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ARTICLE INFO ABSTRACT
Keywords: Martensite/ferrite (M/F) interface damage largely controls failure of dual-phase (DP) steels.
Multi-scale framework In order to predict the failure and assess the ductility of DP steels, accurate models for

Dual-phase steel
Martensite/ferrite interface
Damage initiation
Substructure boundary sliding
Interface orientation

the M/F interfacial zones are needed. Several M/F interface models have been proposed
in the literature, which however do not incorporate the underlying microphysics. It has
been recently suggested that (lath) martensite substructure boundary sliding dominates the
M/F interface damage initiation and therefore should be taken into account. Considering the
computationally infeasibility of direct numerical simulations of statistically representative DP
steel microstructures, while explicitly resolving the interface microstructures and the sliding
activity, a novel multi-scale approach is developed in this work. Two scales are considered:
the DP steel mesostructure consisting of multiple lath martensite islands embedded in a ferrite
matrix, and the microscopic M/F interfacial zone unit cell resolving the martensite substructure.
Based on the emerging microscopic damage initiation pattern, an effective indicator for the M/F
interface damage initiation is determined from the interface microstructural unit cell response,
along with the effective sliding in this unit cell. Relating these two effective quantities for
different interface microstructural configurations leads to an effective mesoscale model relating
the interface damage indicator to the sliding activity of the martensite island in terms of the
mesoscopic kinematics. This microphysics-based M/F interface damage indicator model, which
could not be envisioned a-priori, is fully identified from a set of interfacial unit cell simulations,
thus enabling the efficient prediction of interface damage initiation at the mesoscale. The
capability of the developed effective model to predict the mesoscopic M/F interface damage
initiation is demonstrated on an example of a realistic DP steel mesostructure.

1. Introduction

Because of the excellent mechanical performance and high cost efficiency, dual-phase (DP) steels consisting of a ferrite/(lath)
martensite microstructure are nowadays among the most widely used advanced high strength steels (AHSS) developed for the
automotive industry (Lutsey, 2010). One of the most important objectives in the design of DP steels is to improve strength and
ductility simultaneously. Several attempts to increase the strength of DP steels by tailoring different microstructural features have
been carried out (Sun and Pugh, 2002; Mazinani and Poole, 2007; Pierman et al., 2014; Calcagnotto et al., 2010), which however
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were often accompanied by a ductility decrease. This strength/ductility trade-off is a critical challenge for future of DP steels, as
required for the manufacturing of light-weight complex structural components.

In order to overcome this trade-off, the physics and mechanics of DP steel failure must be understood. Based on extensive
experimental data, it has been concluded that martensite/ferrite (M/F) interface damage dominates failure of most widely used DP
grades (Tasan et al., 2014). Moreover, the voids nucleated at the M/F interface are able to grow easily, due to the limited mechanical
constraints from the surrounding ferrite matrix (Maire et al., 2008; Isik et al., 2016). These facts motivate the detailed investigation
and modelling of M/F interfaces to predict failure and assess the ductility of DP steels (Tang et al., 2021).

Hence, several approaches have been proposed in the literature for M/F interface modelling at the mesoscale, i.e. the scale
representing multiple lath martensite islands embedded in a ferrite matrix. For example, Kadkhodapour et al. (2011), Sodjit and
Uthaisangsuk (2012) and Abid et al. (2017) modelled the M/F interfaces as separate interphase layers with a predefined finite
thickness and material properties, enabling to account for local hardening effects induced by interfacial dislocations. Uthaisangsuk
et al. (2011), Hosseini-Toudeshky et al. (2015) and Kim et al. (2017) modelled the M/F interfaces as cohesive zones within a finite
element method (FEM) framework and investigated damage initiation and propagation along the interfaces, leading to failure of DP
steels. However, the sharp cohesive zone approach contradicts detailed experimental observations which show that damage often
does not occur exactly at the interface, but propagates towards the near-interface ferrite (see e.g. Hoefnagels et al., 2015). Later,
Ahmadi et al. (2020) reformulated the M/F interphase layer model within a peridynamic framework, demonstrating more flexibility
compared to FEM-based cohesive zone M/F interface modelling. Nevertheless, these M/F interface/interphase models typically lack
a clear definition of the interface/interphase zone, often rely on ad-hoc assumptions for the model parameters and do not always
incorporate relevant microscale phenomena.

