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A Finite-Strain Phase-Field Description of Thermomechanically-Induced
Fracture in Shape Memory Alloys

M.M. Hasan - M. Zhang - T. Baxevanis

Abstract A finite-strain, phase-field model for thermomechanically-induced fracture in shape memory al-
loys (SMAs), i.e., fracture under loading paths that may take advantage of either the superelastic response
or the shape memory effect in SMAs, is presented based on the Eulerian logarithmic (Hencky) strain and
the logarithmic objective rate. Based on experimental observations suggesting that SMAs fracture in a
stress-controlled manner, damage is assumed to be driven by the elastic energy, i.e., phase transforma-
tion is assumed to contribute in crack formation and growth indirectly through stress redistribution.
The model is restricted to quasistatic mechanical loading (no latent heat effects) and thermal loading
sufficiently slow with respect to the time rate of heat transfer by conduction (no thermal gradients),
and can describe phase transformation and orientation of martensite variants from a self-accommodated
state. A single fracture toughness value is assumed, that of martensite, thus, the temperature range of
interest is below My, which is the temperature above which the austenite phase is stable. The numerical
implementation of the model in an efficient scheme is described and its ability to reproduce experimental
observations on the fracture response of SMAs and handle complex geometries and loading conditions is
demonstrated.

1 Introduction

Shape memory alloys (SMAs) undergo large, hysteretic, stress—strain-temperature excursions when sub-
jected to appropriate thermomechanical loading due to a reversible, solid to solid, phase transformation
from austenite to martensite [I—6]. Toughness enhancement during crack advance, i.e., slow and sta-
ble crack extension, is observed in these materials associated with extrinsic shielding resulting from
inelastic deformation left in the wake of the advancing crack [7-10], similarly to ductile materials. Trans-
formation from austenite to martensite [11-21], and wvice versa [11, 22, 23], (re)orientation of martensite
variants [23, 24], transformation-induced contraction [25], overload and transformation-induced plastic-
ity [20, 24, 26, 27], and thermomechanical coupling associated to latent heat [28, 29] have an impact on
the toughness enhancement observed. Large-scale phase transformation in front of a crack, resulted, for
example, due to thermal actuation, promotes crack advance, counteracting the aforementioned stabilizing
effect of the irrecoverable deformation left in the crack’s wake [27, 30-32].

Despite the aforementioned apparent similarity with the fracture response of ductile materials, SMAs
belong to a relatively brittle class of materials, that of intermetallics, and fail by cleavage of crystallo-
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graphic planes, which, depending on the local precipitate size and concentration, is assisted by ductile
tearing [8, 33-35]. Experimental observations [34] and unit cell studies [36] suggest that the work ex-
pended on the intrinsic damage mechanisms, i.e., void nucleation and growth, has a minor contribution
to the work balance during crack growth, which is stress-driven. Currently, the numerical investigations of
fracture of SMAs either totally ignore the fracture process or, as customary for elastic—plastic materials,
couple a fracture process model to the deformation field of a growing crack. The former investigations,
which are further justified by direct evidence of restricted dislocation activity close to the crack tip as
compared to conventional ductile materials [37], are either based on (i) linear elastic fracture mechanics
tools, assuming that the mechanical fields in the near-tip region are dictated by a linear elastic response,
such as the virtual crack closure technique [26, 30], or (ii) nonlinear elastic fracture mechanics tools
to simulate steady-state crack growth based on the path-independence of the J-integral in such condi-
tions [12, 13, 22, 23, 28]. The latter investigations model the fracture process with cohesive elements
obeying a bilinear traction—separation law described by the cohesive strength o, and the work of sep-
aration G along the crack plane [11, 16]. The calibration of the phenomenological traction—separation
parameters, chosen to give best fit of crack growth experimental data, is a formidable task in SMAs.

The aim, herein, is to develop a phenomenological continuum model for SMAs within the framework
of the phase-field approach to fracture. The major advantage of the phase-field approach over the afore-
mentioned discrete fracture models lies on its ability to model crack nucleation, complex crack patterns,
branching and merging, in both 2D and 3D, without ad hoc additions to the theory and without adaptive
mesh refinement for sufficiently fine mesh resolutions. This stems from the regularization of the sharp
crack surface topology by a diffusive crack zone governed by a scalar auxiliary variable, a phase field,
which interpolates between the unbroken and the broken state of the material. In the phase-field ap-
proach to fracture, also known as variational approach to fracture [38, 39], the solution to the fracture
problem is found as the minimizer of a global energy functional that includes a volumetric approxima-
tion of total fracture energy. Thus far, the phase-field approach to fracture has been focused mostly on

brittle materials [40-57] with proposed modifications to fracture in ductile materials [58—67], compos-
ites [68-70], rubbery polymers [71-73], hydrogen embrittlement [74, 75], hydraulic fracturing [76-79)],
geomaterials [30-86] and piezoelectric solids [87]. Recently, the phase-field approach to fracture has been

extended to fatigue as well [38—104].

