion in S®. At the same time, the new criterion is

reduced to the von-Mises yield criterion in S?, meaning that the trace of

the five-dimensional yield surface takes the form of sphere in S®:
SZ+82+8%=5% Sg=+org, (2.2)
where tg is the yield limit of material in pure shear.

(C) Loading surface. During loading, the stress deviator vector

shifts on its endpoint planes tangential to the yield surface in S®. The
movements of the planes located on the end-point of stress deviator vector
are translational, i.e., without a change of their orientations. Those
planes, which are not on the endpoint of stress deviator vector remain

unmovable. Despite the fact S e S3, the displacements of planes

tangential to the five-dimensional yield surface must be considered.
On the other hand, the positions of planes tangential to the five-

dimensional yield surface can be set by their traces in S3. As a result
(Rusinko and Rusinko [21]), any plane locating beyond the sphere (2.2) is

the trace of plane tangential to the five-dimensional yield surface.

The loading surface constructed as an inner-envelope of tangent
planes takes the shape fully determined by the current positions of
planes. Therefore, the behavior of loading surface is not prescribed a

priori, but is fully determined by the hodograph of stress deviator vector.

Figure 1(a) illustrates the yield surface (circle) (2.2) in S;-Sy

coordinate-plane at the virgin state of material, while Figure 1(b) shows
the loading surface due to the action of stress deviator vector. The planes
(lines) tangential both to the five-dimensional yield surface and its traces
are shown in black. The lines filling up S;-Ss plane beyond the circle (the
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traces of planes tangential to the five-dimensional yield surface) are
shown in grey. The tangent lines incurring displacements on the end-
point of vector S, and the loading surface as their inner-envelope are
shown in red in Figure 1(b). It is easy to see (Figure 1(b)) that a corner
point arises on the loading surface at the end-point of S (loading point).
This fact is of great importance for the description of the peculiarities of
plastic straining at non-smooth (orthogonal) loading trajectories (Rusinko
and Rusinko [21]), where any theory with regular loading surface has

proved to be unsuitable.

— M —

Figure 1. Yield and loading surface in terms of synthetic theory.
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The condition that a tangent plane is located on the end-point of é,
can be expressed as

Hy =S-N, 2.3)

where Hj, is the distance between the origin of coordinates and the

tangent plane in S®; N is the unit vector normal to the tangent plane,
which defines the orientation of the plane. If the plane is not reached by

é, Hy > S - N. The distance to plane in S® can be expressed through

that to its trace in S3, h,,, as (Rusinko and Rusinko [21])

m>
Hpy = h,, cosA, (2.4)
where index m indicates the unit vector, m, normal to the tangent plane

in S3:
m(cos a cos B, sin a cos B, sin B), (2.5)

and A is the angle between the vectors m and N. Components N r and

my, are related to each other as
N =mycosh, (k=1,2, 3): Ny =cosacosBcoshi, Ny = sin a cos B cos A,
N3 = sinpcosA. (2.6)
Therefore, Equations (2.3) and (2.6) give that
Hy =S-mcosh = (S;my + Sgmg, + Symg )cosh, S e S3. 2.7

As follows from Equations (2.4) and (2.6), if A = 0, then Hy = h,, and
N, =my(k =1,2,3). This holds true for the planes, which are

tangential both to the five-dimensional yield surface and sphere (2.2). It
is these planes with A = 0, that govern the transformation of loading

surface in S®.

(D) Plastic strain vector components. Similarly to the Batdorf-

Budiansky slip concept, the synthetic theory is of two-level nature.
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Each tangent plane represents an appropriate slip system (microlevel) at
a point in body, and the plane motion symbolizes an elementary process
of plastic deformation within this slip system. To define an average
continuous measure of plastic slip within one slip system, we introduce a

scalar magnitude, ¢y,

T(pN=HN—\/§Ts=S'N—\/§‘Cs, (28)
which is called the plastic strain intensity. Equation (2.8) holds true for
the plane displaced by stress deviator vector, i.e., if Hpy = S-N. If
Hy > SN, ¢ N 1s set to be zero. An incremental plastic strain-vector,
dés, (micro plastic deformation on lower (micro)-level) is assumed to be
in the direction of the outer normal to the plane and determined as

deS = g yNdV. (2.9)

In Equation (2.9), dV is an elementary volume constituted by the

elementary set of planes in S? that covered an elementary distance due

to infinitesimal increase in stress vector (Andrusik and Rusinko [1]):
dV = cos BdadpdA. (2.10)

S, 1s determined as

The total (macro) strain-vector at a point in a body, e
the sum (three-folded integral) of the micro strains ‘produced’ by movable

planes:

&S = J(pNNdV or &5 = J¢NNdV. 2.11)
14 14

The strain vector components related to the strain-deviator tensor

components e;; as (Ilyushin [11])

e = 3/ 2, eg =en /N2 + x/geyy,

es = V2e,,, e4 = x@exy, e = «/§eyz. (2.12)
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By using Equations (2.6) and (2.10), Equation (2.11) becomes

e]f = J.J.J.(mek cos A cos Bdadpdr, or
af A

é}es = J‘J.J.(])Nmk cos A cos BdadBdr, k =1, 2, 3. (2.13)
afB A

The integration in Equation (2.13) must be taken over planes shifted by
stress deviator vector.

3. The Generalization of Synthetic Theory

To extend the physical base and boundaries of applicability of
synthetic theory, the following is proposed.

(D) To reflect the well-known fact that the defects of metal-crystal-
structure are the carriers of irreversible (plastic or creep) deformation, a
defect intensity, Y, is introduced. ¥y represents an average
continuous measure of defects (dislocations, vacancies, etc.) generated by

irreversible deformation within one slip system.

