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Irreversible Thermodynamics of Metals under Stress (***)

1. InTrovucTion

The objoctive of this paper I to show that the undersuanding of the
imechanical bebaviour of metls can be improvéd by the spplication of the
methods of the non linear thermodynamics of irrevensible processes. In this
context the metal is treated s 8 closed (non lsolated) system subjected 1
external fow of mechanical encegy.
For the sake of sliplicty we reles Dessafie 10 the teasll test o 4 metal

rtoversible thermodymmicn
structure® [2) i the menal s prescoted m\i‘hllocmu

In Scction 2 thermoelanicity of metals Is bricfly revicwed. In Section 3,
 after » schematic outline of the phenumendlogy, physkal fratures Of the thermo-
3 instability are presented. In Section 4 4 critical amessment of the
Himits of applicabilty of irseversible thermodyamics 1o plastic flow 1s for-
mulsted. In particular, the meaning to be atsched to the *thermo-
and “entropy” for an interpretation of the thermal response
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of metals 10 mechanical stimuli during plastic fow is discussed, and an empirical
exprestion: s sopaeated of the entropy productine, 16 terms: of (ksipatioa of the
applicd plastic mechanical powes. In Section 3 peeliminary results ate presented,
about the wie of the thermal responee for the messurement of the dissipation
parameses i & matetial under stress

In Section 6 some concluive reaiarks are reported

2. THERMOELASTICITY OF SETALS.

Any elaatic deformation fnvolves  conflgurational entropy change; in qossi
sdisbatic conditions this change provokes n temperawre variation, known as
thermoelastic effect. The effect was discovered by Lond Kelvin in 1851 ia o
tensile fest s shows up 43 cooling (typically of the crder of the tenth of
degres) in the classic segime.

The thermoelastc effect can be rigorously treated within the gencral frame
of linear Irreveryible thormodynamics of slastic deformations of merals. We stort
with the sccond principle of thermodynamics written in lofal for

& P
—{ﬂw[—]:?[ﬂ‘&o )
& T

where the exisience of @ local entropy per unlt volume ¢ Is postulited under

the local equilibriam spprovimation [3); 4 i the beat flux density vector, T
the abeolute temperstuse, sad P[s] the eatropy production per unit time nd
ualt. volume.

In & metsl subiectod o defarmation the entropy production is formed by
two contributions: the first one is due to the flow of heat along a non-vanishing
thermal gradient (Pa[s1); the second cne is d 1o the dissipation of mechuical
encrgy into_ thermel coergy lavelved in the ceestion, wnnibilation and motion
of defects (Puals]).

Pals] is given by the product of the hoat fux deasity vestor g (flow)

and 1s conlugated force, prad

(1T

Pu (5

{the relevant kivetic coefficient Is here KT, k being the thermal conducriviry
coefficient).  Since:

A (/T = 3 gred (/T) + (/T div 3,

&g, (1) ean be wrintea in the form of o heat balsnce cquation
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[nlwmﬂl formulation, which will bo fully explolted in Scction 4, wi
 consider s a1 4 function of T and. of a set of mechanical variables, collectively
indbcuied by (&}
=3(T, &) 3)
The. & represcnt both mcasurable quantities (Ilke e the clastic sirsin tcnsor
componcnis) sad *hidden™ concdinates (flke o, dilocation deasitles),
Eg. () leads direcily 10

N &y ar &
T'[ ]MT*E'{&],T‘ "
Introducing the specific heat per unit volume, st constant configuration (441
&
-(2)
ol
€q. (2) can be rewritien a5
ar o [ )
C)EAT-Fqu:TPa[i]—‘fB[E] T: (&)}
e

nrroducing also Fourier law § = — k grad T, eq. (5) becomes an effective
Fouries equatian for the temperanare feld:

T =
cm;w—x T=0Qu+ Q.

