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SUMMARY

In the previous paper (see SMiRT-3 Transactions, Paper L 5/7) a version of the mathe-
matical (““structural””) model of elasto-visco-plastic medium has been developed. According
to it the infinitely small element of body operates as an assemblage of a number of sub-
elements having equal total strains and temperature but different values of the rheological
function parameters (similarity coefficients). The convenience of this model for engineering
application has been shown.

Some work has been done to verify the adequacy of the model under different ope-
rating conditions. The presented paper concerns some results of theoretical and experimen-
tal investigations at proportional variable repeated non-isothermal loading.

The generalization of the Masing’s principle under such conditions is obtained. The
stress-strain curves are determined by both the temperature and strain history and may
be described by two one-dimensional functions in accordance with some rules (the part
of pre-history being forgotten).

The time-dependent behaviour of the model was investigated under non-symmetric
loading condition. The well-known effects of cyclic creep (at stress controled cycle) and
cyclic relaxation (strain control) are reflected. The values of cycle parameters (mean stress
and amplitude) at which the strain grows unlimitedly may be predicted. The proposed
model describes also some peculiarities of cyclic creep and relaxation behaviour connected
with the previous deformation history. It is shown that under definite conditions the or-
dinary direction of the loep translation may be changed to the opposite. Under non-
isothermal loading these processes are controled by the temperature values at the moments
when the stresses are extreme.

The experimental investigations (the torsion of thin-walled tube specimens) for several
structural alloys were carried out. They included the isothermal tests for the model par-
ameters determination and the checking the adequacy of the model at various programs
of isothermal and non-isothermal loading. All the experimental data obtained are in suf-
ficiently good correspondence (both qualitative and quantitative) with the behaviour pre-
dicted by the model.
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d. The constitutive Equations
According to the structural model [ 1] the behaviour of a body element
is desoribed by the following equationss:

E=r+p=E=F+7, T=7, E=FE, ™)
6 - EF, )
dp @(5/3’7) 3
6=(Gy, P=<Fy, p=<p>, p=<p> ()

where £ , I y o are the total, elastic and plastic strains, G the stress,
E the elastic modulus, 7 the temperature, T the time. The parameters of
subelements are marked by tilde., The parameters of a body element are de=-
fined as the average of subelement parsmeters (eq. (4) ). The micro=-non=
homogeneity of the real medium is reflected by the difference of the values
of Z whioh is determined by the distribution function y(z) « The value of
y(z*)dz is the relative quantity of subelements the parameters 2 of
which are in the 1ntoe°rval [2* ; i:+dz 1 .+ The conditions

JYE)dg = [ZyF)ds <1 (5)
0 0
are satisfied. Any parameter average is defined by employing the distri-
bution function Y(Z), e.g.

G =<6y = [G(HyEds . )
0

The functlon (Z? coincldes with the dependence of the steady creep rate
on stress and temperature

D6, T). )

As the experiments show the isothermal sections of the surface (7) may be
sohematically represented by means of a curve in Fig.1, Parameters Gc and
68 are some functions of temperature.

If loading oorresponds to oondition 6 > QD (further this process is
referred to as a "quick"™ loading) the subelements are praotically perfect=
ly plastic having the yield stresses Gy = 6 Z . If the strain rate is in=-
finitely small (&=~ 0, "slow" loading) the subelements are also perfectly
plastic but their yield stresses are g;: = Gc,%' o Under an increasing
load 1in accordance with egs. (5), (6)

16 ED Dy, toroeo, gr00, 5 G;F, 6><G5,Z) = Gy ;

H

irf éza t-)oa,ﬁ—)w. g_)écg‘, 6_)<6c§‘>=6c



L 1710

These expressions reveal the meaning of the parameters (5, and &g . The
temperature dependence of subelements yield stress for quick non-isothermal
loading can be written as

By(T) = E(N)F(T) = EMET)F(T,), (8)

where  g(7)= P(T) . GsMET) | 6(7%)=1,
Rm T G Er) o

7:, is some temperature chosen as basic,

2s Non=isothermal loading snalysis
For any history of deformation the stress G cen be found from eq. (6)
if the distribution O(Z) 1s known. For the non-isothermal loading it is
~ ~ L~
convenient to use the distr:lbution P(Z)= G(Z)/E(T)s Then

G=ET)r, r= jr(z)y(z)dz. (10)

In the spasce r- Y- Z the value of elastic strain (10) ocan be represented

as the volume V of a body limited by surfaces P = 0, y=0, P= 7"(2), y—y(Z),
For example, under isothermal loading from the initisl state (7=0) the dis-
tribution 7(Z) is determined by expressions (see Fig.2):

~ o ~ ~ ~ &
T"(Z)‘—'T’y:B(T)To'Z for < 73_877? >
.o . €
r(z) = ¢ G for 2 nam M)
S
= ZET) -

For any values &, T eq. (11) and then ede. (10) allow to caloculate the
quantity 1> (if the function y(z) is known). On the oontrary, having the
ourve