(II) To model a primary creep and the influence of loading rate upon
irreversible straining, a new function of time and loading rate, so called

integral of non-homogeneity, (I ), is introduced. By utilizing the
physical grounds of irreversible deforming, the form of I will be strictly
derived below.

(III) Instead of Equation (2.8), the defect intensity is related to plane

distances and the integral of non-homogeneity as:
‘PN:HN—IN—\/E‘CP :§~N—IN—\/§‘CP, (31)
furthermore, if Hpy > S- N, we set ¥y =0. The establishment of

relation between W and Hpy is fully logical due to the distance Hp

characterizes the degree of work-hardening. Indeed, the greater plane
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distance Hpy, the greater stress deviator vector is needed to reach the
plane and induce irreversible strain. In Equation (3.1), tp is the creep

limit of material in pure shear; in terms of the generalized synthetic

theory, the yield limit and creep limit are related to each other via Iy

(see Section 4).

Without specifying the types of defects induced by irreversible strain,
Equation (3.1) expresses an absolutely correct assertion (confirmed by an
enormous number of experiments): the crystal structure defects are

related to the work-hardening of material (H ) and rate-effects (I ).

(IV) To establish a relationship between irreversible deformation,

defects and time (¢), the following equation is proposed

d\PN = rd(pN - KLIJth, (32)

where 7 is the model constant and K is a function of homological
temperature, and the module of stress deviator tensor, whose form will be
published elsewhere (an important point is that K = const, under the

condition of creep straining). The units of quantities in Equation (3.2) are

[Wn]=Pa, [ox]=1,[r] = Pa, and [K] = sec!.

In what follows, the establishment of the form of the integral of non-
homogeneity, and the detailed analysis of the proposed generalizations

are considered.
3.1. The integral of non-homogeneity
3.1.1. Local micro-stresses and the physics of primary creep.

It i1s well known that a plastic deformation is accompanied by the
formation of dislocation pile-ups, tangles of dislocations, unmovable jogs,
grains boundaries, etc. (the nucleation of dislocations is observed at
elastic deformation as well). These defect-formations, being of strongly
local character, cause an uneven stress/strain distribution through the
microstructure of metal that, in turn, leads to considerable distortions of
crystal lattice, where the strain energy is mainly stored.
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The considerable non-homogeneity and concentration of micro-
strains/stresses of the second and third kind was observed in the
experiments carried out by Kuksa et al. [12], which were performed on
the specimens of pure copper, iron, and titanium in uniaxial tension
producing stresses in elastic and plastic ranges. The experiments show
that both stresses and strains are distributed in a strongly
inhomogeneous way through the crystal grains; local peak stresses can
take considerable values. In addition, if a strain is larger than the
average, then the stress inducing this strain is smaller than average
stress and vice versa. At the same time, the total over- and under-loading

is equal to zero.

The inhomogeneous stress distribution makes a metal more unstable
than in annealed state. Once favorable conditions arise (for example, if to
stop the increase in stress as in creep tests), the crystal lattice distortions
start to relax. In other word, the energy stored during plastic loading
starts to release under a constant stress giving rise to the primary creep.
It is the difference between the local and average stresses is the driving
force for the relaxation, which occurs mainly due to spontaneous slips in
grains induced by the movements of dislocation. Indeed, under thermal
fluctuations, locked and tangled dislocations, and the obstructions in
their way themselves become progressively movable thereby causing the

development of primary creep deformation.

The local stresses arising around the lattice distortions, we will call
local peak micro-stresses. These stresses display the following properties
(Asaro and Rice [2], Peirce et al. [16]): (1) they, being directly correlated
with dislocation density, make a material stronger; (2) the larger loading
rate, the larger local stresses; and (3) they are unstable, as soon as
favorable conditions arise, they decrease with time. It must be noted that,

the local micro-stress relaxation is also observed during slow loading.

Therefore, on the one hand, the local micro-stresses cause the “rate-
hardening” of material during active loading but, on the other hand, they
can relax resulting in the softening of the material. The time-dependent
macrodeformation of material is the result of the concurring processes of
the hardening and softening.
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3.1.2. The integral of non-homogeneity as the mathematical
measure of local peak stresses

The integral of non-homogeneity is obtained on the base of the
statistical analyze of the influence of micro-stress distribution upon the
elastic strain energy of material. For this purpose, consider an

elementary volume of body (treated as point) consisting of a large number

of microparticles (grains). Let 62(] denote the average stress deviator

tensor components (macro-stress) acting at the given point. The micro-
stress non-homogeneity can be expressed through the stress deviator

tensor components acting in each microparticle, ., as

—0 —
Okq = Opq + Okq's (3.3)

Al

where Gp,' are random quantities expressing an over/under-loading in

each particle. We set the relation between dcy,"' and dE,gq as
' —0
dopg' = Cijrdsy;, (3.4)

where Cj;;; are random numbers, that vary from particle to particle,
which are assumed to be independent from 68-. Let us suppose that all
random numbers C;;;,; have an identical distribution function, F, and are
independent of each other. Since dEg. are macroscopic (average) stress

components, the mathematical expectation of parameters Cijkl 1s

_[ CijtiF(Cj )ACijpy = 0 % (3.5)

—00

meaning that the total over-and under-loading with respect to the

average stress is equal to zero. In addition,

J. F(Cij)dCypy =1 =. (3.6)
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As it was pointed out earlier, the local stresses are unstable and can
relax. Let us present the equation to govern their time-dependent

behavior as

' 0 —
doj' = CijpedSpq — ;' dt. (3.7)

