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Polycrystalline metallic materials are made of an aggregate of grains more or less well oriented with

respect to the loading axis. During mechanical loading, the diversity of grain orientations leads to heter-

ogeneous deformation and it is well known that most of the plastic work generated during the deforma-

tion process reappears in the form of heat whereas a certain proportion remains latent in the material

and is associated with microstructure changes. To access the local stored energy, experimental and

numerical energy balances are needed at a suitable scale. In this way experiments have already been

done in-house on 316L stainless steel to monitor the evolution of temperature and deformation fields

at the microstructural scale. The aim of the present study is now to develop a simplified numerical model,

based on experimental observations and able to simulate the thermomechanical behavior, in order to

provide a first assessment of the stored energy level and heterogeneity. Our model renders well the aver-

age thermomechanical behavior of the specimen and reveals a high heterogeneity of the stored energy at

the microstructure scale. Better knowledge of the stored energy at this scale should improve our under-

standing of strain localization mechanisms.

1. Introduction

Polycrystalline metallic materials are made of an aggregate of

grains more or less well oriented for plastic slip with respect to

the loading axis. During mechanical loadings, this diversity of grain

orientation leads to inhomogeneous deformation and results in lo-

cal plasticity. These general aspects are, for example, extensively

described in the well-known book of [13]. Additionally, the fact

that deformation in polycrystals is inhomogeneous has been first

emphasized by [2,7]. During the deformation, this local and then

global plasticity triggers a dissipation and a temperature increase

of the specimen. The phenomenon has been studied very early

by Taylor and co-workers [17,42,36]. It is thereby well-known that

during cold-working, most of the plastic work reappears in the

form of heat whereas a certain proportion remains latent in the

material and is associated with microstructure changes, including

mainly dislocations elastic energy. An extensive review of the early

work within this field was published by [6]. The first estimation of

latent energy or stored energy of cold-working was performed by

subtracting the dissipation to the macroscopic work given to the

sample. At this time, dissipation during plastic work was approxi-

mated thanks to the mean temperature evolution of the whole

sample measured by a calorimeter. They concluded that the frac-

tion of plastic work converted into heat could be considered as a

constant between 0.8 and 0.95. Henceforth, most thermomechan-

ical models implemented in finite element codes assume this ratio

to be constant. Since then, many attempts have been made to ac-

cess energy sources using infrared radiometers or cameras

[12,20,25,34]. Their results, obtained at a macroscopic scale, have

shown that the fraction of plastic work stored in the material is

not a constant parameter. It actually depends on the strain, the

strain rate [26], the class of material and microstructure [35] and

the type of loading [33]. In addition, some authors have shown that

the stored energy could be a better indicator to predict shear fail-

ure than a traditional strain criterion [37] and some works have

proven that thermal and heat source measurements could provide

crucial information about many macroscopic localization phenom-

ena such as: (1) Lüders bands [22], (2) plastic dissipation in Al

aggregates [23], (3) Portevin–Le Chatelier localization [24], and

(4) localized phase transformation in Nitinol shape memory alloys

[40]. Therefore, it seems possible to track the potential zones

where plasticity and damage preferentially develop thanks to the
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evaluation of the kinetics of the dissipation or of the stored energy,

as well as the detection of a threshold in those values.

In this continuity, it seems relevant to extend heat sources mea-

surements in order to understand microscale plastic localization

phenomena occuring in metals (microplasticity, fatigue, damage)

[29,10,15,38] and in order to build fully physically-based constitu-

tive laws and strain localization criteria. However these localiza-

tion processes lead to very low levels of temperature and occur

at a very local scale, thus making any experimental measurement

of stored energy laborious and complicated. As a result, to this

day, no author has performed an energy balance at the microstruc-

ture scale of a polycrystal using full-field measurements and the

heat equation, even if some first steps were done on oligocrystals

(<10 grains) [1,38]. In this work, no experimental energy balance

on polycrystals is presented but rather, a first numerical estimation

of the local stored energy level and heterogeneity is made, based

on experimental data [8,9]. The main objective of the work is to

study microplastic phenomena, occurring at the grain scale in a

polycrystal at low strain level (i.e. <10%) in an overquenched

A316L austenitic stainless steel.

This paper conducts, on the one hand, (i) a first comparison be-

tween experimental thermal and strain distributions obtained un-

der monotonic tensile test and numerical results based on a

simplified description of the sample’s texture and constitutive

law. On the other hand, it provides (ii) a first estimation of the local

stored energy, still hardly experimentally accessible without

resorting to strong assumptions [5]. In a first part, the experimen-

tal setup capable of measuring kinematic and thermal field at the

grain scale is introduced, along with some results it provided. Sec-

ondly, the methodology and the assumptions made to build our

simplified numerical model are formulated. Finally, comparisons

between experimental and numerical results in terms of mean val-

ues and distributions are discussed, and the stored energy obtained

through our simplified model is presented.

2. Experimental part

The results presented in this section are taken from Bodelot’s

work [8]. It proposed an original experimental setup able to

measure, in the same location and at the same time, kinematic

and thermal fields at the microstructural scale. The main features

are described in [9].

