Chapter 24
Failure Simulations with a Strain Rate
Dependent Ductile-to-Brittle Transition Model

Juha Hartikainen, Kari Kolari, and Reijo Kouhia

Abstract In this paper, simulations with a phenomenological model to describe
the ductile-to-brittle transition of rate-dependent solids are presented. The model is
based on consistent thermodynamic formulation using proper expressions for the
Helmholtz free energy and the dissipation potential. In the model, the dissipation
potential is additively split into damage and visco-plastic parts and the transition
behaviour is obtained using a stress dependent damage potential. The damage is
described by using a vectorial variable.

Keywords Constitutive model - Continuum damage mechanics - Viscoplasticity -
Dissipation potential - Ductile-to-brittle transition

24.1 Introduction

Most materials exhibit rate-dependent inelastic behaviour. An increasing strain rate
usually increases the yield stress thus enlarging the elastic range. However, the duc-
tility is gradually lost and for some materials there exists a rather sharp transition
strain rate zone after which the material behaviour is completely brittle.

In this paper, a phenomenological approach to model the ductile-to-brittle transi-
tion of rate-dependent solids is presented. It is an extension to the model presented
in [1, 5] using a vectorial damage variable [8]. The model is based on consistent
thermodynamic formulation using proper expressions for the Helmholtz free energy
and dissipation potential. The dissipation potential is additively split into damage
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and visco-plastic parts and the transition behaviour is obtained using a stress depen-
dent damage potential. The basic features of the model are discussed.

24.2 Thermodynamic Formulation

The constitutive model is derived using a thermodynamic formulation, in which
the material behaviour is described completely through the Helmholz free energy
and the dissipation potential in terms of the variables of state and dissipation and
considering that the Clausius-Duhem inequality is satisfied [6].

The Helmholtz free energy

¥ =1(ee.D)

is assumed to be a function of the elastic strains, &, and the damage vector D.
Assuming small strains, the total strain can be additively decomposed into elastic
and inelastic strains &; as € = &, + &;.

The Clausius-Duhem inequality, in the absence of thermal effects, is formulated
as

y >0, y=—p¥ +0:é, (24.1)

where p is the material density. As usual in the solid mechanics, the dissipation
potential

p=¢(,Y)

is expressed in terms of the thermodynamic forces ¢ and Y dual to the fluxes &; and
D, respectively. The dissipation potential is associated with the power of dissipation,
y, such that
d¢ dp
=_—: —.Y. 24.2

=9 T T oy (24.2)
Using the definition (24.2), Eq. (24.1),, and defining that pdv/0D = —Y, results in
the equation

AW .0y L
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Then, if (24.3) holds for any evolution of é, o and Y, the inequality (24.1) is satis-
fied and the following relevant constitutive relations are obtained:
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24.3 Particular Model

In the present formulation, the Helmholtz free energy, v, is a function depending on
the symmetric second-order strain tensor €. and the damage vector D. The integrity
basis thus consists of the following six invariants:

L5 L3
I =tree, 12=§tr€e, 13=§tree, Iy = D],

(24.5)
Is=D-e.-D, Is=D-&2.D.

A particular expression for the free energy, describing the elastic material behaviour
with the directional reduction effect due to damage, is given by [8]

A
20

1 - _
pv = (1 — 14)<§/\112 + 2,L12> + H(ot) (LIt —2n1s1; " + 121,7)

+(1—H(ot)) (%mlf + u15214‘3) + L+ 12177 - 25617,
(24.6)
where A and p are the Lamé parameters, H is the Heaviside step function and
ot =al+2uD-e.-D, and D=D/L. (24.7)

To model the ductile-to-brittle transition due to an increasing strain rate, the dis-
sipation potential is decomposed into the brittle damage part, ¢q, and the ductile
viscoplastic part, @yp, as