The first term in the right-hand side in the above formula characterizes

the increment in o;;' given by Equation (3.4), while the second one,
—-pc;;' dt, gives the time-dependent decrease of micro-stresses, which is
taken to be proportional to G The solution of the obtained differential

equation (3.7) for ;' is

td—O
— kg
6ij'= Cijrglrg(t), 1Ipq(t) =J s exp(— p(t - s))ds, (3.8)
0
and Equation (3.3) becomes
Eij = 68 + Cijkqlkq(t)' (39)

Substituting stresses c;; from Equation (3.9) into the formula for elastic

strain energy,

1 [= — — — _
U= m (ze - ny)2 + (ny - Gzz)z + (Gzz - Gxx)z + 6(‘59263' + T?}z + T,Zx )]’

(3.10)

leads to the following relation

1 f(=0 —0 2 (-0 —0 2
U= 12G {(Gxx + CrxkgIrg = Oyy = nykqlkq) * (ny + Cyyrglrg — 02z - szqukq)
6O + Cono iy — 5% — Couralng ) + 6 (<% + Cona g )
+\0zz * Uzzkglhg — Oxx — Cxxkglhq) + Txy T Cxykglkg

+ (T(})’Z + Cyququ)2 + (1722 + szqukq )2 :|} (3.11)
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The mean value of U is determined by the following relation

e} o0

U) = j' I UF(Cypry ). F(Cpas ) dCope - dCran (3.12)

-0 —®©
—
36

which can be decomposed in two parts

<U> = Jl + J2, (313)
Jl = j IUOF(Cxxxx) F(szxz )dCxxxx dszxz = U07 (3’14)
36

where U, 1is the strain energy for the case of homogeneous stress
distribution determined by Equation (3.10) at 6;; = 83. At arriving at the

result (3.14), Equation (3.6) has been taken into account. Further, in

order to evaluate integral J,

1 © 0

X ACyppx - ACxops

12G J. ngxxF(Cxxxx)dCxxxx : J. J. F(Cxxxy)'"F(szxz)dcxxxy '~'dszxz
—00 —00 —00
35
1 o0 o0
+ a5 6G xxGxx I CxxxxF(Cxxxx) Cxxxx ’ J I F(Cxxxy)--~ F(szxz)
—00 —o0
35

xACryyy - ACozgz + ..., (3.15)
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it is enough to investigate its first two terms. Equation (3.5) implies that
all the integrals in Equation (3.15) containing C;j;; are equal to zero. The
integrals containing Ci%’kl give the variance of random numbers C;j,

B]_:

I CuF (Cijra)dCijpy = By X (3.16)

—00

2B,
G
Equation (3.13) becomes

As a result, Jy = (Ifx + 133, + I?z + 2I§y + 2];2 + 2I§x ) Finally,

2B,
TG

By subtracting from the right-hand side in Equation (3.17), the

U) = U, (12, + 12, + 12 + 212, + 212, + 212,). (3.17)

expression 2B; / SG(Ixx +1,, +IZZ)2, which is equal to zero due to

62 + 62 + 62 = 0, we obtain
2B 2 2 2
<U>:U0+3_G1(Ixx_1yy) +(Iyy_Izz) +(Izz_Ixx) +6(I%y+I§z+Iz2x)]'

(3.18)

Substituting I ij from Equation (3.8) into Equation (3.18), and converting
the variables o;; to the stress vector components S, by Equation (2.1),
the expression for the mathematical expectation of the elastic strain
energy is obtained as

2
5 |t
2B ds
V) =Up+ 52> j 0 expl- plt — ))ds | - (3.19)
n=1| o

The value of (U) is seen to consist of two parts, the term U, corresponds

to homogeneous stress distribution, and the second term characterizes
the time-dependent deviation of stresses from their average value. If a
body is ideally homogeneous, the distribution functions C;;;; degenerate

in the Dirac delta-function and, according to Equation (3.16), we obtain
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B, = 0. As seen from Equation (3.19), (U) depends not only on the rate
of stress vector components S, at a given instant, but on its values for

the whole loading history as well. For the case S,, = const,

¢ 2

U)=U, + 221 231 $,5, J' exp(- plt - 5))ds | , (3.20)
0

and since SnSn =52 (S denotes the length of stress vector),

2
(U)=Uy + ZBl Jd—fexp(— pt—s)ds| . (3.21)

For the case, if the stress deviator vector has a single non-zero
component, Equations (3.19) and (3.21) are identical at variable loading
rate as well. We take the square root in the right-hand side in
Equation (3.21),

t
_ B[ 98 exp(— plt - _ 2B _
I—B'([ Is exp(- p(t —s))ds, B= sq - const, (3.22)

to be the scalar measure of micro-non-homogeneity that regulates
primary creep; we will term I as the integral (parameter) of non-
homogeneity. To work with the integral of non-homogeneity on the lower

(micro) level of synthetic theory, we replace S in (3.22) by the scalar
product S - N. This replacement reflects the fact that the driving force for
a plastic flow within a slip system is not the whole macro-stress vector é,

but only its projection, S N (resolved stress). Thus, finally, the

characteristic of local micro-stresses have the form

t -
Iy = BJ.% - N exp(— p(t — s))ds. (3.23)
0
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In contrast to Equation (3.22), the adopted integral (3.23) depends on

angles a, B, and A thereby allowing for the orientation of tangent planes

in the Ilyushin space. It must be noted that I is assumed to be zero, if
S N <o.
Consider the integral of non-homogeneity at the loading regime

shown in Figure 2(a) (v = dé/dt = const). On the first portion of the

loading, Equation (3.23) gives
t L

In() = B(\"f . N)j exp(— p(t — s))ds = ﬂ‘ZD—N)[I —exp(— pt)], tel0, ]
0

(3.24)

a)

Iy
b)

\ 4

Figure 2. I —t diagram.