The proposed model accounts for reversible phase transformation from austenite to self-accommodated
and/or oriented martensite, orientation of martensite variants, temperature and load dependence of the
hysteresis width, asymmetry between forward and reverse phase transformation, and is flexible enough
to address the deformation response in the concurrent presence of several phases, i.e., when austenite,
self-accommodated and oriented martensite co-exist in the microstructure. The model is formulated based
on the Eulerian logarithmic strain, sometimes referred to as true or natural or Hencky strain, which is
the only strain measure that its corotational rate (associated with the so-called logarithmic spin) is the
rate of deformation tensor, also-called stretching [105, ]. Additive split of the rate of deformation
results in an additive decomposition of strain and, thus, in a simple model structure and an easy imple-
mentation procedure. The model adopts a single value for the energy expended to create new surfaces,
which corresponds to the fracture toughness of martensite. Thus, the model is applicable for temperatures
below My, since, as recently shown [36, |, the fracture toughness of SMAs is piece-wise constant with
respect to temperature, below and above My, with the value below M, corresponding to the fracture
toughness of martensite and that above corresponding to austenite. For nominal temperatures above My
the austenite phase is stable and the deformation response of the SMA is similar to that of a conven-
tional metal. Furthermore, the model neglects plastic deformation and assumes that inelastic deformation
associated with phase transformation and orientation of martensite variants contributes to the fracture
response only through stress redistribution, underpinning the experimental evidence [108] and numerical
studies [108, ] that the fracture process in SMA is stress-driven. The model is shown to reproduce
experimental observations, such as fracture during cooling under a constant bias load, transformation
and/or orientation-induced toughening, and it is verified on complex geometries and loading conditions,
including mixed-mode fracture.



A Finite-Strain Phase-Field Description of Thermomechanically-Induced Fracture in Shape Memory Alloys 3

It should be noted that recently a phase-field model for fracture of SMAs was proposed in litera-
ture [110, 111], which in contrast to the one proposed herein (i) is formulated under the small-strain as-
sumption, (ii) is restricted to phase transformation, i.e., cannot describe orientation of self-accommodated
martensite, (iii) is restricted to isothermal mechanical loading conditions, and (iv) assumes that fracture
is driven by the total strain energy density, i.e., assumes that the total work of transformation-induced
deformation can be directly expended on the intrinsic damage mechanisms.

The remaining of the paper is organized as follows. In Section 2, the model’s formulation by pos-
tulating a microforce balance is described. In Section 3, verification simulations are presented depicting
the model’s ability to capture the experimentally observed fracture response of SMAs under mechanical
and/or actuation loading. A summary of the paper is given in Section 4.

2 Formulation
2.1 Kinematics

Let Qg define the reference configuration of a continuum body, with its particles associated with their
position X € Gy, undergoing a motion ¢; : Qy — Qf, where t € R is the time, Q; is the current
configuration, and the particles’ current position is labeled x € Q;.

The Eulerian logarithmic strain

1 e
hzilnb:ZIn)\ be, (2.1)

a=1

is defined as the logarithmic measure of the left Cauchy-Green deformation tensor b = FFT (F =
Ox p: is the deformation gradient, \® are the m distinct eigenvalues of b, b® are the corresponding
eigenprojections, and the notation 9, denotes differentiation with respect to the generic variable a) and
its conjugate Kirchhoff stress

T=Jo, (2.2)

where J = detF > 0 is the Jacobian of the deformation and o the Cauchy stress.
The Eulerian logarithmic (Hencky) strain is the only strain measure whose objective time rate with

respect to a corrotational frame yields the total stretching (or rate of deformation) D = % (L + LT>,
where L = FF ! stands for the velocity gradient, i.e.,

h=h+hQ" - Q"h =D, (2.3)
where the superscript “°” denotes the objective logarithmic time rate of any tensor a

a=a+aQ* — Qka, (2.4)

defined by the logarithmic spin QF = W+ 3 (}igi:;izg + ln(/\f/w)) b*Db” (W =1 (L - LT) is the
aFp

vorticity and “*7 denotes material time rate.)
On account of (2.4), relation

REaRY" = REGREYT (2.5)
holds, where the logarithmic rotation, R”, is defined from the differential equation
R" = Q'RY; Ry =4, (2.6)

where ¢ is the unit tensor with components §,; = 1if ¢ = j and d;; = 0if i # j. The left hand side of (2.5)
represents the material time rate of a Lagrangian quantity and, thus, (2.6) generates a one-parameter
subgroup of rotations that define a locally rotating coordinate system in which the material time rates
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of the obtained rotated tensors remain unaltered by superposed spatial rigid body motions [106]. Time
integration of (2.5), assuming a = h and h|;—¢ = 0, yields

t t
h—=RL" (/ RLBRLTdt) R- 2 ReT (/ RLDRLTdt> RE, (2.7)
0 0

and, thus, additive decomposition of total stretching D results in additive decomposition of the Hencky
strain.