9(0,Y) =pa(Y)pu(o) + ¢y (o), (24.8)

where the transition function, ¢, deals with the change in the mode of deformation
when the strain rate €; increases. Applying an overstress type of viscoplasticity [2,
13, 14] and the principle of strain equivalence [11, 12], the following choices are
made to characterize the inelastic material behaviour:

1 Y2 (Y=Y -M- (Y=Y \ ™!
= — Tt H(e| — e , (249
¥d 2 +2 (1 — 1) (&1 5tresh)< er ( )
= 1_1“[ 1 ( 2 ),,] (24.10)
o= pn [ typn \ (1 — I4)or ' ’
1 (-1 5 P+l
Op = (= o ( g ) , 4.11)
p+1 Tvp (I = Iy)or

where the parameters 74, r and n are associated with the damage evolution, and the
parameters typ and p with the visco-plastic flow. In addition, 1 denotes the inelastic
transition strain rate and Yo = BY;n, where 8 is a small number, acts as a seed for the
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damage evolution, and n is the eigenvector of the elastic strain tensor corresponding
to the largest principal strain £1. The damage threshold strain is &.sn. The direction
of the damage vector is defined through the tensor M = n ® n where ® denotes the
tensor product. The relaxation times 74 and ty, have the dimension of time and the
exponents #, p > 0 and n > 1 are dimensionless. ¢ is a scalar function of stress, e.g.
the effective stress oefr = +/3J2, where J5 is the second invariant of the deviatoric
stress. The reference values Y; and o} can be chosen arbitrarily, and they are used
to make the expressions dimensionally reasonable. Since only isotropic elasticity is
considered, the reference value Y; has been chosen as

Y, =0}/E, (24.12)

where E is the Young modulus.
Making use of (24.4), the choices (24.6)—(24.11) yield the desired constitutive
equations.

24.4 On the Integration Algorithms

There are many different algorithms for the integration of inelastic constitutive mod-
els. However, the fully implicit backward Euler scheme seems to be the most popu-
lar, although it is only first-order accurate [15—17]. In practical problems, especially
in those of creep and viscoplasticity, the time steps are often large, several magni-
tudes larger than the critical time step of some explicit methods, e.g. the forward
Euler method. Therefore, the integrator should be unconditionally stable and suffi-
ciently accurate for large time steps.

As shown in [10], the asymptotic convergence rate does not necessarily reflect
high accuracy outside the asymptotic range, which usually means step sizes smaller
than the critical time step of the explicit Euler method. For large time steps, the first-
order accurate backward Euler method seems to be more accurate than many higher-
order schemes. Therefore, an integrator for inelastic constitutive models should be
at least [9, 10]:

e [-stable

e and for 6 4+ Ao =0, A = constant, the stability function should be
— strictly positive, and
— monotonous with respect to time step.

It is obvious that the standard backward Euler scheme fulfils these requirements.

When damage is included in the constitutive model, behaviour of the solution of
the governing evolution equations is completely different from that of viscous and
plastic solutions. Solutions of problems in creep, plasticity, and viscoplasticity are
diffusive and decay exponentially with time whereas damage produces a reactive
type of solutions growing exponentially with time [3].
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24.4.1 Standard Backward Euler Scheme

For rate-dependent solids implicit time integrators are preferable. In this study, the
backward Euler scheme is used to integrate the constitutive model at the integration
point level. Although the backward Euler scheme is asymptotically only first-order
accurate, it has good accuracy properties for large, practically relevant time steps
[10].

