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Abstract

This work investigates internal damage by void growth in NT microstructures via crystal plasticity.
The framework incorporates length-scale effects and explicitly models twin boundary migration.
Using finite-deformation, plane strain finite element calculations of porous unit cells, we analyze the
roles of twin size, plastic anisotropy and twin boundary migration on void evolution over a range
of controlled biaxial stress states. The simulations provide insights into crystallographic aspects
of porosity growth in N'T microstructures. Emphasis is placed on correlating the micromechanics
of failure by internal necking. Irrespective of the level of crystallographic plastic anisotropy, twin
boundary migration effectively shields the void growth process, delaying the porosity evolution
compared to non-twinned microstructures. It is found that crystallographic plastic anisotropy
causes kink band instability that can affect void growth. Coupled with twin boundary mobility,
twin size and crystallographic plastic anisotropy create a rich landscape of failure characteristics
as a function of the stress state.
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1 Introduction

Damage tolerance is described via macroscopic quantities such as tensile ductility, deformation
stability, and toughness, which emerge as a result of generation and evolution of voids and cracks,
or shear bands at the microstructural scales [51]. In metals, simultaneous improvement of strength
and damage tolerance is a thorny challenge. Strategies to improve damage tolerance rely on mi-
crostructural engineering to enhance strain hardening and strain rate sensitivity, which are known
to stabilize plastic deformation; see Pineau et al. [52] for an excellent overview on this topic.

Since the seminal work of Lu et al. [41], nanotwinned (NT) metals have piqued the interest in
designing strong, damage-tolerant microstructures with engineered interfaces [10, 19, 39, 42, 69,
73, 82]. In addition to offering a way to addressing the strength-ductility trade-off [40, 87], NT
materials exhibit good electrical conductivity [29, 41] and radiation damage tolerance [4].

While twin boundaries serve as agents of strengthening via novel plasticity mechanisms, they
also cause yield softening via twin boundary (TB) migration [36, 40, 58, 72]. These mechanisms can
have a profound effect on the mechanisms of damage and ultimate fracture [35]. Fracture surfaces
of NT copper (NT Cu) show ductile failure forensics with dimples that are much larger than the
average twin and grain sizes [55]. Experiments and atomistic simulations indicate crack arrest
at twin boundaries thereby providing toughening mechanisms [32, 81] and resulting in improved
fracture toughness [84] via TB migration. Atomistic simulations reveal that NT nanowires with an
initial pre-crack along a TB may exhibit brittle-to-ductile transition below a critical twin size [25],
and intrinsic asymmetry in fracture responses (ductile versus brittle) of twin boundaries [9, 61].

A few criteria have been proposed to quantify twin size dependent macroscopic ductility of
NT materials. Dao et al. [13] propose a fracture criterion based on theoretical maximum local
plastic displacement due to twin partial slip, which serves as a soft deformation mode. A different
local criterion for ductility proposed by Zhu et al. [86] is based on the condition that the local
flow stress in the twin lamellas and grain boundaries equals the critical stress required for the
homogeneous nucleation of dislocations. It predicts that for large twin sizes (2 10 nm), failure
preferentially occurs within the twin lamellas, with ductility increasing gradually as the twin spacing
is reduced. For hierarchical N'T architectures, the criterion predicts that the failure strain increases
with decreasing spacing of the primary twins (for fixed secondary twin spacing); for fixed primary
twin spacing, failure strain is shown to decrease with decreasing secondary twin spacing [85]. While
these efforts provide useful insight, they conceal the underlying micromechanics of damage evolution
in NT microstructures. Crystal plasticity simulations by Jerusalem et al. [26] suggest that such
propositions may be insufficient and that it is important to understand the role of void evolution in
the damage behaviors of NT microstructures [76]. Indeed, in NT materials nanovoids may nucleate
ahead of crack tips and at twin boundary-grain boundary triple junctions during deformation
[48, 80, 84], or may preexist due to vacancy clustering [12, 68]. In situ transmission electron
microscopy tensile experiments reveal formation and growth of nanovoids in silver NT wires, but a
lack thereof in nanowires without twins [83].

Insofar as the micromechanics of void growth in N'T materials is concerned, several questions
arise: How does the presence and migration of TBs affect void evolution? What is the role of twin
size in this interaction? How do these micromechanical features govern material ductility under
multiaxial stress states?

In conventional materials, grain-scale plastic anisotropy is attributed to crystal lattice orien-
tation with respect to loading axes. In NT materials, the grain-scale plastic anisotropy has an
additional contribution, which arises from the difference in the grain size and twin size. In essence,
the crystallographic strengths of slip systems parallel to a twin boundary may be different from
those inclined to the twin boundary. This latter aspect appears to play a role in the damage toler-



ance of NT materials [78, 87]. Singh et al. [60] reveal that decreasing twin size (at a fixed grain size)
improves ductility, fracture toughness, and fatigue characteristics in electrodeposited NT Cu. More
recent experiments [79] show approximately two-fold increase in the tensile ductility and fracture
toughness of the electrodeposited NT Cu with a four-fold increase in grain size while keeping the
twin thickness nearly the same.

Early modeling efforts of porous single crystals indicate that crytallographic plastic anisotropy
has an effect on the void growth. For porous face-centered-cubic (FCC) single crystals undergoing
asymmetric slip, void growth occurs under nominally uniaxial plane strain loading unlike their
counterparts undergoing symmetric slip [45]. Subsequent crystal plasticity studies reveal a strong
effect of crystallographic orientation on void shapes and void growth rates [37, 53, 62, 63, 66, 77].
For instance, porosity evolution is reported to be the fastest for [111] crystal orientation [54] and can
occur even under uniaxial stress conditions [66]. While these and associated studies do not account
for length-scale effects, seminal developments in gradient plasticity have revealed delayed void
growth due to strain gradient effects [16, 17, 23]. Since then, significant progress has been achieved
in understanding length-scale effects in void growth through continuum [e.g., 18, 31, 64, 65, 75] and
gradient crystal plasticity [e.g., 7, 24, 59] approaches. That said, these and similar investigations
essentially limit the scope of microstructural aspects to crystal orientations.

