Thermodynamics

e First and second principles of thermodynamics
e Clausius-Duhem, dissipation

e Thermoelasticity

e Standard models

e Kinematic nonlinear hardening

e Heat dissipation under cyclic loadings
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First and second principle of the thermodynamics

- first principle :

dt dt

(W. = power of the external load) = heat received, E (e) specific internal energy, kinetic

E
d—:/ Cov =W, +

energy neglected).

With q the heat flux vector andthe volumic heat :

de : .
,0% = O'Z'jé“ij + (7“ — dZU(g))

- second principle :

q;1;
—dV — dS
dt N / /aD T

d
then : /( d—i—%+dzv(T))dV>O

(entropy (specific) S (sp outward normal to the surfaéeD of the domain)
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Dissipation
Clausius-Duhem inequality
(the specific free energy i8 = e — T's)

d 1
a;tb psT — 79 grad(T) >0

Application of the method of local state
1 depend on temperature asthte variablesy;

O'z'jé“z'j

dp o oY
L =7
i T o™
g Y
- oT
, oY | 1
Oij€ij — paw ~ 74-9rad(T) =0 (4)
Intrinsic dissipation ®, thermal dissipation &, :
: o . 1
b1 = 0465 — p%% Py = _Tg grad(T)
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Heat equation

Decoupling of intrinsic and thermal dissipations, each of them must be positive

- Fourier’'s law :
q= —k(T, a;) grad(T)

- heat equation in presence of mechanical strain:

: 9, 0?
div (kgrad(T)) = pC.T —r — 0;j€;5 + p (3;? — T@T@ﬁ-) & (5)

(with C, = Tg—; specific heat at a constant deformation)
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Thermo-elasticity (1)

e Zero elastic strain foer!, zero thermal strain for
e The state variable is elastic stram; = £° in intrinsic dissipation

e No dissipation for an elastic isothermal perturbation around equilibrium, then

0
q)lzg:ge—pa;i:ge:()

This provides a definition for stress:

e Two state variables, two energetically conjugated variables:

State variable Conjugated variable

T entropys = —8—¢
a

o stressg = —

~ ~ 6§e

1 Is athermodynamic potentialhic characterizes reversible processes

Georges Cailletaud, Ecole des Mines de Paris, Centre desaviatix UTMIS Course 2003 —Stress Calculations for Fatigue



Thermo-elasticity (2)

Assume the following form for free energy:

1
pp =g e+ A(Tre)’ +pet: ef —3KaTre (T - T)

- 1pC
2 T1

(1)
(T — T1)?

The stress is then:

%,
7= e = ¢! FATee T+ 2t —3Ka(T ')
g—ag =X(Tre® —3a(T—T") I + 2ue°

Variation of specific entropy:

Ce

%
ps=—poar =
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Temperature changes for elastic loadings

Temperature variation related to volume change:

e

3KaT!
- €l

pCe

Cooling during tension

(T - T7) =

Loading curves

— isothermal .o — o’ = ATre®l + 2ue®

9K2a2T!
pCe

— adiabatic: o — o’ = ()\ + ) Tre®l + 2ue’

No change on shear modulus, variation of the axial component
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Extension to dissipative processes

e Definition of state variablea; and of hardening variablas

State variable Conjugated variable

T s = _% entropy
g° oY

o= stress
2 Pa -
o Y; = p—— state variables
(905[
e The intrinsic dissipation can be rewritten:
(I)l = O . é’p—Y]O'z[:ZZ‘

with: Z = {g,Yr} ; z={eP,—as}
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Standard models (1)

e A model isstandardif one can find a potentidl = €2(Z) such as:

;00
-0z
e If Q2 is a convex function of which includes the origin, the dissipation is

automatically positive, since:

o)
®1 _Z(‘?—Z

(all the points of the surfac@ are on the same side of the tangent plane defineg%)b)

e One can also define (through the Legendre-Fenchel transform) a companion
potential in terms of :