2.2 Conservation Principles

The phase-field model for fracture of SMAs is derived by postulating a microforce balance [112]. The
local forms of the postulated balance laws are derived from their respective global forms, given below,
which hold for all subgerions B; of the continuum body, Q:, with a sufficiently smooth boundary 0B;.
All integrands are at least C°-continuous.

2.2.1 Balance of mass
/ podX = [ pdx = po=pl, (2.8)
Bo By

where p (pg) is the mass density per unit (reference) volume.

2.2.2 Balance of linear momentum (equilibrium,)
/ tds+/ pbdxr =0= Vg -1+ psb =0, (2.9)
BBt Bt

where t = o - n denotes the traction, b the body force, n the outward unit normal of 9B;, and V- the
divergence operator.

2.2.3 Balance of angular momentum
/ r><tds—&—/r><pbdw:0:>7':7'T7 (2.10)
OB, By

where r denotes the position vector of a material point and x is the cross product between two vectors.

2.2.4 Microforce balance

An internal scalar microforce m and a vector stress ¢ that exerts a scalar traction ¢ - n on 9B; are
postulated [112],

C~nds+/ prdr =0= V -+ pr=0. (2.11)
OB B
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2.2.5 Energy balance

The energy balance is stated as

/pudsc:/ t~uds+/ pb-'il,dsc—i—/ (C-n)éds+/ prd:c—/ q-nds
B: aB, B: OB, B, OB,

] 1
(2£>1)pa=jr:h+c-8wc'—p7ré+ﬂ’“—vm'q’ (2.12)

where u is the internal energy per unit mass density, w is the displacement vector, ¢ is the phase-field
parameter (or order parameter) to be further defined below, q is the heat flux, and r is a heat source.
Under the assumptions » = 0 and V- q = 0, the above equation simplifies to

1 o
pu= =T h+ ¢ - 0z¢ — pme. (2.13)

2.2.6 Entropy inequality principle

Under the above assumptions, the second law of thermodynamics reads as

' : 95T
/Bpsda:Z—/BB qT—ndsépéZqT; ,

where s is the entropy per unit mass density and T is the absolute temperature.
Assuming 9, T = 0, the entropy inequality principle can be stated in terms of dissipation, D, as

D = psT >0, (2.14)

In view of the energy balance equation (2.13) and the Legendre transformation,

1
uzG—l—p—T:h—l—Ts, (2.15)
0

where G is the Gibbs free energy, the dissipation inequality can be further stated as
1 . .
D:—jﬁ":h—psT+C~8wc'—p7rc'—pG20. (2.16)

The assumption of a uniform throughout the material, at every instant, temperature distribution,
0T = 0, corresponds to assuming the rate of both the mechanical and thermal loading being sufficiently
slow with respect to the time rate of heat transfer by conduction.

2.3 Constitutive Response

The constitutive equations can be derived in a thermodynamically consistent manner by postulating the
Gibbs free energy and a volumetric approximation of total fracture energy.
The total strain tensor, h, is decomposed

h=h*+h" =h°+h'+h°, (2.17)

into a elastic, h®, and inelastic, h™®, part. The inelastic part is further decomposed into h® and h°,
representing the strain contributions of transformation from austenite to martensite and orientation of
self-accommodated martensite, respectively!.

Note that thermal strains are neglected, an approximation that restricts the model to temperature
ranges required for the shape memory effect within which thermal strain is an order of magnitude smaller

1 Oriented martensite forms from self-accommodated martensite under mechanical load with or without thermal inputs.
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than the transformation strain. The thermal expansion of oriented martensite is anisotropic, dependent
on the volume fraction of oriented martensite and the orientation direction, and its implementation is
described in [123].

The logarithmic rate of the inelastic strain tensor is taken to be

K" =0 4+h' = \/g <§HN" n SHNt> , (2.18)

where the martensite volume fraction, &, is restricted by 0 < £ < 1 and the effective inelastic strain, H, by
0 < H < H™* N° and N’ are the flow directions for orientation and phase transformation, respectively.
The multiplier 1/3/2 has been introduced so that H is the measure of the effective inelastic strain, i.e.,

H = 1/%}11‘“ :h™. Tt is noted that £H can be interpreted as £&2H™2% where £° = EH/H™* denotes the
oriented martensite volume fraction.

The volumetric approximation of total fracture energy adopted is through a crack density functional
I,

G.ds ~ G.I(c,0zc)dx, (2.19)
Iy (o

where the evolving internal discontinuity boundary, I, represents a set of discrete cracks, G, is the energy
expended to create a unit area of fracture surface, and the damage-like, phase-field variable, 0 < ¢ < 1,
approximates the fracture surfaces, taking the value 0 away from the crack and the value 1 within the
crack. The crack density functional is typically given as

I'e(c,05c) = 4% (¢ + 40205c - Dyc) (2.20)

where ¢ > 0 is a model length parameter that controls the width of the smooth approximation of the
cracks.