Recently, it has been shown that the M/F interface damage can be triggered by lath martensite substructure boundary sliding (Liu
et al., 2021), acting as an intrinsic feature of martesnite, which was widely confirmed by detailed experimental observations on
several fully martensitic steels (Du et al., 2016; Inoue et al., 2019; Ghaffarian et al., 2022) and different DP steels (Du et al.,
2019; Tian et al., 2020). This sliding-triggered interface damage phenomenon was originally hypothesized in a systematic crystal
plasticity study (Liu et al., 2021), which accounted for different loading conditions, phase contrasts, residual stresses/strains, as
well as a range of possible M/F interfacial morphologies. Later, the sliding-triggered M/F interface damage initiation has also been
suggested by experimental observations' (Vermeij et al., 2022a), as shown in Figs. 1(a-b). One possible physical explanation of
this sliding mechanism is the presence of inter-lath retained austenite (RA) films on which the hard martensite laths (ML) can
easily slide (Maresca et al., 2014a,b), either via dislocation-mediated plasticity or through martensitic phase transformation upon
mechanical loading, which can lead to similar apparent sliding behaviour (Maresca et al., 2018). The substructure boundary sliding
mechanism is facilitated by the specific martensite/austenite (M/A) crystallographic orientation relationship (OR) and the lower
slip resistance of the FCC austenite films compared to the BCC laths. The presence of these RA films have been experimentally
confirmed at lath boundaries in a broad range of fully martensitic steels (Sandvik and Wayman, 1983; Kelly et al., 1990; Morito
et al.,, 2011) and some DP steels (Liao et al., 2010; Yoshida et al., 2015). However, since these layers can be very thin, they are
difficult to identify experimentally, in particular in DP steels. In the literature (see e.g. Ohmura et al., 2004; Morsdorf et al., 2016;
Ghaffarian et al., 2022), an alternative explanation of the substructure boundary sliding without introducing the RA films has also
been proposed, as the dislocation glide on the lath interfacial planes, which however has less experimental confirmation. Therefore,
without loss of generality, in this contribution, the assumption on the RA films will be adopted to model martensite substructure
boundary sliding.

Since the martensite islands in DP steels have generally only few variants, such that the internal boundaries cross almost the
whole islands (Chehab et al., 2010), the substructure boundary sliding acts as favourable deformation mode, as shown numerically
in Maresca et al. (2016a) and experimentally in Du et al. (2019). This can induce large plastic strain concentration in the near-
interface ferrite around the RA film tips and promote M/F interface damage initiation (Liu et al., 2021), as shown in Figs. 1(c—d),
where the plastic strain has been exploited as an indicator for the damage initiation. Similar strain localization phenomena have
been observed in recent microscopic digital image correlation measurements (Vermeij et al., 2022b), revealing a set of discrete strain
localization traces following the martensite substructure boundaries and continuing towards the ferrite. Therefore, it is important
that the mentioned substructure boundary sliding mechanism is taken into account in the M/F interface modelling.

However, the evaluation of the onset of M/F interface damage by performing direct numerical simulations of statistically
representative DP steel microstructures consisting of M/F interfaces involving different geometrical and crystallographic orientations,
multiple substructural features, e.g. thin inter-lath RA films (Maresca et al., 2014a,b), complex interfacial morphologies (Liu et al.,
2021), precipitates, etc., is computationally prohibitive. This calls upon a multi-scale approach incorporating consistent interface
descriptions at different scales, which provides an efficient and accurate microphysics-based prediction of the M/F interface damage
initiation in DP steel mesostructures. To the best knowledge of the authors, such a multi-scale framework is currently not available
in the literature and will therefore be developed in the present work.