O (2) = max (22 — Q(2))

e A new potential, expressed 83 (z) or £2(Z) must be introduced to characterize the
dissipative processes.
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Operational way for material model development

e Define a set of two potentialg;,
e Derive the relation between state variables and hardening variableg/from
e Derive thenatureof the hardening variables and their evolution rules ffem

In the following, example of isotropic and kinematic nonlinear hardenings; the choice fot
the sets Y7, aj) Is:

Type of hardening  State variable Conjugated variable
Isotropic hardening r R

Kinematic hardening o X

Y

NOTE: Previouslyp for isotropic hardenings? for linear kinematic hardening
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Viscoplastic standard model with isotropic and kinematic hardening (1)
Example using the von Mises criterion:

f(g,X,R)=J(@—X)—R—0,= ((3/2(s— X): (s— X))*°—R

Assume the following free energy:

1 1 1
w(Ta §67T7 Q) — §§e : j,} : §€ + §bQT2 + gCQf - &

Viscoplastic potential:

f

Viscoplastic flow:

L _ 09 _o00f

with
_ 00 _ (Y _of_3 s-X
p_af_(K) e T2 — %)
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Viscoplastic standard model with isotropic and kinematic hardening (2)

The state variable for isotropic hardening is found from:

po 08 0R0F

- OR  oforR 7
The state variable for kinematic hardening is found from:
G 09 _ enor .,
T ToX afax RTE

It is thenmandatoryto choose accumulated strain for isotropic hardening and plastic
strain for kinematic hardening

Ca —Cep

2
R =bQp X =3

The choices made in the free energy providear hardening rules.
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Generalization of Hill’s principle

Maximize of the intrinsic dissipated power instead of just maxianize”

@1:q:§p—YIdI:q:§p—¢p:ZZ

With Z including stress and the hardening varialites
z including plastic strain and the state variables;|-:

(Z —Z%)2 >0

... with the constrainf < 0.

Let us definéf(Z) = Zz — X f and search for the zero 6 /9Z

. Of Cop 9
z—)\a—z then: ¢ —)\%—)\@ ;A = —

. Of
)\a—Y,I
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Dissipation for a standard model

(1) Z actual maximizes the intrinsic dissipation;

equivalent to:

(2) the flow directiore is normal to the surface defined ifythe domain defined by Is
CONnvex.

If the domain defined by includes (f=0), the dissipatiof; is automatically positive.
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Nature of the hardening variables

Example using the von Mises criterion:

f(@.X,R)=J(@—X)—R-0,=((3/2)(s—X): (s— X))"" - R

- kinematic hardeningo = €?

. Of o f

. = — e . e lu— 4
Q A&X' A@g €
- isotropic hardeningp
. Of .
b OR

p, accumulated plastic strajiength of the strain path:
: . N0 .
((2/3)€7: &7 = ((2/3)An:An) " =4

Under onedimensional loading,= |£P|
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Non linear hardening (1)

kinematic and isotropic hardeningoth are needed for a realistic modeling of the
behavior

- standard framework

H@. X.R)=J(g — X) — 0y~ R+ 2 J2(X) + =

~Y

- associated framework
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Non linear hardening (2)

8f R\ .
= A5R - (“@)A

The state variablea andr, define the hardening variablés et R :

1 1
Y = —er2+§CQz:Q;
X = —Ca ; R=bQr

- plastic multiplyier= accumulated plastic strain rate, bug p

- for the case where the coefficients are constants
. 2
X =30e"-DXp

—b(Q - R)p  thenR=Q(1 —exp(—bp))
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Dissipation :

Dissipated energy

$1=g:e" —Rr— X : &

2 D .
~(zin- Rt X int gr0) A

since o:n—X:n=Jo-X)

2 .