2.1. Fully-coupled measurements of kinematic and thermal fields

Strain fields are obtained thanks to DIC (Digital Image Correla-

tion) performed with CorreliLMT (developed at the ‘‘Laboratoire de

Mécanique et Technologie’’ of Cachan in France) on images of the

deforming sample covered with a speckle pattern. Details about

the CorreliLMT DIC algorithm are exposed in [19]. The spacial reso-

lution of the kinematic fields (displacements, strains) is

104 lm � 104 lm after performing DIC on 16 � 16 pixel subsets

of the images, the precision on strain values is 0.1% and the record-

ing frequency is 7 Hz. Temperature fields are obtained by IRT

(Infrared Thermography) at a recording frequency of 140 Hz, with

a spatial resolution of 90 lm � 90 lm for the temperature fields

(after numerical smoothing). In this study, the link between the

infrared radiation received by the camera and the temperature of

the object is established thanks to a blackbody through a calibra-

tion procedure applied on each detector of the camera and leading

to a thermal resolution of 0.03 �C.

2.2. Principle of the coupling

Since we are interested in the microstructure scale and since

the microstructure is different from one face or location to the

other on a flat specimen, the same area of the sample has to be ob-

served simultaneously by both cameras. To achieve such a fully-

coupled observation of the same zone, a dichroic mirror is placed

in front of the sample, making an angle of 45� with the normal

to its surface (cf. Fig. 1). Thanks to its filtering properties, the di-

chroic mirror transmits the infrared radiation towards the infrared

camera, located in front of the sample and reflects the rest of the

radiation, including the visible radiation, to the CCD camera which

is perpendicular to the normal to the sample. To perform coupled

measurements a special coating was designed and applied on the

sample, meeting simultaneously requirements of both measure-

ment techniques with the magnifications used. Finally, the DIC

(a)

(c)

(b)

Fig. 1. (a) Flat specimen of stainless steel AISI 316L (dimensions in millimeters), (b) schematics of the experimental setup, (c) experimental setup.
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displacement data allowed us to track the displacement of material

points in front of the infrared array and then express the temper-

ature fields in the undeformed configuration. Therefore the data

is fully-coupled insofar as both fields correspond to the same zone,

at the same time and are given in the undeformed configuration.

2.3. Material

The studied material is an AISI 316L austenitic stainless steel.

Dog-bone shaped flat samples 2 mm thick were heat treated under

air for 2 h at 1200 �C and immediately water-quenched. The mean

grain size of the heat-treated material is 130 lm, matching the

spatial resolution capabilities of both techniques. This means that

the spatial resolutions achieved in strain measurements as well

as in temperature measurements are suitable to give meaningful

data at the scale of the grains of the studied material. It must be

underlined that the heat treatment introduced some changes in

the behavior compared to a standard 316L stainless steel which

generally possesses a grain size close to a few tenths of microns.

This point will be discussed later.

2.4. Results under monotonic tensile test

A displacement controlled monotonic tensile test was applied

to the sample with a constant strain rate of 5 � 10�3 s�1 [8]. As pre-

viously described, fully-coupled measurements at the microstruc-

ture scale were performed during the monotonic test, providing

kinematic and thermal fields. However, as a first step, only average

quantities over the complete fields and their associated distribu-

tions will be analyzed in this paper. The studied fields correspond

to a 5 mm � 5 mm area in the center of the specimen. Due to the

mean size of the grains and this surface area, one can estimate that

there is approximately 1500 grains in the studied area.1

The evolution of the nominal stress is presented in Fig. 2 and

will now be discussed. In a first step, the material deforms elasti-

cally up to point B, which corresponds approximately to the begin-

ning of a non-linear relation between stress and strain while the

linear relation is represented by line A–L. At this stage, experimen-

tal strain fields reveal that some grains of the polycrystal already

deform plastically whereas the other grains are still elastic (see

the strain distributions of Fig. 3a). Then, between B and the con-

ventional yield stress at 0.2%, which is equal to 223 MPa, local plas-

ticity extends and becomes even more generalized until D. This

leads to an other linear response of the material from C to D which

can be associated to a saturated plastic hardening behavior.

The relative temperature evolution (i.e. the gradient tempera-

ture from initial equilibrium) and the strain evolution are also pre-

sented in Fig. 2. These values are the spatial averages of the

corresponding fields over the studied area at each time increment.

One can note a drop in temperature between points A and B both

located in the conventional elastic domain, followed by a rise

between points B and D. Thermodynamically, this corresponds, in

a first step, to a thermoelastic coupling and, in a second step, to

the effect of a positive dissipation associated with plasticity. This

coupled thermomechanical behavior was underlined many years

ago [36]. It is nevertheless interesting to note that the inflexion

point in the temperature curve occurs at B, which corresponds to

the end of linearity of the macroscopic stress–strain. Therefore, it

seems that the thermal inflexion point is linked to a microplastic

behavior and that the irreversibilities introduced by the microplas-

ticity become prominent well before the conventional yield stress

at 0.2% strain.

The evolutions of the strain, in axial direction, and temperature

distributions are plotted against time in Fig. 3. Transverse strain

distributions are not presented here. All distributions can be de-

scribed by Gaussian functions. However, in the case of strains,

the Gaussians have a significant standard deviation which in-

creases with the deformation. It is first interesting to look at the

strain distribution on point B (see Fig. 2) which corresponds to

the instant when the thermal inflexion point occurs. At this point

the mean strain is 0.12% and the distribution ranges from �0.63%

to 0.84%. Considering the nominal stress at this point (176 MPa)

and the Young’s modulus (186 GPa) it is therefore possible to esti-

mate the part of elastic grains within the gage section of the

specimen.