2.3.1 Thermodynamic Potential

The Gibbs free energy potential, G, is defined as

G, 1,6, 0™ k9, k! 6 ¢, D) = GU(T, T, €, 07" 5%, KL K7€) + Golu(c, Ogc) U2

- imil(C)WT +¢(§) {T —To—TIn (;;)] —50()T +up(&) — iT :h'™
1 ... 1 1G.
+ ;g (FE ) + ;gt(nt) + ;ZE [CQ + 4£2(9EC . amC:I 5 (221)

where W, = 27 : S(¢) : 7. The degradation function 0 < m(c) < 1, is such that m(0) = 1, m(1) = 0, and
m’ < 0, where the prime denotes differentiation with respect to argument. The function m(c) = (1 — ¢)?
is assumed. The model parameters S, ¢, sg, and ug denote the compliance tensor, specific heat, specific
entropy at the reference state, and specific internal energy at the reference state, respectively, which are
assumed to be different for each phase, and the density p is assumed to be the same regardless of phase. The
effective value of phase-dependent parameters, S, c, sg, and ug, in virtue of (2.21), are evaluated in terms
of the martensite volume fraction, ¢, by the rule of mixtures, i.e., a(¢) = a +¢ (aM — aA) =a’+¢Aa,
where a stands for any of the phase-dependent parameters. The internal state variables g° and g* describe
the free energy blocked in the microstructure due to orientation and transformation, respectively, which
depend only on the respective isotropic hardening variables, ¢ and x°.
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2.3.2 Constitutive Relations

Inequality (2.16) reads, via chain rule differentiation on G with respect to the internal variables set, as
1 . . . o in
D= fji" th—psT — p0:G : T — pOrGT — p0:GE — pOpinG : h
— POt GE' — pOo GE® — pOa, oG - Oy — pO.GE+ € - Opé — prc > 0. (2.22)

Standard thermodynamical arguments, applied to the dissipation inequality (2.22), yield the consti-
tutive relationships

oW

h = —porG =m~'(c) 3 i 20 = m(c)C : h®, where C=8""! (2.23)
T
T
s=—0rG =cln <> + 50, (2.24)
To
and the reduced dissipation expression
D=pi+T: (ht + ho) + ptiE 4 pCi° — (pom + p) é >0, (2.26)
where
1, T
p=—po0eG = 3m ()T : AS: 17— poAc |T —Top —Tln ? + poAsgT — Auyg, (2.27)
0
pu* = —po0iaG, (2.28)
ue = —ped.G, (2.29)

and a stands for any of the superscripts o, t or r.
Assuming the material to be strongly dissipative, inequality (2.26) is satisfied if

D° =7 :h" 4 poie > 0; h’ # 0,
Dt =pé+7ih 4 plit >0 €£0, (2.30)
D¢ = — (por + p€) é > 0 ¢ >0,

are enforced. It is assumed that these inequalities are obeyed at all times so that the dissipation inequality
is concurrently satisfied.
In view of (2.29) and (2.21), the above dissipation inequality (2.30c) reads as

S T

and can be satisfied by assuming

Ge

— -1 _ e
pom = 0. [m~ ()| W 50

(2.31)
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2.8.3 Evolution of Internal State Variables

Inequalities (2.30) are used to determine the kinetic relations for the internal state variables, i.e., the flow
rules, as follows [113].
Flow rules associated with orientation.— A potential function associated with orientation is postulated

QU(r,p) =T —p°=Y?), (£#0) (2.32)

where 7 = /37/: 7/ stands for the von Mises Kirchhoff stress (7' = 7 — Ztr()d is the deviatoric

Kirchhoff stress tensor), and Y° is a positive scalar. Assuming generalized normality, the orientation
related internal state variables then read as

l(:lo — \ o o — \ o =
h = \0-Q7 = X°60- T, (2.33)
o _ )\oa#DQo _ 7}\05.
Flow rules associated with forward phase transformation.— Assuming
Qf(T p,u)=He+p—p Y, (2.34)

where Y is a strictly positive scalar, the transformation related internal state variables are given by

h =\ L0, Q% = \LHO, 7
£ = f(? Q = /\t7 (2.35)
Kt = /\ta Qf = —\t,
or L
h = ¢(HO-T, (2.36)
K= —¢.
Flow rules associated with reverse phase transformation.— Assuming
QL (rop) = - —p -1, (2.57)

the flow rules for reverse phase transformation are given by

"= Mo =-ABl
§=M0o,QL = AL, (2.38)
i = A9 QL = AL,

or equivalently by

h" = én,
{ﬁ B (2.39)

Thus, it is assumed that the direction of the inelastic strain recovery is governed by the average
direction of the martensite variants and the magnitude of its rate is proportional to the rate of martensite
volume fraction so that there can be no inelastic strain whenever the martensite volume fraction is zero
and vice versa.

