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Abstract

Understanding damage mechanisms and quantifying damage is important in
order to optimise structures and to increase their reliability. To achieve this
goal, experimental- and simulation-based techniques are to be combined. Dif-
ferent methods exist for the analysis of damage phenomena such as fracture
mechanics, phase field models, cohesive zone formulations and continuum
damage modelling. Assuming a typical [1 — d]-type damage formulation, the
governing equations of continua that account for gradient-enhanced ductile
damage under mechanical and electrical loads are derived. The mechanical and
electrical sub-problems give rise to the local form of the balance equation of
linear momentum, the micromorphic balance relation and the continuity equa-
tion for the electric charge, respectively. Experimental investigations indicate
that changes in electrical conductivity arise due to the evolution of the underly-
ing microstructure, for example, of cracks and dislocations. Therefore, motivated
by deformation-induced property changes, the effective electrical conductivity
is assumed to be a function of the damage variable. This eventually allows the
prediction of experimentally recorded changes in the electrical resistance due
to mechanically-induced damage processes. Interpreting the resistivity as a fin-
gerprint of the material microstructure, the simulation approach proposed in
the present work contributes to the development of non-destructive electrical-
resistance-based characterisation methods. To demonstrate the applicability of
the proposed framework, different representative simulations are studied.
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1 | INTRODUCTION

Ferrite/martensite dual-phase (DP) steels have been the focus of research and industrial applications over the past decades.
DP steels are attractive materials for automotive-related sheet forming applications since they have high ultimate tensile
strength, high ductility, high initial strain hardening rates and macroscopically homogenous plastic flow [1, 2]. These
property enhancements are achieved by ferritic and martensitic constituents. However, the combination of ferritic and
martensitic constituents also leads to the nucleations of voids, martensite cracking and decohesion of phase or grain
boundaries due to the strong contrast of the constituents when undergoing plastic deformations [3]. Therefore, under-
standing the damage mechanisms and quantifying the damage is important in order to optimise structures and to increase
their reliability.

Continuum damage mechanics denote a collection of approaches and models focusing on the simulation of degrada-
tion phenomena in continua. In these approaches, specific microstructural features and their evolution are not resolved
- rather, the effect of the underlying microstructure on the material response is modelled. Different damage mecha-
nisms such as microcracks, cracks along grain boundaries, growth of voids, rupture and decohesion are thus cumulatively
taken into account. In order to model ductile damage, different approaches, namely micromechanically motivated and
phenomenological damage models, have been the focus of research for the last 40 years.

Micromechanically motivated models take into account the underlying microstructure of the material and the spe-
cific damage mechanisms. On the other hand, phenomenological models describe the behaviour of a material based
on macroscopic observations, without considering the underlying mechanisms. To this end, a scalar-valued damage
variable d or a tensorial one d is introduced. In Lemaitre-type models, often referred to as [1 — d] models, dam-
age is modelled as the degradation of elasticity and plasticity related quantities. Due to degradation and softening
effects, the underlying mathematical problem is not well-posed. This manifests itself in a spurious mesh-dependency
of finite element-based simulations. In order to overcome the loss of ellipticity of the governing equation, different
regularisation approaches have been proposed. Regularisation can, for instance, be achieved by non-local damage
models [4, 5], gradient-enhanced (micromorphic) approaches [6-9] and rate-dependent formulations for the damage
evolution [10, 11].

The present contribution focuses on the characterisation of damage in ductile materials through electrical measure-
ments. Changes in electrical conductivity can result from geometrical contributions and the underlying microstructure,
for example, cracks [12, 13] or dislocations [14, 15]. In order to distinguish the individual effects of geometry change and
microstructure, an electro-mechanically coupled framework, which considers the effect of plasticity and damage on elec-
trical quantities, is established. More specifically speaking, the phenomenological model developed for the simulation of
ductile damage in metallic materials and calibrated for DP800 steel by Sprave and Menzel [16] serves as a basis and is
extended to electro-mechanical coupling in the present work. Motivated by experimental findings that indicate changes
in conductivity under tensile loadings, the research question reads: Can damage in DP80O steel be distinctly detected by
means of electrical measurements and be predicted by means of simulations? Figure 1 illustrates the change in conductivity
due to various distinct effects and shows the experimental setup.