As seen from Equation (3.24), the integral In(¢) grows from the every

beginning of loading (Figure 2(b)). If we take the loading rate v = S/t to

be infinitely large, we can approximate the function exp(-pS/v) in

Equation (3.24) by the Tailor series that results in the following relation

Iy = B(s . N) as v — oo, (3.25)
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For the range ¢t > ¢;, when v = 0, let us split the range of integration in
Equation (3.23) into two parts, from 0 to ¢ and from ¢ to t. Now,

Equation (3.23) becomes (the decreasing portion of Ix(¢) in Figure 2(b)):

In@) = B(\7 . N)J‘ exp(— p(t — s))ds
0
_B {Ip' N [exp(pt;)—1]exp(~ pt), t>t. (3.26)

If to assume the loading rate to be infinitely large, Equation (3.26) can be

written as
Iy = B[S N)exp(- pt). (3.26a)

From Equations (3.24) and (3.26), the following properties of the integral
of non-homogeneity can be indicated: (i) during loading, it grows
proportionally to the loading rate; (i1) it decreases under constant
loading. Therefore, the time-dependent behavior of the integral of non-
homogeneity correlates with that of local peak micro-stresses discussed
above, and regulates the rate-hardening of material.

The condition Iy =0, symbolizes the end of transformations
occurring in the crystal lattice under primary creep and the transition to
the steady-state stage of creep.

3.2. System of constitutive equations: Loading criterion

Formulae (3.1), (3.23), (3.2), and (2.13) constitute the base of the

generalized synthetic theory:

vy = Hy - Iy —V21p, (A)
t ~

Iy = B[ % Nexpl- plt - 5))ds, ®)
0

dyy =rdeoy - Ky ydt, (©)



CREEP DEFORMATION IN TERMS OF SYNTHETIC THEORY 87

eZ = J I I @pymy, cos A cos Bdodpdr, or
af A

&, = I I I @nmy, cos hcos Bdadpdr, k=1,2,3. (D)
afB A

The procedure of the calculation of irreversible strain vector

components (ei3 ) is the following,

(1) at a given vector S and loading rate, the defect intensity vy y is

determined by Equations (A) and (B),

(i) the strain intensity ¢ ) can be found by Equation (C),

(11) Equation (D) gives the irreversible strain (rate) vector

components e .

Equation (C) is one of the most important in terms of the generalized
synthetic theory. It reflects the well-known fact that the defect intensity
dy y growths with the increase in deformation (rdey) and

simultaneously, decreases (relaxes) with time (- Ky ydt ). Owing to

Equation (C), one does not need to split a deformation into its
“Instantaneous”(plastic) and viscous parts-both of them are developed
simultaneously. The degree of this development depends on concrete
loading- and temperature-regimes. That is why, further throughout, we
will use a single term, irreversible deformation, by which, we mean the
deformation progressing with time (independently of whether, we
consider very short-termed loadings in plastic straining or the loadings

lasting several hours or days as in creep tests).

The (A)-(D) system governs all types of irreversible deformation for

any state of stresses and loading regimes.
Regard must be paid to the integration limits in Equation (D). When
finding the boundary values of angles a, B, and A, one must follows a

single rule-only tangent planes, which are on the end-point of stress

deviator tensor produce irreversible strains. Since the plane distances are
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related to vy, following the work of Rusinko and Rusinko [21], the
limits of integration in Equation (D) are determined from the conditions
vy =0,

\/E’l?p

}\.1, COS}\.I(G, B) = (a—h , (327)
S.m)- Iy

0 gives the equation for the boundary values of

0<A

IA

and condition A;

angles a and f:

S-m-1Iy =+2tp. (3.28)

While the limits of integration (3.27) and (3.28) can be determined
relatively simply, when the loading trajectory is a straight line, it is not
the case for arbitrary (curvilinear) loading paths. To express analytically,
the integration limits for curvilinear loading paths is very difficult task
and, consequently, computer assisted methods must be applied.

Nevertheless, a general criterion for the developing of irreversible

straining must be formulated. Let a current stress vector S have
produced some irreversible strain, i.e., a set of tangent planes are on its
end-point. For these planes, Equations (A) and (2.3) give

SP+\|IN+IN =S-N. (329)

If the vector S acquires increment dS, for planes that are on the end-

point of vector S + dé, we have
Sp+yy+dyy +Iy +dly =S-N+dS-N. (3.30)
Therefore, together with Equation (3.29), we obtain that
dyy =dS -N-dly. (3.31)

We propose the following criterion: the planes that produce irreversible
strains due to a given vector S continue to do this due to the vector

S + dS, if for these planes dypy = 0:
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dS-N-dly > 0. (3.32)

Equation (3.32), together with Equations (3.27) and (3.28), must be
applied to the determination of integration limits in Equation (D).

4. Creep-Yield Limit Interrelation

Consider the case of arbitrary stress state, and assume that the
loading rate is infinitely small, so that the integral of non-homogeneity
tends to zero. If an irreversible deformation does not occur, yy =0,
Equation (A) gives that tangential planes in S3(X = 0) are equidistant

from the origin of coordinates:

Ry, (o, B) = Hy(a, B, & = 0) = V21p. (4.1)

The above formula implies that the creep surface (creep locus in S3
setting the condition for the onset of first plastic flow at infinitesimal
loading rate), being constructed as the inner-envelope of tangential

planes, takes the form of the sphere of radius V21 p:

S2+82+82=8%, Sp=n+21p, (4.2)

Further throughout, we will use the creep surface (4.2) instead of sphere
(2.2).