In this paper, we adopt a length-scale dependent discrete twin crystal plasticity approach to
simulate twin-void interactions under multiaxial loading states. The emphasis is on understanding
the roles of TB migration, size effects, and plastic anisotropy on the micromechanics of void growth
and coalescence under controlled tensile stress states.

2 Discrete Twin Crystal Plasticity

The length-scale dependent crystal plasticity model adopted here [28] postulates a small but finite
twin boundary affected zone (TBAZ) in the vicinity of each TB embedded in a single crystal. The
remaining part of the twin lamella is notionally referred to as the bulk region. In both regions, the
slip systems are categorized into two families: a family of 3 slip systems that are coplanar to the
TB and a family of 9 slip systems that are non-coplanar. The coplanar slip systems in the TBAZ
models the twin partial slip that results in TB migration. We describe the basic features of the
model.

The total deformation gradient is decomposed as F = F°FP where F¢ and F? are the elastic
and plastic parts, respectively. The resulting velocity gradient is:

L = L¢ 4+ F°LP (F¢) ! (1)
D
Lp

where L¢ and L? are the elastic and plastic parts in the current configuration. Assuming that
Schmid law applies, the plastic velocity gradient (L”) has contributions from the slip rates (%) on
the slip and twinning dislocation systems
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where s’ and m’ (i = «, 3, &) are slip directions and slip plane normals in the current configuration,
respectively. Eq. (2) refers to the slip systems in the bulk region while Eq. (3) refers to the
slip contribution in the TBAZ. For convenience, using (111) as the reference twin plane we split
the slip system descriptions in each of these regions into two contributions: co-planar and non-
coplanar. While the coplanar and non-coplanar slip in the bulk region is assumed to be via glide
of full dislocations (i.e. {111}(110)), coplanar slip (on the (111) plane) in TBAZ is assumed due
to twinning partials only, i.e. (111)(112). It is this twin partial slip activity that enables twin
boundary migration. Non-coplanar slip in TBAZ is assumed to evolve via slip on the remaining
{111}(110).
The co-rotational increment of the Cauchy stress tensor (Aogy;) is calculated as

Aocij = LijuAer — 0 Aegy, — Z Lijrapy + wikojk + Wipoik | Ay® (4)
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where Ae is the incremental total strain tensor and A~ is the incremental plastic slip on slip
system «; p® and w® are:
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The elastic stiffness tensor L is obtained by rotating the local stiffness tensor L* defined in the
crystal coordinate system to the global (laboratory) coordinate system with a crystallographic
rotation matrix R as Lijk = RijpgLpgrs Brski-

2.1 Bulk plasticity

To account for TB strengthening, we consider that the viscoplastic slip-rate 4* (Eq. (2)) on a slip
system 7 is:
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where 7¢ is the resolved shear stress on the slip system, my, the rate sensitivity parameter of the
bulk, and §* the current size-dependent slip resistance given by,
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where 7'8 is the size-dependent initial CRSS and ¢° is the current strength of slip system 4 from the
size-independent hardening [50]:
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where hg and hg are material hardening parameters.
The size-dependent hardening in Eq. (7) is modeled via the effective density of the geometrically
necessary dislocations [21]:

77; = |m' x Z[sl - 87|V x md 9)
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where V47 represents the spatial gradient of 47 [21]; the computational details of calculating the
gradients are in the Appendix. The material length-scale, 4, is associated with the average spacing
between obstacles to dislocation motion [15].

In the original model [28], we modeled the yield strengthening effect by incorporating slip-rate
gradients [20] in the calculation of 7§ (Eq. (7)). However, such a calculation becomes prohibitive
for the current investigation. Therefore, we adopt a simplified approach to model this effect.
Motivated by the results in Joshi and Joshi [28], these size effects are approximated via Hall-Petch
type relations at the crystallographic scale:
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where gq is the size-independent initial CRSS of a single crystal, A9 and dy are the initial twin size
and grain size respectively, and A, and d. the critical grain and twin sizes such that 7§* = go if
do > d. and 7'05 = go if A\g > A.. Grain boundaries (i.e., dy) are not explicitly modeled, although we
do consider a scenario where 73" = 7'(”? , which implies dy = Ag.

2.2 Interfacial plasticity and twin boundary migration

The TBAZ region accrues plasticity via coplanar and non-coplanar slip processes, cf. Eq. (3). The
non-coplanar slip on a slip system [ is given by:
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where g, = U*lyet/Q) is governed by the energy barrier U* for dislocation-TB interactions with
Q = £b% as the activation volume that linearly varies with Ag [2, 71] and [, the distance over
which a reaction occurs.

The coplanar slip in the TBAZ effectively models TB migration as follows. Broadly, two pro-
cesses affect TB migration: (i) source-driven: twinning partial nucleation from triple junctions a l&
[36], and (ii) reaction driven: TB interfacial dislocations arising from myriad TB-lattice dislocation
interactions [88, 89]. In Joshi and Joshi [28], we proposed a model based on twin partial plasticity,
which is briefly described here.