2 | CONTINUUM THERMODYNAMICS

Let nonlinear deformation map (X, t) describe the deformation of body B and relate the position of a particle in the
reference configuration X € /B to its position in the spatial configuration x € B, at time ¢. The associated tangent map-
ping is F = 0p(X, t)/0X and it is observed that Jp = det(F) > 0 holds. Under quasi-static conditions, the mechanical
sub-problem is governed by the balance equation of linear momentum in referential form

whereby body forces are neglected. The free energy density ¥ serves as a potential for the Piola stress tensor, i.e.

oYy
P= F 2
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FIGURE 1 Left: Expected (microstructural) contributions to the overall change in the measured electric potential difference under
tensile loadings and an applied constant current. The measured change in voltage AV with respect to applied transverse displacement Au is
illustrated. Right: The experiments are carried out with a micro-tensile machine (Kammrath & Weif}, 10-kN load cell). The resistance
measurements are carried out with a nanovoltmeter (Keithley 2182A).

The representation of Piola stress tensor P in terms of Cauchy stress tensor o is given as
P=Jpoc -F\ ©)

In the micromorphic approach considered, the additional global degree-of-freedom ¢(X, t) is introduced for the
regularisation of the damage formulation and stipulates the micromorphic balance relation

Vx-Y+Y=0 VXe€B, 4)

wherein flux Y and source term Y can be identified as

'4 ov
Soved T o ®

Y
Analogously, these quantities can be represented in terms of their spatial counterparts

Y=JpF 'y, Y=Jpy. (6)

For (quasi-)stationary processes, the electrical sub-problem is governed by the continuity equation of electric charge which
takes the referential form

Vx -J=0 VX € B, @)
and by Faraday’s law of induction
which can naturally be fulfilled by the introduction of a scalar-valued electric potential field V' for the referential, E =
—VxV, and spatial electric field vectors, e = —V,. V. The spatial representations of the electric current density vector j
and electric field vector e are related to their referential counterparts as

J=JzFl.j, E=F' e )

For the electrical conductors under investigation, it can be observed that the constitutive relation between the electric
current density and the electric field is not derived from a potential but rather restricted by a Fourier-type inequality.
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3 | CONSTITUTIVE RELATIONS

This section addresses the constitutive relations that are employed in the current work. In particular, the multi-surface
ductile damage model proposed in [16] is briefly recapitulated in Section 3.1 and its extension to electro-mechanically
coupled problems is discussed in Section 3.2.

3.1 | A multi-surface ductile damage model

The mechanical response is assumed to be governed by the volume-specific Helmholtz free energy density function ¥.
Specifically speaking, an additive decomposition according to

Y(F,FP,$,Vxp,d,a) = WI°(F,FP,d,a) + ¥"\(F, ¢, Vx ¢, d) 10)

is assumed with the local ¥!°¢ and non-local ¥l parts. In (10), d denotes the local damage variable, FP = [Fé]™'-F
represents the plasticity-related part of the deformation gradient and o characterises accumulated plastic strain.

The gradient-enhancement is incorporated into the model by means of the gradient of global damage variable ¢ in
order to avoid the treatment of Karush-Kuhn-Tucker conditions on global finite element level. The non-local part can be
specified as

Ba

W(F, ¢, Vxdd) = 2 IVxel? + Z[g - df’ a

where c; denotes a regularisation parameter and where 3, is a penalty parameter penalising deviations between the local
and non-local damage variables. A constant regularisation parameter controlling the width of the localisation zone is
chosen in the present contribution.