Let us establish relation between the yield limit and creep limit of
material, between tg and tp. Consider the case when the length of
vector é, S, changes in time as shown in Figure 2(a). Until stress vector
reaches tangential planes (Figure 3(a)), vy = 0, Equation (A) takes the

form
HN =IN+SP, (43)

where I is given by Equation (3.24). As seen from (4.3), the plane
distances grow due to the increase in I,;. This means that Equation (4.3)

describes the movements of planes in the direction away from the origin
of coordinate. Since these movements are not caused by the “pushing”
action of stress deviator vector, they do not cause irreversible strain. The
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inner envelope of planes with distances from Equation (4.3) is shown in
Figure 3(a). Therefore, Figure 3(a) descriptive-geometrically shows the
hardening action of the integral of non-homogeneity: the greater I, the

greater Hjp and, consequently, the greater stress is needed to induce

plastic flow.

s 'y s s A
1) b) ) c)
e ~ -~
= W — N -
\\ g \7\ § \\ S
\ | _ A . A | 5
N
Sp N / S N \ / Si Sp Y Y 8
\ N\ N\
8§ < ‘S.S §= SS S> SS

Figure 3. The transformation of yield (a and b) and loading surface (c)
(the planes with A = 0 are shown only).

Let Sg denote the length of the stress deviator vector, which at time
tg (tg €[0, t;] in Figure 2(a)) reaches the first plane, i.e., the plastic

flow starts developing (Figure 3(b)). For this plane S N = Sg, and
Equation (2.3) gives that Hy = Sg. The replacement of Hy by Sg in
(4.3) leads to the equation for Sg:

Ss = 2X(1 - exp(- ptg)) + Sp, S = vis. (4.9

It is easy to show that the condition that the stress vector reaches first
plane can be satisfied only, if 0 < B < 1. The plot of Sg as a function of

v constructed on the base of Equation (4.4) is shown in Figure 4. As

follows from Equation (4.4), curve Sg = Sg(Sp) has a horizontal
asymptote, which is distant of Sp/(1 - B) from the abscissa that
corresponds to the case of infinite large loading rate. For S > Sg, the

stress vector displaces the set of planes meaning the progress in
irreversible strain (Figure 3(c)).
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Sp1

\ 4

Figure 4. The yield limit dependence of loading rate.

5. Irreversible Deformation in Terms of
the Generalized Synthetic Theory

Let us apply Equations (A)-(D) to the determination of irreversible
deformation for the case of proportional loading, when the loading
trajectory is a straight line in the Ilyushin deviator space, and function

S(t) has a form as in Figure 2(a). Since the synthetic theory provides the

fulfillment of the law of the deviator proportionality (Rusinko and
Rusinko [21], Rusinko [18]), the formulae obtained for the case of, e.g.,
uniaxial tension are fully applicable (up to constants) to arbitrary,

proportional loading.

For the case of uniaxial tension (S(Si, 0,0), S; = +/2/35,, see
Equation (2.1)) Equation (A), together with Equations (2.5) and (2.7),

gives the defect intensity as

vy =[S —I1Q-Sp, Q=mcosh=cosacosBcosh, S;>Sg, (5.1)

where, according to Equation (B),

t
I= BVI exp[- p(t — s)]ds. (5.2)
0
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According to Eqsuations (3.27) and (3.28), the defect intensity in

Equation (5.1) is positive for

—(Xlﬁ(lﬁ(ll, _ﬁlngBl’ OS?\.S?\.I,

Sp .
S;(1-1I)cosa.cosp’

_ Sp _ SP
S e N “su-n O

COSAy =

Beyond these ranges, we have yy = duy =0 and o = doy = 0. The

defect intensity increment is
dyy = (dS; —dI)Q, (5.4)
and Equation (C) gives the strain intensity as
rdoy = dyyn + Kypydt = (dS; —dI)Q + K([S; - I|Q - Sp)dt. (5.5)
To evaluate strain vector components by Equation (D), the different

orders of integration in (5.5) can be applied: first, the integration over

angles a, B, and XA, and then time-integration or vice versa. Both of them

are presented below.

Equation (C) givestheirreversible-strain-vector-component increment,

Ae{, as
. 1 o By M
Aej = o jcos ado I sin ZBdBI A cos AdA, (5.6)
—oyq —B1 0

where the ¢p is given by Equation (5.5) and the integration limits are

from Equation (5.3). In Equation (5.6), we have introduced the symbol A
to distinguish the strain-intensity-increment due to time-increment from

the variables over which, the integration is carried out, i.e., a, B, and A.

By integrating over a, B, and A in (5.6), we obtain
Aet = ap[AF(a) + KF(a)At], (5.7)

where
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«/2chp arccos a 2 2, 1+41 -a?
ag = = const, F(a) = ——— - 2V1-a° +a“*In——————,
3v3r a

op
= F(1)=0. 5.8
“= 7 1) (5.8)

The function F'is a decreasing function of a, Figure 5. By integrating over
time in Equation (5.7), we obtain the formula for the irreversible strain

component in uniaxial tension:

t
el = ao| Fa)+ JKF(a)dt . (5.9)
ts

To evaluate the integral in Equation (5.9), one need to know the form of
the function K(S;(t), ©).

FAL

Figure 5. F(a) function.

Following the law of deviator proportionality (Rusinko [18]),
Equation (5.9) can be rewritten for the case of arbitrary, proportional
stress state as

Sk,

t
ei = ap| Fla)+ J'KF(a)dt k=123, (5.10)

ts
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where, instead of (5.8),

Sp
S-I°

a =

(5.11)

Equation (5.10) is of a general character: at t = t; (Figure 2), we obtain
the plastic strain vector components; at t > t;, we get the total, plastic and
creep, strain components.

5.1. The analysis of the system of constitutive equations: Partial

cases

(1) Consider the case of steady-state creep, when dS =0 and
In = 0. It is clear that Equation (3.31) gives dyy = 0, i.e., the defect

intensity (density) does not change during the steady state creep
reflecting well-known fact that, steady-state creep deformation develops
under the equilibrium between the processes of hardening and softening.