�e 6
R

E
ð1Þ

It appears that about 43% of grains are still elastic whereas the rest

of the grains are plastic. It is in good agreement with the previous

point: microplasticity becomes prominent as temperature begins

to increase. One can also observe that some grains are in contrac-

tion up to �0.7% and, because there are no texture effects (i.e. ran-

domly oriented grains), this contraction is certainly due to the effect

of grain size and grain morphology distributions. This has already

been observed on cyclically loaded duplex stainless steel [3]. One

can also underline that, as the mean deformation evolves from 0%

to 2.5%, the associated local strain distribution ranges from 0.5%

to 5%. At the same time, the mean relative temperature evolves

from 0 K to 0.85 K when the local distribution varies from 5 mK to

300 mK. The fact that thermal fields are more homogeneous is

partly due to the thermal diffusivity of material.

It has been shown by observation of the microstructure after

the test, that: (i) the zones of highest strains correspond to the

more deformed grains (bearing a lot of slip lines), (ii) the zones

with the highest temperatures, though more widespread due to

diffusion, could be linked to regions where the density of very de-

formed grains is the most significant at the end of the test [8]. In

this study, we will further focus on the mean values of thermal

Fig. 2. Mean values (over the studied area) of thermal, strain and stress fields

during monotonic tensile test up to 2.5% mean strain.

Fig. 3. Distribution of total axial strain and relative temperature during a

monotonic tensile test up to 2.5% mean strain.

1 Some recent EBSD analysis has confirmed that there are exactly 1776 grains.
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and strain fields and on their deviations in order to analyze the rel-

ative heterogeneity of the mechanical behavior and in order to give

a first numerical estimate of local energy sources during a plastic

deformation process.

3. Numerical estimation of local heterogeneities

3.1. Methodology

Some authors have tried to understand the influence of the con-

stitutive law on the evolution of temperature and on the storage of

energy by trying to perform numerical energy balances. One inter-

esting result is that the traditional necessary conditions of

mechanical and thermodynamical admissibilities are not sufficient

to well predict the thermal evolution and thus, the storage of en-

ergy [43]. Therefore, it is fundamental to have a better understand-

ing of thermomechanical couplings if one wants to build a

physically based constitutive law. Contrary to experimental

investigations, numerical tools always permit to approach unmea-

surable quantities. One could distinguish two main approaches: (i)

macroscopic approaches, focusing on the description of the mean

constitutive law and thus leading to a mean evolution of sources

[43,18] and (ii) local approaches, based on crystalline plasticity

framework, with different levels of complexity in the description

of the constitutive law [38]. The proposed model is midway be-

tween both approaches since it tends to render the local heteroge-

neities without either entering the crystalline plasticity framework

or considering phenomenological constitutive laws.

As it was described in the introduction, polycrystalline metallic

materials are made of an aggregate of grains. A microstructure pos-

sesses many kind of heterogeneities among which only three major

ones are underlined here: the local crystallographic orientation of

each grain, the grain size and the texture heterogeneity, i.e. specific

relations between relative orientations of neighboring grains. This

would imply the definition of a polycrystalline aggregate model

taking into account these three different aspects [16] and thereby

giving stress and strain tensors fields in every grain. However, the

definition of such a model is not a simple task and our main goal

here is to model thermomechanical couplings at the microscopic

scale in order to access a first numerical estimation of the hetero-

geneities of the stored energy. For this purpose, several assump-

tions concerning microplastic activity have been made:

� H1: Homogeneous and equiaxed grain shape. A constant mean

grain size is assumed and is modeled by a cubic finite element.

The chosen size is 150 lm � 150 lm � 150 lm which is close

to the experimental mean size. Thus the grain morphology

and size distributions are not taken into account.

� H2: No crystallographic ‘‘texture’’. No preferential orientation

relations between grains are considered. Every grain orientation

is independent of its neighbors. Thus, the distribution of crystal-

lographic orientations in space is totally random.

� H3: Plasticity modeling. The macroscopic stress R necessary for

the grain plasticity activation depends, in particular, on the ori-

entation of each grain with respect to the loading axis. At the

grain scale, the plastic criterion is generally based on the Sch-

mid theory: si 6 sc (i = 1, . . . , 12 in the case of F.C.C. structure)

with the resolved shear stress of the considered slip system

s ¼ R : M;M ¼ 1
2
n� v þ v � nð Þ. M is the Schmid matrix, n the

unit normal vector, v the unit slip direction vector of the consid-

ered slip system (i) and sc a critical shear stress, commonly sup-

posed constant. As M is a function of the orientation of each

grain, the distribution of grain orientations in the specimen

leads to a s distribution for a given R. Assumption (H3) consists

in replacing this s distribution by a ry distribution, where ry is a

von Mises equivalent yield stress as: Req 6 ry. This distribution

relies on experimental distributions of strains. Schmid theory

and its construction will be developed in the next paragraph.

3.2. Local constitutive law

In the following, the Generalized Standard Material framework

[32] is adopted. This framework reduces the construction of the

constitutive law to the definition of two potentials: (i) the free en-

ergy potentialWwhich describes the local state at every time t and

(ii) the dissipation potential /which gives the flow rules of the sys-

tem according to the first and second thermodynamic principles.

All the details can be found in Appendix A. Only the main features

are described here in order to define the plastic dissipation and the

thermoelastic coupling associated with the present model. This

model corresponds to an isotropic elasticity, a linear thermo-

elastic coupling and a linear plastic kinematic hardening. The

plastic criterion corresponds to the von Mises yield function which

is:

f ðrÞ ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

3
2
J2ðs� XÞ

q

� ry

s ¼ r� 1
3
trðrÞI

J2ðs� XÞ ¼ 1
2
ðs� XÞðs� XÞ

X ¼ 2
3
Hep

8

>

>

>

>

>

<

>

>

>

>

>

:

ð2Þ

With respect to the first and second thermodynamic principles, the

coupled heat equation can be obtained [27] in the present particular

modeling framework. Then, by deriving the free energy potential

and the plastic dissipation potential [30], the following form is

obtained:

qCv _T � divðK : gradðTÞÞ ¼ r þ ðr� XÞ : _ep � aTtrð _rÞ � 9Ka2T _T

ð3Þ

Three heat sources are present on the left side term:

� r stands for the external sources.