The local part of the energy function is formulated in terms of logarithmic strains & = % In(b®), with b® = F¢ - [F¢]"
denoting the elastic left Cauchy-Green tensor. By noting that b® admits the spectral decomposition

3
b =F-[F]'= Y [’ @n, (12)

i=1

the logarithmic strain tensor can be specified in terms of elastic principal stretches 17 and eigendirection n; as
3
g = 2 en®n; with ¢ =In(15). (13)
i=1
Moreover, volumetric and isochoric logarithmic strains can be obtained as
3 3
1 i L 1
Vol = Z g, &9%0= 2 [Ef - gee""’ ]ni Q n;. (14)
i=1 i=1

The local part of the Helmholtz free energy density function,
WlOC(F’Fp’ d, a) — [I/IOC,iSO(Ee’ d) + yploc,vol(se’ d) + lploc,p(a) , (15)

is defined by the volumetric, isochoric and hardening contribution
loc,vol/ e vol K e,vol 2
wloeol(ge, d) = frol(d) [e=] (162)

lploc,iSO(Ee’d) — fiSO(d)G g&is0 .+ geiso (16b)

'Ploc’p(o() — - h

antl 16¢
P +1 (16c)
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with bulk modulus K, shear modulus G and with 4 and n;, controlling the hardening behaviour. In (16), f Vol and f150 are
exponentially decaying damage functions f* : [R{:)r — (0, 1] defined by

f(d)=exp(—né&. d) with d€][0,) 17)

where 7 £, can be interpreted as the rate of degradation of effective material properties. Following standard procedures,
the evaluation of the dissipation inequality results in the thermodynamic driving forces,
o .

t —
m—2ﬁ~b, q=-

v . oW

3d B= 3’ (18)

namely, the (spatial) Mandel stresses m!, damage driving force g and isotropic hardening stress 8. A multi-surface
formulation that allows plasticity and damage to evolve based on potentials is adopted as

P (m', B) = ”dev<fml(td)> H - \/g[oyo - Bl (19a)

d(gd) = —— — 1-fia)]™ 19b
¢%q.d) @ Gmax[1 = fA(@)]™, (19b)
where oy corresponds to the initial yield stress and gy, is the threshold value for the driving force.

The plastic dissipation potential is formulated in terms of effective Mandel stresses by taking a damage function f™
into account. It resembles a classic von Mises-type yield function with isotropic hardening. For the damage dissipation
potential, similar to the Mandel stresses, a function f9 is introduced by analogy to the damage functions and the damage
dissipation potential is defined in terms of an effective damage driving force. Adopting an associative format yields the
evolution equations for the internal variables and the corresponding Karush-Kuhn-Tucker conditions, i.e.

Agpd =0 with ¢4<0, 14320 (20a)

A,@P =0 with ¢P<0, 1,20 (20b)

that are locally enforced with an active set method.

3.2 | Electrical subproblem

In accordance with the restrictions posed by the dissipation inequality (j - e > 0, respectivelyJ - E > 0), the linear relation
J=S;-e eay)

between the spatial electric field vector and the spatial electric current density vector is assumed where S, denotes the
(positive semi-definite) spatial conductivity tensor. In virtue of (9), the electric current density vector J in the referential
configuration can be obtained as

J=JpF'.S,-F'.E. (22)
In order to study the effect of geometry changes on the electrical problem, the constant spatial conductivity tensor
Si=x1, (23)

defined in terms of the scalar-valued conductivity parameter x, > 0, is taken as a reference. In the presence of dam-
age, accumulated dislocations or other distinct microstructural effects, the electrical conductivity is expected to decrease,
similar to elastic properties. In this case, the electrical conductivity tensor is assumed to be of the form

S =g"(dax I with g :RY xR} = (0,1] (24)

where gV defines the decay in electrical conductivity.
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FIGURE 2 Geometrical dimensions of the micro-tensile sample and boundary conditions of the boundary value problem discussed in
Section 4. The thickness of the sample is 1.5 mm. Material parameters are identified for DP80O steel for the material model that is introduced
in Section 3.1, cf. [16].
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FIGURE 3 Top: Electric potential field in the midplane of the symmetric boundary value problem depicted in Figure 2 for

Au = 0.5mm and applied electric current density I = 0.4 A. Damage and plasticity parameters for the electrical subproblem are chosen as
X4 = 0.01, y, = 0.20. Bottom: Electric current density field ||J|| = v/J - J in the midplane. Electric current density vectors are indicated by
black arrows.