The slip-rate on coplanar slip systems in the TBAZ are assumed to follow the following rule:
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where my is the TBAZ strain rate sensitivity parameter and Ttap/ is the resolved shear stress on the
twin partial slip system o’.
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Y k—T — (N )] is the CRSS required for the nucleation of

In BEq. (11), P = o Ta -l
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twinning partials from triple junctions (e.g., twin boundary-grain boundary, twin boundary-free
surface, with Uy as the activation energy, (1, the activation volume, 1y the attempt frequency,
(Ns/N*) the ratio of the number of twin partial sources to the number of atomic planes in the
TBAZ, respectively, k the Boltzmann constant [44]).




The second term on the right side of Eq. (11) is explained as follows: the prerequisite for TB
migration driven by non-coplanar dislocations is that the interfacial reactions have indeed occurred.
This may be viewed as yielding of the TBAZ, which is tracked through the parameter ) in Eq. (11)9
where Tflax is the RSS on the most active non-coplanar slip system in the TBAZ. Once the condition
Y is satisfied, twin partial activity on the TB is driven by the lattice friction stress Tic.

Defining vip(t) = f(f Ytpdt’ as the accumulated twin partial shear strain, twinning induced
lattice reorientation of the TBAZ occurs when i, = 7w where 7y is the twinning shear strain.
Effectively, the twin boundary migrates by the distance equal to the TBAZ thickness. The details
of this process are presented in Mirkhani and Joshi [44].

The foregoing model is implemented in ABAQUS/ STANDARD® as a user-material (UMAT)
subroutine that is based on Huang [22].

Before discussing the results, we note three aspects. First, we only model the evolution of
twinned structure by TB migration and do not model nucleation of new nanotwins. Second, we
ignore the role of surface energy in void evolution, which could become important if the void size
(do < 7vs/70) where s is the surface energy and 79 is an appropriate CRSS [18]. The third aspect
pertains to the mechanism of twin boundary migration. On a given (111) twin plane, three partial
Burgers vectors can glide, by = [112],by = [211],b3 = [121]. We assume that each twin partial
nucleated on the (111) twin plane has the same Burgers vector, say b;. Referring to Eq. (11), this
implies that "ytog =0 for o/ = 2,3. Such a process is referred to as monotonic activation of partials
(MAP, [74]). By way of consequence, each TB migration event by one atomic plane generates a
twinning shear strain (7ytw) in the same direction so that at time ¢ there is a macroscopic maximum
shear deformation corresponding to the total shear strain generated by the glide of twin partials with
identical Burgers vector. The other extreme is cooperative activation of partials (CAP) where N
successive TB migration events comprise equal number of the activation events of the three Burgers
vectors, which results in a net zero macroscopic shear deformation (given that b; + bs + b = 0).
A more general scenario of TB migration is via random activation of partials (RAP) where the
choice of twin partial Burgers vector on successive planes is random and as a result, the accrued
shear deformation depends on the net sum of the three Burgers vectors. In all three scenarios, the
magnitude of the shear strain accrued is the same for the amount by which the twin boundary
migrated. In principle, it is possible to consider either CAP or RAP within the current framework
but it requires additional book-keeping, and is not the focus of this work.

3 Computational Setup

Fig. 1 shows fully periodic, 2D porous unit cells considered in this work. Along with the reference
case of a single crystal, we consider several NT microstructures with initial twin lamella sizes Ay €
{25nm, 50nm, 100nm}, succinctly referred to as NT25, NT50 and NT100, respectively (Fig. la-1d).
We adopt the approach by Tekoglu et al. [67] to maintain a constant state of biaxial stress (see Joshi
[27] for details). Each microstructure is discretized using a refined mesh of more than ~ 3000 plane
strain finite elements (CPE4). The choice of this mesh density is based on a prior mesh sensitivity
study for pristine unit cells in the presence of slip-gradients ensuring at least 10 finite elements
along the thickness of a twin lamella, see Joshi [27] for details. The initial porosity fo = Vieid/Veen
where Vigq and Ve are the initial volumes of the void and unit cell. The TBAZ thickness is
assumed to be 2 nm [28]. The unit cell has an initial width Wy = 52 nm and a height Hy = 200
nm, which sets the spacing between voids given the periodic boundary conditions. We consider a
cylindrical void with an initial diameter of 10 nm, which gives fy = 0.7%. The initial twin volume
fraction is &y = Viwin/Veenl Where Viwin is the initial volume of the twinned region. We consider



equi-sized twins (Fig. 1b-1d), i.e. £ = 0.5, so that both the matriz and twinned regions have the
same volume initially. The choice of this unit cell is motivated by several considerations. Along the
xro-axis, Hy keeping the mesh consistent across the different microstructures while ensuring that the
TB migration mechanics for the largest twin lamella (100 nm) case can be modeled together with
periodic boundary conditions. As for the z;-dimension, the choice of Wy gives an aspect ratio of 4,
which is computationally much less expensive (than an aspect ratio of 1) by reducing the domain
size and setting up an initial porosity, which keeps calculations tractable. A larger xy dimension
would result in a very small initial porosity and the inter-void ligaments would be too large to
obtain void coalescence within a tractable computational expense. Finally, the choice of horizontal
twin boundaries is one of computational simplicity. Moreover, it eliminates the potential artifact
of stepped twin boundaries that may occur for an inclined boundary discretized using a structured
finite element grid.

