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1. Introduction

In the most of papers dealing with the analysis of elastic-plastic behaviour
of material, the contribution of heat flux to the evolution of the anelastic process
remained out of view. On the other side, in a number of recent papers from the
domain of thermoelasticity, there was pointed at the role of the heat flux in des-
cribing finite wave speeds thermoclastic materials. It is also well known that the
thermal state must be taken into consideration in describing the behaviour of ma-
terial in the neighbourhood of a crack. Hence, there exists a reason to investigate

the contribution of the heat flux in the evolution of mechanically dissipative pro-
cesses.

The thermodynamic process in the body B is determined by equations of
motion of its particles Xx:

7 =xi<§;f): (11)

by the field of temperature 7' = 1" (X,), mass density p = p(X,), heat flux ¢ =
= 4 (X,r), Piola-Kirchhoff stress tensor ¢y = 71, specific internal energy u and
two sets of internal state variables represented by the m-vector o, (u = 1,...,m)
and n-vector B, (v =1,...,n). The internal state variables are describing the
viscous («) and plastic (B) aspects of material behaviour respectively. They
thus determine the dependence of the actual process in the material on its thermo-
mechanical history through the present values of variables % and $. The internal
variables # and 3 may be scalars or components of tensors, hence being unchdngcd
under I‘lg_,ld hudy motion [1] Thereby, the evolution equation for the set % is sup-
posed to be continuous in ¢, for all ¢ = o (20 belongs to the reference state) while
5, being dependent on the sign of the loading index &, disappears for < == 0

2. Kinematical consideration

The deformation of a volume element of B at time ¢ is determined by de-
formation gradients x,; x with corresponding deformation tensors:

: : 1 :
Ckr = xi,k %t,L;  Ekr = . (CkL — dKL). 2.1
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Whenever the process of deformation is not purely elastic, it becomes possi-
ble to think about the decomposition of the total strain on its elastic and additional
plastic parts, introducing the notion of a fictious relaxed intermediate configura-
tion of the material. The deformation of volume elements in this intermediate
configuration is in general incompatible and can be expressed in terms of elastic
or additional plastic distortions, respectively. It is by means of these distortions
that we can establish the local correspondence between the reference and relaced
and relaxed and current deformed configuration at the time t. Let us denote by
u®, the local Cartesian system of reference at the particle Xg. The local corre-
spondence between reference and relaxed or relaxed and current configurations
may be expressed throught the double relation [2]:

02 dX g = du™® = ¥ dx,, (2.2)

% NeS . . - o . .
where 0},;‘ and W} stand for elastic and additional plastic distortions respectively.
In terms of these distortions, the elastic and additional plastic deformation tensors
may be represented in the form:

2B =00 0P —8pi, 2F8L = G — 00 (2.3)
3. Thermodynamic analysis

The equilibrium state of the body may be described through the coordinates
of deformation tensor (2.1) and temperature, as independent variables, in accor-
dance with law of balance of mass, momentum and energy. For the description
of a thermomechanical process, additional variables are necessary, consisting of
the heat flux vector, gradients of temperature and internal vectors % and 8:

. |
Exr = o (xi,k Xi,1, — OKL),

Gk = Ty xi,K>

(3.1)

a0y ={o1,..., %} By = {B1;. .., Bau}

The rate of change of the heat flux and the internal m-vector % occur in accordance
with the following equations of evolution:

QK == FK (E: T: Q; Q: 95) g); t;“p. =fu (EJ T; Qa QJ o, 5) (32)

The process of the plastic deformation is governed by the loading index @, vani-
shing for ® << 0. The loading index represents a linear function of the rate of
change of independent variables of the preceding process:

O=AE + a T+ 3G+ 30+ 4,1, (3.3)

with tensor 4, scalar a1, vectors @; and @3 and m-vector & ,, which all depend on the
set of variables (3.1). The evolution law for 8 may be written as:

Bv=r<®> (3.4

where ¥ = r (E, T,G,Q, %, 8), < ®> = ® H(D)and H(D) being the Heaviside
step function of the loadmg mdex
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Elementary processes in an elastic-plastic body may be considered as a se-
quence of equilibrium states, until the rate of deformation remained moderate.
Under this restriction, we assume the existence of the entropy 7 per unit mass of
the body and the specific free energy ¢ = # — n7. The thermodynamic ad-
missibility of processes is connected with their consistency with the Second law,
expressing the statement that in every neighbourhood of a given state there exist
states which cannot be reached from the given state by an adiabatic or isentropic
transition. Going out from the local form of the Second law:

. : : G
“Pw+nﬂ+f'§+g?‘2m 3.3)

with ¢ = (E, T, G, Q, %, B), following restrictions may be obtained:

0y 0y 0y
l=p—=, = ——, 0= — 36)
~—'aE’ 1 BT oG (
and
! w
_p@EF+Q9i+9i1<®>)TQ-v;Q (3.7)
09 0% 08 T

alternative relations, corresponding to Equ. (3.6)—(3.7) may be obtained:
0L 0¢
E=p—, n=— 39
E=p o b= o (3.9)
and 0
0¢ 0T 0l -G
ﬁp+_jg__r<¢>ywv~>a 3.10
i (ag” 00" 0B T o

4. Discussion

In the most papers dealing with elastic-plastic deformation, f.i. [3], [4], the
assumption, that thermoelastic moduli are independent of plastic deformation,
is built in the theory. Here we introduce an analogous assumption about inde-
pendence of thermoelastic moduli on dissipative variables Q, ¢ and 8. Hence, the
validity of following relations is here assumed:

CE _, OE O2E

e =0, = 0, —_ = 4.1
0100 0t 0% orop o
azE OZE azE
SE =0, =0, =~ = (4.2)
0T 0Q 0T 0% 0T 0B