Using matrix notation, the constitutive model (24.4) is rewritten in the form

6 =1,(a,D), (24.13)
D=fp(s,D) (24.14)
such that
aC
fa(a,D)=C(é—éi)+EC_la, (24.15)
H(g| — Y-Yo) -M-(Y-Yo)\"
fp(o.D) = _(ptr (61 — €tresh) [ ( 0) ( 0) ’ (24.16)
Tq(1 — Iy) Y2

where the elastic stress is 0. = C : &¢, and the elastic constitutive matrix C of a
damaged solid can be most conveniently written using the tensor component repre-
sentation

Cijki = )»(1 — 5»14H(0J‘))8,'j3kl + 2#[5,’/(5]1 — 5»14H(0J‘)(8,'j [),' ﬁj + ﬁibjSkl)]
+2u[2+ G — DH(o )| uD;i D; Dy Dy
—2ul4(8: D Dy + 8 D; Dy), (24.17)

where & = A /(A +2).
Applying the backward Euler scheme and the Newton linearisation method to the
evolution equations (24.13) and (24.14) results in the linear system of equationsl

H11 H12 éo . fo‘ Ao
where
of, of,
H]]:I—At—g, H]z:—AI—G,
oo oD
ofp ofp
Hy =—Atr—, Hy=1-At——.
2 do 2 D

I'The symbols A and § refer to incremental and iterative values, /"' = ol + 80, Aol =o'l —
0,—1, where the sub- and superscripts refer to step and iteration numbers, respectively.
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Fig. 24.1 The discontinuous yi B
Galerkin method, dG(1); T\o Ynt1
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The algorithmic tangent matrix, i.e. the Jacobian of the algorithmic stress-strain
relation has the simple form

CATS —H!C, (24.19)
where
Hi =Hj — H12H2_21H21~

As it can be seen, the Jacobian matrix is in general nonsymmetric due to the dam-
age. The algorithmic tangent matrix is a necessity for the Newton method to obtain
asymptotically quadratic convergence of the global equilibrium iterations.

24.4.2 The Discontinuous Galerkin Method

Rewrite the evolution equations (24.13) in the form
y =1(y), (24.20)

where y = [67, D77 and f = [fg, fE]T. The discontinuous Galerkin method of
degree g can be stated as follows [4]. For a given time interval I, = (t,,, t,+1] find y
(polynomial of degree ¢) such that

| = t) e+ Il =o @421)

n

For the test functions §, polynomials of degree g are used. The notations y; and
y, are the limits yff = lime—0y(tn % |€]), [yn] =Y, — ¥, - These notations are
illustrated in Fig. 24.1.

After the Newton linearisation step, the following system of linear equations is
obtained:

[AIII_MII Al —Mip ]i{SY}
Ayl =My (14 An)I—Mp| |8yt

i Y

r| Anl Apd|]y 0
_ _ ! , 24.22
{rz} [AZII Azzl} {Y+} {y,f’—yn (2422
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where

. of
A,‘j=/ N,'del‘, Mij= N,'—det, r = N;fdr,
[,, In 8y I"

and N;’s are the linear interpolation functions N1 = (t — t,)/At, No =1 — (¢t —
t,)/At, which can be collected into a row vector N = [N, N2]. When the Newton
iteration is converged after the k-th iteration, theny,  , = yHk.

Partitioning the unknowns in the vector y as y = [(6 )7, (¢ )7, ﬁT]T, where
D= [D_T, D+T]T, the coefficient matrix on the right-hand side of (24.22) can be
written as

By B Gip

Jicay=| Bz I+Bxn Gop |,
Gpi Gp» Gpp

where
of,
Bij = AijI—Moij, Moij= | NiZZNjdt,
Il‘l o.
of, of
GiDZ—/ Ni—det, Gpi :—/ NT—DN,'dt,
I oD I, do
X of ~ |[Aul Al
Gpp=A— | NT—Ndr, A= _
P /1 ) [Azll(l + Ap)I

The Jacobian of the algorithmic stress-strain relation for the dG(1) method has the
form

5 5 51y -l ~ =
CYS = (B1; — BioB3)'By) ™ (I-B1oBy)C,
where
ﬁ,’j =B;; — G,‘DGBIDGD]'.

