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Abstract

Although Shape Memory Alloys (SMAs) belong to a relatively brittle class of materials, that of
intermetallics, their fracture surfaces are characterized by both cleavage and dimples, with the
latter being indicative of ductile rupture. Two clear differentiators of SMAs from other inter-
metallics, which may contribute to the presence of ductile rupture are their ability to transform
their crystallographic structure and the presence of precipitates in large volume fractions. In
this paper, unit cell simulations are employed in an effort to quantify the relative importance of
the two fracture mechanisms in the overall failure response of these materials. The numerical
simulations involve a single pre-existing void, assumed to have initiated from a second phase
particle, embedded in a SMA matrix material. Thus, the unit cell studies allow for an investiga-
tion of void growth and coalescence, ignoring void formation and its footprint in the subsequent
microstructure evolution. The numerical studies show that void growth is rather limited before
the peak stress-value in the effective stress—effective strain response of the unit cell for initial
void-volume fractions representative of precipitation-hardened SMAs. Given the available exper-
imental observations on notched round bars, which indicate that precipitation-hardened SMAs
fail in a stress-controlled manner, the numerical studies suggest that void growth and coalescence
should play a minor role in the formation of dimples, as compared to that of void nucleation
and cleavage, and in turn into the fracture response of precipitated SMAs.
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1. Introduction

Shape memory alloys (SMAs) are intermetallics with unique properties stemming from a
reversible diffussionless solid to solid phase transformation from austenite to martensite [1-6].
Phase transformation may result in large deformations and generation/absorption of heat that
impact the fracture response of SMAs along with the reversibility of phase transformation,
(re)orientation of martensite variants, overload and TRansformation-Induced Plastic deforma-
tion (TRIP) [7-15]. Despite belonging to a relatively brittle class of materials, that of inter-
metallics, the fracture response of SMAs is characterized by cleavage of specific crystallographic
planes with a strong presence of dimples that are indicative of ductile rupture [13, 16, 17].
Ductile rupture involves in general nucleation, growth, and coalescence of microvoids.
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The existing literature on the fracture response of SMAs deals almost entirely with extrin-
sic shielding resulting from inelastic deformation left in the wake of the crack. Analytical and
numerical analyses of the mechanical fields close to the crack tip [18-26], of the levels of frac-
ture toughness enhancement as a function of transformation metrics [27-30], and of the role of
transformation-induced contraction [31], latent heat effects [32, 33], and reversibility of phase
transformation [27, 30, 34, 35] in the fracture resistance of SMAs have been reported in lit-
erature. Recently, it has been observed that large-scale phase transformation resulting from
temperature changes, i.e., cooling, may also promote crack advance [36-39]. These numerical
investigations are based on either (i) Linear Elastic Fracture Mechanics (LFEM) 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 [29, 36], (ii) on cohesive elements, which essentially couple
a fracture process model to the stress and strain field of a growing crack [27, 28], or (iii) spe-
cialized finite element methods for steady state crack growth based on the path independence
of the J-integral in such conditions [30, 32, 34]. These, so-called “global”, approaches do not
pay attention to the failure micromechanisms and have been proven inadequate to describe the
fracture of structural metals in many cases of complex loading conditions involving large-scale
yielding, mixed-mode cracking, or non-isothermal loading, and for capturing size effects. By
way of contrast, the “local” approaches to fracture aim at predicting the fracture toughness of
specimens or the fracture load of components on micromechanistical grounds [40—43].

Void formation/growth/coalescence and cleavage are in general intrinsic damage mechanisms
promoting crack advance. In addition to phase transformation, the presence of precipitates in
large volume fractions, which act as void initiation sites, is another clear differentiator of SMAs
from other intermetallics. Ni-rich NiTi alloys are generally heat treated to produce metastable
NiyTiz precipitates, of large volume fractions, which have been estimated around 2 ~ 7% depend-
ing on aging [44]. Large second phases are also present in both Ti-rich (NiTis/NiaTisOx—type)
and Ni-rich (TiNis-type) compositions. Decreasing NiyTi3 precipitate size results in a less “duc-
tile” response and a weaker presence of dimples in the fracture surface of SMAs [16]. Similar
is the effect of decreasing grain size [45]. Both have been attributed to a strengthening of the
matrix against dislocation plasticity. In an effort to examine the role of stress triaxiality on the
ductility of SMAs at fracture, Olsen et al. [17] performed experiments on notched round-bars.
Similarly to ductile structural metals, the higher the triaxiality, the lower the fracture strain
measured. However, in contrast to most ductile structural metals, no evidence of the char-
acteristic cup-and-cone fracture surface or penny-shaped cracks on smooth or mildly notched
specimens was observed. The fracture response, although ductile in terms of relatively large
fracture strains, was characterized by cleavage with a strong presence of microvoids initiated
from inclusions and precipitates.