Hardening functions associated with phase transformation and orientation.— The branched hardening
function that changes with transformation direction, introduced in [114], is adopted for phase transfor-
mation

N

(1) = i (€) Afrret-0og s o (2.40)
w (k) =p = . ) .
a [1 Femh— (1 fg)”ﬂ —ay; £<0,

o=
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which allows for the experimentally observed asymmetry in forward and reverse phase transformation
and for smooth transitions between the elastic and phase transformation regimes. The coefficients a} — a};
are material parameters while the exponents nf —n}, which take values in the interval (0, 1], do not have
an associated material property but are directly chosen to best fit the four corners of the transformation
hysteresis plots.

A similar power-law form for the hardening function associated with orientation is introduced [113]

067 €) = pP(EH: €) 1= Lo {1 n (Hﬂf) -[1- (Hff)}} , (2.41)

where af is a material parameter and 0 < n{ < 1, 0 < n§ < 1 are chosen to best fit the transitions
between the elastic and orientation regimes.
Yield functions.— The dissipation inequalities (2.30) now read as

D° = X¢ {1 : 07 (F) — p°} > 0; h’ > 0,
AHT:0r (F)+p—pit >0, £>0,

Dt = g.{T,hmT() tp w ¢ (2.42)
5{‘T+p—u}20; £ <0,

De = 0.

Given the convexity of the potential functions Q°, ?, and @, the following yield functions are
assumed that satisfy the above dissipation inequalities

@2 (1,1%) = Q7 (T,p°) =7 — p° =Y <0,
Py(r,p,p') = (1= C)HT +p—p' = Y' <0, (2.43)
D (7,p,p') = — [(1 +O) TR 4y | — vt <o,

Note that @%(7,p, ") < Q4(7,p,u") and &L(7,p,p") < Qp.(T,p, "), where the introduced parameter
0 < C < 1 in the expressions of @7} and @ accounts for the dissimilar slopes of the transformation
boundaries on the SMA phase diagram.

2.8.4 Tension/compression asymmetry in stiffness degradation, prevention of interpenetration of the
crack faces, and crack irreversibility

In an effort to prohibit crack propagation under compression, only the tensile part of the elastic strain
energy density, W,j;, is assumed to serve as the driving force for crack growth, which is defined through
the energy decomposition into a positive and a negative part, introduced by [10, 41],

W = %A(tr h)? 4+ ptr [(W)?], W,. = %A (trh® — (trh®)® + ptr [(h)?] (2.44)

e

where
h => (ha)na ®na, h; =h°—h{, (2.45)

«

are the positive and negative components of the elastic strain tensor, respectively, defined through its
spectral decomposition, h® =" h&n, ® ny, where A and p are the Lamé constants, and

<x>{07 z <0

z, x2>0.
Furthermore, the constitutive response (2.23) is modified to read

T = m(c) Wi + 0 Wy = mi(c) [Mtrh®)8 + 2uht] + [A (trh® — (trh) & + 2uh) ], (2.46)
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in order to prevent the interpenetration of the crack faces. Similarly the driving force for phase transfor-
mation, p, given in (2.27), is modified to read

p= %m(c)AA(tr h®)? 4+ Aptr [(h))?] + %A)\ (trh® — (trh®))® + Aptr [(h7)?]
T
— poAc [T —Ty—TIn (T)} + poAseT — Aug. (2.47)
0

Thus, (2.31) is now written as

porm = —m/(c)H — %c, (2.48)
where the history functional, H, which satisfies the Kuhn-Tucker conditions for loading and unloading
Wi =H<0, H>0, H(W,} —H)=0, (2.49)
is introduced to enforce crack irreversibility [40], i.e., ¢ > 0.

Note that due to Poisson’s ratio effects, compressive stresses may still contribute to the increase
of damage; other schemes to describe the tension/compression asymmetry in the stiffness degradation
response are proposed in [115].

2.8.5 Strong-form, boundary-value problem

In summary, the strong-form, boundary-value problem of the constitutive response reads as
Mechanical Equilibrium (2.9). -

Ve T+ pob=0, (2.50)
Microforce Balance ((2.11), (2.25), (2.48)). —
0
2JG AV 5 - Ogc = m/ (e)H + g—Zc, (2.51)

Constitutive equations (2.46). —
7 =m(c) [\Mtrh®)é + 2uh | + [A (trh® — (trh®)) § + 2uh, ], (2.52)
Evolution equations ((2.33), (2.36), (2.39)). —

h’ = \o¢o, 7,
h' = EHO. T €0, (2.53)
"t =éht o éco,

Yield surfaces (2.54). —
P°=T—pu°—-Y°=0,
P = (1 - C)HF +p—p' =Y =0, (2.54)
Pl = — {(1 +C’)7T:?m +p— ,ut} -Yt=0,
where 12, p and p! are given in (2.41), (2.27), and (2.40), respectively.