Therefore, Equation (C) gives the constant strain intensity rate:
rony = Ky = const, K(S, ®) = const. (5.12)

Another consequence from conditions dS =0 and Iy =0 is
a = Sp/S = const, and F(a) = const (see Equations (5.8) and (5.11)).
According to Equation (5.10), the steady-state creep strain rate

components, é;f , are

.p S
é, = aOKF(a)Fk = const. (5.13)
Since the function (constant) K appears in the formula for steady-state
creep rate, we can infer that it takes very small values, and the
manifestation of the second term in Equation (5.10) becomes material

only at long-termed loadings (as in steady-state creep).

(2) On the base of stated above, we can neglect the second term in

Equation (5.10), or the term Ky ydt in Equation (C), when plastic

or/and primary creep strains are investigated, whose durations are
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considerably smaller than those of steady-state creep. This is absolutely
justifiable due to the second term in Equation (5.10) is comparable with

the term agF(a) only at long termed loadings. Therefore, Equation (C) at
K =0 is

rdoy = dyy, (5.14)

and Equation (5.10) gives
; S
e, = aOF(a)?k, (5.15)

where e;'e is the total, plastic + primary creep, strain components.

Equation (5.14) reflects another well-known fact that the increase in
plastic deformation causes that in the defects of crystal lattice leading to
the work-hardening of material and, consequently, the plastic
deformation progress requires the increase in acting stress. As regards to
primary creep, the growth of w, in the course of primary creep
deformation also reflects the hardening of material, which is manifested
in the gradual decrease in the primary creep strain rate.

However, the simplified formula (5.14) is suitable only to the
modelling of conventional plastic/creep strains, the term Ky ydi must

be taken into account, when non-classical problems of primary creep are
considered (see Subsection 5.2)

(3) Consider the case when a complete or partial unloading follows
the loading, which has produced some irreversible deformation. It is clear
that now dopy = 0 and Equation (C) becomes

dypy = —Ky ydt. (5.16)
The solution of this differential equation is
VYN = WV, exp(-Kt), (5.17)

where vy No is the defect intensity accumulated during the initial

irreversible, straining. Equation (5.17) describes the process of defects
relaxation, whose physical adequacy is also beyond any reasonable doubt.
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5.2. Plastic-creep deformation interrelation

On the base of Equations (A-D), by making use of the integration
order in Equations (C) and (D) opposite to that considered in
Subsection 5.1, let us model a conventional primary creep strain in
uniaxial tension, as well as the primary creep as a function of prior

plasticity.

O'A

Gy

1
I
* >
\)
3

[

Figure 6. Loading regimes with different prior plasticity but equal stress

in creep.

Consider the following loading regimes that precede creep straining
as shown in Figure 6 (Ohashi et al. [15]). Specimen No. 1 is loaded to

point M;, the stress o; exceeds the yield strength of material, and

induces plastic strain ef ; further, the stress is hold constant in time, i.e.,

the specimen incurs conventional creep deformation. Specimens No. 2, 3,

and 4 are loaded up to stresses o9 < 63 < 04 (points My, M3, and My,
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respectively), corresponding plastic strains are eg, sg , and 848 , then all
the specimens are unloaded to the stress o; (points Ng, N3, and N,),

and further, the stress is hold constant. The wvalues of c; and

af(j =1,...,4) are presented in Table 1 (the specimens are loaded
under the temperature of 600°C). Summarizing, all the four specimens
incur creep deformation under the identical stress o7 and temperature,
but with different prior plasticity.

According to Ohashi et al. [15], the creep strains of the specimens
(o7 = 140MPa, ¢t = 600°C) are strongly influenced by prior plasticity,

namely, the greater value of plastic strain s}s , the less creep strain

develops (see Figure 9). Therefore, prior plastic deformation considerably

increases the resistance of material with respect to subsequent creep.

To model, how the prior plasticity affects subsequent creep, it is

enough to study the creep strains of Specimens No. 1 and No. 2.

Specimen No. 1. In contrast to the Subsection 5.1, we change the
integration order: first, by means of time-integration in Equation (C), we

obtain the strain intensity ¢, as a function of a, B, and A, and then e;
components are calculated by integrating with respect to «, B, and A in

Equation (D).

Since the duration of loading/unloading (the time periods of portions
OM;, OM,, ... as well as MyNy, M3Ng, ...) are ignorable with respect

to that of subsequent creep, the integral of non-homogeneity (5.2) takes

form of Equation (3.26a) and Equations (5.1) becomes

vy = Si[l - Bexp(-pt)|Q-Sp, t=0. (5.18)
The defect intensity is non-zero within the following ranges

—OL2£(X£(12, _BQSBSBZ’ 0£)\.S7\.2,
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Sp
S, (1 - Bexp(- pt))cosa cosp’

Sp
1— Bexp(- pt))cosa’

coshy =

cosPy = S

Sp
S1(1 - Bexp(- pt))’

cosag = t>0. (5.19)

Beyond the ranges (5.19) yp = 0. The distances to planes, according to
Equations (A) and (5.18), are

Hpy = 5,Q, for the ranges (5.19), (5.20a)
Hy = Sp + BS; exp(-pt)Q, beyond the ranges (5.19). (5.20b)

The loading surfaces for Specimen No. 1, constructed in S;-Sy

coordinate plane as the inner-envelope of tangent planes with distances
governed by Equations (5.20a, b), are shown in Figure 7(a), (b) (the planes
in blue are on the end-point of vector and, therefore, they “produce” the
creep strain). As follows from Equation (5.20b), due to the decrease in

BS; exp(-pt)Q, the planes move toward the origin that results in the

growth of the set of planes locating at the end-point of stress vector.