This paper is organized as follows. The outline of the multi-scale framework to be established for the prediction of M/F interface
damage initiation is given in Section 2. The microscopic M/F interfacial zone unit cell problem description and simulation setup
are detailed in Section 3. The main governing mesoscale quantities, i.e. the effective martensite island sliding and the effective M/F
interface damage indicator, are defined in Section 4. In Section 5, these effective quantities are extracted from a set of representative

1 Detailed experimental methods and results are reported in Vermeij et al. (2022a), including the justification and analysis of the martensite substructure
boundary sliding in DP steels and the sliding-triggered M/F interface damage initiation.
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Fig. 1. SEM micrographs of a DP steel specimen in the (a) undeformed and (b) deformed states, showing active substructure boundary sliding within the
central martensite island (martensite/austenite laminate, M/A). The magnifications of the M/F interface (red box) reveal the interfacial morphology and interface
damage initiation (black arrows) triggered by substructure boundary sliding (white arrows). (a-b) reproduced from Vermeij et al. (2022a) with permission from
the authors; (c) fully resolved M/F interface model with retained austenite (RA) films between the martensite laths (ML) and (d) the corresponding plastic strain
map (with the value range represented by a colorbar) in the near-interface ferrite in case of active substructure boundary sliding, showing damage initiation
around the RA film tips. (c-d) reproduced from Liu et al. (2021) with permission from Elsevier.

unit cell simulations and then related to each other through an effective mesoscale constitutive model established and quantitatively
identified in Section 6. The applicability of this microphysics-based M/F interface damage indicator model to the analysis of the M/F
interface damage ‘hot spots’ in a realistic DP mesostructure containing multiple lath martensite islands is demonstrated in Section 7.
Finally, the conclusions are given in Section 8.

Scalars, vectors, second-order tensors and fourth-order tensors adopted throughout this paper are denoted as a, d, A and A,
respectively. The following notation for vector and tensor product operations is employed together with Einstein’s summation
convention: the dyadic product @ ® b = g;a ;€;¢; and the dot product A - B = A;; B;,€;é,, with {&,,¢,,¢,} the Cartesian vector basis.
The length of a vector (Euclidean norm) is denoted by |[3||. The inverse of a second-order tensor is indicated by (s)~!.

2. Multi-scale framework

The multi-scale framework established in this work considers two spatial scales and consists of an ‘off-line’ pre-computation stage
and an ‘on-line’ simulation stage, as sketched in Fig. 2. The coarse scale represents the scale of the multi-phase structure of the DP
steel, consisting of lath martensite islands in a ferrite matrix. This scale will be here called mesoscale. In the literature (see e.g. de
Geus et al., 2016; Tang et al., 2021), the damage onset is often evaluated using an indicator which serves to quantify the chance of
the damage initiation and is computed by post-processing the obtained mechanical response. Moreover, as explained in the Section 1,
the focus of this work is on the dominating sliding-triggered damage initiation mode in the ferrite matrix near the M/F interface. The
goal is therefore to obtain a model that will provide an indicator for the damage initiation in this interfacial zone Dy, as a function of
the deformation gradient tensor Fy;,, of the near-interface martensite. The model relies on the numerical investigations previously
established in Liu et al. (2021) and supported by the experiments in Du et al. (2019), Vermeij et al. (2022a,b), as discussed in the
Section 1. The resulting hypothesis is:

The martensite substructure boundary sliding dominates the M/F interface damage initiation by inducing large plastic strain concen-
tration in the near-interface ferrite around the RA film tips.

To capture this fine scale mechanism, microscale interfacial zone unit cell models are considered consisting of a ferrite matrix
adjacent to a martensite lath with the RA film inserted to model the substructure boundary sliding, see Fig. 2. The behaviour of
these unit cells is first analysed in an ‘off-line’ stage of the model, which includes the following steps:

+ A set of representative loading conditions F;,, which sample the space of the sliding directions, are predefined and applied on
the microscopic M/F interfacial zone unit cells for different interface orientations. Details of the unit cell problem description
and the simulation setup will be introduced in Section 3.
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Fig. 2. Schematic overview of the multi-scale framework to predict M/F interface damage initiation, where an effective interface damage indicator model is
constructed based on off-line unit cell simulations, which are exploited in the on-line mesoscopic simulations.

+ After solving the microscopic quasi-static boundary value problem (BVP) for each loading case, the results are post-processed
to extract the effective M/F interface damage indicator D;, and the effective sliding *;‘/f /A of the martensite island. Definitions
of these effective quantities will be given in Section 4.

