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Analysis
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Laboratoire de Mécanique Générale des Milieux Continus, Place E. Bataillon, 34060 Montpellier Cédex (France)

Abstract

An experimental method is described for
observing the energy phenomena accompanying
elastoplastic deformation, in order to take them
into account when identifying a behaviour law.
After the energy balance has been considered, the
relationships between the dissipation, the stored
energy of cold work and the hardening state vari-
ables are reviewed. The dissipation is measured
continuously during monotonic tensile tests, using
microcalorimetry techniques. We describe the
experimental arrangement using physical hypoth-
esis and mathematical modelling which allow us to
relate the dissipated energy to the signal given by
the microcalorimeter. The calibration protocol
and some results on two materials are presented. In
spite of the spread in experimental results, criteria
can be stated for controlling the energy consistency
of models.

Finally the large discrepancy between energy
predictions of certain classical behaviour laws and
the stored energy measurements is indicated.

1. Introduction

Deformation processes nearly always modify
the temperature field of the strained material.
The thermal effects accompanying the deforma-
tion have been being observed for a long time by
experimentalists [1-5], but their observations
concerning thermomechanical couplings are
rarely taken into account in the determination of
the behaviour law, even if, from a theoretical
point of view, thermodynamics are omnipresent
in the construction of a model (6, 7).

2. Theoretical background

For a volume ¥ of elastoplastic material, the
deformation energy W,, can be decomposed into

an elastic (reversible) part W, and a comple-
mentary part W, which can also be decomposed
into the dissipated energy W, and the stored
energy of cold work W:

Woo= Wt Wyt W, (1)

ext
This decomposition is described in Fig. 1
where a supplementary term W, appears during
loading and elastic unloading. It is called the
“isentropic” energy and comes from the thermo-
elastic couplings; this heat supply is associated
with the temperature variations of the material
when transformation is reversible and adiabatic
(ie. isentropic). The thermomechanical process
(O, A, B) represents the load-unload cycle. The
complete energy balance shows that the stored
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Fig. 1. Energy balance during a load-unload cycle: hatched
area, anelastic work; shaded area, elastic energy; arrows, heat
exchange with the surroundings.



energy variations can be considered as the inter-
nal energy variations A E of the material:

A

AE| =Wt W, — W (2a)
o
B

AE| =-W, - W, (2b)
A
B

AE| =W, (3)
0

The use of the classical results of continuous
media thermodynamics [6, 7| allows us to define
the intrinsic dissipation D,:

d
1x=mD—pgfd, (4)
/

where ¢ is Cauchy’s stress tensor, D is the strain
rate tensor and o(dy/da;)a; is the power asso-
ciated with the set of the internal state variables
a, j=1,2,...,n, as a function of the Helmholtz
free energy y(T, a;) (a;=T being the absolute
temperature) and p is the mass density. Generally,
a, is identified as an elastic strain tensor and the
set of variables a;, j=2,..., n, characterizes the
hardening state. Thus o{dy/da), j=2,...,n, can
be interpreted as residual stresses associated with
the stored energy.

If we assume that the (small) temperature
variations induced by deformation do not mod-
ify the hardening state (01(0’w/0T0a))d; =0,
j=2,...,n), the dissipation and the isentropic
power are both mechanical heat sources present
in the heat conduction equation:

Xy
3Tda,

= wch (5)

where 8§=T-T, (T, is the room temperature
assumed to be constant) and ¢ (= —k grad 6 ac-
cording to Fourier’s law) is the heat influx and w,,
is the heat source per unit volume when the exter-
nal heat supply is time independent.

0C,0+divg=D,+pT

3. Mechanical measurements

In homogeneous tensile tests, on the assump-
tion of a linear and isotropic law for the elastic
behaviour, the load and the deformation signals
give an evaluation of the axial components of the

stress ¢ and of the elastic strain &, and plastic
strain £, which are used to calculate the anelastic
energy and the isentropic energy:

eplt)

W=V J ode, (6)
0
- W, = —f f AT, tro dxdr
0 Q1)
=~ ViAT{o(t) - o{O)} (7)

A being the linear thermal dilatation coefficient
and V), the sample volume.

4. Tensile test microcalorimetry

The microcalorimeter is placed directly on the
cross-head of the testing machine in which the
sample passes through the measurement cell. The
main reason for such a device is that the measure-
ments of the evolved heat are not performed
between two thermal equilibrium states but con-
tinuously during the deformation of the speci-
men. The essential technical performance
parameters are the cell sensitivity and the
thermoregulation efficiency.

The cell consists of two coaxial copper cylin-
ders, which are electrically insulated. Between the
cylinders, 12 thermocouple bars are immersed
into heat-insulated moss. Around 1200 thermo-
couples are distributed in a regular manner on
both surfaces (Fig. 2).