Indeed, while the set of planes at ¢ = 0 is defined by the boundary angle
o1, 0] = ag(t = 0), the number of planes being at the end-point of S

grows: o9 > o7 as t > 0 (compare Figure 7(a) and 7(b)).
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Figure 7. The evolution of loading surfaces for Specimens No. 1 (a, b)
and No. 2 (c-e) in time (the tangent planes with A = 0 are shown only).

The length of S is S;.

The decrease in the integral of non-homogeneity reflects the processes
of the release of the strain energy, which is stored in material due to
plastic loading, that are manifested in the increase in the number of

defects capable of producing primary creep.

On the base of Equation (5.18), Equation (C) yields the following

form:

rdoy = BS;pexp(- pt)Qdt + K[(S; — BS; exp(- pt))Q - Spdt. (5.21)
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To calculate the primary creep strain vector component 61P , one needs to

integrate the @ over the range (5.19):

a9 B Ay
ef) = Icos odo I cos? Bdp I(PN cos Ad\. (5.22)
—0g —Be2 0

To do this, we split the range (5.19) into the following two domains. The
first of them, domain I, 1s

—alﬁaSal, —B1SBSB1, OSKS}\Q, t=0, (5.23)

where o = ay(t =0), B; =Byt =0), and A; = Ay(t = 0). Domain I
corresponds to the beginning of creep (point M, ¢ = 0). The second
domain, II, is

a; <lof <ag, Py <P <P, 0<A<hy, ¢>0, (5.24)

where o9, By, and Ay are given by (5.19). It is easy to see that domain II

1s the extension of domain I in the course of creep strain. Taking the time
integral in Equation (5.21), the creep strain intensity developed in the
domain I is obtained as

ront = BSi[L - exp (- pt)][l - %jﬁ ¢ K(S,Q - Sp)t, ¢ 20,

(5.25)

The instant, ¢;, when a plane from the region II starts producing creep

strain is calculated from Equation (5.18) at y = 0:

Sp + BS,Qexp(-pty) = S;Q, (5.26)
1. BSQ
R (5.27)

Since, depending on the orientation of tangent plane from domain II, the
defect intensity is non-zero for the period of time [ty, t), the time-

integration in Equation (5.21) gives the strain intensity in domain II as

Kjg + K(S,0-Sp)(t —ty). (5.28)

ronm = BSilexp(- pto) - expl(- pt)](l £
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The macro creep strain vector component is determined by the
integration of ¢n7 and ¢ g over the regions I and II,

o By M
ef3 = Jcos ada J cos® BdBI ro Ny cos AdA
—o —B1 0

oy By )
+2 j‘ cos ado J cos? Bdp J. ro N1 COs AdA
0

o —B2
o B Ao

+2 j‘ cos oda I cos? Bdp I 7o NyT €0S AdA. (5.29)
-y B1 0

The integrals in (5.29) can not be expressed as elementary functions;
therefore, one comes to the point, where numerical computation is the

only practicable way of integration.

A

Iy
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O A l
G: e e — .'M:
b)
M N,
o= - T
Ol 1 6 26 r

Figure 8. The integral of non-homogeneity at OMoNq loading regime.
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Specimen No. 2. First of all, the integral of non-homogeneity for the
loading pass OMyNy (Figure 8(b)) must be studied. Begin with, the
loading/unloading rate is assumed to be of finite magnitude. Equation (B)

gives

tg
Iy = Bu Iexp(— plt —s))ds |Q = %[1 —exp(— pty)|Q, t =1ty, (5.30)
0

to 2to -t

Iy = Bv t[exp(— plt - s))ds — tJ-exp(— plt —s))ds |Q = % [2 exp (pty)

- exp(p(2ty — 1))~ 1]exp(~ pt)Q, t > 2ty — 1, (5.31)

where t; and {3 are the durations of portions OM; and OM,,

respectively. The integral of non-homogeneity versus. time plot is shown
in Figure 8(a). In particular, at ¢ =2ty —¢; (o = o7, point Ny in

Figure 6) Equation (5.31) gives

Iy = % —1-exp(- p(2ty - t;)) + 2exp(- plty — 1)) (5.32)

Assuming that t; > 0 and ¢y — 0, and following the reflections

preceeding Equation (3.25), Equations (5.30) and (5.32) can be expressed
as

Iy = BS9Q atpoint My, and Iy = BS;Q at point N, (5.33)

meaning that the integral of non-homogeneity changes in a step-wise way
along OMyNy. Beyond point Ng (under the time independent stress

o1 ), we have (similarly to Equation (3.26a))
Iy = BS; exp(-pt)Q. (5.34)

According to Equation (5.14), the plastic strain intensity of Specimen No.
2 due to stress oy at point My, is

r(pNIlllNZQ-N—IN—SP=S2(1—B)Q—SP. (535)
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Since along MyNg, there is no plastic deformation, the defect/strain

intensity remains unchangeable and is governed by (5.35). Consequently,
Equations (A), (5.34), and (5.35) gives the plane distances at point N :

Hy =vyy +In +Sp =S9(1-B)Q-Sp + BS;Q+ Sp
=[S, - B(S, - Sy)|02. (5.36)
Since 0 < B <1,
Hy >S-N = §,Q, (5.37)

meaning that the basic condition of the onset/development of irreversible
straining-planes must be located on the end-point of stress deviator
vector-is not satisfied. This means that the creep deformation does not
start right after the stress has decreased from o to o9, ie., the
phenomenon of creep delay is observed. The creep delay due to unloading
is systematically observed in experiments performed by McLean [13],
who stated that any fast enough decrease in acting stress always results
in creep delay. The loading surface for Specimen No. 2 at point N,
where the plane distances are given by Equation (5.36) is shown in
Figure 7(c).

Inequality (5.37) expresses the hardening effect caused by the fact

that Specimen No. 2 has incurred prior plastic deformation greater than

for the case of conventional creep-loading, s*g > sig .