‘where two heat sources ae presents
Qu = T Pay[s] in the specific dissdpated. uni associsted
S SF B S o ke

s &y
u.-_rz[E] i he e bt souree” amosaid with
mﬂgnumda:&mp,dunp

In this section we confine curselves to the thermodlastic regime in ‘an
_ Bouopic medium, mmummwwnddmumn
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mobile dislocations. I this case Qi is negligib]
elastic relative valume varlstion, L. the erace of

ind the only relevant & is the
he clustic strain tensor €, [4]:

SN+ —& 7
Kr

Qo= —— € = — Y TC & i)

the vob

e thermal expansion m\.(llm.m Kr the isother
¥ the Grien s A O the el b e vt volume at constant
volize. In eq. (8) the cquation of state of sal

Ei Gy
bes been exploited.
In the case of a metsl sample undergoing 4 temile fest

€ = (L —2v) (9/B),

where E s the Young modulos, # the Poisson satlo aed o the spplied seress;
50 that eq. (6] reads

(=29 da

dt

ar
Tt a0}
L

/Gy has been lntroduced.
y, based on eq. (10), have boen developed 1o messure

Experimental methodk
wand % (10, 12, 131

3. THE THERMOELASTICFLASTIC INSTH

my (TEPL)

At the upper it of the thermoelmic. thermocdynamic braach, Qe becones
impoctant, beeaune of the dissipation p by the motion and mutiphication
of dislocations responsible for plastic flow (ses [1] nd sefereaces therein)
This is manlfeited by the temperature behaviour of a meral smple under tensile
steess: after the cooling charscicristic of the thermoclastie effect, the temperatite
suddenly increases (Fig. 1).

One might wonder bow closely does this instability resemble other more
detply understood proceses, soch a6 the soncquilibrium phwse transformations,

ror
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, the convective RuyleighBénard inscability, or the equilbriom phase
 transitions.
First onder phase tramsitions are coutrolled by an applied exterar] parameter.
Theie critical point occurs when o static balance b reached berween the value
“of & state warlable (e, the temperature in & liquid undergaing salidification]
“and a critical valuc of the same variable, characeristic of the atability of the
intemal. organization of the system.
On the contrary, i on rq\/ilﬁ!lwm phase tssformstions, the bifurcation
ea the applied e of energy (power)

the dynasical strucrre of the system (71,
The TEPL occurs in # metal bronghe mway from equilibiuns.  The ciiial
occum between

‘Mvﬁ:dﬁn:lmw‘mwkd:h miccostrosture of
The above critikal state is zeachod even i the stress In increased at o

similairy of the TEPY with ondinsry first order phase tan-
limired by the fact that while in these tramitions the simaltaneously
s (g solid and liuid) are i cquilibriom st the ertieal poiat,
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during z},g r| rs( the “clastic” and "plastic” phases are not in equilibriue: the

trans lly isrreversible, 5o that it becames imposible to_ fecover

St oAl i ke et g b eh TEDT,  Fo ke

once. the ditlovations have snaibilated oe reached the surface, they cunvot show

up again by merely lowering the stress J
Consequently, referring w » tensile e, while before the TEPI the 1

preceding wates are practicaly recovered by lowesing the applied siress, beyond

it the lowering of the applicd stress drives the system along an “elstic™ reum

path sadicaly different from the clastic-plastic loading path (sce Fig. 2).

4. ENTROIY AND. ISSIPATION D

I FLASTIC FLOW

A special care s required 1o apply irreversible thermodynamics 1o the
domain u[ plastic deformation,

Pl T g Ll i Lo (1 2 1) ko
waning frocs spparennly el Inal “ T wee sl and Tl
T e D iy Iyt e b s TEP1 i e o ol tcn
bock 0 it (T, and ses) walors o e “a s, rspecivly
(06). Nevrthees, the second foaling Hitsry (T13), liboegh botied 1w the fine onc,

e compleel <oafined. witha the clistc regioe (TTb), while the ruposse (11b e5d 11e)
e oce g et var Saighisad Btper i gt

lowing Hsoey af the s




The main diffieules are in:
— the definition of the thermodymmic st
— the idemiflcaion of the entropy variat

e Wbeelioulos of the thermodysane forses nd fusey. !t catmopy
prodtion.