� ðr��XÞ : _ep corresponds to the intrinsic dissipation and is

denoted _d.

� �aTtrð _rÞ � 9Ka2T _T corresponds to the thermoelastic coupling.

As external sources are not present in this study, the heat

sources are then denoted:

_U ¼ ðr� XÞ : _ep � aTtrð _rÞ � 9Ka2T _T ð4Þ

Moreover, as introduced by Taylor [42], the ratio between the

stored power and the total plastic power can be defined as:

b ¼ 1�
_d

r : _ep
ð5Þ

The numerical implementation of such a thermoplastic framework

is also described in Appendix A.

3.3. Identification of elasto-plastic parameters

This part presents the different assumptions made in order to

identify the mechanical and thermal parameters of the numerical

model. As it was previously introduced, the constitutive law is con-

sidered as bilinear: linear elasticity followed by linear hardening.

The first assumption is to consider the local scale elastoplastic

behavior the same as the macroscopic one in terms of moduli.

Therefore, the Young’s (E) and hardening (H) moduli are identified

on an experimental macroscopic tensile strain–stress curve (cf.

Fig. 2) and their values are respectively E = 186,000 MPa and

H = 1500 MPa.
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A relationship between macroscopic and mesoscopic stresses is

also necessary. The transition between the macroscopic and meso-

scopic stresses can be described in a general case by the following

equation:

r ¼ R� C
�
: ep ð6Þ

It can then be simplified [28] according to some assumptions, in

particular:

� Lin-Taylor’s model: C� ¼ C

� Sachs’s model: C� ¼ 0

where C is the stiffness tensor of the bulk and ep the plastic strain at

the local scale.

The first one assumes the homogeneity of the strain e in the

specimen whereas the second one assumes the homogeneity of

the stress r. Both these homogenized models are popular because

they represent respectively an upper and lower bound to the elas-

toplastic response of the polycrystal [28]. However, as previously

shown in the experimental part of this paper, the total strain is

clearly not homogeneous. Therefore, the Lin-Taylor’s model could

not be considered here and the Sach’s one is chosen. As it is a lower

bound the elastoplastic response of the polycrystal, it will give a

first estimate of the local stresses. Now, as: (i) the experimental

distribution of strains at a fixed macroscopic stress is known, (ii)

both elastic and hardening moduli are fixed, (iii) the local stresses

are assumed homogeneous and equal to the macroscopic one

(Sachs’s model), a distribution of equivalent von Mises yield stres-

ses can be determined (cf. Fig. 4). The corresponding equations are

the following:

rg
y ¼

E
E�H

R� HegR
� �

sc ¼ f grg
y

(

ð7Þ

with fg the Schmid factor of the considered grain g, R the nominal

macroscopic axial stress, egR the distribution of strains in the central

studied area at fixed macroscopic stress R, sc the critical shear

stress, which is an intrinsic property of the crystal, and ry
g the dis-

tribution of yield stresses. The determination of this yield stress dis-

tribution follows four successive steps described in Fig. 4:

� in order to take into account the generalized plastic state in the

studied zone, the macroscopic stress level is taken at 265 MPa,

which corresponds to point D in Fig. 2. Then, the corresponding

distribution of total strains is plotted in Fig. 4a

� the strain value at each pixel of the observed area is linked to a

specific ry
g through the bilinear constitutive law deduced from

Eq. (7) and from the values of E, H and R (see Fig. 4b),

� the resulting distribution of yield stresses is plotted in Fig. 4c.

This yield stress distribution is included between 170 and

265 MPa. This result is qualitatively consistent with the posi-

tions of points B and C in Fig. 2, which respectively correspond

to the end of the elastic domain and the beginning of perfectly

linear plastic domain.

� finally, by taking into account Eq. (7) and a particular value of sc,
the cumulative density of effective Schmid factor is computed

and compared with results coming from [39] (cf. Fig. 4d).

The cumulative Schmid factor distributions as defined by [39]

could be directly compared with our numerical cumulative density

of Schmid factors. As a matter of fact, according to [39], the effec-

tive Schmid factor is defined as f =max(jsij)/Rxx where Rxx denotes

the macroscopic axial tensile stress andmax(jsij) the effective max-

imum resolved shear stress. Here, the main difference with the

classical Schmid theory is that the resolved shear stress is com-

puted considering elastic and plastic crystalline anisotropies. In-

deed, in classical Schmid theory, the link between macroscopic

stress and resolved shear stress is based on the uniaxiality assump-

tion and, therefore, is directly based on grain orientations. This is

true in the case of a single crystal but, in the case of a polycrystal,

a structure effect should be considered. In fact, since each grain

undergoes multiaxial loading, the resolved shear stress does not

(a) (b)

(c) (d)

Fig. 4. Steps in the building of the yield stress distribution: (a) Experimental distribution of absolute strain values [9], (b) bilinear constitutive law considering a

homogeneous stress, (c) resulting distribution of yield stresses and (d) comparison between the resulting cumulative density of Schmid factors and the cumulative density of

the effective Schmid factors for austenite from Sauzay’s works [39].
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only depend on the orientation of the grain with respect to the

macroscopic tensile axis, but also on crystallographic texture

(neighboring grains) and on material anisotropy. Obviously, the

experimental strain field intrinsically takes into account crystallo-

graphic texture and material anisotropy. Therefore, a cumulative

Schmid factor distribution based on experimental data can be di-

rectly compared to ‘‘the effective’’ Schmid factor distribution given

by [39].