If the irreversible strain does not progress, ie., doy =0,

Equation (C) degenerates to the form of Equation (D) meaning that the
defect relaxation starts:

VN =[Syl - B)Q - Sp|exp(-Kt). (5.38)

Inserting yp from (5.38) and Iy from (5.34) into Equation (A), we

obtain the following plane distances:

Hpy = Sp +[Sy(1 — B)Q — Sp|exp(-Kt) + BS; exp(-pt)Q. (5.39)

Hence, the planes move back in the direction of the creep surface, the
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instant of time, t;, when the first plane to be on the end-point of stress

vector, is calculated by Equation (5.39) at Q =1 and Hy = Sy:
Sp +[Sq(1 — B) - Sp|exp(-Ktg) + BS; exp(-ptg) = Sy. (5.40)

Time-period [0, t;], where ¢; is determined from the above

transcendental equation, is called the creep-delay. The loading surfaces
at the beginning (¢ = t;) and development (¢ > t;) of creep deformation

are shown in Figure 7(d) and 7(e), respectively.

As the vector S reaches the plane with Q =1 at ¢ = tg, it starts

producing irreversible (primary creep) deformation, and for this plane,
the defects relaxation ceases. For other planes, Q <1, the defects

intensity continues to decrease according to Equation (5.38). Let us
designate through ¢, the instant of time, when the plane with Q <1 is
on the end-point of S. The time t, 1s determined by Equation (5.39) at
HN = Slg .

Sp +[Sy(1 - B)Q - Sp|exp(-Kt,) + BS; exp(-pt,)Q = S;Q. (5.41)

Since Specimen No. 2 creeps under the same conditions as No. 1,
Equations (5.18) and (5.21) remains valid. The only differences consists in

that the strain intensity of Specimen No. 2 is positive as ¢ > t,, whereas

zZ
for Specimen No. 1, ¢y 20 as ¢t >0, and ¢ > ¢{; within the domain I
and II, respectively. Therefore, the ¢p for Specimen No. 2 is determined

by the time integration in Equation (5.21) in the limits from ¢, to ¢:

t
ON = J.d(PN- (5.42)

tz

roN = 313(1 - %) (exp(- pt;) — exp(- pt))Q

+K(S;Q-Sp)(t—t,), t=>t,. (5.43)

Further, the strain vector component for Specimens No. 2 is calculated by
the same integral as for Specimen No. 1 (the integral (5.22) within limits
(5.19)), but now the integrand is given by Equation (5.43).
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To compare the primary creep strain of Specimens No. 1 and No. 2, it
is enough to analyze their strain intensities given by Equations (5.25) and
(5.28) and Equation (5.43), respectively. The fact that the primary creep
strain of Specimen No. 1 is greater than that of Specimen No. 2 can be
substantiated by the following:

(1) At the beginning of creep, instants ¢ = 0 and ¢t = t,, respectively,

there are the set of plane on the end-point of stress vector for
Specimen No. 1 (Equation 5.23), and the sole plane for Specimen No. 2
(compare Figure 7(a) and 7(d)). This immediately means that, the
development of primary creep for Specimen No. 1 starts more intensively
than that for Specimen No. 2.

(2) The difference between Equations (5.25) and (5.28) and
Equation (5.43) consists only in the value of times ¢; and t,. For
Specimen No. 1, t; = 0 for domain I, and the value of ¢, is determined
from Equation (5.26) for domain II. The value of t, is determined by
Equation (5.41). From the analysis of Equations (5.26) and (5.41), it may
be inferred that ¢, > ¢y. This fact also implies that, the creep strain
intensity of Specimen No. 2 is smaller than that of Specimen No. 1 in the
course of primary creep. It must be noted that, if to set K =0,

Equations (5.26) and (5.41) become identical meaning that the simplified
Equation (5.14) is incapable of modelling creep strains as a function of
prior plasticity.

It is clear that the greater stress at prior plasticity. (points Ny, Nj,

and N,), the greater value of ¢, meaning the progressive character of

the decrease in primary creep strain. Therefore, the synthetic theory
leads to the decrease in primary creep with the growth in prior plasticity.

Figure 9 shows experimental (Ohashi et al. [15]) and model creep
diagrams, the latter are constructed on the base of Equations (5.25),
(56.27), (5.28), and (5.29) for Specimen No. 1 and Equations (5.41), (5.43),
and (5.22) for Specimen No.2 with the following model constants:

r = 4900MPa, p = 0.5-10-% 1/sec, K = 7.55-10-8 1/sec, B = 0.235. The

values of plastic pre-strains (see Table 1) are calculated by Equation (5.9),
where the second term is set equal zero due to the assumption that the
loading durations tand to zero.
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Figure 9. Creep diagrams of Specimens No. 1 and 2 o = 140MPa,
T = 650°C (m experimental points: Ohashi et al. [15]).

Table 1. Plastic pre-strains (points M, (k=1,...,4) in Figure 6)

Stresses o at points Mj(j =1,..,4), MPa Plastic strain, S}g (7= Lo 4), %
Theory Experiment

140 0.273 0.28

174 0.88 1.0

196 1.8 2.0

218 2.64 3.0

As one can see from Figure 9, the synthetic theory gives satisfactory

agreement with experimental data.

6. Conclusion

The generalized synthetic theory of irreversible deformation is

capable of modelling very wide circle of problems ranging from plastic
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and steady/unsteady-state creep deformation to non-classical problems of
irreversible deformation, such as the creep delay and the plastic-creep
deformation interrelation. This capability results from (i) the uniformed
approach to the modelling of irreversible deformation, and (ii) the
effective connection between macro-deformation and the processes

occurring on the macro-level of material.
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