The global 21 and x5 axes are respectively aligned with the crystallographic [112] and [111]
directions and the void axis is along [110], Fig. le. For brevity, we denote the non-coplanar
slip systems on the plane (111) as 31 and those on the (111) and (111) as (2. Thus, 81 €
{(111)[101], (111)[011]} and B2 € {(111)[101],[111)[110]}. In addition, the coplanar slip system
pair is a € {(111)[101],(111)[011]}. Experiments on NT microstructures indicate preferred orien-
tations of this kind that arise from material synthesis [1, 8, 70]. Simulation studies of voided FCC
single crystal unit cells [e.g., 6, 38, 66] reveal a rapid porosity evolution for this orientation relative
to other orientations. As denoted in Fig. le, the «, 81 and (9 slip systems are modeled as full
dislocations in the bulk region. Fig. 1f shows the arrangement of these pairs when observed in the
x1-x2 plane. Within the TBAZ, while the non-coplanar slip is modeled as full dislocations, slip on
the twin plane (ABC) is modeled via partial dislocations (') represented by the segments §-A, 0-B
and -C. With reference to the MAP mechanism discussed in the preceding paragraph, we model
the twin partial slip 0-C. In the computational setting, twin partial slip is initiated by mimicking
the effect of a stress concentrator (e.g., a GB-TB triple junction, TB kink, or an intersection of
an incoherent TB with a coherent TB) by prescribing a single finite element from each TBAZ as
a nucleation source by reducing its elastic stiffness to 0.9 times the initial value. We ensure that
this local stiffness reduction does not cause strain localization. Periodic boundary conditions set
up the spacing between the nucleation sources. After each TB migration event, a new nucleation
source is chosen at the updated TB location and the elastic stiffness of the old master element is
reinstated to the original value. Once the resolved shear stress in the master element becomes equal
to the CRSS for twin partial nucleation, (Tép), the TBAZ starts to accrue significant plasticity via
twinning partial slip. TBAZ elements are reoriented from matrix to twinned configuration once the
twinning condition (4% = 4" ) is satisfied.

Material properties (Table 1) resemble those of single crystal copper, with C1;=168.4 GPa,
C12=121.4 GPa and Cyy=75.4 GPa. The magnitude of the material length-scale (/;) is chosen to
be in the range of the twin size and kept constant for simplicity. Likewise, the value for A. is
chosen based on our previous work [28], which indicates that the crystallographic strengthening
effect diminishes beyond a twin size ~ 1 — 2um.

Table 1 Material parameters [cf. 28]
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Figure 1 Panels (a-d) show microstructures with initial circular voids. In N'T microstructures (panels
b-d), blue and red regions represent twin variants. Panel (e) shows Thompson tetrahedron indicating the
relative orientation of the void axis with respect of the crystal and global axes, and the slip systems. Panel
(f) shows the «, 81 and [, slip system pairs as seen in the x1 — x5 plane.



A nominal tensile strain rate €9 = 1 x 1073 s™! is applied in the 5 direction while maintaining
a constant macroscopic biaxial stress state defined by the stress biaxiality ratio B = X11/X22. We
consider a range of biaxiality ratios, B € {0,0.075,0.2,0.5}. The plane strain assumption implies
Y3 # 0; B = 0 is tantamount to plane strain uniaxial loading.

The volume-averaged equivalent stress (¥qq) and equivalent strain (Eeq) are defined as:

1
Yeq = ﬂ\/@ll — Y29)2 + (S22 — B33)2 + (11 — 33)? + 6(2%, + X35 + %) (12)
2
Eeq = V2 (Bi1 — E22)? + (Bag — E33)? + (Eny — E33)? + 6(Ef, + E33 + Eiy) (13)
3

where ¥;; = (1/V) [ 0;;dV is the volume-averaged stress component corresponding to the local
stress component o;; and E1; = In(W/Wy) and Es = In(H/Hy) are the nominal strains where
Wo, Hy are respectively the initial and unit cell width and height, and W, H are their current (at
time ¢) values.

4 Results and Discussion

Polycrystal NT architectures may be instantiated using two microstructural length-scales: the
average grain size (do) and the initial twin size (Ag). These length-scales respectively modulate the
coplanar and non-coplanar slip system strengths, cf. Eq. (10). The ratio k = 7'68 /788 = +/do/Xo
serves as a measure of the slip strength anisotropy in the normal (non-coplanar) and shear (coplanar)
directions with respect to the TB. For a fixed grain size along the xi-direction, x increases with
decreasing initial twin size Ag. Thus, for the NT100, NT50, and NT25 cases, x = 3.0,4.5, and
6.3 respectively. To understand the implications of anisotropy and the role of twin boundaries, we
also consider additional cases: (a) isotropic twinned crystals (k = 1), (b) isotropic single crystal
(k = 1), and (c) anisotropic single crystals (x > 1). Table 2 summarizes the different cases
considered. Between the two possible mechanisms of twin partial plasticity (Eq. (11)), source-
driven mechanism governs as Tgp < g, (Table 1).

Table 2 Void models in the present work

Case Ao (nm) k=rT8/1%
Isotropic NT Crystals
isoNT25, isoNT50, isoNT100 25, 50, 100 1.0, 1.0, 1.0
Anisotropic NT Crystals
NT25, NT50, NT100 25, 50, 100 6.3, 4.5, 3.0
Isotropic Single Crystal No twins 1.0
Anisotropic Single Crystals  No twins 6.3, 4.5, 3.0

4.1 Basic role of TB migration in porosity evolution

Before diving deeper into the mechanics of anisotropic porous N'T microstructures, we set the stage
by briefly discussing the size-dependent responses of isotropic twinned crystals with voids, hereafter
referred to as isoNT materials.

The stress-strain responses (Fig. 2a) show a size-dependent yield followed by mild hardening
that culminates into void-induced softening and ultimately, onset of failure (marked by X). The
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corresponding failure strain (Eg,) is determined by the condition that the rate of lateral straining
becomes zero [33], which signifies the onset of coalescence via intervoid ligament necking. The
porosity evolution trends in Fig. 2b clearly show a delayed void growth with decreasing initial twin
size.