From the results of the subsequent section, it seems that the dG(1) method per-
forms well in computing inelastic material behaviour with damage. The only draw-
back is that the method is twice as laborious as the backward Euler scheme. How-
ever, numerical experiments show that the dG(1) scheme allows larger time steps to

get a converged solution, such that the overall computing time can be even shorter
than with the backward Euler method in strongly non-linear cases.

24.5 Numerical Example

24.5.1 Uniaxial Straining

Performance of the integrators is tested for the coupled viscous-damage model de-
scribed in Sect. 24.3. For simplicity, the transition function is assumed to be unity
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Fig. 24.2 The stress-strain 0.8
relation for uniaxial constant
strain-rate loading, from [3]
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in this example, i.e. ¢ = 1. The accuracy properties, when sufficiently large time
steps are used, is of primary interest. The following material parameters are used:
the Young modulus E = 40 GPa, reference stress o, = 20 MPa, the viscosity param-
eters Typ = 1000, g = 0.2 s, and the exponents p =4 and r = 1.5. The reference
value Y; is chosen as in (24.12).

The stress-strain curves for an uniaxial constant strain rate & =5 x 10~%s~! are
shown in Fig. 24.2, where the true dG(1) solution, i.e. a discontinuous, piecewise
linear approximation is depicted. To keep the figure readable, the end point solution
values for the dG(1) methods are connected in Fig. 24.3, where the damage and
inelastic strain are shown as a function of strain. Ten equal time steps are used
for strain up to 4¢;, thus Ar = 0.4 s. Inability of the backward Euler scheme to
capture the damage evolution well is clearly visible in these figures. The “exact”
solution shown in Figs. 24.2 and 24.3 is obtained by using the dG(1) method with the
time step At =8 x 10™*s, resulting in 5000 steps in the range shown in Fig. 24.3.
The estimated relative error for this solution is less than 1073,

24.6 Finite Element Simulations

24.6.1 Compression Test with the Scalar Damage Model

A compressed specimen ((x,y,z) € £ =(0,L) x (0, B) x (0, H), L =200 mm,
B =100mm, H = 1 mm) is analysed under a plane strain condition, as shown in
Fig. 24.4. A‘strain localisation into a shear band is expected to take place due to
damage-induced strain softening. The horizontal displacement at the left-hand side
edge is prescribed at a constant rate #prescibed and constrained to remain straight.
A von-Mises type viscoplastic solid is used, i.e. 6 = oefr. The constitutive pa-
rameters have the following values: the Young modulus E = 40 GPa, the Pois-
son ratio v = 0.3, reference stress oy = 20 MPa, the viscoplastic relaxation time



24 Strain Rate Dependent Ductile-to-Brittle Transition Model 439

Fig. 24.3 Uniaxial constant 1 T
strain-rate loading. For the
dG(1) schemes, only the end 0s
points are connected [3] ’
0.6
Q
04
exact
bE - -X--
02 = dG(1)-Lobatto -G ]
dG(1)-Gauss —-©- -
0 . .
0 1 2 3 4
e/e
4 T T T 1
3 —
< ook
W
L= bE —-X--
dG(1)-Lobatto ----f-----
dG(1)-Gauss - -©- —
0—9 ' :
0 1 2 3 4
e/&
Fig. 24.4 The problem > Uprescribed
description y,v
— L —_—_—
7 \
—> B
@
Z,W X, u

Typ = 10005, and the transition strain rate n = 1073s~!. The exponents have the
values: p=n=4,and r = 152

2This corresponds to the same case as in [5], where the damage potential (24.9) was in the scalar
case was defined in a slightly different way.
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Fig. 24.5 Load-displacement T4n = 1073
curves with the mesh of 12x6 15
elements
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(b) The effect of the “damage viscosity” 74
in the brittle regime

Eight-node-trilinear elements with the mean dilatation formulation [7] were used
in the computations, which were carried out for two different meshes, a coarse mesh
of 12x6 elements and a finer mesh of 48 x24 elements. To trigger the unstable lo-
calisation, an imperfection via a small patch of elements was introduced by reducing
the reference stress by 5 %.

