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ABSTRACT

The paper aims to highlight the advantages of using data supplied by digital image correlation
(DIC) and infrared thermography (IRT) to study the thermomechanical behavior of materials. It
describes an experimental procedure for the determination of mechanical energy and heat
sources involved locally during a heterogeneous tensile test. This procedure involves two
complementary imaging techniques: DIC provides in-plane displacement fields while IRT enables
the temperature distribution at the specimen surface to be monitored. Numerous different
application examples are successively proposed to underline the promising potential of this
experimental approach. Kinematical assessments can reveal the extent of homogeneity of the
deformation state for a given gauge length. They can also help to determine the relevance of the
variables and/or material parameters introduced in the behavioral description at the length-scale
imposed by the spatial resolution of optical systems (typically 0.1 mm). Moreover, infrared and
kinematical data can be used to derive heat source fields induced by the specimen loading and
then to generate information on the dissipative or coupled nature of the deformation

mechanisms.
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INTRODUCTION

Thermal and energy effects associated with deformation processes have long been observed by
researchers. The first experiments in thermoelasticity were attributed to Lord Kelvin (1880) [1-2].
The thermoelastic effects are induced by the reversible thermal dilatation of most materials.
Under adiabatic conditions, they provide a direct link between temperature variations and
hydrostatic stress patterns and have given rise to a wide range of applications in “thermoelastic
stress analysis” (TSA). Recent application examples are given in [3-4].

The pioneering microcalorimetric tests performed by Taylor et al. (Farren and Taylor [5], Taylor
and Quinney [6]) marked the beginning of work on thermoplasticity. Since that time, many
researchers have worked, and continue to do so, on the problem of estimating the heat involved
in irreversible mechanical transformations. In the 1970s most energy assessments were done by
metallurgists. Using information on the energy balance during strain hardening, they were able to
draw up models capable of estimating changes in microstructural parameters such as dislocation
density, dislocation cell size, etc. An important summary work on this subject was published in
1975 by Bever et al. [7].

From a more macroscopic standpoint, over the period from 1960 to 1980, thermodynamics of
irreversible processes (TIP) were increasingly used to establish material constitutive equations.
Readers interested in TIP formalisms can refer, for example, to Coleman and Gurtin [8],
Coleman and Noll [9], Halphen and Son [10], Germain et al. [11], and to the more recent book of
Frémond [12]. TIP formalism with “internal” state variables offers a consistent and flexible
framework for the description of solid material behavior. The flexibility is due to the fact that one
can choose a set of internal state variables describing the macroscopic effects of complex,
coupled microstructural phenomena. Mandel and Bui were among the first to show the great
benefits of combining the mechanical and thermodynamic aspects of the same phenomena
interpreted within a TIP framework [13-14]. In their respective work, dissipated energy during
strain hardening was derived from thermocouple assessments and compared with the predictions
of standard constitutive models. In the same way, the first present author developed a
microcalorimeter, adapted to tensile tests, to enable overall energy balances to be performed [15-
16].

It was not until the end of the 1970s that infrared techniques were used to obtain quantitative
results in non-military applications. Regarding experimental investigations in the mechanics of
material using digitized infrared data, the pioneering work of Saix et al. [17] and Nayroles et al.

[18] should be mentioned. The first used a radiometer to observe localized plasticized zones in
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civil engineering metallic structures (low carbon steel) subjected to torsion loading. The second
designed and used probably one of the first home-made analog-digital converters of video signals
from IR cameras. Applications to polymer structures were then implemented during polycyclic
tests on polyvinyl chloride [19]. Since the 1980s, the outstanding progress achieved in the
electronic and computer science fields has led to the design of video signal digitization systems.
Over the last 10 years, optical techniques associated with quantitative image processing have
become standard. Henceforth, during a deformation process, these techniques enable operators
to obtain discrete field measurements, which are essential not only to characterize and identify
material behaviors but also to better distinguish between material and structure effects at an
observation scale fixed by the optical systems. In the following, visible and IR systems are used:
first, the visible charged-couple device (CCD) camera allows recording of speckled images and,
through DIC techniques, gives access to kinematical data and enables assessment of the
homogeneous character of deformation fields. Simultaneously, an infrared focal plane array
(IRFPA) camera provides surface temperature fields and gives information about the dissipative
nature of deformation mechanisms (viscosity of polymers, plasticity and damage of metallic
materials). It also enables heat coupling sources to be identified, indicating significant thermo-
sensitivity of the material and implies strong interactions between thermal and mechanical states
(thermodilatability, solid-solid phase change of shape memory alloys, rubber effects of
elastomers, etc.).