Fig. 2¢ shows the twin size effect on detwinning in terms of the relative twin volume fraction,
which occurs via TB migration. The detwinning rate increases with decreasing Ag. In fact, the
isoNT25 microstructure completely detwins at E.q = 0.52. By extension, void growth and TB
migration are coupled, which is reflected in Fig. 2d. It reveals that for smaller twin sizes (e.g.,
isoNT25), porosity evolution is dramatically slowed down as profuse detwinning occurs. On the
other hand, porosity evolution is profuse when the detwinning rate is slow, e.g. isoNT100. Since the
local twinning shear strain accrued by TB migration is vt = 1/v/2, the macroscopic shear strain
due to TB migration is (£ — &)/V/2.

These trends remain valid at other B ratios and are discussed further in the context of the role
of plastic anisotropy (Section 4.3).

4.2 Anisotropic porous NT microstructures

The grain-scale plastic anisotropy in actual NT materials often arises as the average twin size
is generally smaller than the average grain size. Fig. 3 collates the stress-strain responses and
the corresponding porosity evolution of porous NT microstructures under different biaxial stress
ratios. For comparison, the isotropic porous single crystal responses are also shown; the stresses
are normalized to the yield stress of the porous single crystal.

As in the isoNT case, these NT microstructures exhibit a Hall-Petch type strengthening at
all levels of B, Fig. 3a, 3c, 3e, and 3g. However, the post-yield responses and porosity evolution
characteristics (Fig. 3b, 3d, 3f, and 3h) vary depending on \p and B.

At B = 0, the NT100 stress-strain response resembles its isoNT counterpart with slightly ex-
tended regime before reaching failure strain, which correlates well with a delayed porosity evolution
(Fig. 3b). The porosity evolution characteristics are consistent with the single crystal trends. On
the other hand, NT50 and N'T'25 exhibit stress softening immediately following the yield with NT25
showing a more colossal softening than NT50. As discussed later, the stress softening results from
an instability that arises due to the size-dependent crystallographic plastic anisotropy. Interestingly,
NT50 and N25 also exhibit extended regimes of sluggish porosity evolution compared to NT100.
Further, while the porosity evolution in NT50 is somewhat faster over much of the deformation
regime, it is NT25 that meets the failure criterion earlier (denoted by X). This is because NT25
shows a rapid increase in porosity at Eeq ~ 0.475. As discussed later (cf. Fig. 4), the rapid porosity
increase is a consequence of complete detwinning of the N'T25 microstructure at that strain. With
complete detwinning, the microstructure becomes a single crystal and the porosity growth rate
mimics that of the single crystal. In comparison, detwinning rate is somewhat slower in NT50 to
the extent that it serves beneficially in slowing down the porosity evolution (similar to isoNT50).
The detwinning rate of NT100 is so slow that it does not have as strong an effect on porosity
evolution as in N'T50.

At higher biaxiality ratios (Fig. 3e-3h), the stress-strain and porosity evolution characteristics
exhibit some important differences compared to B = 0. With increasing B the porosity growth
rate of NT50 and N'T100 microstructures tend to approach or even exceed that of the isotropic
single crystal. Further, in these cases stress softening correlates with faster porosity evolution with
increasing B unlike the NT25 where stress softening occurs while the porosity evolution remains
sluggish even at B = 0.2. Only at B = 0.5 does NT25 show a correlation between the stress
softening and porosity evolution.
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Figure 3 Normalized stress-strain responses and porosity evolution at (a, b) B =0, (¢, d) B = 0.075, (e, f)
B =0.2, and (g, h) B =0.5 for different NT microstructures. The initial porosity fo = 0.7%. X indicates
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In the following paragraphs, we discuss the micromechanical underpinnings of these macroscopic
trends.

Void growth is a result of plastic deformation in the surrounding matrix [57]. A salient charac-
teristic of NT microstructures is the size-dependent TB migration [28], which serves as an additional
mechanism of plastic deformation that modulates the role of the bulk plasticity in void growth. For
illustration purposes, Fig. 4 shows the evolution of twins (blue regions) in the NT25 microstructure
at B = 0.2. TB migration causes gradual detwinning during which void evolution is negligible
(cf. Fig. 4a and 4b). With complete detwinning the void grows rapidly, Fig. 4c. This reflects
in the sluggishness followed by a runaway growth of the porosity curve in Fig. 3f. Although not
shown here, similar characteristics are observed at B < 0.2 in NT25, NT50, and to a lesser extent,
in NT100. At B = 0.5 the NT25 microstructure does not undergo complete detwinning prior to
failure.

twin variant
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Figure 4 Twin boundary migration and void evolution in NT25 at B = 0.2.

Fig. 5 compares the equivalent strain distributions in the NT100 and N'T25 cases against the
isotropic single crystal at Eos = 0.15 for B = 0.2. In the single crystal and NT100 cases, significant
void growth has occurred. This appears to be consistent with Nemat-Nasser and Hori [45] who
investigated the role of crystallographic anisotropy in voided single crystals under plane strain
condition. Plastic deformation is localized in the ligament separating the neighboring voids, which
signifies internal necking [30, 33]. For the single crystal, a slip band emerges along the [011](111) slip
system inclined at ~ 70° to the horizontal axis, Fig. 5a; in NT100, two nearly vertical deformation
bands emanate from the void Fig. 5b, although they are quite weak.

In comparison, NT25 (and NT50, not shown here) shows a well-developed deformation band
and a conjugate band that is less well developed, Fig. 5c. The deformation band accrues significant
plastic strain in addition to the twinning plasticity. Note that at this strain level, there is no
signature of strain localization in the inter-void ligament unlike NT100 and single crystal cases. A
deeper crystallographic analysis, Fig. 6, reveals that the primary deformation band is a kink shear
band [56], which deforms by coplanar slip (Fig. 6a). The contribution from the harder non-coplanar
slip is negligible; Fig. 6b shows the shear strain on the most active non-coplanar (i.e., [011](111))
slip system.