These are briefly discussed below. As @ result, an operational
delinition of the cnttopy produerion in terms of disipation of specific applied
mechanical power is propossd, following o suggeston originally offersd by
Bridgman [6].

41, Definition of the thermodynamic. state

The sctual state of u maresisl undergoing plistic Tlow cannot be uniquely
defined i terms of the local istantaneous values of the usoal state varisbles
— g the stss remsor and the temperare —, but roquires ihe
Knowledge of the response 1o the proceding Ioading hisaries.

In the plastic regime, all st are nonegailibrinm e in the sense of
aisial thermodynamics. Departure from any of them casmot be exactly
recovered. Local equilibrium is ot guarsaseed sioce the relaation times of
oo system of defects might excond the chursctefutc times of mechavcal sl

Tt is known that the presence of dislocations lncreases
sbave the reference level conresponding 1o the

“of these defects occurs at such & low mte that metsstable srates can be safely
treated as time independent equilibrium states

42, dentification of the eutrapy varistion
Acoonding 1o Claushus theorer, n onder 10 cyalinte the entropy variation

a ng /T
R AA-B1

Am.u,

o o Ievebilly” (6];
mummmmmngmdﬂ;u-hmumu&m
hidden coordimtes (see Sect. 2) and then verify
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whether this function would deserve this name (e, from the pouu of wiew
of stintical mechanics). However, the entopy variation e

courdinates i ot readily experimentally aveilable: for instance o
seems yet practicable o evaluste in teal time the coofigurational changes of the
ditocation nerwork in thick samples

Nevestheless, 1o fmerpret the experimental data shown. Below, we adopt
the empirical, operational spproach. described in the following section.

43, Eatropy prodction

Entropy production Is & key concept in irreversbile thermodynamics [2]:
in fict it pre of the irreversbilliy of the mansfomstion

In general the eairopy production P[] is expressed ss a product of thermo-
dynamic forcos and fluves. Near quilibrium propartionality bolds between the two,
Awound the meability Tt I reasoasble o expect deviations from this behaviour:
a sdden rise of Pls] ocrurs wward the value sbeorbod by the dissipative
structure (fn cur case: plestic. flow

From the previous sesiions it appears
of the ronnections between, the defec
wariables, it Is nor possible yet to identify
s fhuses insolved in the TEPL

mble operative empirical ansatz 15 adopted here. Since Puls] turns
out 10 be also a messure of the dissipation, we defing, wii refereace to a teasile

it in the abseace of & simple picture

rostructure and the mactosopic
e televant thermodynamic forces

s én
Pula] = §

uz

The above equation can be generalired cusify 10 states of wuliinsial deformation,
i the shear components of bath the stress and plastic strain fale emsors
I cq. (1) 3 is the applicd tenalle atress, and € i the plastic strain. rate, 50
that & 67 s the appled mecharical plastic specific power. The enypirical quassity
Fls n dispion cotBel. rontiing the Fian o the plastic power imme-
diately converted nto “hen”. This quantisy oot to be 1 function of the
stross, ihe simin maie, the teoperatire and the previows history. Shoukd
£1, @ | T) be small, the plastic work would be stored predominanily as frozen
potential fnermal coeriy, Jocal stress’ insensification would oceur, - dislocation
wmobility would be ko
Among the msechanisn
we mecely quine the follor
1) kioetic energy of moving dislocations;
2} damping of diskocation. motion. by local th
damping and seaering of sound waves;

respoosble for disipaio, lolewing Nibolss [8]

mockastic effect, radiaion
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3) ereation and. annibilation of dislocations;.
4) crestion sad annibllation of point defeces,

The determination of the smount of dissipstes) enesgy during plasgic flow
remains an apen peoblem, s clearly poinied by the two following quotatiens:

= Although it is cotablished that alne-icoths of the work donc in plastieally

deforming « metal st soom temperature it &t once comvend o beat, lide
Keiown of the mechanism of this convenon” [9].