In addition to theoretical and numerical presentations concerning the multiscale analysis of
material behavior, this paper aims to show the additional advantages of combining data supplied
by two quantitative imaging techniques to analyze the energy behavior of solid materials. The
definition of the different heat sources and the form of the energy balance associated with load-
unload cycles are reviewed initially. Then the main features of the experimental setup and that of
the electronic synchronization system linking visible with infrared image data are mentioned
briefly. Finally, the majority part of the paper is devoted to highlighting the potential applications
of both quantitative imaging techniques through results associated with several behavior effects:
irreversibility and rate dependence associated with thermoelasticity, strain localization and
hardening/softening, thermomechanical coupling and solid-solid phase change in shape memory
alloys (SMAs), and necking expansion in semi-crystalline polymers. These examples were chosen
to underline the role of couplings and scale effects in the understanding of deformation

mechanisms.
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THEORETICAL FRAMEWORK

Constitutive equations

From a thermomechanical standpoint, the deformation process is considered as a quasi-static,
possibly dissipative process. The equilibrium state of each volume material element is then
described using a set of N state variables: the absolute temperature T, a strain tensor € and an N-
2 element vector O which pools the so-called internal variables.

Let P =¢ =Ts be the specific Helmholtz free energy, with ¢ and s respectively being the specific
internal energy and the specific entropy. The absolute temperature is by construction the partial

derivative T' = ¢ . The local expression of the second principle of thermodynamics leads to the

Clausius-Duhem inequality [11] and allows the dissipation to be defined as:
d=0:D-pY,: E-pY,.Q —%gradT >0, 1)

where 0 is the Cauchy stress tensor, D the Eulerian strain rate tensor, p the mass density, and ¢
the heat influx vector.
Constitutive state equations classically derive from the free energy potential. Under the small

strain hypothesis, the strain rate is the time derivative of the strain, and the state equations read:

s==Yr (a)
ar=py, (), @
A= leJ,a (c)

where O is the reversible part of the stress tensor, and A is the vector gathering the conjugated
variables associated with the internal state variables.
In the generalized standard material (GSM) formalism context [10], the constitutive evolution

equations are derived from a dissipation potential ¢(€,0,¢;T) and the function of the fluxes of

the state variables, with T acting as a parameter. The dissipation potential must verify some
convexity properties to ensure the Clausius-Duhem inequality for all (even virtual)
thermodynamic processes. The partial derivatives of the dissipation potential define the

complementary set of constitutive equations:

grad T _
S0, (@)
o =g OF 3)
X=04 ()
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They also introduce the thermodynamic forces, identified from the dissipation structure

constructed as a sum of force-flux products:

gradT

d=(0-0"):€-4.0-
o'lr

420, @

Property d =0 defines a reversible thermodynamic process. Usually the dissipation is divided

into two parts that are supposed to be separately positive: the intrinsic dissipation
d,=0":£+X.0 and thermal dissipation d, =—gradT/T.q. The intrinsic dissipation is
associated with the material degradation while the thermal dissipation is induced by heat

diffusion.
Heat equation and energy balance

The two principles of thermodynamics [11] give the following local equations:

pé=0: &—divg +r. , (5)

PTi =d| —divg +r_, (6)
where 7, is a possible external heat supply (e.g. external radiation energy rate). Once it is noted
that:

ijz—ple(l;—;Tz—qu{TTT'—prqus:‘s—[T Wrg- C, 7

PCea “Wihe “Pihe

it is then straightforward to derive the local heat conduction equation from Egs. (5-6). Assuming

the Fourier law g = —&gradT", the heat equation can be written as:

PCeq T —div(kgradT)=d) +T Ot : E+T Ap. 0+r,, (8)

”h
where C¢ o is the specific heat for constant € and O, and £ is the conduction tensor. The rate
wyp, is the overall heat source induced by the deformation process. The notation ( ) signifies that
the time variation of ( ) is path-dependent, which means here that the evolved heat , is not a
state function, a prior.
On the left side, the term PCg 4 T s the heat rate stored (or released) while —div(£&gradT’)
represents the heat losses (or heat gains) by conduction. Note that the left side is then a partial

differential expression of the temperature. The different heat sources are grouped on the right

side. In turn, the intrinsic dissipation 4, is found, with the thermomechanical coupling sources
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showing the thermo-sensitivity of the conjugated variables 0" and A, and the external heat supply

r.. The thermomechanical coupling sources can be split into two parts: the thermoelastic source

wy,. due to thermoelasticity and the other thermomechanical coupling sources w7y . (latent heat

rate of phase change, etc). Moreover, it is worth noting that the two terms wy, . and wy . do not

c

correspond respectively and systematically to the coupling terms T'0%.:€ and TA. .G but
depends on the chosen set of state variables. The only general relation that can be written:

Wehe + Wihe :TO—,YT (E+TAT.A. )
If it is assumed that p and C gq are material constants, and if the conduction tensor also remains
constant and isotropic while denoting, for simplicity, £ as the isotropic conduction coefficient,

the heat equation can be simplified as:

PCeoT — AT =wj +r,. (10)

Energy balance for a load-unload test
Now consider a load-unload test with A4=(T4, €1, 01 and B=(1s €a 0Og) denoting the
thermomechanical states of the material at the extremities of the process. The energy balance
corresponding to the following situations is illustrated in the schematic diagram proposed in
Figure 1.

() A # B: this general situation is represented by a standard stress-strain diagram.

(7)) A# B and €1 = &z a mechanical cycle is then associated with the load-unload test. The
stress-strain diagram shows a hysteresis loop.

(izi) A = B: the mechanical cycle is now a thermodynamic cycle.