The critical shear stress value chosen is sc = 85 MPa and it con-

ducts to resulting Schmid factors ranging between 0.3 and 0.5,

with a mean value of 0.365. Besides, one can observe that the

obtained Schmid factor distribution (cf. Fig. 4d) exhibits a plateau

for values lower than 0.32 and greater than 0.45. The main

consequence is that only a few grains possess a very low or a very

high Schmid factor. Fig. 4d shows that both effective Schmid factor

distributions determined in this work and computed in [39] are

qualitatively in good agreement, even if the latter predicts more

grains with extreme values of Schmid factor.

3.4. F.E. model

Fig. 5 shows the geometrical model of the specimen with its

associated mesh and boundary conditions. Due to geometrical

symmetry, as well as thermal and mechanical symmetries (i.e.,

respectively the convective exchanges /t = 0 and displacement

U = 0 with U normal to the symmetry plane), only one quarter of

the specimen is modeled. Following [14] where the specimen gage

section is modeled by a parallelepiped, the exchanges are repre-

sented through two coefficients: h1 for the specimen part in

contact with air (external temperature Text), and, h2, for the

specimen ends. The values of h1 and h2 are determined from the

geometry of the specimen gage section (parallelepiped) thermo-

mechanical properties and some numerical 3D thermal computa-

tions of relaxation curves. As the effective convective term h2
includes the contribution of the convection and the conduction

etween specimen ends and machine grips, this leads to a very high

value with no physical meaning. However, the obtained value is

close to the one of [14] and the one used by [4]. This value allows

to obtain the thermal evolution observed during the equilibrium

recovery. The different thermophysical and material parameters

are summarized in Table 1.

In Table 1, q denotes the mass density, Cv the specific heat

capacity, K the conductivity, a the thermal expansion coefficient,

m Poisson’s ratio, h2 and h1 the convection coefficients between

the specimen ends and the machine’s grips, and between the spec-

imen and air, respectively.

The finite element model is based on solid linear tetrahedral

elements called C3D8T in Abaqus. The C3D8T is a coupled temper-

ature displacement element. It consists of a brick with eight nodes,

and four degrees of freedom (x, y and z displacements ux, uy, uz and

temperature). The numerical model contains 6600 of these ele-

ments with a regular mesh (150 lm � 150 lm � 150 lm) in the

central area corresponding to the zone studied experimentally.

As previously specified, this element size correspond to the esti-

mated experimental mean grain size.

Two different simulations are performed: homogeneous and

heterogeneous. In the homogeneous one, the mechanical proper-

ties are the same in the whole specimen and are directly identified

on the macroscopic tensile curve: E and H are obtained as previ-

ously described while the macroscopic yield stress corresponds

to point L(ry = 233 MPa) in Fig. 2 and will correspond to point E2
in Fig. 6. In the heterogeneous case, the yield stress distribution

is included in the central area.

The loading consists in the application of a displacement ramp,

from 0 to 400 lm, on every surface node of the specimen end. This

loading models a perfect contact between the machine’s grips and

the specimen end (no relative displacement). Both simulations are

performed with the same loading, and the results are compared to

a monotonic tension test carried at constant strain rate until 2.5%

strain and extracted from [9].

4. Results and discussion

4.1. Beginning of plasticity

As already described in the experimental part, only spatial mean

results in the central region are plotted in Fig. 6 in order to compare

macroscopic experimental and numerical curves. One can first note

that the evolution of the nominal stress is qualitatively the same in

all cases and only the transitions between the elastic and plastic

domains seem to be different. In the homogeneous case, one can

Fig. 5. F.E. model and its boundary conditions.

Table 1

Mechanical and thermal properties of the 316L stainless steel used in the simulation.

E (MPa) H (MPa) rY (MPa) m h2 (W m�2 K�1)

186,000 1500 [170;265] 0.3 2200

q (kg m�3) Cv (J kg
�1 K�1) K (Wm�1 K�1) a (K�1) h1 (W m�2 K�1)

8000 500 15 1 � 10�5 14.6

Fig. 6. Mean stress and mean temperature evolutions during monotonic tensile

test: comparison with simulation results.
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observe the typical sharp transition of a bilinear elastoplastic

constitutive law. In the heterogeneous case, this transition is more

progressive even if every local mechanical behavior is also bilinear.

Here, plasticity is gradually activated because of the spacial

distribution of yield stresses. This heterogeneous simulation results

are therefore relatively close to the experimental curve.

The simulated evolution of the spatial mean temperature first

exhibits a drop induced by thermoelastic coupling, before a tem-

perature increase due to plastic dissipation. In both homogeneous

and heterogeneous cases, the calculated variation of temperature is

close to the experimental one but one can note a delay in the cal-

culated elastic–plastic thermal transition. This is due to the exis-

tence of a delay in the appearance of plastic strains in each

distribution, as will be explained in the next paragraph.

The experimental thermal curve exhibits an inflexion point at

�170 MPa (E1) whereas the numerical heterogeneous computation

gives an inflexion point at�220 MPa (E3) and the homogeneous one

at �240 MPa (E2). This inflexion point in the thermal evolution

characterizes the instant when the plastic dissipation resulting of

the whole microplasticity becomes prominent. Therefore, this

could be considered as a precise measurement of the plastic macro-

scopic yield stress (see positions of E1 and E2 on their associated

stress curve). Numerical results show that the considered models

are not sufficiently refined (grain and texture descriptions, elasto-

plastic constitutive law, . . .) to describe this transition precisely.