+ Next, Dy, and ;7:{ /A for each unit cell with a specific interface orientation are correlated with each other. On the basis of this

correlation, an effective mesoscale interface damage indicator function Dy, = D, (?l]:,f ) is extracted. Section 6 will present the
formulation and parameter identification of this effective model, based on the results of the microscale unit cell simulations
given in Section 5.

It should be emphasized, that the off-line stage only needs to be performed once.

The ‘on-line’ stage concerns the solution of the quasi-static BVP for a representative mesoscopic model, see Fig. 2. Here, for
each (integration) point in the near-interface martensite, the deformation gradient tensor Fy;/, is first used to evaluate the effective
sliding ;7:{ e depending on the interface orientation and the martensite habit plane orientation. With this, the effective interface

damage indicator model is used to compute the damage indicator D;; = @lz(yl‘jf ) indicating the locations of interface damage
‘hot spots’, i.e. where the damage tends to occur first (see e.g. de Geus et al., 2016; Tang et al., 2021). The application of this model
on a realistic DP mesostructure will be demonstrated in Section 7.

3. Microscopic unit cell

Consider a typical DP steel mesostructure V with external boundary S, sketched in Fig. 3(a), which reveals a few lath martensite
islands Vy;,» embedded in a ferrite matrix Vg, with the M/F interfaces indicated by Sy . The mesoscopic M/F interfacial zone V;,
with external boundary Sy, is defined as a small material volume surrounding a part of Sy, with the local normal indicated by
]VM /> as shown in Fig. 3(b). The underlying M/F interface microstructure is sketched in Fig. 3(c), revealing the detailed underlying
martensite substructure: the martensite consists of a stack of laths and RA films. Only an initially straight interface between the
laths and the ferrite matrix is considered here, based on the conclusions in Liu et al. (2021) stating that when sliding is active, the
specific interfacial morphology plays a secondary role on the M/F interface damage initiation. The normal to the RA film at the
RA/F interface is denoted by Ny, sr» which in the considered setup coincides with Ny sr in the initial, undeformed configuration.
Each lath is flat and elongated along the habit plane, the normal of which is denoted by N'. Since the lath thickness is much
smaller compared to its in-habit-plane dimensions and the overall size of the martensite (Krauss and Marder, 1971; Morito et al.,
2003, 2006), it is fair to assume periodicity in the direction of the habit plane normal and in the lath long direction. Thus, a unit
cell V,, (with subscript “m” denoting the microscale) is defined (see Fig. 3(d)) representing the M/F interface microstructure.
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Fig. 3. (a) A DP steel mesostructure consisting of a few lath martensite islands embedded in a ferrite matrix. The M/F interfaces are indicated by the yellow
lines; (b) magnification of a mesoscopic M/F interfacial zone containing a part of the M/F interface; (c) underlying M/F interface microstructure resolving the
martensite substructure with RA films, from which a microscopic M/F interfacial zone unit cell is defined, indicated by the orange box; (d) the microscopic M/F
interfacial zone unit cell with the boundary parts S and Sm, indicated by the green and blue shadows, respectively. The boundaries S and S opposite to

S; and Sm, respectively, are not visible in (d).

To represent the periodicity of the unit cell in the direction of the habit plane normal, and in the lath long direction, periodic
boundary conditions are applied on the unit cell surfaces S ~/+ perpendicular to the interface, shaded green in Fig. 3(d). On the
surfaces S —/* parallel to the interface, shaded blue in Fig. 3(d), periodicity constraints may not be applied. For these surfaces,
customlzed boundary conditions are used, which allow independent microfluctuations on the surfaces crossing the martensite and
ferrite phases. Moreover, special care is taken to prevent spurious excessive deformation of the weak phase (denoted by superscript
“wp”), RA film boundary part Sxp. These boundary conditions are detailed in Appendix A.

Since the interface orientation with respect to the habit plane may vary at different locations within one martensite island
and between the islands, a more general configuration of the microscopic M/F interfacial zone unit cell simulated here is further
introduced in Fig. 4(a). Angle 6" = arccos(NRA JE N') denotes the initial, undeformed configuration, angle between the RA/F
interface (or the M/F interface) and the habit plane. Simulations on the unit cells with different §" will be performed. For
convenience of numerical 1mplementat10n and post-processing, the configuration of each unit cell with 6" # 90° has been rotated
such that the M/F interface normal Ny, s coincides with the positive X axis, see the example for 6" = 45° in Fig. 4(b).