Given that no kink banding occurs in isoNT materials, we conclude that they result from
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Figure 5 Equivalent strain distribution (Eeq) at E22 = 0.15 in (a) isotropic single crystal, (b) NT100 and
(¢c) NT25 at B=0.2.

the crystallographic plastic anisotropy (x). These kink bands cause geometric softening, which
manifests as rapid decrease in the macroscopic stress.
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Figure 6 Micromechanical underpinnings of plastic deformation in NT25 at B = 0.2. Panel (a) shows the
accumulated shear strain on the [011](111) (coplanar) slip system. Panel (b) shows the accumulated shear
strain on the most active [011](111) (non-coplanar) slip system. Panel (c) shows the lattice rotation.

Fig. 6¢ shows more intense lattice rotation in the kink band than the conjugate band. The
magnitude of the lattice rotation inside the kink bands appears to be much higher compared to
experiments on single crystals, e.g., Biswas et al. [5], Kysar and Briant [34], Patil et al. [49].
Although length-scale dependent simulations of a single crystal under uniaxial tension (no void) by
Ling et al. [38] predict similar levels of lattice rotation, this aspect merits further investigation. One
possibility is the role of latent hardening, which is not considered in the present work. Interacting
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effects of latent hardening and plastic anisotropy may moderate the amount of lattice rotation and
the resulting stress softening.

Collating these observations with the responses shown in Fig. 2 and Fig. 3, TB migration and
plastic anisotropy (x) play a role in porous NT responses in the following way. Recall that each TB
migration event results in macroscopic plastic shear strain (cf. Section 2.2). Unlike bulk plasticity
that provides the driving force for void growth, TB plasticity is dissociated from the void and
remains restricted to the TB vicinity. At a given B, it has a small, if any, contribution to void
growth. Thus, with TB migration as a dominant plasticity mechanism the driving force for void
growth effectively decreases, which causes delayed void growth as seen, for example, in the isoNT25
case. In addition to the TB migration effect, plastic anisotropy causes kink banding, which tends
to stagnate the porosity evolution (e.g., NT25 in Fig. 3b) with concurrent stress softening (Fig. 3a).
The propensity to kink band formation increases with x but decreases with B. This explains the
persistent stress softening and sluggish void growth in NT25 over a wider range of B compared to
NT50 and NT100, cf. Fig. 3. Moreover, in NT50 and NT100 the contribution to plasticity from
TB migration is progressively smaller and hence, bulk plasticity contributes more to their porosity
growth (at a given B). Furthermore, with increasing B the lateral stress aids bulk plasticity thereby
tempering the role of TB migration. Thus, the stress softening in NT50 and NT100 at B > 0.075
is driven by faster porosity growth rather than kink band instability. In comparison, the stress
softening N'T25 is due to kink band for B < 0.2 but primarily due to porosity growth for B = 0.5.

Experimental studies have reported occurrence of kink bands in anisotropic single crystals
near notches and voids [5, 11, 34, 49], in polycrystalline austenitic steels [14], and in metallic
nanolaminates [46]. Length-scale dependent crystal plasticity models also predict their emergence
in single crystals [38, 43], although they have not been reported in NT materials yet. Recent
analytical calculations [47] indicate that in anisotropic perfectly plastic solids, near uniaxial plane
strain tensile loading (B & 0) parallel to the plane of plastic anisotropy can produce a shear band
while those normal to the plane of anisotropy can produce a kink band. Indeed, our previous
simulations on N'T microstructures without voids [28] show no kink bands when loaded in tension
parallel to the plane of anisotropy. Against that backdrop, the present results suggest that the
presence of a defect such as void may cause a kink band even under tensile loading parallel to the
plane of plastic anisotropy.

4.3 Anisotropy effect on NT ductility

With k = \/d/\g being a measure of the grain-scale plastic anisotropy of an NT material, our
preceding discussion reveals that for a given B, there is threshold x above which NT materials
exhibit a slower porosity evolution relative to the isotropic single crystal. This motivates the
following question: to what extent is k important in the porosity evolution in NT materials?

Fig. 7 collates the porosity evolution characteristics of NT and isoNT materials at different
levels of B. At B =0 (Fig. 7a), the porosity evolution is slower in all NT microstructures (dashed
curves) as compared to their isotropic counterparts (solid curves). At a mildly higher biaxiality ratio
(B = 0.075, Fig. 7b), the porosity growth in NT100 becomes faster relative to isoNT100, whereas
NT50 and NT25 cases exhibit slower void growth compared isoNT50 and isoNT25 respectively.
With increasing B (Fig. 7c, 7d), the NT microstructures show faster porosity evolution (relative
to their isoNT counterparts) at progressively smaller A\g values; at B = 0.5 all NT cases exhibit a
faster porosity growth than their corresponding isoNT.

Fig. 8 consolidates the role of plastic anisotropy on the failure strain (qu) and the corresponding
critical porosity (f.) at the different biaxiality levels. In Fig. 8a, isoNT25 and NT25 microstructures
show much larger failure strains compared to the single crystal persists over the range of B ratios
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Figure 7 Normalized porosity evolution curves at (a) B =0, (b) B = 0.075, (c¢) B = 0.2, and, (d) B = 0.5.
Solid lines are for anisotropic NT materials and dashed lines are for isoNT cases.

with NT25 showing better resistance compared isoNT25. For NT50 and NT100, while plastic
anisotropy delays failure at low B levels compared to their isoNT counterparts, the situation reverses
with increasing B. At B 2 0.2, the NT50 and NT100 do not exhibit a major effect of twins on the
failure strain relative to that of the single crystal. Thus, at a given B there appears to be a critical
twin size () that offers the largest failure strain; this A decreases with increasing B. Likewise,
for a given Ao there is a critical biaxiality ratio (B.), above which plastic anisotropy may not be
beneficial to ductility, although it may still offer a better performance than the single crystal.