Fig. 7 confirms this aspect: both numerical simulations conduct to

a very homogeneous strain at the beginning of plasticity (E1)

whereas the experimental strain distribution is quite large very

early. This lack of local deformation leads to an underestimation

of local plasticity and, consequently, to an underestimation of dissi-

pation and temperature. Note that the stress shape at the beginning

of the test exhibits a deviation from linearity which is due to the

test monitoring. This is not taken into account in the simulation.

It could explain the difference of slope of each temperature curve

during the drop and probably part of the delay between them.

4.2. Temperature and strain distributions

Figs. 7 and8present respectively the comparisonbetweenexper-

imental and numerical distributions of axial strains and tempera-

tures. Even if the difference between the homogeneous and

heterogeneous numerical thermomechanical responses is not so

significant in terms of mean values, the distributions are, however,

totally different. In the homogeneous case, the strain distribution

is almostnull andonly leadby the specimengeometry andboundary

conditions. In comparison, for the heterogeneous simulation, the

range of strain is [0.9%;3.9%] at pointD (see Figs. 6 and7) and is obvi-

ously due to ’plastic inclusions’. Nevertheless, because of the sim-

plicity of the model, which does not take into account either the

real morphology of grains or the local texture, it is not possible to

render the experimentally observed contraction in some grains.

Moreover, in addition to the same reasons, the differences in effec-

tive Schmid factor distributions make the strain distributions ex-

tracted from simulations narrower than the experimental ones.

Consequently, an underestimation of the local plastic energy levels

is expected.

Regarding the thermal distributions, the heterogeneous simula-

tion seems to give a good estimate of the distribution range com-

pared with the experimental one. Nevertheless, this model

overestimates the temperature at the beginning of the plastic

behavior and finally underestimates it. Such a behavior can also

be seen in Fig. 6 through differences in the stress–time curves,

where the heterogeneous model also overestimates the stress at

the very beginning of the plastic domain and finally underesti-

mates it. The present results put in light the panel of thermal re-

sponses which could be provided by different models whereas

they all are mechanically admissible as it was already shown in

similar studies [43].

4.3. Dissipated and stored energies

Since no energy balance has ever been performed on the previ-

ous experimental data and since there are only a few published re-

sults on this subject, this section presents the comparison between

an experimental energy balance performed by [12] and the numer-

ical results provided by the model. The experimental energy bal-

ance coming from [12] corresponds to a tensile test from 0% to

3% of plastic strain on a standard 316L stainless steel, for which a

grain size of 8–10 lm is expected. Each quantity of this energy bal-

ance is calculated using a 0D approach and is converted in volumic

energy thanks to the knowledge of the ‘‘equivalent observation

volume’’ dimensions.

Fig. 9 presents the comparison between numerical and experi-

mental values of dissipated (D) and stored energy (Es), where:

DðtÞ ¼

Z T

0

_dds ð8Þ

EsðtÞ ¼

Z T

0

X : _ep ds ð9Þ

where, as previously precised: _d ¼ ðr� XÞ : _ep.
Numerical distributions of each quantity are represented by

shaded areas while mean experimental results are represented

by dashed lines. One can clearly observe a good agreement be-

tween the numerical results obtained with the present model

and the experimental dissipated energy. The mean value of this en-

ergy is about 6 mJ/mm3 at 3% plastic strain and the local heteroge-

neity of numerical dissipated energy range from 4 to 8.5 mJ/mm3.

This is consistent with the previous thermal results.

As far as the stored energy is concerned, one can note that the

mean value is underestimated from about a factor 5. The main dif-

ficulty comes from the evolution of the energy storage at the veryFig. 7. Strain distribution evolution during monotonic tensile test.

Fig. 8. Thermal distribution evolution during monotonic tensile test.
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beginning of the plastic behavior. Indeed, many works have shown

that the ratio between storage and anelastic power b, is not a con-

stant: it can reach 60% at the very beginning of plasticity and then

tends to 0 when a quasi-perfectly plastic behavior is reached. In the

present model, due to simple linearity of the kinematic hardening

law, such an evolution cannot be observed. Nevertheless, this com-

parison of stored energy level must be done while bearing in mind

that there are microstructure differences. As already mentioned,

results extracted from [12] are based on a conventional AISI316L

stainless steel for which surface grain size is about 10 lm � 10 lm

whereas grains in the case of the present heat treated A316L are

about 130 lm � 130 lm. It has already been shown in [35] that

the grain size is a crucial parameter that influences the storage of

energy. Oliferuk’s work has been conducted on an austenitic stain-

less steel and ‘‘small’’ grain (8 lm) and ‘‘big’’ grains (80 lm) micro-

structures are compared. It has been shown that for small strains

less than 5%, there is a difference close to 30–40% in the energy

storage since small grains store more energy than big grains. This

difference decreases as the strain level increases. This is also con-

firmed by the stress–strain curves plotted in Fig. 11. In the case

of ‘‘small’’ grains used in Chrysochoos’s study, the yield stress

and the hardening are more important than in our case (considered

as ‘‘big’’ grains). Consequently, storage of energy must be greater in

the Chrysochoos’s study. Thus, in addition to a possible numerical

underestimation of the stored energy due to the simplicity of the

model one can expect-as in the case of Oliferuk-a 30–40% differ-

ence in the storage between Chrysochoos’s work and the present

work solely because of this grain size effect. This could partly ex-

plain the present results. Finally, contrary to existing FE code such

as Abaqus, our simplified modeling permits to observe a variation

of the stored energy as a function of strain as well as a variation in

the rate of storage which could reflect an acceleration of local stor-

age (see Fig. 10).