The reference unit cell dimensions are as follows, see Fig. 4(a). The unit cell thickness is taken as T = 100 nm (Yoshida et al.,
2015), while the RA film thickness is taken as r = 10 nm (estimated from the TEM images in Liao et al., 2010), leading to a lath
thickness Ty = T —r = 90 nm. Assuming an interfacial zone martensite (together with the RA films) volume fraction ny 5 = 44.4%,
the unit cell length is L = 375 nm, resulting in a RA volume fraction g, = 4.44%, the length of the martensite domain / = 167 nm
and the length of the ferrite domain Ly = L —/ = 208 nm, respectively. Note, that 5, represents the martensite volume fraction
within the interfacial zone, which is independent of the martensite volume fraction in the DP steel mesostructure (as to be used in
Section 7).

Each unit cell is discretized using three-dimensional (3D) quadratic finite elements with one element in the out-of-plane Z
direction. To enable comparisons, the near-interface finite element mesh sizes for different unit cells are set to ~2.5 nm. The resulting
in-plane finite element discretizations of the two unit cells with #"° = 90° and 6" = 45°, respectively, are shown in Fig. 4(b) as
examples. A mesh sensitivity check has been performed and confirmed that both local and global responses are converged for the
adopted discretization for each unit cell. Besides, it has been verified that by using the proposed boundary conditions, the reshaped
and original configurations lead to consistent local and global responses, and the results are insensitive to the choice of the unit cell
length L and martensite volume fraction ny;/, as long as L is sufficiently large, which is the case for L = 375 nm.

BCC laths and FCC RA films are modelled as single crystals with the Kurdjumov-Sachs (KS) orientation relationship (OR). The BCC
lath KS variant (111), || (011),, [IOT]y I [111], is selected for the simulations. Corresponding crystallographic axes are illustrated in
Fig. 4(a), together with the global coordinate system. It has been verified that for the cases where substructure boundary sliding is
highly active, which are of interest here, the plastic deformation of the unit cell is insensitive to the above BCC lath variant choice,
because of the low RA fiflm anisotropy in the habit plane and the negligible lath plasticity.

A finite deformation crystal plasticity model with cubic elasticity (see e.g. Kalidindi et al., 1992) is employed to describe the
material behaviour of both BCC laths and FCC RA films, including the OR. The crystal plasticity model is implemented using the



L. Liu et al.

(P)

D
()
o)

T
21
|

Journal of the Mechanics and Physics of Solids 168 (2022) 105018

Y-(111),
||(011)0’
X-[101],
- 1],
ST |l
Z-[121],
||[211]a’

Fig. 4. (a) Geometrical model configuration of a microscopic M/F interfacial zone unit cell with the M/F interface orientation defined by the angle ™. The
orientations of the BCC lath («’) and FCC RA film (y) crystallographic axes, and the global coordinate system are also shown; (b) in-plane finite element meshes
of two selected unit cells.

Table 1

Material parameters of the martensite island.
Parameter Symbol Martensite lath RA film
Elasticity component 11 Cy 349 [GPa] 268 [GPa]
Elasticity component 12 C, 202 [GPa] 156 [GPa]
Elasticity component 44 Cyy 176 [GPa] 136 [GPa]
Reference slip rate 7o 0.01 [s7!] 0.01 [s7']
Initial slip resistance So 0.765 [GPa] 0.265 [GPa]
Saturation slip resistance S 3 [GPa] 0.34 [GPa]
Reference hardening modulus hy 2.25 [GPa] 0.25 [GPa]
Slip rate sensitivity m 0.05 [-] 0.05 [-]
Hardening exponent n 1.5 1.5
Latent/self hardening ratio q 1.4 1.4
Slip family {n}(5) {110}, (111), {111},(110),