(i) (ii) (i)
Figure 1: Schematic stress-strain diagrams for a load-unload test;

tp-11 1s the cycle duration.
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For quasi-static process and under the small strain hypothesis, the rate of deformation energy is

classically defined by:

Wi =0:E. (11)
Through application of Eq. (4), the intrinsic dissipation 4, is then the difference between the
deformation energy rate, w3.¢, and the sum of the elastic, »; , and stored, »;, energy rates:

dy = Waep ~we W, (12)

witw:=0%e+.A0. (13)
Once again, the systematic correspondence between the terms of each side of Eq. (13) is only
possible for some particular thermomechanical models.

Both principles of thermodynamics give an alternative expression of the volume deformation

energy associated with the load-unload test:

¢ ? 7 te . . . .
vaee = [,y dr [ +udde =[Py de [P0 e T i o, (4

Equation (14) shows that:

(/) In a general case the balance of deformation energy during a load-unload test involves
energy dissipation, internal energy variations, variation of heat stored in the material and

coupling heat sources.

(i7) For a mechanical cycle, the deformation energy then corresponds to the energy An of the

area of the hysteresis loop.

(i77) For a thermodynamic cycle, this hysteresis loop is then only due to dissipation and

couplings if the volume heat capacity, P Cg g, is assumed to be constant, i.e.:

12 Z
Vet = Ay :Lj dy d? +Lj(”’€he T i) A2 (15)

The energy balance form (Eq.(15)) then gives the restricted conditions for which the dissipated
energy can be estimated by computing the hysteresis area of a uniaxial load-unload cycle. This
underlines the necessity of analyzing the thermal effects to verify if a mechanical cycle is also a

thermodynamic cycle, and checking the relative importance of coupling effects.
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EXPERIMENTAL SETUP

Combining DIC & IRT data

Figure 2 illustrates the experimental set-up designed to derive local energy balances. It involves a
MTS hydraulic testing machine (frame: 100 kN, load cell: 25 kN), a Cedip Jade III infrared
camera and a Camelia 8M high resolution CCD camera. The optical axis of both cameras was set
perpendicularly to the frame of the testing machine, and remained fixed during the test. A

simultaneous record of infrared and visible images was performed on each side of the sample

surface, and so thin flat samples were therefore used.

-
-
=
H
=
H
=

=

=

‘~:\l

Figure 2: Experimental setup
The surface emissivity of the sample gauge part placed in front of the IR camera was increased
and homogenized using a mat black paint, while the surface in front of the CCD camera was
speckled with white paint on a black background to get an optimized contrast of local optical
signature. Typically the size of the analyzed zone was about 2010 mm?® for space resolution of
about 0.1 mm. The conventional strain rates were less than 107 s™'. This order of magnitude of
strain rate enables the quasi-staticity of processes to be ensured and induces significant (thermal)

signal-to-noise ratios.

The main characteristics of the two cameras are given in Table 1.

image size scale factor frame rate
(pix.) (wm.pix. ) (Hz)
IR: Cedip Jade 111 320%240 100-600 0-50
CCD: Camelia 8M 35002300 20-200 0-5

Table 1: Main camera characteristics
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In most situations, the sample shape corresponded to a standard dog-bone specimen illustrated

in Figure 3. The frame of reference used is also indicated in Figure 3.

Figure 3: Specimen shape, notation and frame of reference.

Each camera was controlled by a separate computer although a specific electronic device was
designed to synchronize the frame grabbing of the two cameras. The principle of the
synchronization system is as follows. A frequency generator is used to produce the trigger signal
of the master camera. This frequency is divided or multiplied by an integer factor to generate the
trigger signal of the slave camera. Each time an image acquisition is completed, the analogue
signals (stroke, load, ...) provided by the testing machine sensors are digitized, and the time is
given, on each acquisition computer, by a common clock having a 0.1 ms period. Using this
device, the synchronization error between the two cameras is estimated to be less than 0.05 ms.

Reference speckle and infrared images were mapped by determining the affine transformation
coefficients (rigid body movement and homothetic transformation) of the shape of the calibrated

target shown in Figure 4.

Grey Leve
4000 T(°C)

S Xcep (PiX.)

2000 26

100 200 . .300
0 Yir (PiX.)

200 40

0 .
Yeep (PiX.)
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(a) (b)
Figure 4: Calibration target — (a) Visible image — (b) IR image

For each acquisition time the thermal data given by the IR camera (measured in the current,
Eulerian configuration) were linearly interpolated in space and time using the positions of the
deformed configuration given by the DIC computation.

This operation allowed the material surface element (zse) associated with the DIC mesh to be
tracked so that the extent of the volume heat rate induced by matter convection and associated

with the particular time derivative of the temperature could subsequently be computed and

checked.

Calibration and image processing

This section briefly reviews the numerical processing principles developed to determine the
different energy fields. Particular focus is given to the validation procedure improvements to
check the data processing. Readers interested in the many tricky metrology problems and in a
detailed presentation of image processing can refer to [20, 21], and more recently [22], where a

specialized image processing technique, applied to material fatigue, is presented.