Further analysis can be done due to the heterogeneous charac-

ter of the proposed model. Several elements have been selected on

the observed face of the specimen and the evolution of their local

stored energy is presented in Fig. 10. We show that the existence of

local yield stresses is not enough to explain the heterogeneity of

energy: neighbors and their behavior do have a great influence,

as it was already put in light in similar context [39]. First, one

can see that the yield stresses of the elements do not range like

their stored energy. As an additional proof, couples of elements

with yield stresses of 190 MPa, 210 MPa and 230 MPa were se-

lected in Fig. 10. Each couple of elements has the same behavior,

nevertheless the stored energy for one of them is up to 50% more

than the other one. Yield stresses are totally random in space with-

in the central zone. It is therefore complicated to exhibit macroz-

one with similar behavior to explain this result but elements

which store more energy seem to be mainly surrounded by ele-

ments with lower yield stress. Concretely the storage of energy is

the result of a competition between the grain own yield stress

(grain orientation) and the yield stress of the neighbors (neighbor-

ing orientations). We can also observe an heterogeneity in the rate

of energy storage. Indeed some grains have a very low rate of en-

ergy storage at the beginning of the simulation but thanks to a lo-

cal increase in the rate of storage, they end up at the same, or at a

greater, level of stored energy. This is well-illustrated in Fig. 10 by

the 190, 210 and 230 MPa curves: right underneath the 170 MPa

curve, the 190 MPa curve diverges from the 230 MPa one to con-

verge towards the 210 MPa curve at the end of the simulation.

5. Conclusion

An experimental setup for in situ observation of strain and ther-

mal fields on the same area of a sample at the scale of its micro-

structure has been developed in a previous work. A monotonic

tensile test was performed and the temperature and strain fields

at the local level were recorded. To estimate the heterogeneity of

energy distribution at this scale and to improve the link between

models and thermomechanical microscale observations, a ther-

mo-elasto plastic model was developed. It is based on a distribu-

tion of random yield stresses and thermo-elasto-plastic coupled

local behavior. This work has lead to a first estimation of the aver-

age level of energy stored within a material as well as a first esti-

mation of the stored energy local heterogeneities.

Fig. 9. Comparison between experimentally stored and dissipated energy extracted

from [12] (grain size �10 lm) and their numerical counterpart calculated for a

monotonic tensile test (grain size �130 lm).

Fig. 10. Distribution of stored energy during monotonic tensile test.

Fig. 11. Stress–strain curve of A316L stainless steel for small grain size [12] and big

ones.
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� The analysis of results, in terms of temperature and strain,

shows that a good representation of the local crystallographic

texture is a key parameter to render local experimental obser-

vations correctly. This is the role of the yield stress distribution

included in the model.

� The relatively narrow distribution of temperatures, compared to

the broader distribution of stored energy values, implies that

temperature fields are more uniform than the stored energy

fields. It thus shows the limit of the thermal information. The

thermal response is instantaneous and strongly dependent on

conduction phenomena and boundary conditions. On the other

hand, energy fields contain information about the history of

loading, the localization phenomenon, and their kinetics.

� The already strong heterogeneity of the energy field is probably

underestimated because of the underestimation of strain

heterogeneity.

As different constitutive laws can provide very similar mechan-

ical responses but a variety of thermal responses, analyzing the

thermal and energy response could be, in our opinion, a way to dis-

criminate between models. A model closer to reality, based on an

experimental measurement of local crystal orientations by EBSD

and on a crystalline thermoplasticity model will be developed soon

to clarify these initial results and to propose a model of energy-

based local behavior.
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Appendix A. Thermoelastoplasticity: constitutive law and

numerical implementation

A.1. Thermoplastic framework

In this appendix, the Generalized Standard Material framework

[32] is adopted. This framework reduces the construction of the

constitutive law to the definition of two potentials: (i) the free en-

ergy potentialWwhich describes the local state at every time t and

(ii) the dissipation potential /which gives the flow rules of the sys-

tem according to the first and second thermodynamic principles.W

is chosen convex quadratic to ensure that the dissipation remains

positive for any system variation. In addition, a partition of the to-

tal deformation e into an elastic part ee and a plastic part ep is as-

sumed. Thus, W is written as a function of three variables: the

absolute temperature T, ee and ep:

e ¼ ee þ ep ðA:1Þ

W ¼ WðT; ee; epÞ ðA:2Þ

The dual thermodynamic variables associated to ee and ep are

respectively r and the backstress X. Thus:

r ¼ q
@W

@ee
; X ¼ q

@W

@ep
ðA:3Þ

In the case of an isotropic elasticity, linear thermo-elastic coupling

and linear plastic kinematic hardening, the free energy potential W

is written [21]:

qW ¼
1

2
ðktrðeeÞ2 þ 2ltrðee

2

ÞÞ � ð3kþ 2lÞahtrðeeÞ þ
1

3
Htrðep

2

Þ

� �

ðA:4Þ

with k and l the Lamé coefficients, a the thermal expansion coeffi-

cient, h = T � T0 with T0 the initial temperature and H, the hardening

modulus. Note that the thermal expansion of the material is as-

sumed to be isotropic. The plastic criterion corresponds to the von

Mises yield function which is:

f ðrÞ ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

3
2
J2ðs� XÞ

q

� ry

s ¼ r� 1
3
trðrÞI

J2ðs� XÞ ¼ 1
2
ðs� XÞðs� XÞ

X ¼ 2
3
Hep

8

>

>

>

>

<

>

>

>

>

:

ðA:5Þ

By derivation of Eq. (A.4), one obtains the r tensor:

r ¼ q
@W

@ee
¼ ktrðeeÞI þ 2lee � 3KahI ðA:6Þ

with 3K = 3k + 2l. The total derivative of the stress tensor r could

be written:

dr ¼
@r

@ee
: dee þ

@r

@T
dT ðA:7Þ

Thus, taking into account (A.6):

dr ¼ C : dee � 3KaIdT ¼ C : ðde� depÞ � 3KaIdT ðA:8Þ

Moreover, with respect to the first and second thermodynamic prin-

ciples, the coupled heat equation can be obtained [27]:

qCv _T ¼ r þ divðK : gradðTÞÞ þ r : _eþ qT
@2W

@T@ee
: _ee � q

@W

@ee

: _ee þ qT
@
2W

@T@ep
: _ep � q

@W

@ep
: _ep ðA:9Þ

Taking into account the Eq. (A.3) into the heat coupled Eq. (A.9), one

obtain:

qCv _T ¼ r þ divðK : gradðTÞÞ þ r : _eþ qT
@2W

@T@ee
: _ee � r

: _ee þ qT
@
2W

@T@ep
: _ep � X : _ep ðA:10Þ

The term qT @2W
@T@ep :

_ep corresponds to the thermoplastic coupling,

usually linked to phase changes in the material. In the present case,

this term is neglected. Thus, the term qT @2W
@T@ee :

_ee denoted dTe, which

corresponds to the thermoelastic coupling, is the only coupling

term present in the equation. It can be written as follows:

dTe ¼ T
@r

@T
: _ee ¼ �3KaTI : _ee ¼ �3KaTtrð _eeÞ ðA:11Þ

As the expression of the elastic strain is the following:

ee ¼
1þ m
E

r�
m
E
trðrÞI þ aðT � T0ÞI ðA:12Þ

The thermoelastic term is:

dTe ¼ �aTtrð _rÞ � 9Ka2T _T ðA:13Þ

By taking into account the heat Eq. (A.10) and by deriving the plas-

tic dissipation potential [30], one obtains:

qCv _T � divðK : gradðTÞÞ ¼ r þ ðr� XÞ : _ep � aTtrð _rÞ � 9Ka2T _T

ðA:14Þ

Three heat sources are present on the left side term:

� r stands for the external sources.

� ðr� XÞ : _ep corresponds to the intrinsic dissipation and is

denoted _d.

� �aTtrð _rÞ � 9Ka2T _T corresponds to the thermoelastic coupling.

Then, as external sources are not present in this study, the heat

sources are denoted:

_U ¼ ðr� XÞ : _ep � aTtrð _rÞ � 9Ka2T _T ðA:15Þ

Moreover, as introduced by Taylor [42], the ratio between the

stored power and the total plastic power can be defined as:
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b ¼ 1�
_d

r : _ep
ðA:16Þ

A.2. Numerical implementation

In order to perform numerical simulations based on the finite

element (FE) method, Abaqus 6.5. commercial package is chosen

along with its Abaqus/standard implicit solver. In this code, fully

thermomechanical coupled calculations were introduced to solve

forming processes problems where the variations of temperature

are mainly lead by plastic dissipation. Therefore thermoelastic cou-

pling is not included in the code and the definition of the partition

between dissipated and stored energies is relatively poor, basically

based on the 1
b
ratio. It is therefore necessary to implement the pre-

vious model as a User-defined stress update algorithm, denoted

UMat in Abaqus and written in Fortran 77. At each loading incre-

ment and for each integration point, the FE code provides the

mechanical quantities and the strain increment to the UMat which

updates the stresses and all internal variables. Then the UMat com-

putes the mechanical and thermal tangent moduli as well as the

coupled moduli, and finally the thermal and plactic strain incre-

ments. This scheme introduces a non-symmetric jacobian matrix:

Kuu Kuh

Khu Khh

� �

Du

DT

	 


¼
Ru

Rh

	 


ðA:17Þ

where Kuu;Khh;Khu;Kuh denote the assembly of the local tangent

stiffness.2 Local tangent stiffness are defined in relations (A.18a–d)

respectively. Details about their calculation can be found in [8].

@Dr
@De ¼ C� 2l @Dep

@De ðaÞ
@Dr
@DT

¼ �3KaI ðbÞ

@D _U
@De ¼ ðr� XÞ @Dep

@De � aTI : @Dr
@De ðcÞ

@D _U
@DT

¼ �9Ka2T ðdÞ

8

>

>

>

>

<

>

>

>

>

:

ðA:18Þ

The incremental form of the Eqs. (A.8) and (A.15) are3:

Dr ¼ C : ðDe� DepÞ � 3KaIDT ðA:19Þ

D _U ¼ ðr� XÞ :
Dep

Dt
� aTtr

Dr

Dt

� �

� 9Ka2T
DT

Dt
ðA:20Þ

In this incremental problem, the resolution consists in the determi-

nation of the plastic strain increment Dep eventually induced by a

firstly supposed purely elastic stress tensor increment. This plastic

strain increment has then to verify the consistency condition

(Kuhn–Tucker condition) and the normality rule, which are respec-

tively written:

_f ðrÞ ¼ 0

Dep ¼ _k @f
@rDt

(

ðA:21Þ

The calculation of Dep is here based on the radial return map-

ping method firstly developed by [31,41]. More details about this

problem can be found in [11]. The proposed implementation is

time implicit in displacement and time explicit in temperature

and the coupled non linear system is solved by a Newton method.
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