The equilibrium equations are subject to the boundary conditions
Boundary Conditions. —

u|agg =u,
"'n|agz =t (2.55)
Jdc
gc. -0
Oz n’agt ’

where @ and t are prescribed displacement and tractions on the Dirichlet, ?Q¥, and von Neumann, 09,
boundaries, respectively (90Q; = Q¥ UJQL and ) = Q¥ N 9QY).
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2.4 Damage Evolution in 1D Problem

To obtain an insight into the damage evolution, the solution of the 1D boundary-value problem is given
in this section.

Assuming tensile stretching and in the absence of body forces, the strong form of the balance equations,
(2.50) and (2.51), and the constitutive relation, (2.46), read as

or

9
e Ge (2.56)
2gcf @ =m (C)H =+ 27667

7 =m(c)E(§)h®

Thus, 7 is independent of the spatial variable, i.e., 7 is homogeneous, and ignoring the spatial derivatives
of ¢ and assuming m(c) = (1 — ¢)?, (2.56) reduces to

T=(1-0’E(©)h",

2
cziﬂg . (2.57)
2 e
H + 20

Thus, the critical values of stress, strain and damage after which both the stress and damage decrease
in value upon an increase in strain can be found as

__ 9 [E@S.

16 60

e_ |_Ye 2.58
71

CC—Z.

The above expressions are the ones derived from the 1D problem of the phase-field description of
brittle fracture (elastic materials) by replacing 7 by o, h¢ by €., and E(§) by E [12]. Both the critical
values of stress and elastic strain are dependent on transformation through the value of F(£) while the
critical value of the phase-field is independent of model and material parameters.

It should be noted that the model could be alternatively formulated by adopting a different crack den-

1

sity (and degradation) functional, whose generalized form reads as I (¢, 9zc) = - [Fw(c) + 4L (Opc - D)) ;

wy = 8f01 Vw(s)ds, where w(c) € [0,1], subject to the constraints w(0) = 0 and w(1) = 1, is a function
that governs the shape of the regularized profile of the phase field, and wy > 0 is a normalization con-
stant, such that an elastic phase is included in the damage response [39] or the critical stress becomes
independent of ¢ [57].

2.5 Numerical Implementation

The variational form of the boundary-value problem given above reads as:
Given b and t, find (u,c) € V,, x H'(Q;), such that

/ [T:V'v—pob-v]d:n—/ t-vds=0,
o 0% (2.59)

/ {QJQJ O - Opw +m/(c)Hw + g?cw} de =0
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for all (v,w) € V2 x H'(Q,), where
V, = {u € Hl(Qt);u|3qu = ﬂ}, VO = {u € Hl(Qt);u\agtu = 0}. (2.60)

Following the Galerkin method and a usual finite-element approximation of the functional spaces of
the weak form, the discretized version of the above equation can be solved by a single-pass staggered
scheme [40] as follows.

Given the converged values {u,, c,, Hn, h,', k2, k! } at the n-increment and the predefined tempera-
ture value at the the n + l-increment, 75,4 1:

1. Compute ¢, 11 from the microforce balance equation using H,,.

2. Compute u,+1 from the mechanical equilibrium equation using the Newton’s method, which results
in an iterative loop inside the global (top-level) loop of load incrementation. At every iteration during
this loop, compute the stress corresponding to a change of the strain field through another iteration
loop, the Closest Point Projection Return Mapping Algorithm [113], under the approximation

in
T(un-i-lv hn+1, Tt Cngl)

= m(0n+1){)\tr [0 (wn g1, 001, Togr, engr)] 6+ 2ph (wnga, by 1, T, ) }

+{)\ |:tr he (un-‘rla hjy:rfl,-]_, Tn+17 CTL+1) _<tr he (un+17 hZ:—l) Tn+17 cn—i—l) >:| 6+2,U/h; (un+1; hiy,n+17 Tn+17 cn+1) }7

by pushing forward all tensorial state variables from the previous global iteration, a,, to the cur-

T T
rent configuration RLn 11 (R,LlanRLn) RTLL 11, Where R is updated in closed form as described

in [113], [110] (pp. 91-92), [117] (pp. 297).
3. Determine the history variable

”r+ in ”7—0— in

7‘[ o h (Un+1,hn+1,Tn+1,Cn+1) ) h (un+1,hn+1,Tn+1,Cn+1) > H’na

n+1 — .
Hon, otherwise,

The above algorithm is implemented in ABAQUS suite by exploiting the analogy between the mi-
croforce balance and heat transfer equations via a UMAT and a HETVAL subroutine [118, ]. The
above implementation is conditionally stable and requires the load increments employed to be sufficiently
small [48, —122]. A comparison between the staggered and monolithic ABAQUS implementations can be
found in [119].