To obtain the best signal-to-noise ratio, the
thermoregulation was carried out carefully. The
test room must be completely closed. The air was
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Fig. 2. Microcalorimeter cell: 1, sample; 2, internal cell
cylinder; 3, aluminium block; 4, thermocouples; 5, external
cell cylinder; 6, antiradiation screen; 7-13, thermal resis-
tances.



circulated using six electric fans and the tempera-
ture controlled with two heat sources. The signal
quality is improved by a series of thermal resis-
tances placed between the test room air and the
cell. The fluctuations in signal due to interactions
with the surroundings correspond to temperature
variations in the cell of around 10 3°C. Its maxi-
mum amplitude was around several microvolts
and cannot be recorded directly. Therefore a
two-stage low level thermocouple amplifier was
built. The first-stage gain is around 10 and uses
an INAI0O1 modulus enclosed in an isothermal
copper box (electrostatic shield). The amplifier
was connected to the cell with very short shielded
wires, in order not to intercept parasitic induc-
tions of the same order of magnitude as the signal
which would then be amplified. The second stage
is a more classical linear integrated circuit ampli-
fier (Fig. 3).

5. Principle

To establish a relationship between the signal
given by the thermopile and the heat evolved in
the cell, several hypotheses are made. It is
assumed that the heat transfers due to radiation,
convection and conduction are well modelled by
linear laws in temperature, in the vicinity of ther-
mal equilibrium. Therefore, if 7; and 7, respec-
tively are the mean temperatures of the internal
and external cell cylinders, the signal s is propor-
tional to the thermal disequilibrium:

s=G(T,~T) (8)

where ( is a proportionality constant.

Integrating the heat conduction equation,
firstly in the deformed volume of the sample,
secondly in the internal cell cylinder and finally in

Fig. 3. Two-stage low level thermocouple amplifier.

the external cell cylinder yields the following dif-
ferential system:

u o+ H(T, = T)+ Hy(T, = T,)= W,

d

w4 Hy( T~ 1)~ H\(T, = T,) =0 ©)

us T+ Hy(T,~ T)= Hy{ T,~ T,)=0

where T, is the mean temperature of the strained
sample, and where the test room temperature is
assumed to be constant; u,, i, and u, respectively
are the heat capacities of the sample, of the inter-
nal cell cylinder and of the external cell cylinder;
H,, H,, H; and H, characterize the linear heat
transfers in the cell (Fig. 4). The variations in the
heat transfer coefficients during the deformation
process can be neglected as long as the strain
does not exceed 10%.

Then, if egns. (8) and (9) are taken into
account, the relationship between W, and s can
be deduced:

ras'(r)+s(,)+.( Li+ -t/ exp[_(r_x)H

0 T T2
X s(x)dx=KW,(1) (10)
where
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H,
=
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Fig. 4. Basic sketch of the linear heat transfers modelling in
the calorimeter cell.



a—l=ﬂ1(H1 + H3)+ uo(H, + Hy)
ta= aﬂllu2

jﬂmm+&m+mmw

b
K=0G

and where H,/H, < 1. The constants 7, and 7, do
not depend on the sample characteristics and are
evaluated once and for all.

6. Calibration

As a calibration technique, we use the thermo-
elastic effects. For elastic loading, the heat source
is so small that T, is assumed to be constant. A
simplified form of eqn. (10) is

tas'(t)+s(t)+J‘@dx=KWCh(t) (12)

During monotonic loading or unloading, K
and #, can be experimentally evaluated; the heat
source is known:

W,, = Wyl H(r) - H{t— a) (13)

where H is the Heaviside function, and W,= —
VoA{o(t) —o(0)}/(a)T,, a being the loading dura-
tion.

The signal evolution can be analytically estab-
lished:

[ ‘ t
S(I)=KWU tb'*‘ﬁ [exp(Pl )_eXP(Pu )]

P Po
for0<t<a
i [
KW, ex t
S(!)= ”2() P(Pl ) (14)
A _P1{1‘6XP(—P1‘1)}
- exp(pu) J fora<t
poll —exp(—pya)}
where
A=1-2
Ip
1Al
Pu=—“1_‘_£_"‘-:-0

2t,

—1+A
-2 <0
P 2t

An analysis of the experimental response ()
gives an order of magnitude for %, and #, so that
t,<t. If a is imposed in such a way that a <4,
the restitution of thermal equilibrium can agree
perfectly with an exponential law:

,(,_,M))

&,

s(t)=s(tM)eXP( (15)

where s(z,,) represents the maximum deviation
reached for s at #,; and is defined by

ﬂMﬁK%b—ﬁ) (16)

b
Exponential regression gives #,, and experimental
determination of M(t, s(t,)) allows us to calcu-
late the coefficient K (Table 1).