In NT microstructures, B affects void growth in two ways. The lateral stress provides a net
higher driving force for void growth relative to a uniaxial scenario, which promotes faster porosity
evolution despite twin boundary migration. Further, as mentioned before it impedes the formation
of kink bands, which also assists in the growth of void. This combined effect is much stronger at
high levels of lateral stresses as evidenced for B = 0.5.

As no kink bands form in isoNT materials, the size-dependent material hardening and TB
migration resist the biaxiality effect on void growth. This creates an interesting interplay between
twin boundary migration and B that governs their porosity evolution such that certain combinations
of A9 and B offer better resistance to void growth than their anisotropic counterparts.

Fig. 8b shows the critical porosity, f., as a function of B. Broadly speaking, the trends reveal
that f. is sensitive to ¢ (both, isotropic and anisotropic cases) and B. While the sensitivity to
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B is much stronger for A\g = 50 nm and A9 = 100 nm (and these follow closely the trend for the
isotropic single crystal), the small variations in the case of A\g = 25 nm may be important in the
final fracture process [30].
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Figure 8 Dependence of (a) failure strain (Eg,) and (b) critical porosity (f.) on twin size and biaxiality
ratio for NT and isoNT microstructures. Isotropic single crystal results are also included as benchmark.

4.4 Role of twin boundary mobility

With the coupling of plastic anisotropy in the competing effects of the biaxiality ratio and TB
migration on the porosity, it becomes imperative to ask: how does twin boundary mobility affect
the porosity evolution trends? Twin boundary mobility is expressed as Vi, = 4tpAo/Ytw wWhere
Ytp is given by Eq. (11). To understand this interaction, we performed additional calculations by
modifying 4 in Eq. (11)). In what follows, Vi, = 1.X corresponds to 49 = 1 x 1073 s~! in Eq. (11),
cf. Table 1, which serves as the reference case; by extension, Vi, = 2X <= 4y =2x 1073 s71. We
consider NT25 (k = 6.3) and isoNT25 (k = 1) as model cases and inspect their characteristics at
two levels of B.

First, we assess the coupling between the twin boundary mobility and plastic anisotropy at fixed
B = 0.075, Fig. 9a. For V;, = 1X (solid curves), increasing « results in delayed porosity evolution.
For k = 1 (solid blue curve), the porosity evolution follows more or less conventional exponential
growth. In comparison, kink band formation causes sluggish porosity growth for £ = 6.3 (solid
red curve) over an extended deformation regime but transitions to a rapid growth at complete
detwinning. For Vi, = 2X (dashed curves), the porosity evolution profiles for £ = 1 (dashed blue
curve) and 6.3 (dashed red curve) are nearly identical.

Fig. 9b shows the B — V4, interaction effect on the porosity evolution at k = 6.3 (i.e., NT25).
While TB mobility effect is not significant at B = 0.075, at B = 0.5 the porosity evolution slows
down appreciably with higher TB mobility. While increasing B provides a larger driving force for
void growth, increasing TB mobility partially compensates this effect via increased TB plasticity.

These trends can be summarized as follows. We find that TB mobility plays a small role in
the porosity evolution if kink bands occur, which is the case for NT materials with high  or those
subjected to low B levels. On the other hand, TB mobility plays a significant role in improving the
ductility if kink bands do not occur, which is the case for NT materials with low x(~ 1) values or
those subjected to high B levels.
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Figure 9 Effect of twin boundary mobility (V;,) on porosity evolution in NT25 and isoNT25 for (a) fixed
stress biaxiality (B = 0.075) and (b) fixed plastic anisotropy (k = 6.3).

We speculate that increasing TB mobility may be beneficial to ductility at larger Ag. The
rationale is that TB plasticity plays a smaller role in coarse-twinned microstructures (e.g., NT100)
because detwinning is not as prominent as in fine-twinned (e.g., NT25) microstructures. Increasing
the TB mobility of coarse-twinned microstructures will enhance the role of TB plasticity relative to
the bulk plasticity, which will serve the purpose of shielding the void. This will be further aided by
the fact that coarse-twinned microstructures (low k) are less susceptible to kink bands than their
fine-twinned counterparts.

4.5 Do twin boundaries matter?

The role of twin boundaries in the behavior can be assessed by comparing an NT response against
an anisotropic single crystal for the same level of crystallographic anisotropy (). We set the ratio
of the initial CRSS values of the non-coplanar to coplanar slip systems to 6.3. Fig. 10 illustrates
this for NT25 at B = 0.2 (with V4, = 1X). The coplanar slip within the kink band is less intense
in NT25 (Fig. 10a) than in the anisotropic single crystal with £ = 6.3 (Fig. 10b). Although not
shown, the lattice rotation in the band is also much milder for NT25. By way of consequence, the
stress softening in the NT material is milder (Fig. 10c) while the porosity evolution is somewhat
more profuse (Fig. 10d) compared to its anisotropic single crystal counterpart.

With an initial twin volume fraction &j;, complete detwinning of the crystal translates to a
macroscopic strain Fiy, ~ Yw solely via TB migration. Thus, if complete detwinning occurs
before void coalescence the corresponding macroscopic strain at coalescence (Eg,) will be (at least)
equal to Eiy. This is most clearly seen in Fig. 2 for isoNT25 and, to some extent, isoNT50 where
E¢q 2 FEiw. Coupled with TB mobility effects, the spatial (e.g., gradient versus random) and
size distributions of twins are expected to play a role in the porosity evolution, and therefore, the
macroscale tensile ductility [28, 73].