T=T, , T=F(&) (12)

or the values of volume V' for each & (when =7 , ocurves 7’(2) are of type
OA B Fig.3), one can £ind such volumes for other similar curves T’(Z)
For instance, when 7 #T(OCB Fig.3) £D = CD/O(T%), Voo = 8(TIV, er + bence

r* = mF(eYm), 6*= E(T*)r* “13)

where *
m= (T
(7% (14)
Eqs. (13), (14) desoribe the stress-strain-temperature surfaace for active
(dp>/0) non-isothermal loeding. The isothermal sections 7°(£) of 4t are cen=
teric similar curves, The similarity ocoefficients are &(T). A series of ex-
perimental ocurves 7'(§) at different temperatures can be used for function
8(T) geternination.
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After loading reverse in state s*, T* part of subelements behave elastie
cally (4r =4€& ,ZHI , Fig.3) and others (/&) reaoh their limit stress
(P=-F = -7 H(’r')§' ). The elastio strain increment curve 1s O0KL ,

KM=L[8(T*)+6(T)INM , the corresponding value V., is - %Vo/vp and
r-r* = m F( , (15)
where
m = G(T™)+ 6(T). (16)

Eqs. (15), (16) represent the generalization of Masing's principle for non=
isothermal loading,

For the desoription of stress=strain diagrams under arbitrary non-iso=
thermal loading the rules of "forgetting"” (or fixing in memory) pre-histo=-
ry nast be determined., They can be obtained from the analysis of the 7"7(53')
curves kinetios and are reduced to the following rules,

Since the moment of the 72 =th loading reverse the stress-strain dlagram
is desoribed by egs. (15), (16) with r*=r | E¥=€, » T* = T » Where
Prn, €n, T, 6re the values of corresponding parameters at the moment of 72=th
reverse, They are fixed and kept in the "memory" until one of three states
is realised:

a. Another ( +1 ) reverse (& new point of reverse is added to the me-
mory),

b. The "“conventional® strain e = g reaches its quantity at the moment
of the last but one reverse ( R~7 ) kept in the memory. The reverse pointe
RN and 7N-7 in the memory are forgotten, the behaviour of media 1s such as
if a part of pre-history e, > ep~ €, ,did not take place.

o. The value /e/ reaches the quantity / €/, kept in the memory. The

max
whole pre-history is forgotten and egs. (13), (14) are used.

Z. Cvnlie nraan Aand ralavation

Strioctly speaking, the model behaviour pecullarities considered above
are correct for a limited number of loading cycles only, With the growth
of the cyoles number the influence of creep (reflected by the part of the
rheologic function @ in the interval of stress 60— Gg» Pig.1) will be
revealed., To begin with,oonsider the corresponding features of the model
behaviour under oonstant temperature.

If after quick initial loading (curves JAB, Fig.4 and 0-71 Fig.5)
strain is kept up constant & = &,1n the part of subelements (for which
7’ >T’ = 6, /E ) the stress relaxation ooccurs eand 7 reaches the quantity
7}3 (asymptotically). The corresponding curve P(;_r-) 1s represented by the
line 0B . The same distribution of elastic strain oan be also obtained

under the loading with strain rate £=0, The volume I{nb is equal to
1/ae VgLM where T“é n
x = -~ = = = -6£ Py 1
R Ty Gq an
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and the corresponding curve () may be expressed as
E=0, T=F () = &F(E/a2) (18)

(line 0B , Fig.5) While keeping up €=¢&, the state point on the plane 7~¢
displaces from the curve £ to F, (section 7- 7/, Pig.5). If the hold-time
is realized under the constent stress 6',=ET; the relaxation of subele-
ments stresses leads to increasing deformation (oreep) and the state point
displaces to the curve (18) in position 7" (Fig.5). In the case of G,> 6
the creep is unlimited.

Under quick strain-cycle loading e =g 8 (hereinafter the indexes 1 and 2
denote the values of material parameters at the loading cycle reverse mo~-
ments) for the initial cyocles the elastic strain distribution curve 1s dis=-
placed from JAB to OCDE (Fig.4) and the loop 1-2 (Fig.5) is desoribed. In
a process of oyolic loading the maximum stress relaxation occurs step=by=
step. The ourve 7(f)displaces asymptotically to the lines JFRIB and
OCHKE o This leads to the mean stress relaxation (the loop 722/ in a
Fig.5).