*The plastic cocrgy ©s absorbed predominantly by internal srscuual changes
at un atomic Jevel. These changes encall progressive dislocation catanglemcnt.
the creation of pew dislocations and the interaction of dislocations with grain
boundaries, vacancies, foreign atoms cte. The cotise process; which makes
dislocation motion progeessively more difficuls and hence leads ta she obscrved
Increase of yield sress with plastic atesin is called work hardeniag. At indicared

work berdening absorbs most of the pl-m energy o small roportion (typically
about 10%) is- liberated s hest* [10

5. PRELIMINARY RESULTS ON THE DISSIPATION CORFIICINT § ackoss THE TEFL

Accosding 1o Eq. (12), in the casc of 4 solid uadergoing & ualaxial homo-
genesus lasticplastic. deformation, Eg. (6) can be writien w follows:

1-2v da o de®
At 3

de @ &

Eq. (13) is used s the basis for the detcrmination of £ (9) by deformation
calogimetry [7, 16], for & sampls of AIST 316 aumentiic stainless s

same instrumcotation already wied 1o msens the Gahma parsmeer

1, ﬁ!]. the thermal diffsiviy [12, 13] and the thermoelastic plastic lnml
weress % [14] and sirain €y [15] has been wtilized a5 a deformation calorimeter,
with & temperaiure resolotion down 1o 2+ 107K i

Losding histories conssting in stcws rumps are applicd and the thermal

mechanical responss, T (2} and € (1) vnpmwr are measured, In Fig. 1
whll responses of AISI 316 steel are mparted

Once Tit) and € (1) sre known for the

ar
— X ¥IT=—1T
a

Bt Bistcn, 7 i b the: isspation peesmostee £
T otber words taking sdvantage of the linearity of e, (13) with rewpect
tempentute, implying the superposition principle for the thermal respases,
rsinira o

Fatisie 5
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would describe & purcly thermoelestic cooling in the presence of heat diffusion,
and

; ain
e gy (16)

would describe a purcly plastic besting
The plastc scran rate s obtained 4s

~5/E an

s

while the plastic specific power ks
W, =oér 18
and the specific power sccordingly dissipated s

W=t s, (F— T (19

The adopied testing i (deicrmined by the spplicd siress raie) and the
geometsy of the sumple imply a practical sdisbaticity of the deformation frocess,
50 that the laplacians In eqs. (13) and (16) are neglighle. Trom the data of
Fig, 1, wing o35, (15) 10 (19), one thus obuine Wy, Wa and the dissipation
function £ as funcions of the applied stress (sce Fig. 3)

An imcrprciation of { i werms of the dislocstion motion and mal
i

6. ConcLusions.

tion and understanding of ¢
terms of frreversible thesmodymamics.
in detall and experimeasally cxpl
mechanical tests.

Additional Information becomes theis availabl
response fundamental pernmeters (sach as the G
thermal. diff
plastic flow s
yield

avior of metals ok in
The role of thermal tesponse s analyzed
by temperature mensurements. during

From the thermaelastic
sen panameter and. the
ned. From the tsmperature behaviour daring
+ plastic fimit stress (related to the
‘phenomsenca) is pinpointed; i s opencd 1o the evaluation
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1. 3 — Strcss depemdence of the specific placc porves W, the specific diipated powee W

| This work has been performed under 4 conttace with CNR within the
“Progetto Finalizzato. Metallurgia”.

resalis o this. subject have been reported at the *Workshop
o the Physics and Chemstry of Complex Pheoomena: an Interface berween
 Pure and Applied Rescarch, otganized for the CODEST by the Internasional
Salvay Tnstitute of Physics and Chemistry st the Université Libre de Bruselles,
3udth Deccmber, 1984 Some of the remlts presented here will be reported
also a1 the Bah Inerational Conference on Siructural Mechanks In Resctor
 Techaology, Brusscls, Belgiom, August 19-23, 1985
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