4 | NUMERICAL EXAMPLES

In this section, the modelling approach proposed in Section 3 is applied to the boundary value problem depicted in Figure 2,
which mimics the Direct Current Potential Drop (DCPD) measurements. The measurements in Figure 1 are obtained
while the specimen is subjected to tensile loading. Voltage measurements are collected with constant current I = 0.8 A
being applied between the contact points throughout the experiment [17, 18]. The material parameters that are identi-
fied for DP80O steel are given in Figure 2. In the un-deformed state, the initial resistivity R = 0.249 Q mm? of the DP800
sheet metal, corresponding to the initial conductivity x, = 4016.1 A/[Vmm], was experimentally determined. The damage
function controlling the degradation of electrical properties is chosen as

gV (d,a) = exp(—xqsd — xo @) (25)

such that damage and accumulated plastic strain affect the electrical conductivity. The parameters y,; and y, can be
identified based on voltage measurements. By using symmetries, the electric potential and electric current density fields
are visualised in Figure 3 for the tensile specimen given in Figure 2.

Figure 4 illustrates three distinct cases. For the first case (x4 = 0, x, = 0), the electrical conductivity is assumed to
be constant. This assumption allows the study of the influence of finite geometry changes on the measured electric
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FIGURE 4 Left: Evolution of local damage variable at the point of voltage measurements, as illustrated in Figure 2 and corresponding
damage function controlling the degradation of electrical properties. The parameters y, and y, can be interpreted as the rate of degradation
of electrical conductivity due to damage and plasticity, respectively. Right: Electric potential difference at the point of voltage measurement.
Reaction force-displacement diagram of the tensile test for three distinct cases showing an identical response.

potential field while keeping a constant applied electric current. In other words, this corresponds to the case that the
influence of various microstructural effects (e.g. the evolution of damage and plasticity) on the electrical conductivity is
neglected. Motivated by experimental findings that indicate a decrease in the conductivity with increasing dislocation
density and damage [12, 14, 15], the set of parameters (y; = 0.01, y, = 0.20) is chosen for the second study. Clearly, both
the evolution of damage and plasticity affect the electrical conductivity in this case. Finally, consider the case where only
damage accumulation is assumed to have an effect on the electrical conductivity, such that (x4 = 0.01, y, = 0). From
a physics point of view, this corresponds to a dislocation free state that can be obtained with an appropriate heat treat-
ment. The previous study exemplifies that the influence of different microscale processes and of geometry changes can
be well-distinguished in simulations. Such a distinction is rather difficult to achieve in experiments but required for the
development of non-destructive testing methods. As indicated in Figure 4, the mechanical response in the form of reaction
forces or accumulated damage is not influenced by the electrical sub-problem.

5 | CONCLUSION

Motivated by the change in electrical conductivity due to finite geometry changes, dislocation density and mechanically-
induced damage, this contribution focuses on an electro-mechanically coupled ductile damage formulation for metals,
specifically DP800 steel. Experimental findings show that various mechanisms may influence the electrical conductivity.
In order to support the non-destructive electrical characterisation of damage, these mechanisms should be taken into
account. The proposed framework allows the separation of individual contributions as demonstrated in the present study
based on representative simulation results. In this regard, it is important to note that the constitutive relations for the elec-
trical subproblem are purely academic at this stage and are not based on experimental data. The application to experiments
will, accordingly, be the focus of future works.
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