Under stress-cycle loading 6,8 62 (6, >/62/)the maximum stress relaxa=-
tion in the “"weak" subelements leads to the oyolio creep (the loop 7"-2"),

The displacement of histeresis 1oop down to the ourve 0B (eq.(18) ) oo=
ours if the strain amplitude £, = 215 small enough (the volume OFRZ 1is
neglected)., Otherwise the limit loop displacement is determined by the line

C& (Fig.6). -
K(e) = Fe)+ Feq) - F(&,). (19)
The line (G is equidistant toDB ,
4, The influence of prior history

One can show that under certain conditions the ordinary direction of the
oyclic oreep and relaxation may be reversed. For example, consider the fol=-
lowing loading programs the loading up to some stress level (1line 048,
Fig.7), the hold-time at a constant stress up to the strain & (1ine 0cD)
and then the strain=-cycle loading €,2¢&,. In the initial cycles the elas-
tlc strain distribution displaces from the line OFFG to the line OHKLM .
Because of the stress relaxation in the part of subelements the distribu=
tion r’(z) is ohanged and asymptotically reaches the lines OTRSFG& end
OHNPLM « The shaded areas correspond to the mean stress increment 4G ,
The values of £, and &, may be found when |5,}<|5,|and cyclic relaxation
leads to the mean stress increase, Similarly in the stress~cyole after
holdtime the oyclio oreep at a positive mean stress may ooccur in the nega-
tlve direotion.

To generalize the resulte obtailned for the non-isothermal cyclio loading
the funotion 2= = 26(T)is used. In sccordance with egse. (15),(16) the main
parameters of asymmetric cycle are the following:
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7 6(5) + 13 6(T) (20)

7’)
" 8(T,) + 6(T,)
i " = Pm i= 1,2 . 1)

These parameters generalize the terms of the mean value 7',’n and the ampli=-
tude for the non-isothermal loading. The sign of the value 77,, deter-
nines the direction of cyolio creep (or relaxation), The value of limit ac=-
cumulated strain AE (or elastioc strain decrease 47 ) oan be Found by ap=
plying the scheme in Fig.6. The values of index ( 1n scheme are defined by
the followlng requirement

Sign(ry) = sigrn (1,,). (22)

The curves 04 , 0B are to be described by eq. (13) where M =5(T;) and
m =2 (T;)8(T,) respectively. Under stress-cycle {7; ST {n, T} the
strain accumulation is unilimited when the following condition 1s satisfied

4& Ae
Tl > =R (7) * 6T F( 5g,) = = o0 F (zmytatyamy ¢

The cyclic strain range A& 1is defined by eq.(15) where m=6(7,) + 6(7,).
This condition oorresponds to the schaded area on the plane 6q ~ 6',n
(Fig.8) where Gy = 51(61‘ G2), Gm = 27' (6,+ 62)-

It is adopted that O,> Op. The line OB ocorresponds to the "symmetrical”
cyclic stressing (7°m=0 ). The lines DB and BE are obtained by employing
the functions (9), (12), (17).

To verify the structural model adequacy the experimental investigations
with the Fe-N{alloy were carried out. At the first stage the functions
(9), (12), (17) were determined, A set of isothermal stress=strain dlagrams
in the range 200°C=700°C was used to obtain the functions ~ and 8(T) .
Determination of the function 2¢(T)was realized with the help of isothermal
relaxation test serles., The curves obtalned are shown in Figs.9 and 10.

It should be noted that the considered model concerns materials stable
under cyclio loading., Therefore before parameters determlnation tests the
cyclic loading was carried out t1ll the hysteresis loop stabilization., To
eliminate anisotroplc hardening the strain emplitude was gradually decrea=—
sed after loop stabilisation,

The non=-isothermal test 1s represented by the stress-=strain diagram
(Fig.11) obtained under strain-cyclic loading. The temperature was changed
synchronously with the strain in the range 300=700°C. The line 1 corresponds
to the first oycle, During the cyclic loading the displacement of hystere-—
sls loop was observed. The line 2 corresponds to the stabilized state. The

dashed lineg 1, 2 represent curves obtained by employing the egs. (17),(18)
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and the scheme (Fig.6) for evaluating A7>. The effect of the mean value n
on the cyolic coreep direction under non-isothermal loading is represented
in Fig.12. The temperature was changed synchronously with strain in the
range 350 + 600°C, The dlagram (Fig.12a) was obtained for = 1079~ and
accumulation of inelastic strain was not observed, In the cases (b) and (¢)
the value Un=-4.7-10'4 and 7h7=4.2'10'4 respectively, The loop displace-
ment direction coilncides with the gign of 7}, . The limit value of Jg==0,12%
for the case (b) and Ag =0,155% for the case (¢). The calculated values

are =0,12% and 0,12% respectively.,

The effect of the prior history on the ocyclic creep is illustrated by
the test represented in Fig.13. After creep under O = 769 MPy the stress—
cyolic loading was carried out in the interval 1692 - 130 MPa, During the
ceyclic loading the loop displacement was observed in the direction opposi-
te to the oreep, Inelastio strain accumulated in the oourse of oyclic creep
came to 0,08%, the estimated value was 0,0864%.,

Thus, the results of the experimental investigations reported in this
paper have shown that the offered structural model is ocapable to refleot
(both qualitatively and quantitatively) the maln peculiarities of the be=-
haviour of medium under complex conditions of non-isothermal repeated lo=
ading, The method of the model parameters experimental determination and
the obtained equations describing the behaviour of medium are gufficiently
simple. It permits to epply the proposed approach for englineering calcula-
tions of struotures subjected to variable or oyclic load and temperature
affeots,
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