Visible images

The surface of the specimen observed by the visible CCD camera is speckled with black-white
paint in order to obtain a random pattern defining the local optical signature of each mse. A
classical digital image correlation algorithm allowed the in-plane components of the displacement
field on a regular rectangular grid to be determined. The in-plane velocity and strain components
were derived from the displacement data by a numerical differentiation method based on a local
polynomial approximation of the displacement field. Local time fitting of displacement fields
often involves a 2™ order polynomial while the local space fitting is associated with a coupled 1%
order polynomial of the two in-plane coordinates [20]. The choice of approximation function and
of approximation zone (AZ) is very important in the differentiation process. The optimized
choice depends on the signal-to-noise ratio and the regularity and amplitude of the sought
derivatives. The image processing then remains relevant as long as the localization zone is greater
than AZ.

Using the kinematical data obtained by the DIC algorithm and the momentum equations, the
local stress distribution was constructed, assuming a quasi-static, plane stress, isochoric

transformation. Moreover, for each acquisition time 7 corresponding to an applied load F(?), the

10
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tensile stress O, was assumed to be homogeneously distributed over each cross section S(X,

H=w(X, HXe(X, 7 of the specimen:

o (X.t)= F (1)

s, (X) (e, (X,1))

(16)

where e . here represents the longitudinal components of the Hencky strain. The sets (X, Y, Z)
and (x, y, g) stand for the Lagrangian and Eulerian coordinates, respectively. Assuming a uniform
distribution of tensile stress is naturally a strong hypothesis that may become unsound when the
strain localization develops. However, the independence of e from the Y coordinate (ie. the
width direction) was confirmed by the experimental observations while the independence from
the Z coordinate (Z.e. the depth direction) was legitimated by the small sample thickness. The two
other stress components (shear: O, and contraction: J,) were computed by integrating the
momentum equations [23]:

a0, (x(X,Y,t),t)

0, (X,Y,t) = ~ y(X,Y,t), (17)
s, (X.V.t) = R (xa(X)Z(,Y,t) 1) EEy(X,ZY,t)2 _WOZ(x)expg—sXX (x t))] as)

Eq. (17) supposes that no overall shear force occurs during the test while Eq. (18) is derived

assuming a stress-free lateral surface. The deformation energy rate locally developed by the

material W&ef(x ,Y,t) was then estimated through application of Eq. (11), to give:

Wiet = Oy Dy +20, Dy +0, D, . (19)

Thermal images

The infrared camera records the thermal radiations of the observed area. Using the pixel
calibration protocol described in [24], the temperature variations of the specimen induced by the
mechanical loading were deduced. To filter thermal data, a local least-squares approximation of
the temperature fields was performed using the same set of polynomials as that already used for
visible images. In standard conditions, the peak-to-peak thermal noise was estimated to be about
200 mK (i.e. before data filtering) and the range of the thermal noise dropped to 20 mK for
standard filtering parameters.

By integrating the heat equation (8) over the sample thickness [21], and defining the mean

thermal disequilibrium over the thickness between the sample and its surroundings by

B =T =Tt  the following 2D differential equation is obtained:

11
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PCe o (9’t +v.grad 9) —/é( O e,w) e g ) =y, - (20)

The external heat supply I, introduced in Eq. (5) is taken into account here by monitoring T, of

an unloaded reference specimen of the same geometry placed near the specimen in the field of

view of the IR camera:

. Tref
T =PCeq| T +—5 |- @1

2D . .. . .o
Parameter Ty, represents a time constant characterizing heat losses by convection and radiation

between the sample surfaces and the surroundings, and 0, +».grad® is the particular time

derivative of 8, with » representing the velocity vector.

An overall estimate of the incertitude on heat sources should take into account every possible
error source associated with: (7) temperature accuracy, () knowledge of the thermophysical
parameters, (77) relevance of the thermal modeling (heat exchanges, source distribution, averaging
operation), and its identification, (/) mapping between kinematic and thermal data and (2) image
processing robustness (derivation of discrete noisy temperature fields). By limiting the error
analysis to items () and (), the incertitude was estimated by computing the heat source
distribution from a set of IR images of a nonloaded specimen. The parasitic sources derived from

the image processing then gave an order of magnitude of the absolute incertitude on the heat
source fields. A mean value for a parasitic heat source on a standard steel specimen (P=7800
kg.m’s, Cea = 480 J.kg’l.K’l, £ =40 W.m".K") of about 1.8 10° W.mm™ was obtained, with a

standard deviation of 2.7 10° W.mm".

APPLICATION EXAMPLES

All of the following application examples stem from uniaxial loading tests. The quasi-static simple
tension test is certainly one of the most widespread mechanical tests used to characterize the
mechanical behavior of solid materials. The apparent simplicity of its implementation surely
explains its success, but the aspects of its interpretation have already been widely mentioned in
the literature. A quote from E. Orowan in 1944 [25] for instance was “The tensile test is very easil)
and quickly performed but it is not possible to do nnch with its results becanse one does not know what they really
mean. They are the outcome of very complicated physical processes”. Twenty-five years later, J.J. Gilman [20]

wrote: “Of all mechanical tests for structural materials, the tension test is the most common. This is true

12
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primarily because it is a relatively rapid test and requires simple apparatus. 1t is not simple to interpret the data it
gives, however, as might appear at first sight”.