0= (Jlg =X+ 5 + o0 b
_ R® D '
—(f+ay+@+%ef (—Z{))A

- f \, viscous dissipation;
- oy )\, dissipation (due to friction) related to initial threshold:
- quadratic terms, non-linearity of the hardening;
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Trapped energy

(= variation of free energy) :
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Dissipation for time independent plasticity (1)

(I)lzg'Zép—A]d[

Perfect plasticity

no hardening variables

f(o) =lo| — oy
Y= Pe

$; = 0oeP =oyp

Oy =gé’ =oyp

sinceg :n = J(o)

~Y

Georges Cailletaud, Ecole des Mines de Paris, Centre desaviatix

linear kinematic hardening
a =g’
f(0,X) = o~ X| - o,
Yy = 3Ca’
¢ =0 — Xa=oyp
0 =ge’ — Xa=oyp

since (¢ — X) :n = J(g — X)
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Dissipation for time independent plasticity (1)

Nonlinear isotropic and kinematic hardening (1D), criterion :
flo,X,R)=|lc —X|-R—0,=0

®; =0 — Xa— Rr
R

with & = éP — (D/C)Xp fz(l—bé)p
Then
D R?
<I>1:(0—X)ép—Rp+5X2p+ap
. . D_,. R%*
:‘O—X|p—Rp—|—5X2p—|—5p
. D_,. R*,
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Dissipation for time independent plasticity (1)

D R
—X? i
oA PP

For 1D tension:

¢y =oyp +

Stored forever by the isotropic mechanism

/Rr—/ 1—— /Q 1 — exp(—bp)) exp(—bp) p fQQ

Temporary stored by the kinematic mechanism

X2 C
Y = —— — _ PY)2
/Xa o= 55 (1~ exp(~ D))
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A view on dissipated and stored energy for linear kinematic hardening

200 —
o, X
100 4
Ty
oy +HeP - o
0 | | |

0 0.006 0.01 0.015 0.02
3
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A view on dissipated and stored energy for non linear kinematic

hardening
200 -
o, X
100
Oy
oy + (D/C)X2 .......
oc=0y+ X —o—
0 | | |

0 0.006 0.01 0.015 0.02
3
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Adiabatic RVE

The dissipated energy will produce a temperature chﬁ'hg:e;b—é
@Class DISSIP : SIMUL_MODEL {

@Coefs  young, K, n, RO, Q, b, C, D, H, rhoCp;

@Varint eel, evcum, alpha, evi, wp, ws, tpr;

@VarAux X, R, sigeff, f;

@Observable sig, eto; };

@Derivative {

eto = eel + evi; sig = young*eel;

X = C*alpha; R = Q*(1.0-exp(-b*evcum));

sigeff = sig-X-H*evi;

f = fabs(sigeff) - R -RO;

if (f>0.0){
devcum = pow((f/K),n); devi = sign(sigeff)*devcum,;
if (C>0.0) dalpha = devi - devcum*D*X/C;
dwp=sig*devi; dws=X*dalpha+R*exp(-b*evcum)*devcum;
dtpr=(dwp-dws)/rhoCp; }

if (load[0]=="sig") deel = dglobal[0]/young;

else if (load[0]=="eto") deel = dglobal[0] - devi; };

Georges Cailletaud, Ecole des Mines de Paris, Centre desaviatix UTMIS Course 2003 —Stress Calculations for Fatigue



Energy distribution in a tensile test

S E‘IEE
@
o 200 | .
% [ Dissipation/storage
S 100 Dissipa-
Té i tion/storage(zoom)
% 1000*ws/wp —X— Ratio
sig --fF-- .

0.005 0.01 0.015
plastic strain

K=120,0=50,5=20, C=40000,D=400,rhoCp=1.5
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How big is the temperature change during loading ?

NNNDINRR RN RNAARNR

BigRehzrA82RBNE
pr i e S L B P e

NNDSWLD

fichier: ci\chrysoBl.dat teaps: 0.811 sec

LT LR LS
R

PEEL

SaoOooO0a0nt
=

5883

1G858

26.
F-
5,
5.
5.
24,
24
il
24.
.
<}
a
a
2
2
z.

OO0 0N

26 .

5.