For elastic cyclic loading, a periodic square
source can be obtained:

Wa(t) = WulH(r)JrZ 2 {—1)"H{t*ka)]- (17)
k=1
When ¢ tends to infinity, the unstationary terms

vanish and the signal tends to a period nature:

exp{py(t —2ka)}

s =KW,|t,—2
(? "[ " T A"™1+exp(ap,)

+2

enﬂpdt—2kaﬂ}
A"{1+exp(ap,)}

for2ka<t<(2k+1)a (18)

TABLE 1 Determination of #, and K for stainless steel
A316L

Test W, K 5, Correlation
J {deg K1) (s)
AI001 5.80 2493 1481 0.98
Al002 712 18.26 2035 0.96
AI003 6.60 22.15 1858 0.98
Al004 6.37 22.00 2033 0.98
AIQ05 737 22.20 1703 0.98
Al006 6.97 20.00 1913 0.98
AlI007 7.24 21.89 1701 0.98
AIO08 7.32 22.10 1650 0.99




: exp[polr —(2k +1)al]
st) n( Iy A”“(1+expp.,)

_s explpilr—(2k +1) a}]
A" (1 +expp,)

for(2k+1)a<t<2{k+1)a

The mechanical loading is reversed at each
t, = na; the signal extremum s, will be reached as
soonas ds/df{t=¢*>1,)=0.

Equations {18) give

[n(tu- !h) = [n* =

n

I
A o

1 +explap,) (19)

1 +explap, )]

If ¢, is evaluated from eqn. (15), the measure-
ment of ¢, for different loading frequencies
(2a)”! allows r, to be determined. Some results
are shown in Table 2 and illustrated in Fig, 5.

7. Results

Tests on two industrial materials used industri-
ally: age-hardened stainless steel A316L or age-

TABLE 2 Determination of 1, for stainless steel A316L

Test 2a v Atyin At
(s) (Hz) (s) (s)
CY001 47.5 2.1x1072 19.2 200
CY002 72.0 14x10-*° 22.8 258
CY003 95.0 1L1x10°* 28.8 342
CY004 143.5 7.0x10°3 33.0 39.0
CY005 237.0 42x10°° 43.5 50.0
CY006 360.0 2.7%x10°° 48.0 55.0
CY007 474.0 2.1x107° 57.0 63.0
CY008 720.0 1.4x10-1 57.0 69.0
CY009 952.0 1.0x 1073 50.0 65.0
CYO10 1200.0 84x 10+ 54.0 74.0
CY011 7.0x10°+ 54.0 84.0

1432.0

TABLE 3  Energy balance evolution for stainless steel A316L

hardened cabon steel XC38 were carried out,
The evolved heat measurements were compared
with the results obtained locally using an IR
device [8). The measurements are presented in
Tables 3 and 4 for the two steels, and Figs. 6 and
7 illustrate the energy balance evolution. The
relative accuracies of the anelastic and the isen-
tropic energy measurements are relatively small
(around 2%); the difference between the total
amounts of heat measured by the two experi-
mental approaches is naturally more important.
The minimum and maximum values are indicated
in the tables. The difference between the values is
around 40 J for the largest strain for both steels;
this represents a maximum relative accuracy of
around 25% (for both steels). The stored energy
evaluation is obtained as the difference between
the anelastic work and the dissipated energy (see
eqns. (4)-(7)). The extremal values are also indi-
cated in the tables. In Fig. 8 the spread of the
stored energy against the tensile stress is bounded
by the two curves and is shown as a shaded area,
In Figs. 9 and 10 the ratio F=W,/W, of the
stored energy to the anelastic energy is plotted as
a function of the tensile strain. The shaded areas
in these plots represent the absolute errors.
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Fig. 5. Microcalorimeter calibration: determination of ¢, for
the age-hardened stainless steel.

: W, - W, W, (1) W, () F (%) a
(%) () oy (MPa)
Micro- IR Micro- IR Micro- IR
calorimetry calorimetry calorimetry
1 16.3 -10.0 0.8 —-2.2 5.5 8.5 30 52 290
3 64.3 -12.6 337 18.7 18 33 28 51 346
5 135.7 - 144 86.3 61.3 35 60 26 44 390
7 205.4 =16.1 134 101 55 88 27 43 428
9 2775 -17.7 183 147 77 113 27 41 466