It is true that during quasi-static tensile loading it is often more or less implicitly assumed that:

- the state of the material is initially homogeneous at the gauge length-scale.

- the quasi-staticity of the loading implies locally quasi-static deformation processes (no local
dynamic “crisis”),

- the strain field remains homogeneous throughout the gauge part of the specimen and the load is
uniformly distributed over each cross-section giving rise to a uniaxial stress state, and

- the test is isothermal.

Under these assumptions it is easy to deduce from signals delivered by an extensometer and a
load cell, a stress-strain diagram useful for identifying behavior models. However, this ideal
situation may become unsound as soon as the sample reveals stress concentrations or strain
localization zones. Besides, if the tested material somehow presents a certain degree of thermo-
sensitivity, even low temperature variations may induce heterogeneous material responses just
because of heat diffusion. In all of these situations, the signals of standard sensors not only
characterize the material behavior but also the response of the specimen that must be henceforth
considered as a structure. In other words, the experimental data can no longer be used to directly
identify the behavior model, and any difference noted between theoretical predictions and
experimental results requires a structural analysis that will give rise to additional difficulties. In
this section, the benefits of image analysis are illustrated through several examples. Obtaining
experimental measurement fields enables the material behavior and structure effects to be more
accurately distinguished and helps us to a better check of the relevance of the ingredients

(variables, parameters and mechanisms) introduced in the constitutive models.

Elastic-plastic transition: stress threshold and plasticity onset

The classical theory of elastoplasticity is based on the existence of an elastic domain, i.e. a convex
set defined in the stress space, within which the behavior remains elastic and at the boundary of
which plastic strain may develop. The uniaxial representation of this boundary is the yield stress.
Figure 5 (left) shows part of the conventional stress-strain diagram of mild steel in tension.

Conventional stress and strain atre classically defined by o, =F/S,, €. = (L -L,)/L, , where S is

the initial cross-section, while L. and L, respectively denote the current and initial length of the

sample gauge length.

13
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Figure 5: Monotonous tensile test of a mild steel sample;

Hencky strain is in (%)

The stress peak observed before the so-called plastic plateau is generally considered to be the
yield stress. However, in Figure 5 (right), each contour plot gives the pattern of the longitudinal
component € of the Hencky strain tensor at different steps of the tension in the Ox direction.
Like other authors [27-28], the inception of strain concentration where the sample is clamped
was observed (a). A localization zone then gradually develops at the top of the specimen in the
Oy direction, (b-d), in this particular instance. From (d), a Liders band propagates longitudinally
throughout the sample gauge part, giving rise to the plastic plateau.

Figure 6 represents longitudinal strain-rate profiles during Liders band propagation throughout
the specimen gauge part. First, it shows that, on the optical length-scale, the strain-rate equals

approximately zero outside the band.

[CY (b) () () (e) ® (9)
0.007

0.001
Dy (s)

Figure 6: Distribution of the D component of the strain-rate tensor

during longitudinal propagation of a Liiders band

14
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Secondly, at first sight, the band propagates at a constant velocity along the sample axis. It is
important to note that the apparent width of the band must not be interpreted as its real size. In
fact, this width corresponds to the space covered by the band between the recording of two
successive images and thus depends on the frame rate of the camera. Moreover, the measured
strain-rate amplitude within the band also corresponds to that averaged between the recording of
two images.

In this (classical) example, the quantitative image processing allows us to determine the difference
between the yield stress of the structure and the local yield stress associated with the plasticity
onset. Here, the macroscopic (structure) yield stress in tension should be about 510 MPa. The
conventional stress at which the Liiders band starts developing is only 450 MPa. Both values are
indeed in quite good agreement if we take into account that in the gripped regions of the sample
the stress state is not purely tensile. Eqgs. (16-19) were used to compute the stress patterns
associated with the measured strain fields. Using the local estimate of the stress tensor, the
equivalent von Mises stress O, was derived. In Figure 7a, the O, distribution corresponding to
stage (g) is shown and a stress concentration in the part of the specimen affected by the Liders
band propagation is observed. To give details of the local behavior of the material, in Figure 7c
the correspondence O, vs. € for the points A-I located in Figure 7b are plotted. Despite the
roughness of the local stress estimates, the yield stress is approximately the same for all the points
considered and that it corresponds to the overall peak stress. As it does not appear in the local
responses, this stress peak is consequently interpreted as a structure effect due to the lateral

Liders band development while the plateau corresponds to the longitudinal propagation.

Oeq (MPa) A
520 %':C [ =
= ‘A i
g/ L
x i
30 I
o . &
450 0 20 0 0.02 0.04
t=t, y (mm)

(a) (b) (©)

Figure 7: von Mises stress distribution associated with the propagation of a Liders band.

(a) stress pattern at stage (g) , (b) chosen mse; (¢) local O, vs. € responses.
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Thermoelastic coupling and time-dependence

In the GSM framework [11, 12], the elastic domain can be extended to a convex domain in the
space of the thermodynamic forces associated with the state variable set chosen to describe the
material behavior.