Fractography, stress—strain, and R-curves alone cannot yield information on the relative
importance of the fracture modes or any information about the material deformation response
prior to failure. Thus, numerical simulations should be employed to assist experiments in gaining
a further insight into the mechanisms that drive fracture in SMAs. Olsen et al. [17] resorted to
the Rice—Tracey void-growth model [46] to justify the experimental indications that macroscopic
fracture initiation is stress-controlled and starts at the notch-root, i.e., coalescence of voids
results from cleavage fracture rather than plastic collapse of the intervoid ligament. Similarly,
Bahrami et al. [47, 48] developed a constitutive model that accounts for void growth in the
realm of the Gurson-Tvergaard-Needleman model [49-51], which assumes a stress-triaxiality
dependence on the strain and void-volume fraction evolution in order to simulate experimental



results. Both the aforementioned models a prior: assume that void growth has a strong influence
on the fracture response of SMAs and that plastic deformation is the dominant mechanism
contributing to void growth.

In contrast to the aforementioned studies, the objective of the present paper is to investi-
gate void growth and coalescence in precipitation-hardened SMAs by unit cell simulations and,
by comparison to the available experimental data, draw conclusions on their importance on
the fracture response of these materials. Pioneered by Koplik and Needleman [52], numerical
investigations of unit cells have been a useful tool to investigate void initiation, growth, and
coalescence in the mesoscale [537 —57]. The unit cell consists of a single void, assumed to
have originated from a second phase particle. The constitutive response of the surrounding
matrix includes phase transformation and plastic deformation. The deformation history prior
to void nucleation and its potential effect on microstructure evolution are ignored, i.e., no void
nucleation is taken into account, and, thus, only void growth and coalescence are studied.

2. Problem Formulation

2.1. Constitutive Response

The constitutive law can describe the isothermal response of SMAs in a temperature range
at which the initially stable austenite state fully transforms to martensite upon loading prior
to deforming plastically at higher load levels (Figure 1). The isothermal assumption is valid
for a range of strain rates within the regime of quasistatic processes. For higher loading rates,
the generation of heat during phase transformation from austenite to martensite may result in
strong thermomechanical coupling, which is not accounted for herein for simplicity [58, 59].

The constitutive law is based on the Eulerian logarithmic (Hencky) strain [60], its conjugate
Kirchhoff stress, the objective logarithmic time rate [61, 62], and the additive decomposition
of total stretching (or rate of deformation) into elastic, transformation, and plastic parts. The
numerical implementation of the model is based on an incrementally objective algorithm in
which the evolution equations of the tensorial state variables described below are mapped and
integrated in a local configuration and subsequently the discrete equations are mapped back to
the Eulerian description [63, 64]. The constitutive model and its numerical implementation have
been verified and benchmarked in [64, 65].

2.1.1. Kinematics

The Hencky strain
1 m
hi]' = > In (bi]') = ; In (/\abf;.) , (1)

is introduced as the logarithmic measure of the left Cauchy-Green deformation tensor with
components b;;, where A are the m distinct eigenvalues of bj;, bf} are the components of the

corresponding eigenvectors, and i, j = 1,2, 3.
The objective logarithmic time rate of the Hencky strain

ij = hij + hinQuj = Qinhimj = Dij, )

n (23 o
yields the total stretching, D;j, where Q;; = Wj; + X (i&%; + 1n(A3//\/5)) bf‘mDmnbij, Wij are
a#fp

the components of the spin tensor, and “*” denotes material time rate.
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Figure 1: Stress-temperature phase diagram. The model can describe the isothermal response of SMAs in the
temperature range Mg < T < M, at which the material, initially in the austenite state, fully transforms to
martensite before deforming plastically at yield stress T%. M; and My are the martensite-start and martensite-
finish temperatures, respectively.