5.59°C
25.35°C
5.11°C
24.87°C
24.62°C
24.38°C
24.13°C
23.88°C
23.63C
23.38°C
23.13%C
2.97¢c
22.61°C
22.35°%

823

Fichier! c!\chrysoBl.dat tenps:188.696 sec

fichier! ci\chrysoBl . dat tonps:283.556 sec

Low rate loadings : tests by Chrysochoos (Univ. Montpellier) on various materials, Al
alloys, 316SS, SMA,...
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Temperature evolution on a tensile specimen

A

température (°C)

125-71

125,41

1 25.10

4 24.79

1 24.48
DURALUMIN

1 24.16 AUA4G

>

60 100 140 temps (s)

ZzZones

elastigue elastoplastiqgue

Experimental data on 2024-T4 alloy (Chrysochoos)
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A view on stored energy: the ratio Wy y.cq/ W piast

L 1 0O

Experimental data on 2024-T4 alloy (Chrysochoos)
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Simulation of hardening and dissipation (simple model)

0 (MPa
1000 ( ) 1

a)

0 € 01 0 Ep U

Tension curve Fractio' = Wiored/ Wolast
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Simulation of hardening and dissipation (complex model)

g (MPa) 1

1000
a) F b)

01 0 t

Tension curve Fractio’ = Wiored/ Wolast
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Cyclic loadings

Stored energy, E, cal/g-a
i | i

Y
0022} L/

Number of Half Cycles
Completed :

0020}

0018}

| | |
e 4 +'3

028 0 30 0 32 034
Expended energy, k. cal/g-a

Georges Cailletaud, Ecole des Mines de Paris, Centre deséviatix UTMIS Course 2003 —Stress Calculations for Fatigue-4. Thermodynamics



Temperature change under cyclic loadings (1)

Température (*C)
8.4

8.3

DURALIMIN

Etalonnage des fuites thermiques

expérimentale et calculée

Cycles 8lastiques
A
A S

-

Conparaison entre les températures-|

1

i’\T if ) L’C ﬁ

-8.14 ‘ .
4. . 12458
4.3 J
4.4 fig. IV.7
-0.5 . ; . :

8 4 69 128 168 260

Tenps (s)

2024

Température (*C) — ACTER INOX

TANN

i

e %

B 48 88 1B 18 208 248 288 706
. Temps (s)

316 Stainless steel

Temperature variations for small elastic perturbations
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Temperature change under cyclic loadings (2)

Tenpérature (°C) ‘ DURALLMIN ’ .
fenpérature (°C) — ACIER INOX
2.5+ o
1 -
& - Courbe de tampérature expérinentale . Courbe de teapérature expérinentale
pour un essai cyclique 8 pour un essai cyclique i
L5 Vérification de la libération 7
! d’énergie bloquée i fig. IV.37 -
14 i . .
i
8.5 | l fig. IV.35 | 4| <
8 Mﬂw»wmm N 2- .
4.5 4 8 | \\~«-_ ” -
_1 . v
8 ) 508 ) 1669 1258 &

i b T
Teaps (s)
2024 316 Stainless steel

Temperature variations for cyclic elastoplastic loading under strain control
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Determination of the fatigue limit

Wolher Curves for cast aluminum

[ & by g‘.!ffr

b I ek
i Iy griraly’

| mrcdmechines bam

o b PRESSiEE

] |
=1 |

IR A 1 B L] T L e

Rumbed of Cycles

il machrs rn
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dissipated energy (x1 06WIm3)

1.8
1.6
1.4
1.2

0.8
0.6
0.4
0.2

D-Mode (gravity cast aluminium)
A
gernss v
0 50 100 150 200
Stress (MPa)

CEDIP 1S-2001
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Damage on a suspension arm

CEDIP IS-2001
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Damage on a suspension arm

( BN BN BN BN BN BN BN BN BN BN BN B BN BN BN BN BN BN BN B BN BN BN B BN B BN B BN BN BN BN BN BN BN BN BN BN BN BN BN BN BN N J
e Amount of plastic power providing heat genera-
tion
o

|
:Q

Zé;‘p—Y]d[:ﬁgIE,;‘p
e Physical meaning of hardening :
Hardening is the capability to store energy

e Storedforever. isotropic hardening

e Recoverable: kinematic hardening
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