If the deformation process is considered as purely thermoelastic, the material gives rise to the
famous thermoelastic effects already mentioned. In this context, no intrinsic dissipation occurs,
with the internal state variables O being fixed within the elastic domain. The only heat source
induced by the deformation is consequently the thermoelastic coupling source. The presence of
such a coupling implies a rate dependence of the material behavior. To justify this assertion the
thermomechanical formalism previously introduced is applied in an academic 1D situation.

In the following thermoelastic model, if the chosen state variables are the absolute temperature T
and the small longitudinal strain €, the free energy can be written as:
1, T
Py (T, ¢) = EE “EN(T ~To)e=po(T ~T) — | TLog_~ T -Ty) |, (22)
0

where Tp is the equilibrium temperature and s, is the entropy of the reference equilibrium state.

We suppose that the mass density P, the specific heat C, the thermal dilatation coefficient A, and
the Young modulus E are material constants. Applying Eq. (2) the specific entropy and the

reversible stress are then:

A T
h e+ Log—, (23)

p T,

5= —ljJ’T =5t

o =py, =E(e-\, (T -T))). 24)
For pure thermoelastic transformations, the only irreversibility is then due to the heat diffusion.

The dissipation potential can then be chosen as:

. 1 -1
; =—y. . 25
0(¢.4:7) ZTq/e q (25)

Equation (3) gives the irreversible stress and the heat influx form:

o =¢, =0, (26)

_gradT _
T

(27)

Through application of Egs (5 and 17-19), the heat diffusion equation becomes:
PCT kAT = ~EA, TE . (28)
To avoid solving a boundary value problem, a property derived from the spectral analysis of the

heat diffusion equation is used in the case of the homogeneous heat source distribution and
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linear boundary conditions (Fouriet’s condition). In such a situation, Ref. [21] showed that the
spectral solution of the heat diffusion problem can be well approximated by the first eigen
function of the Laplacian operator, implying that the local volume heat losses are, in a first
approximation, proportional to the thermal disequilibrium 6:
T-T, 6

0 — pC—, (29)

Tth

—£AT = pC

Tth

where T, is a time constant characterizing the heat losses. The main equations of the

thermoelastic problem can then be summed up by the following coupled algebraic and

differential equations:

0 =E(e—A\,;0) (a)
e+£:_)\thE(T0+9)é » . (30)
Ty, pC

Consider a cyclic strain-controlled test for which the strain is the harmonic signal

€ =¢g,sin(2T¥, 7), where €, is the strain amplitude and f the loading frequency. One

experimentally observes, after some cycles, that the temperature variations become progressively
periodic and symmetric with respect to the time axis. This transient effect corresponds to the
general homogenous solution of the differential equation Eq. (30b). Once the periodic regime is
reached, the mechanical cycles become thermodynamic cycles and the hysteresis area A,

according to equation Eq. (13), reads:

_ r+f{ '

Waes =Ap =), 7 WipedT=wy, (D)

Isothermal processes correspond to significant heat losses (T, — 0) or negligible coupling sources

C - . . .
S /1 )- Conversely, adiabatic processes are obtained for

(z.e. low loading frequency, 3T, e, th

small heat losses (T, —%) and significant coupling sources (ze. high loading frequency

pC

)\thT() EE()

17! < f, ). For isothermal or adiabatic situations, the hysteresis area vanishes.

In nonadiabatic and nonisothermal situations, the thermoelastic coupling induces rate
dependence. It is interesting to consider the rate dependence by writing a rheological equation.

From Eq. (30), substituting the temperature, in the case of small thermal variations (0 < Tj),
gives:

- ESEAP
0+1,0=Ee+ET, (HT‘))S (32)

This rheological equation looks similar to ones obtained in linear viscoelasticity, which naturally

complicates the behavior analysis. For instance, for some visco(thermo)elastic polymers, the
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thermoelastic source intensity may be significantly greater than the dissipation intensity [29]. For
such materials, the results, given by standard visco-analysis and based on the determination of
complex moduli, are more difficult to interpret because of the superimposition of two similar

independent time effects respectively induced by viscous dissipation and thermoelastic coupling.
Elastic cyclic loading of dissipative structures

The approximation underlying the existence of an elastic domain becomes unsound as soon as a
large number of “elastic” cycles are performed. Indeed, for crystalline materials, dislocations
oscillate slightly, even under low cyclic stress amplitudes. Cycle by cycle, dislocations gradually
gather to build up persistent slip bands (PSB), which are microscopic zones where the plasticity
develops preferentially inside some “well” oriented grains [30]. This microplasticity development
finally leads to microcracks followed by a sudden rupture. This is the so-called high cycle fatigue
(HCF) of materials and it has become essential to master the kinetics of this phenomenon in
industrial applications for obvious economical and safety reasons. The HCF analysis of materials
and structures currently involves a large number of research centers all over the world. It has
been recently shown that the thermomechanical approach could be beneficially applied to gain
further insight into fatigue kinetics [33-34]. From the image processing standpoint, the main
difficulty was to extract low dissipation intensities from large thermoelastic source amplitudes.
Readers interested in the use of quantitative imaging techniques applied to the analysis of fatigue
mechanisms can refer to [22], where the infrared image processing developed to process fatigue
tests is detailed. Results of applications to steel and aluminum can also be found in [31-33], and
more recently in [34] where energy balance distributions were constructed using DIC and IRT

techniques. To give a brief illustration of the potentiality of the image analysis, Figure 8 shows
the mean dissipation pattern per cycle 21 calculated at different stress ranges. During a block of

20000 cycles, this heterogeneous pattern remains constant as long as a fatigue crack does not

initiate.
Ao = 340MPa 0.05 Aoc=430MPa 0.14 Ao=510MPa
R,=-1 °C/s R,=-1 °C/s R,=-1
f,=30Hz f,= 30Hz f,=30Hz

0.03
0.08

40
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Figure 8: Dissipation intensity versus stress range (from [33]).