The logarithmic rotations, defined from the differential equation

Rij = QimRm]’, Rij|t:0 = (51']‘, (3)

define a locally rotating coordinate system in which the material time rates of the rotated
(Langrangean) tensors are objective, i.e.,

RimamnRjn = RimﬁmnRjn (4)

holds, where a;; are the components of an arbitrary tensor.
Time integration of (4), assuming a;; = h;; and h;j|i=o = 0 for all i and j, yields

t t
1 2
hij = Ryi (/ Rmkhsznldt) Ruj = Rpi (/ Rmkaanldt) Ryj, (5)
0 0

and, thus, additive decomposition of Dj; into elastic, transformation, and plastic parts yields an
additive decomposition of the Hencky strain

hij = b, + hif + R, (6)

where hf]., hf].r, and hfj stand for the components of the elastic, transformation, and plastic small
strain tensors, respectively.

2.1.2. Elastic deformation and phase transformation
Assuming that phase transformation is a volume preserving process, the objective rate of
the transformation strain tensor is taken as

hif = EHNyj, (7)

where the martensite volume fraction, &, is restricted by 0 < & < 1, H is the measure of
the effective transformation strain when & = 1, i.e., H = /%hf}hg, and the flow direction



for transformation, Nj; (|[Njj|| = 1), depends on the deviatoric Kirchhoff stress tensor, with
T
components ’[;]. = Tjj — ﬁéij (’Ci]' = Joij, where | is the Jacobian of the deformation, and o;;

are the components of the Cauchy stress tensor).
The transformation direction

’
3 Tij
Nij = 5?, (8)
is the normal to the transformation function
CD(Ti]', =n-Y <0, (9)
where ) 1
n=Ht+ §TijASijlekl + pAsoT — Aug — 5011 [1 +&M—(1- 5)”2] —daog, (10)

is the thermodynamic force conjugate to martensite volume fraction, Y > 0 the critical value
for the activation of transformation, sg and ug are the specific entropy and internal energy,
respectively, p is the density, A denotes the difference in property between the martensitic and

the austenitic states, T = %T;].T;j stands for the effective Kirchhoff stress. S;jx = (1 - E)Sf}kl +

ESf\fkl, is the effective compliance tensor evaluated by the rule of mixtures, where S{}kl and S?]‘Akl
are the components of the compliance tensor of austenite and martensite, respectively, assumed
isotropic, i.e., Sg‘kl = ;—Vf(éiléjk +0ik0j1) — E—Z(Sijékl, where E,, v, denote the Young modulus
and Poisson ratio, respectively, and the index a stands for A in the case of austenite and for M
in the case of martensite. The various model parameters introduced above are given in terms
of the common material properties that are used to calibrate the constitutive models of SMAs,
H, Ms, My, and Cp, where Cy is the Clapeyron slope for forward transformation (Figure 1).
The exponents 11 and #no are chosen to best fit the observed transformation-induced hardening
response. The calibration procedure is described in detail in [64]. The relations between the

material and model parameters are given in Table 1.

Table 1: Connection between model parameters and the material parameters.

pAsg = —HCM
pAug = pAsoM;
al = pAso(My — M)

|
a5 ==Y

2.1.3. Plastic deformation
During plastic deformation of martensite, the objective plastic strain rate is given by

3’1”..
=3 (1)
] 27T

where h? = ; /%hfjhf] is the effective plastic strain rate, and the stress state satisfies the consis-

tency condition, which is defined by the von Mises yield surface

f(rij, i) =7 =1} = 0. (12)



Table 2: Parameter values used for the numerical results presented.

parameter  value ‘ parameter value
Eq [MPa] 62000 | H 0.03
Epm [MPa] 22000 | My [°C] -33
VA = VM 0.33 | M; [°C] -27
40 [MPa] 800 | Cp [MPa °C™!] 6
A 1500 | n1 & ny 0.9
n 0.33

Assuming isotropic hardening, the yield stress Ty evolves as
M(ipy — M Tp\"
(i) = o)t + A (h7)", (13)

where n and A are fitting parameters, and h? = f dhP is the accumulated equivalent plastic
strain.