The effect of these assumptions consists in splitting of the total strain, Equ. (2.3)
in the following way:

E=E®(t,T) + E®(Q,«,8), (4.3)
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with corresponding expression for the free enthalpy:
(L T,Q0,4,8)=0(L T)+ £ - E® + U(T,0,2,B). (4.4)

In addition to (4.1)—(4.2) we require that the specific heat at constant stress, de-
fined by:

02 ¢
oT?

e=T (45)

would be independent of Q, # and £. In such a case the third term in Equ. (4.4)
may be, at the most, linear in 7°:

G (T, Q: “,B) - Tmp (Q: % 8) —up (QJ ®, 8). (4.6)

Following Lubliner [4], who was, on the other hand, refering to Cottrell, we identify
7p as the configurational entropy. In the present case this quantity is connected
with the phenomenon of the plastic deformation, its history and with the process
of heat conduction. The free enthalpy takes, hence, the form:

C(, 1,9,%,8) =42, T)+ ¢t - E® - Typ — up, (4.7)

undergoing the restriction (3.10):

: , G
t-E® 4+ Top —up + = Tm = 0. (4.8)

In the absence of temperature gradients inequality (4.8) must still be satistied,
hengce: ;

Lt E® + Tnp — up =0, (4.9)
where
E) — (,),E(p)_]? i agm F 0 E® r < @ >, (4.10)
2 Yka T ig =

etc. But, when @ <2 0, inequality (4.9) reduces to:

(P) ), y ) 5
, . 0 BB | T_Or,,r)_(_Bzit_,y)_}3_L ([‘(_\_ ) _TOQD__()ztl)).i;,o_(4_1|)
T 00 00 00 02 0 J %
Now we resolve the rate of plastic deformations in two parts:
EPD = E® | En"
\ ‘ ' (4.12)
. 7() ) . E@)
E®)' = oL F _ 0 £® f,  Ew - 0L r< O >
The inequality (4.9) takes now the form:
X é‘(p)’ N E(T’)” - Tp — up = 0. (4.13)
This inequality may be statisfied even if,
up — Tiy - — ¢ - E® < 1 - E®)" <, (4.14)

This last expression represents the thermodynamic ground for the explanation
of large Bauschinger effect during a dissipative process followed by memory ef-
fect and heat conduction, in absence of temperature gradients.
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It may be noted that the preceding discussion does not exclude the existence
of an additional relation determining, in the space of variables (3.1), a domain
which cannot be left [5], [6]:

YE: T:G Qh e B) < 0, (4.15)

The function Y represents the vield conditoin. In most theories, the loading index
is given through the yield condition in the form:
. 2 . : oY
I PR LR Y TR TR (4.16)
oE "~ oT oG 00" 0%

being a special case of the expression (3.3).
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PRILOG OPISU NEIZOTERMICKE ELASTOPLASTICNE
DEFORMACIJE

Izvod

U radu se posmatra elastoplasti¢ni proces deformacije u kome ulogu neza-
visno promenljivih igraju, pored tenzora deformacije i temperature, jos i toplotni
fluks i dve grupe unutrasnjih promenljivih stanja. Brzina promene ove druge grupe
unutraénjih promenljivih stanja uslovljena je znakom tzv. indeksa optereCenja i
i$¢ezava, kad god ovaj poslednji nije pozitivan. Inace, brzine promene toplotnog
fluksa, kao i obe grupe unutrasnjih promenljivih stanja, upravljaju se u skladu sa
pretpostavljenim zakonima evolucije. Sa tako usvojenim modelom materijala iz-
vedena su termodinamicka ograniCenja koja slede iz Drugog zakona termodinamike
i sprovedena diskusija. Tom prilikom je uvedena, umesto specifi¢ne slobodne
energije, funkcija specificne slobodne entalpije, ¢iji je oblik uskladen sa pretpos-
tavkom da su termoelasti¢ni moduli materijala nezavisni od disipativnih promen-
litvih u koje su ubrojani: toplotni fluks, skup viskoznih i skup plasticnih unutras-
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njih promenljivih. Pokazana je termodinamicka zasnovanost pojave Bauschinger-
-ovog efekta, pri ¢emu negativan efekt rada na plasti¢noj deformaciji pokriva po-
zitivan doprinos vezan za uticaj konfiguracione entropije, veli¢ine koja poti¢e od
plasti¢ne deformacije kao i njene istorije i od procesa provodenja toplote i u od-
sustvu temperaturnih gradijenata.

[IPHTOKEHHE OITHCAHHIO HEH30TEPMHUYECKOIT
YIIPYTO-IVNIACTUYECKON JE®OPMALIUU

Peswme

Pabora 3ak/Ii0uacTest B MCC/IEOBAHHIN - CI1e/ICTBHIA TEPMOIMHAMHMYECKHX
OTPAHMYCHUH  OTHOCHIUMXCA K HPOICCCY  VIIPYTO-TUIACTIIUECKoil  Jiehopmalym.
K umciy BHYTPEeHHBIX 11epeMeHHbBIX BSICKOTO M ILIACTHUECKOTO THIIA JobaBisieTcs,
B KQUECTBC BHYTPCHHOIO BEKTOPA, BCKTOP TCILIOBOIO IIOTOKA, C CCOOTBECTBYIOLMM
IBOJIVIHOHHBLIM ypaBHeHHeMm. H3 ucchbmamioHHoro HepaBeHcTBa, BbIPAyKEHHOT0
uepes (PyHKIIIO YA/ bHOI CBODO/IHOIT €HTAIIN, BLIBOMTCS 3aKII0UYEHHE 0 TePMO-
AMHAMHYCCKOH  oDocHoBannoctin  eddexra Bayumurepa.
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