The contour plots in Figure 8 also show that areas where the dissipation is high (respectively low)
remain approximately the same from one block to another, even if the dissipation naturally
increases with the stress range. During a (last) loading block, a localized zone of high dissipation
several hundreds of cycles before crack onset was observed. Moreover, it was also noted that this
zone always corresponded to a candidate zone where the dissipation level was high from the

beginning of the fatigue test (i.e. for low stress ranges.)

x (pixels)

y (pixels)

Figure 9: Dissipation patterns within two different material zones (from [33]).

Besides, Figure 9 shows examples of dissipation variations associated with zones of the same
specimen as a function of A0 and f1,. During this test performed at Rg=-1, A0 increased from
170 to 500 MPa and /1 increased from 9 up to 30 Hz for each load level. Dissipation values in
the first location (Figure 9a) are twofold lower than that measured in the second area (Figure 9b).
First, the shape of both surfaces d1(Aa, f1.) is cleatly very similar. At constant stress, it can also
be underlined that d) increases in a quasi-linear way with the load frequency f1, for both zones
and for all stress ranges. This linearity of di with /1. 1s then consistent with an interpretation of

the fatigue mechanisms in terms of time-independent microplasticity.
Hardening and softening: material or structure effect?

Strain hardening and softening are essential factors in the mechanical behavior description. They

are systematically mentioned in the construction of instability criteria for the detection of
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localization onset [35, 36]. They are also omnipresent in problems of solid-solid phase change
where the non-monotonous correspondence between stress and strain is a basic component of
numerous phase transition theories [37, 38]. The examples shown hereafter question the intrinsic
character of strain softening. The first one presents the early and gradual development of strain
localization during monotonous tensile tests for common stamping steel (European grade:
DD14) [39]. The second shows the conventional stress-strain diagram of a semi-crystalline
polymer (PA12) characterized by strain softening followed by a plateau [40].

To simplify the data interpretation, contour plots were chosen for quick viewing of the
phenomenon patterns. Space-time charts were then constructed with the abscissa axis (bottom)
representing the time and the ordinate axis (left), the longitudinal sample axis. Using the
displacement data, a Lagrangian representation of profiles has been proposed. A conventional
stress-strain diagram was superimposed to give the reader a familiar benchmark to link the local

pattern of the measurements to the loading state of the sample (right/top).

CONVENTIONAL STRAIN / (%)

CONVENTIONAL STRAIN / (%)
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Figure 10: Spatiotemporal patterns of (a) D (1, X, Y = 0), (b) wy (, X, Y = 0)
Case of DD14 steel (from [23]).

Figure 10a shows the spatiotemporal patterns of the strain-rate component D,. The
conventional strain-rate amplitude d€_/dt is about 107 s”. This value can be compared with

those of the different level curves. At the beginning of the test, D is less than d€_/dt
throughout the test section because of the elasticity of the testing machine frame. The early and
steady narrowing of the curves indicates that the region where the strain-rate amplitude is
highest concentrates gradually long before the maximum load is reached. Therefore the locus
where the sample fracture will take place can already be detected while the sample still hardens.
These results suggest that diffuse and localized necking are two concurrent aspects of the same

phenomenon. In practice, it would then be difficult to establish a definite boundary between
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these two localization modes. In the same way, Figure 10b shows the distribution of heat sources.
Cross-sections where the strain rate is the highest are sites where the mechanical energy is
preferentially dissipated. The calorimetric data then confirms the heterogeneous character of the
deformation process. Consequently, the sample gauge part can no longer be considered as a

representative elementary volume of the material behavior.

OX AXIS

Figure 11: Spatiotemporal pattern of D_(#, X, Y = 0).
Case of Polyamide 12 (from [40]).

Figure 11 gives another example in the case of a semi-crystalline polymer. This represents the
longitudinal distribution of the Green-Lagrange strain-rate component E,, according to the

loading direction. The concentration of level curves indicates progressive localization of the
deformation that appears after the yield stress and induces softening that is observable in the
conventional stress-strain curve. Propagation of the localization zone then gives rise to the
plateau (elongation at constant load), which corresponds to the displacement of necking lips

throughout the sample gauge part.