(112}, (111),,

Table 2

Material parameters of the ferrite matrix.
Parameter Symbol F matrix
Young’s modulus E 200 [GPa]
Poisson’s ratio v 0.3 [-]
Initial yield stress S 0.45 [GPa]
Saturation yield stress S 0.678 [GPa]
Characteristic strain E, 0.0351 [-]

user-defined subroutine nypeLA2.F, supported in the commercial FEM package MSC.Marc. There is no clear evidence of a preferential
crystallographic orientation of the BCC ferrite grains with respect to the martensite islands in DP steels. Supported by the findings
in de Geus et al. (2016), ferrite grain orientation effects are neglected here for simplicity, and a finite strain isotropic elasto-plasticity
model is used to describe the behaviour of the ferrite matrix. This assumption is also supported by recent detailed experimental
investigations (Tian et al., 2020), showing that for ferrite in DP steels, any of the 48 slip systems of the {110}, {112} and {123}
families may activate at comparable stress levels and according to Schmid’s law, making the ferrite plastic behaviour nearly isotropic
(see Raabe et al., 2001 for the anisotropic yield surface evolution as the number of slip systems increases). This is further supported
by the fact that isotropic elasto-plastic ferrite has been shown to be a sufficiently accurate approximation as long as the M/F phase
contrast is > 4 (de Geus et al., 2016), which is the case in the present study. More details about the material models of the martensite
island and the ferrite matrix can be found in Appendix B. The material parameters used in the simulations are taken from Liu et al.
(2021), and listed in Tables 1 and 2.
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Fig. 5. 2D sketch of the effective sliding ;7:\;"’/  between the initial undeformed configuration (left) and the current deformed configuration (right).

4. Definition of the effective quantities

4.1. Effective sliding

To quantify the sliding activity within the M/F interfacial zone unit cell, an effective sliding 7:;’ , Of the martensite island is
next defined based on the martensite substructure kinematics. Consider a simplified representation of a martensite island consisting
of martensite laths with the same habit plane orientation and the RA films between the laths. The deformation of this martensite
island is described by the overall deformation gradient tensor Fy;,,, see Fig. 5. Let us denote a fibre through the thickness of the
martensite island (i.e. in the direction of the habit plane normal N*) by B,, in the initial configuration, which becomes Zm after
deformation, while the habit plane normal becomes 7"P. In case of inactive sliding, this fibre simply follows the rotation of the habit
plane normal, while in the case of active sliding (and neglecting the small plastic deformation of the laths), additional effective
shear takes place along the habit plane. Hence, an effective sliding vector of the martensite island can be defined by tracking the
deformation of this fibre and the rotation of the habit plane normal (Liu et al., 2021):

-

. oo b
T p = - P @ ) = &b
m

with I the second-order identity tensor. The 2D interpretation of ;7:;’ /A is depicted in Fig. 5, showing that

shear deformation component of the martensite island along the habit plane.
Although Eq. (1) provides an intuitive definition of “;‘,f e for the development of the multi-scale model, it is convenient to express
Eq. (1) in terms of the overall deformation gradient tensor of the martensite island, Fy;/,. Making use of b, = Fy JA " B,, Eq. (1)
can be rewritten as

7;‘,{’ /A is indeed the effective

Tar = (L= A @A) - (Fyyp - N™P). @

Assuming that the volume of the martensite island and the surface area of the habit plane do not change, the current habit plane
normal 7" used in Eq. (2) can be computed using Nanson’s formula as

e — b . FI:/II/A' 3)

Eq. (2) enables the evaluation of the effective sliding activity directly at the mesoscale.

=hp
"M/A
4.2. Effective interface damage indicator

It is assumed that the microscopic damage indicator model for the ferrite matrix can be written in a general form in terms of the
microscopic plastic deformation gradient F,, , and the microscopic stress (state) Py, as Dy, () = D, (mep(t), P,.(1)), with 7 indicating
the time. Since precipitates and ferrite grain boundaries are rarely involved at the scale of the M/F interfacial zone unit cell, only
the intra-grain void nucleation is assumed here as a relevant mechanism for damage initiation in ferrite. Potential nano-micro-void
nucleation in the near-interface ferrite (Ghadbeigi et al., 2013) physically originates from dislocation interactions, e.g. relaxation
of the dislocation pile-ups and annihilation of the dislocations gliding on intersecting paths of different slip planes (Furukimi et al.,
2017). Based on this mechanism and following the near-interface ferrite damage indicator choice® in Liu et al. (2021) (see also
Fig. 1), the equivalent plastic strain rate s';ﬁp in the ferrite matrix V,,  will be used here as the microscopic damage indicator rate
for the damage initiation in the M/F interfacial zone, i.e.