2.2. Unit Cell Model

The axisymmetric void unit cell model, initially employed to investigate ductile fracture in
elastic—plastic materials [52], is adopted. The unit cell is cylindrical, with initial length 2L
and diameter 2L,q, containing a spheroidal void at its center, with initial radii ;g and r,g. 248
four-node, linear axisymmetric finite elements (CAX4) are used for the discretization of one
quarter of the axisymmetric cross section (Figure 2).

The boundary conditions constrain the cell external boundaries to remain straight and the
stress triaxiality

Y, 1(1+2p
T'=—== , 14
2e 3 ( 1-p (14)
to remain constant, where
1
Ly = g(zzz + Qer)/ X, = |):‘zz - erl; (15)

stand for the volume-averaged mean and effective Cauchy stress, respectively, and p = L, /%,,.
The volume-averaged mesoscopic stress components 2,, and X,, are calculated from the forces
generated in the linearly elastic springs (Figure 2), F, = k (ul — ull) and F, = k (ul - ull) (k is
the stiffness of the springs), respectively, which are constrained to deform such that X, = pZ,,
(see for details [66]).

The macroscopic effective logarithmic strains, E,, and E,,, read as

L, L,
E.,=In|-2], E,,=In|=L 16
zz n(Lzo) rr n(LrO) ( )
and the effective strain as
2
Ee = glEzz - Errl- (17)
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Figure 2: Axisymmetric unit cell and the boundary value problem solved in ABAQUS/STANDARD.
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Figure 3: Cell response for fo =0.001, wg =1, and T =1/3,1,2,3.

3. Results & Discussion

The material parameters adopted in the numerical simulations are representative of near-
equiatomic, precipitation-hardened NiTi SMAs [67]. The results presented below are at room
temperature for three initial porosities, fo = 2rzorr20/(3LzoL30), set as fo = 0.001, fo = 0.03 or
fo = 0.07. The value 0.001 is assumed representative of the volume fraction of large second
phase inclusions, such as oxides and carbides, and the values 0.03 and 0.07 representative of the
volume fraction of precipitates [44]. In all simulations, the initial cell aspect ratio is set equal
to one and the initial void aspect ratio, wg = r,9/7r0, is set as wg = 1/4, wg = 1 or wg = 4 to
further investigate the effect of the lenticular geometry of precipitates on the cell response. The
symbols o and X in the figures correspond to the peak value of the volume-averaged effective
stress 2, and the onset of void coalescence, which corresponds to plastic collapse in the intervoid
ligament with elastic unloading away from the localization zone, respectively.

The numerical simulations reveal that void growth/coalescence due to combined phase trans-
formation and plastic deformation proceeds in a manner similar to void growth/coalescence due
to plastic deformation alone. At the onset of coalescence, the porosity increases rapidly, the void
aspect ratio decreases rapidly, and the load drops abruptly. Coalescence of the voids occurs only
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Figure 6: Cell response for fo = 0.03, wo =1/4,1,4, and T = 3.

by plastic localization due to the “finite” nature of the phase-transformation-induced strains.
The point of coalescence is always at the descending part of the effective stress—effective strain
curve, i.e., past the peak stress points. More importantly for the present study, the strain at
the peak volume-averaged effective stress increases with decreasing (i) stress triaxiality (Fig-



ures 3a, 4a, and 5a), (ii) initial porosity (Figures 3a vs 4a vs ba), and (iii) cell aspect ratio or
increasing (iv) plastic hardening and (v) initial aspect ratio for spheroidal voids (small aspect
ratio refers to oblate and large aspect ratio to prolate spheroids) (Figure 6a). The ratio of the
value of porosity corresponding to the peak stress over the initial porosity, f,/fo, follows the
same trends with the exception of triaxiality and aspect ratio of the voids that do not show a
monotonic trend (Figures 3b, 4b and 5b, and Figure 6, respectively). These results are in accord
with unit cell studies of elastic—plastic materials (see, e.g., [43]); the ones related to the cell
aspect ratio and plastic hardening are not presented herein for brevity. The ratio f,/fo is the
single most important value on the interpretation of the cell response on the fracture response
of SMAs in the discussion below.