3 Results

The calibration of the constitutive model regarding phase transformation and orientation is described in
detail in [113]. The fracture toughness can be calibrated by compact-tension experiments as described
in [36, 107] while the length scale parameter ¢ should be selected with consideration of the size of the
domain/mesh of potential simulations and the ultimate tensile strength of the material [40, 42]. The
simulations presented below are based on the model parameters given in Table 3.1. It should be noted
that the fracture energy is amplified in simulations based on the finite element discretization; a scaled
fracture toughness, e.g., G5 = G./[1 4+ hq/(4£)], where hg is the minimum mesh size (hy = v'A (or V/A)
is the area (or volume) of an element), could be used in the simulations instead [124]. For the examples
below, the domains along the crack path are discretized such that hy < ¢/3.
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Table 3.1: Parameter values used in the simulations.

(a) Elastic constants

parameter value
E4 [MPa] 74000
vaA 0.33
Ej [MPa] 62000
Unr 0.33

(b) Phase transformation/Orientation parameters

parameter value parameter value
M, [K] 340 Hpax 0.06
My [K] 320 nt 1
As [K] 367 nd 1
Ay [K] 379 ng 1
Ca [MPa K1 8 nf 1
Cp [MPa K1) 15 n? 1
Y0 [MPa] 190 n9 1
al [MPa] 220

(c) Phase-field parameters

parameter value

¢ [mm)] 0.6
Ge [MPa.mm] 128

3.1 Uniaxial Isothermal & Isobaric Loading

The constitutive material response is depicted first by simulations performed under uniaxial isothermal
and isobaric conditions. The uniaxial isothermal stress—strain response at three different temperatures is
shown in Figure 3.1. At T'= 298 K, the material is initially in a self-accommodated martensite state and
undergoes orientation of martensite variants upon loading while at 7" = 353 K, the material is initially in
the austenite phase and undergoes stress-induced phase transformation (Figure 3.1a). At T' = 385 K, the
material displays a superelastic response upon unloading (during unloading ¢ remains constant). Note that
in these simulations and all that follow no reverse phase transformation is permitted for ¢ > ¢. = 1/4. The
isobaric strain—temperature response under three bias load levels is shown in Figure 3.2. Under ¢ = 0 MPa,
the material, initially in the austenite phase, transforms to self-accommodated martensite, under o =
200 MPa, to a mixture of self-accommodated and oriented martensite, and under o = 300 MPa, to oriented
martensite. Note the difference in the transformation strain value between the three simulations. From
the simulations, it is apparent that the model accounts for reversible phase transformation from austenite
to self-accommodated and/or oriented martensite, orientation of martensite variants, and can address the
deformation response in the concurrent presence of several phases, i.e., austenite, self-accommodated and
oriented martensite.

3.2 Stable Crack Growth under Actuation

In this section, the model’s ability to reproduce the experimentally observed crack growth under “ac-
tuation” loading conditions is demonstrated. The numerical simulations are performed on an infinite
center-cracked SMA plate subjected to uniform cooling from 7' = 400 K, with AT=4 x 1072 K, under a
far-field constant uniaxial tensile load applied in the perpendicular to the crack plane direction, o, = 280
MPa. Due to symmetry, one quarter of the plate is discretized by 53,340 eight-noded quadrilateral plane-
strain elements with reduced integration. The far-field stress level is chosen to be low enough for the crack
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Fig. 3.1: Stress—strain response under uniaxial isothermal loading (a) at 7' = 298 K and 7' = 353 K and
(b) at T'= 385 K.
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Fig. 3.2: Strain—temperature response under isobaric conditions.

to propagate due to mechanical loading alone but high enough for the crack to grow during cooling. As
already discussed in [30], stress redistribution due to large-scale transformation occurring in regions “in
front” of the crack tip results in raising the driving force for crack growth, i.e., the elastic strain energy
density (see Figure 3.3), while stress redistribution due to transformation left in the wake of the crack
(“behind” the crack tip) as crack advances results in crack shielding and, therefore, in stable crack growth.
That is phase transformation affects both the driving force for crack growth and the crack growth kinetics
due to the induced stress redistribution that facilitates crack growth when occurring in a fan in front
of the crack tip and shields the crack when occurring behind this fan. The martensite volume fraction,
¢, and damage, ¢, distributions at the initiation of crack advance and during crack growth are shown in
Figure 3.4. The normalized temperature, [Chs (T — Mg)]/0wo, versus the normalized crack length, Aa/ay,
plot in Figure 3.5, where Aa is the crack extension and ag is the initial half crack length, shows the
resulting resistance (“R-curve”-type) response. The normalization chosen is the one proposed in [125].
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Fig. 3.3: Driving force for damage, H, at the crack tip of the infinite center-cracked plate subjected to
cooling under a constant far-field load applied in the perpendicular to the crack plane direction. The
solid line represents the evolution of the driving force during the isothermal application of the bias load,

oo = 280 MPa, at T' = 400 K and the dashed line the subsequent evolution during cooling while the bias

load remains constant.
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Fig. 3.4: Martensite volume fraction, £, (a) and damage, ¢, (b) distributions on the infinite center-cracked
plate subjected to cooling under a constant far-field load applied in the perpendicular to the crack plane
direction at T' = 390 K, which corresponds to initiation of crack advance, and during crack growth at
T =376 K.
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Fig. 3.5: Crack growth resistance for the infinite center-cracked plate subjected to cooling under a constant
far-field load applied in the perpendicular to the crack plane direction.