Solid-solid phase change: another coupling effect

As already underlined above, the rate-dependence of the material behavior is often implicitly
associated with viscous effects for which the stress intensity is directly related to the strain-rate
amplitude. This rate-dependence can be detected by classical creep and relaxation tests. Besides,
for mechanical cyclic tests, as already mentioned, the rate-dependent material exhibits stress-
strain hysteresis loops. The classical example of thermoelasticity showed that some materials may
present strain-rate sensitivity without actually being viscous. Another example is given by shape
memory alloys (SMAs) which also present such behavior in a given stress and temperature

domain. This behavior is qualified as pseudoelastic: elastic because strains are generally recoverable
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when the sample is unloaded, psexdo because the stress-strain relationship is not a map-to-map
correspondence (hysteretic behavior). This unique behavior is due to the austenite-martensite
phase change induced by thermomechanical loading. This transition occurs within a given
domain of the stress-temperature space called the transition domain. At the microstructural level,
this first-order phase transition corresponds to a change in the crystallographic networks and is
accompanied by latent heat. Since the composition of the phase mixture is particularly sensitive
to stress and temperature variations, a stress-induced phase transition is automatically disturbed
by temperature variations induced by the latent heat. This strong coupling of thermal and
mechanical states leads to a time-dependent mechanical behavior inasmuch as the temperature
variations are also governed by heat diffusion mechanisms and not only by loading parameters.
The data shown hereafter are derived from experiments performed on a monocrystalline CuZnAl
SMA, [41, 42]. In this work only monocrystalline round bars were available and then tested. The
IR camera was solely used and limited to the capture of longitudinal thermo-profiles. The
conventional stress and strain were classically derived using the load and stroke signals,

respectively.

0=1/5,(MPa) g
5[T o T
LA (a)
2
(b)
3
100
©
-100

Figure 12: Propagation of a phase change front in a CuZnAl monocrystal, (from [41]).

Figure 12a presents a load-controlled test divided into three parts: a loading stage (a-5), a holding
stage at constant stress (b-¢), an unloading stage (¢-d). Variations in the temperature profile along
one generatrix of the cyclindric sample are presented in Figure 12b. In the same way, the

corresponding heat sources are plotted in Figure 12c. The first part (¢-2)) of the loading stage is
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associated with the elastic behavior of the material, involving small temperature variations and

slight deformation of the sample.

At time «’, strong positive heat sources concentrate at the bottom of the sample in a zone that
shifts during loading (2-b). The displacement of this zone is associated with the propagation of a
phase change front (austenite/martensite exothermal transformation). When the stress is held (4-
¢), sources of lower intensity are observed and the zone where they concentrate moves more
slowly. The associated phase transformation also involves localized strain and then creep of the
sample. Finally, during the unloading stage (~d), we observe the propagation of a zone where
negative sources ate concentrated (martensite/austenite endothermal transformation). Note that
the localized character of the transformation is less obvious when assessing the thermal data
(Figure 12b) because of the regularizing effect of heat diffusion. It is heat diffusion combined
with the phase change mechanism (strong coupling) that induces the rate dependence. To verify

this assertion, the experiments shown in Figure 13 were performed.

2 % within120 s 6 % within 75 s
40 : 40
/N—H . —
5_5 ,,/ : &
S vl : =
P h . 1> o
0 £.(%).. 0
0 2 4 0 4 8 0 2 4 6
(a) (b) (c)

Figure 13: Influence of heat exchange on the mechanical response of a pseudoelastic SMA: (a)

natural convection, (b) light turbulent convection, (c) inversion of heat exchange by increasing 7.

Figure 13a and 13b shows the mechanical responses obtained with two different heat fluxes
exchanged between the sample and the surroundings (symbolized by the heat exchange
coefficient /). In practice, the flux is increased by putting an electric fan in front of the sample.
The creep, observed when the stress is kept constant, is induced by propagation of the front,
whose direction is related to heat exchanges. The band propagates faster as the intensity of the
heat flux at the sample boundary increases. It is even possible to invert the phase change pattern
(“reverse” creep!) by reversing the sign of the heat exchanged flux (Figure 13c). To perform this

heat flux reversion, a spotlight was used to warm the surrounding air.
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CONCLUDING COMMENTS

The aim of this paper was to show the richness of the experimental information which is now
provided by quantitative imaging techniques to characterize and identify the behavior of materials
and engineering structures. The importance of the scale at which these measurements were
performed is also stressed and the consequences on their interpretation in terms of material
properties or interactions between material and geometrical effects. The combined use of DIC
and IRT enabled the local energy balance to be derived. In particular, the determination of the
heat source which accompanies the deformation process is critical. Thermodynamic analysis of
the energy balance showed the influence of dissipated and thermomechanical coupling
mechanisms on the stress-strain response, which gave precious information on the nature and the
evolution of deformation mechanisms. The results presented in the text successively and briefly
approached the concepts of elastic threshold and plastic plateau, the scale dependence of the
hardening/softening behavior, the effects of time and the existence of mechanical hysteresis
loops induced by coupling mechanisms and heat diffusion. For each application example, the
results presented are concerned only with observations at the meso- and macroscopic scales,
during uniaxial loadings at room temperature. The constant progress achieved in the field of
optical metrology allowed us to consider the use of kinematic and calorimetric full field
measurements at finer observation scales. These data will be useful for testing the efficiency of
homogenization methods to take thermomechanical effects observed at microscopic scales into
account. Lastly, the development of rapid cameras also makes it possible to consider extension of
the imaging techniques to dynamic loading at high temperature, where the dissipative and

coupling effects are surely essential in the understanding of deformation mechanisms.
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