As already mentioned, phase transformation and large volume fractions of second phase
particles differentiate SMAs from “conventional” intermetallics. Phase transformation has an
impact on the f,/ fo-value; the higher the transformation strain, the higher the f,/ fo-value (Fig-
ures 7b and 8b). This impact is dependent on the initial void-volume fraction. The higher the
initial void-volume fraction, the lower the effect of phase transformation (Figure 7b vs 8b). A
detailed analysis of the combined effect of phase transformation and plastic deformation on the
evolution of porosity is omitted here as it is similar to that presented in [57] (Section 3.3), which
describes void growth and coalescence in porous elastic—plastic solids with sigmoidal harden-
ing, i.e., materials with a double stage hardening and saturation response; a phenomenological
response which is very similar to that of SMAs.

Combining the unit cell studies with the experimental observations in [17], the following
hypotheses can be made regarding void growth and coalescence in SMAs.

Void Coalescence.— The available experimental data on notched round-bars indicate that
precipitation-hardened SMAs do not exhibit a softening response prior to failure. Given that
void coalescence always occurs past the maximum-stress points on the effective stress—effective
strain curve, it is reasonable to assume that flow localization in the intervoid ligaments is limited
and that void initiation/growth is mostly followed by cleavage.

Void Growth.— Void nucleation aside, assuming that the initial porosity corresponds to the
volume fraction of inclusions, the maximum extent of void growth expected can be characterized
by the ratio between the porosity value at peak stress and the initial value, i.e., f,/fo. The
porosity that corresponds to the peak stress, f,, is dependent on stress triaxiality, cell and void
aspect ratio, plastic hardening, transformation characteristics, and initial porosity. The most
pronounced dependence is that on the initial porosity, fo. The higher the initial porosity, fo,
the less important the void growth. For f; = 0.03, which is a relatively conservative estimate
of the volume fraction of precipitates (around 2 ~ 7% depending on aging [44]), the numerical
results, which are representative of an SMA material (maximum transformation strain 3 ~ 6%),
show a porosity growth at the peak effective stress value of less than 2.8, i.e., f,/fo < 2.8
(Figures 4b, 6b, and 8b). Thus, it can be safely assumed that no pronounced void growth
is expected in precipitation-hardened SMAs due the high volume fraction of precipitates as
compared to conventional ductile materials, in which porosity growth is at least an order of
magnitude greater due to the combined effects of (i) their low initial porosities (compared to
precipitation-hardened SMAs), and (ii) coalescence.

In conclusion, it is conjectured that void nucleation and cleavage should dominate the fracture
response of SMAs due to the high volume fraction of precipitates in SMAs and the limited flow
localization observed in experiments [68]. It is expected that the voids first initiate at large
second phase particles, such as NiTis, carbides, and oxides [69]. The stress field of the large
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Figure 7: Cell response for fo = 0.001, wg = 1, and T = 1,3. The solid line corresponds to the SMA and the
dashed line to the SMA without accounting for phase transformation, i.e., considering the SMA as an elastic-
plastic material with the elastic properties of martensite.
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Figure 8: Cell response for fo = 0.03, wp =1, and T = 1, 3. The solid line corresponds to the SMA, the dashed line
to the SMA without accounting for phase transformation, i.e., considering the SMA as an elastic-plastic material
with the elastic properties of martensite, and the dotted line to the SMA material with double its maximum
transformation strain, i.e., H = 0.06.

voids favors the nucleation of voids from the precipitates [70, 71], which nucleate and grow
preferentially near such particles and grain boundaries [72]. However, given the high volume
fraction of precipitates as compared to that of larger inclusions (and not the other way around),
the distribution of void sizes should not alter significantly the simulated void growth kinetics
prior to the peak effective-stress value. Unit cell studies, in the realm of [55, 73-75], are expected
to shed light in the void nucleation process, in which phase transformation, contrary to void
growth and coalescence, should play a more significant role.

4. Summary

Unit cell studies were conducted to study void growth in shape memory alloys in an effort to
address the importance of ductile rupture in the overall failure response of these materials. The
unit cell consists of a single pre-existing void, assumed to have initiated from a second phase
particle, embedded in a SMA matrix material. The numerical simulations, which were repre-
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sentative of a near-equiatomic precipitation-hardened NiTi, and experimental evidence, which
suggests that the macroscopic crack initiation is stress-driven, indicate that the fracture response
is dominated by void initiation and cleavage with void growth playing a secondary/minor role
due to the precipitates’ high volume fraction.
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