3.3 3D crack growth simulations

The efficiency of the numerical implementation of the model is verified by crack growth simulations in
3D complex geometries resulting in mixed-mode fracture.

The fracture response of a 3D notched plate is simulated with the notch inclined along the thickness
under both isothermal and actuation loading conditions. The geometric configuration has been adopted
from [16]. In the isothermal simulation, a displacement of 4 mm is applied, with a fixed increment of
Au=10"3mm, at T = 353 K on the bearing surface of the upper pin hole while bearing surface of the
lower pin hole is kept fixed. The third hole is traction free, placed with an offset from the center so as
to induce mixed-mode fracture conditions. A total of 100,943 linear tetrahedral elements are used for
discretizing the whole domain. The martensite volume fraction, &, evolution and crack growth pattern at
different stages of loading are shown in Figure 3.6. The force generated at the pin holes is plotted against
the applied displacement in Figure 3.6b. The crack front progressively turns, propagates in a stable
manner and eventually becomes perpendicular to the free surface. In another simulation, a constant
load of F' = 90 KN is applied on the bearing surface of the upper pin hole at T' = 400 K keeping the
lower pin hole fixed. The plate is then cooled with AT=8 x 10~2 K. The martensite volume fraction, &,
evolution and crack growth pattern at different stages of cooling are shown in Figure 3.7. The resulting
displacement-temperature curve is shown in Figure 3.7b. The crack starts growing stably at 7' = 395.1 K.
During cooling, the resulting large-scale phase transformation promotes crack advance leading to an
unstable crack growth at 7' = 390.6 K.

Lastly, the fracture response of a SMA torque tube is simulated under torque at 7' = 353 K. An initial
through thickness circumferential notch is assumed. A rotation 6 about the longitudinal axis is applied,
with a fixed A = 4 x 10~* rad, on one end of the tube while the other end is kept fixed. The crack
pattern at different stages of loading is shown in Figure 3.8. Two cracks start propagating spirally from
the initial notch and eventually merge with each other splitting the tube into three pieces.

Conclusions

A finite-strain, phase-field description of the fracture response of shape memory alloys (SMAs) is pre-
sented. The finite-strain formulation is based on the Eulerian logarithmic strain, the objective logarithmic
rate and the additive decomposition of the rate of deformation, and the phase-field one on a postulated
microforce balance equation. Based on experimental observations and numerical simulations, it is assumed
that fracture is stress-driven and only the elastic strain energy contributes to the driving force for crack
formation and growth, i.e., the work of inelastic deformation (orientation of martensite variants or phase
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Fig. 3.6: Fracture of a 3D notched plate under isothermal loading condition at 7' = 353 K. (a) Geometry
and boundary conditions. All measures given are in mm. (b) Force—displacement curve at a pin hole up to
crack reaching the traction-free hole. (¢) Martensite volume fraction, &, evolution (iso-surfaces of £ = 1)
and (d) crack pattern (iso-surfaces of ¢ = 1) at three applied displacement values.
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Fig. 3.7: Fracture of a 3D notched plate during cooling under a constant bias load. a) Geometry and
boundary conditions. All measures given are in mm. (b) Displacement—temperature curve at a pin hole
up to crack reaching the traction-free hole. (c) Iso-surfaces of £ = 1, at three different temperatures. (d)
Iso-surfaces of ¢ = 1 at three different temperatures.
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# = 1.52 rad f# = 1.85 rad f# = 2.13 rad
(a) (b)

Fig. 3.8: Fracture of a torque tube under isothermal torsion at T' = 353 K. (a) Geometry and boundary
conditions. All measures given are in mm. (b) Crack pattern at different stages of loading.

transformation) is assumed to have a negligible contribution to the evolution of the intrinsic damage mech-
anisms at the fracture process zone. The model is shown able to reproduce experimental observations on
the fracture response of SMAs, such as (i) isothermal orientation and phase transformation toughening,
i.e., stable crack growth under isothermal loading of an SMA in an initially self-accommodated marten-
site state or in austenite at a temperature below My, and (ii) initiation of crack advance and subsequent
stable crack growth during cooling of an SMA in the austenite sate under a sufficiently high bias load
level (termed actuation loading). The model and its numerical implementation are further verified by
simulations of complex 3D structures under isothermal and actuation loading conditions. The proposed
phase field framework to fracture in SMAs, envisioned to facilitate optimum design of SMA components,
could be augmented to describe e.g., reorientation, tension-compression asymmetry, minor loops, plastic
deformation, and latent heat effects.
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