The focus of this work has been on the micromechanics of void growth. The predicted failure
strains and critical porosities (Fig. 8) are tied to the coalescence onset criterion based on internal
ligament necking. These trends may be affected if alternate coalescence modes were to occur. For
instance, kink bands in the case of Kk = 6.3 at B < 0.2 may cause premature failure by shear bands
[3]. Investigating the role of material microstructure in such failure mechanisms is beyond the scope
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Figure 10 Role of twin boundaries (B = 0.2). The kink band is less intense with milder coplanar slip in
NT25 (Panel a) compared to the anisotropic single crystal with same level of x (Panel b). Results are
shown at Fss = 0.05. Panels (c¢) and (d) highlight the effect of twin boundaries in the stress-strain and

porosity evolution, respectively.
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of this work.

The critical porosity values (Fig. 8b) translate to critical void sizes of ~ 20 — 25 nm over the
ranges of \gp and B, which are on the same order as or smaller than the initial twin thicknesses (25-
100 nm). In experiments (e.g., Qin et al. [55]) the dimple sizes on the fractured surfaces are orders
of magnitude bigger than the twin thickness. This discrepancy suggests that fracture processes in
real NT materials could evolve differently as voids grow. One possibility, for example, is that as
voids grow, they may impinge on to the twin boundaries, and damage may then evolve either via
necking of twin lamellas or via crack propagation along twin boundaries [32]. Such processes can
result in surface roughness that exceeds the twin and grain sizes.

5 Concluding remarks

In this work, we present a length-scale dependent crystal plasticity analysis of void growth in a
nanotwinned material under controlled biaxial tensile stress states. We investigate the role of twin
size (and the resulting crystallographic plastic anisotropy) as well as the effect of twin boundary
migration on void evolution characteristics. We also present a detailed micromechanical analysis
that governs the macroscopic behaviors are elucidated. Twin boundaries are crucial beyond merely
characterizing the grain-scale plastic anisotropy as they qualitatively affect void growth via TB
migration. The main observations are:

1. isoNT microstructures exhibit delayed porosity evolution with decreasing initial twin size.
By extension, the strain to failure increases with decreasing twin size. This is a result of
detwinning due to TB migration, which becomes more potent with decreasing twin size.

2. Anisotropic NT microstructures broadly exhibit porosity trends similar to isoNT counterparts,
although crystallographic plastic anisotropy causes kink bands, which complicate the role of
TB migration on the size-dependent failure. The propensity of kink bands correlates with
crystallographic plastic anisotropy. Together with TB migration, kink bands cause a sluggish
porosity evolution while simultaneously causing stress softening. In isoNT microstructures,
kink bands do not occur and the delayed porosity evolution is a result of size-dependent TB
migration.

3. For a fixed biaxiality ratio, there is a critical twin size below which failure is delayed relative
to the isotropic single crystal. This critical twin size decreases with increasing biaxiality ratio.

4. The type (i.e., a combination of twin size and plastic anisotropy) of NT microstructures that
offers the best resistance to damage by void growth depends on the stress state. Broadly
speaking, plastically anisotropic microstructures with fine twins may be desirable.

5. TB mobility affects the role of crystallographic plastic anisotropy and biaxiality ratio in
failure. Optimal TB mobility is a design factor that should be chosen based on the initial
twin size as it will modulate the rate of detwinning, which in turn will influence void growth.

Moving forward, modeling fully three-dimensional scenarios with different crystallographic ori-
entations (which may lead to inclined twin boundaries) and more general stress states would provide
deeper insights. Such investigations will pave the way to formulating microstructually-informed
reduced-order representations of damage plasticity, although they are computationally non-trivial.
More sophisticated and efficient computational approaches such as phase-field modeling may be
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needed to accommodate such complications. Even in the two-dimensional setting, modeling in-
clined TBs and TB migration toward the void are computationally thornier. Further, novel defor-
mation mechanisms and modes of damage may emerge, whose role in damage tolerance needs to
be explored.
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Appendix A Calculation of slip gradients

The calculation of slip gradients at every gauss point is implemented within an Abaqus user defined
material subroutine (UMAT). In this approach, we exploit the concept of shape functions for
evaluating the slip gradients corresponding to each slip system. As an illustrative example, we
present the methodology for a 4-node plane strain finite element, but the approach can be adapted
to other types of elements. In a UMAT, the values of state dependent variables, such as slip, are
calculated at each Gauss integration point. Within an element, we create a 4-noded pseudo-element
described by linear shape functions (Fig. A.1) by joining the integration points. To enable this
calculation, we store the values of slip at the nodes of the pseudo-element (viz. integration points
of element) in an array declared in the CommonVars module; this allows access to the values of
slip at all nodes of a pseudo-element even when the UMAT subroutine is called for one particular
integration point.
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Figure A.1 (a) A pseudo-element defined by joining the integration points (in red) of a standard element.
(b) The pseudo-element is used to calculate gradients in isoparameteric coordinates which are then
transformed to cartesian coordinates.

The gradient of slip in cartesian coordinates within the pseudo-element is calculated using the
derivatives of shape functions (IN?) of the pseudo-element,
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where NP and ¢ are the shape function and slip on the ith pseudo-node, respectively. These
spatial derivatives of the shape functions in Cartesian coordinates are in turn calculated from the
derivatives in the local isoparamteric coordinates using the determinant of the Jacobian matrix

).
9 9
5] - [%&] (16
dy an

«

Finally, the slip gradient in the slip direction s is calculated using the chain rule,
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