Figure 24.5 shows the load-displacement curves calculated for three different
loading rates (on the upper left) and four different damage relaxation times (on
the upper right) using the coarse mesh, and for both meshes considering that
tan = 1073 and &y/n = 10 (at the bottom). The average strain rate is defined as
£0 = Uprescribed/ L. In comparison to the results of pure material behaviour (Fig. 24.3,
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Fig. 24.6 Damage D distribution for é = 105 and g7 = 1073 at the end of the computation
(F =0.618BHoy). A mesh of 48 x24 elements. Displacements magnified 50 times

upper), the softening behaviour of the structure is much more rapid due to the local-
isation band.

As explained in the preceding section, a large number of time step reductions,
due to diminished convergence of local iterations, had to be done during the com-
putations, especially in the computations for the highest loading rate.

Damage distribution is shown in Fig. 24.6. It can be observed that damage bands
are approximately at £45° angles as in the classical strain-softening von-Mises type
elastoplasticity. Therefore it could be concluded that the scalar damage model is
unable to capture the correct failure mode characteristic to brittle materials. It should
be noted that the failure mode in tension is identical to the mode in compression
with the scalar damage model. As it can be seen from the next section, to be able
to predict the failure mode correctly, at least the vectorial damage model should be
used.

24.6.2 Compression/Tensile Tests with the Vectorial Damage
Model

The model with the vector description of damage has been implemented in the com-
mercial finite element code ABAQUS as a user subroutine. A simple tensile test
of the same specimen as in the previous example has been simulated using differ-
ent loading rates, see Fig. 24.7. The same material parameters are used as with the
scalar damage model simulation. The seed parameter for the damage initialisation
has been g = 0.025. In Fig. 24.7(a) the load-displacement curves are shown with
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Fig. 24.7 The tensile test: Edge elem. (no 196) #=0.025 r=1.5 n=0.001
stress-displacement curves 3 T T T —
with different loading rates 30l 4 g .:=u,021¢,-
and localisation of damage in ; : £=0.002/s
the brittle case & > 0.001 s™! 25 | | . J— E etmtemayl £=0.001/s |
: \ |- - #=0.0005/s
20} Ll :
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10
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E
3 :

(b)

different loading rates and the failure mode is shown in Fig. 24.7(b). It can be seen
that the damage is localising in an area which has a width larger than one element
layer.

For the compressive loading case, the damage vectors are shown in Fig. 24.8. As
it can be seen, the splitting failure mode starts to develop from the weaker elements
in the mesh.

24.7 Concluding Remarks

A phenomenological constitutive model for modelling the ductile-to-brittle transi-
tion due to an increased strain rate is presented. In the present model, the dissipa-
tion potential is additively split into damage and visco-plastic parts and the transi-
tion behaviour is obtained using a stress-dependent damage potential. In this study,
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Fig. 24.8 The compression test: damage vectors D at the integration points on the softening regime

TR

isotropic and vectorial damage coupled with von-Mises type viscoplastic flow are
considered. However, the chosen approach allows easily an extension to more ad-
vanced damage models applicable also for realistic simulations of pressure depen-
dent materials. To predict the correct failure mode for brittle solids, the damage
cannot be described by a scalar variable. If the vectorial damage model is used, the
tensile failure and splitting failure in compression can be simulated. Further inves-
tigations will be focused on the study of a material length scale.

The numerical implementation is also discussed. Due to the unstable nature of
damage, the conventional backward Euler method does not perform well. Oscilla-
tions in the damage variable can result in convergence problems in the local Newton
iteration at the integration point level. The discontinuous Galerkin approach seems
to result in accurate results also for large time steps, and in addition, it seems to
improve the convergence of the global equilibrium equations. Further studies will
be directed to develop a robust integration scheme for inelastic constitutive models
coupled with damage.
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