TABLE 4 Energy balance evolution for carbon steel XC38

£ Wu - Wis Wch (J) wi (J) F (UA’) a
(%) ) ) (MPa)
Micro- IR Micro- IR Micro- IR
calorimetry calorimetry calorimetry
| 25.5 -12.0 3.3 -1.8 10.2 15.3 40 60 410
2 62.0 =133 27.2 19.7 215 29.0 35 47 451
3 98.3 -14.3 59.0 41.0 25 43 26 44 482
5 182.4 - 158 126.6 94.6 40 72 22 39 528
7 274.4 -16.9 198 160 60 98 22 36 560
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Fig. 6. Stored energy evolution for age-hardened stainless
steel deduced from IR and microcalorimetry measurements
(equivalent sample volume V,=8.4 X 10~ m?).
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Fig. 7. Stored energy evolution for age-hardened carbon
steel and deduced from IR and microcalorimetry measure-
ments (equivalent sample volume V,=8.4x 10" % m?),

8. Discussion

The different criteria which have been taken
into account to control the validity of constitutive
equations of classical behaviour models or to

stainless steel (*, ©) and carbon steel (%, @),
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Fig. 9. Observed decrease in the stored energy ratio as a
function of strain (spread, shaded area), and its increase pre-
dicted by classical models (- - ~), for stainless steel.

E W IW, o ()

75 | —
s

50:

25 i

0- -

o] 1 2 3 4 5 e (Z)

Fig. 10. Observed decrease in the stored energy ratio as a
l'qncnon of strain (spread, shaded arca), and its increase pre-
dicted by classical models (- - ~), for carbon steel.



proposed new constitutive thermomechanical
models, are as follows.

(1) The amount of stored energy increases with
increasing extent of tensile deformation in such a
way that its ratio to the anelastic energy is a
decreasing function of strain.

(2) The ratio F reaches around 50% at the
beginning of strain hardening and represents dur-
ing the transformation a large part of the mechan-
ically expended energy (20 < F<60):

0 gz) d,) =~0.50:¢€, (20}

/

lim

£ 0

(3) Because of the spread in the measurements,
a linear dependence of the stored energy on the
tensile stress is adopted, as a first approximation.

If the decrease in the stored energy ratio is now
a classical result 1], the percentages obtained
here (on age hardening polycrystals etc.) are more
important than those often cited by the metal-
lurgists in the literature and obtained generally
for annealed single crystals. In such a case, F does
not exceed 15%,; this explains the classical con-
cept of considering the stored energy evolution to
be negligible and not taking it into account during
the determination of the constitutive equations of
the behaviour law. Such a concept leads to

, iy . _ .
ws=paf%a,<0£,.{=0) (21)

where w, is the stored energy per unit volume.

Let us now consider the models which form
the basis of the elastic-plastic behaviour model-
ling: the Prandtl-Reuss law (isotropic hardening),
and the Prager law (linear kinematic hardening).
Using the classical results of the generalized
standard material theory (6], the two models lead
to the following dissipation form, when the von
Mises criterion is chosen, for a monotonic tensile
test:

for oz o, (22)

foro2 o, (23)

D =0,
Wy = 0,.€,

where o, is the yield stress, £, is the axial com-
ponent of the plastic strain rate and w, is the dis-
sipated energy per unit volume. Both eqgn. (4) and
eqn. (22) allow us to determine the evolution of

the stored energy rate:
for o2 o, (24)

. _f .
W, =(0—0,)¢,

Firstly, eqn. (24) contradicts eqn. (21) as soon as
o becomes large compared with o.. Secondly, it
implies an obvious increase in the stored energy
ratio, which is not in accordance with the experi-
mental observations (see refs. 4 and 8). In Figs. 9
and 10, the broken curves represent the evolution
of F defined by

=j((;—gu)épdt/j oé, dt (25)

n 0

In the framework of the generalized standard
material theory, modifications of both models
have been proposed in order to predict reason-
ably the energy balance evolution. A linear cor-
respondence between stored energy and tensile
stress is adopted (however, a non-linear depen-
dence could possibly be used): such an element
enables us to identify completely the Helmholtz
free energy as soon as an additive decomposition
into elastic and plastic parts is allowed, when the
temperature influence on the plastic part is negli-
gible. This will not be discussed in detail here, but
the use of such a phenomenological hypothesis
has already been developed in refs. 8-10.

In conclusion, we emphasize the fact that a
study of the energy balance associated with defor-
mation processes is helpful in determining the
consistency of the thermomechanical behaviour
laws. The microcalorimeter presented here
allows us to make such a continuous energy bal-
ance during the transformation, for simple
mechanical loading (tension or torsion). It can be
calibrated using several thermoelastic effects,
which limits its utilization to materials possessing
an elastic domain. However, its great sensitivity
allows us to observe thermal effects at a very low
strain rate. [t can be used to study the energy bal-
ance during creep tests and torsional loading.
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