Dy =émp in Vyp (@)

2 A sensitivity study of the M/F interface damage initiation analysis with respect to the specific choice of the damage indicator is conducted in Liu et al. (2021),
showing that within the active sliding regime, all considered damage indicators (including those accounting for stress triaxiality effects) lead to qualitatively
similar results.
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b X 4

Fig. 6. (a) Schematic of the sliding-triggered interface damage ‘hot spot’ in the near-interface ferrite in the microscopic M/F interfacial zone unit cell. The
hot spot location and the affected volume (exaggerated for clarity) are indicated by the red dot and yellow shadow, respectively; (b) 1D sketch of the weight
function WV, centred at the hot spot position X, with a length scale /.

m> m’

Note, that other choices for D, (see e.g. Rice and Tracey, 1969; Johnson and Cook, 1985; Wan et al., 2014, where the influence of
stress state is also incorporated) are possible and can be directly used in the developed framework.

To upscale the microscopic damage indicator and thus evaluate the onset of the M/F interface damage at the mesoscale, an
effective M/F interfacial zone damage indicator rate Dy, is defined. For this, the microscopic damage initiation pattern emerging
from extensive interface unit cell numerical simulations (Liu et al., 2021) is used, which showed that when the sliding-triggered
interface damage initiation mode dominates, as considered here, the corresponding damage ‘hot spot’ is typically located in the
near-interface ferrite around the RA film tips, as indicated in Fig. 6(a) (see also Fig. 1).

Since microscopic damage often initiates within a zone of finite volume and to eliminate artifacts induced by the numerical
discretization, the effective M/F interface damage indicator rate Dy is defined as the locally averaged microscopic damage indicator
rate D,, within the affected volume of the ferrite matrix around the hot spot:

, 1 .
Dy = e / Wy Dy dVi, (5)
m,F VmF

with the affected ferrite volume an:SF around the hot spot given by
A / W AV, (6)
Vm,F

where the weight function W,, centered at the hot spot position )?[‘}1“ (with 1D sketch shown in Fig. 6(b)) is taken as

I = Ty ® Tayp) - (K — X2 >
lhs :

(7)

Wm()?m) = cosh™2 <

Here, X, indicates the position vector of a point in the initial unit cell configuration; T /r Tepresents a M/F interface tangent in
the out-of-plane Z direction; /" is a hot spot length scale defining the size of VPI“ and is taken as /" = 2.5 nm in this study, i.e.
sufficiently small compared with the RA film thickness. Note, that the exact location of the hot spot relies on the underlying M/F
interface microstructure, which is not resolved at the mesoscale, and is therefore not upscaled.

5. Microscopic unit cell analyses

In this section, several microscopic M/F interfacial zone unit cell simulation results will be presented and analysed to
exemplify the relation between the martensite substructure boundary sliding and the interface damage indicator for the subsequent
identification of an effective constitutive relation between these two quantities.

The unit cells introduced in Section 3 with the material parameters given in Tables 1 and 2 are analysed. To sample the space
of possible sliding directions, a set of simple shear loading cases along the habit plane, which can easily trigger the sliding mode,
are defined according to the prescribed mesoscopic deformation gradient tensor

Fy =1+7,5" @ N™. 8

Here, S denotes the shear direction and 11z the shear magnitude. A shear direction angle y"P = arccos(STP -€,) is introduced, which
is measured with respect to the habit plane normal N, see Fig. 4(a).

First, the unit cell simulations are performed under simple shear with the direction angles y" = 90° and y" = 270°, i.e. the
shear along the positive and negative Z axes, see Fig. 4(a). For these two simple shear cases, the martensite substructure boundary
sliding direction is parallel to the RA/F interface, and therefore the RA/F interface orientation and area do not change during the
deformation.

The unit cells with different initial RA/F interface orientation angles ranging from 6" = 0° to #"P = 90° are considered. The
(accumulated) equivalent plastic strain maps sf,‘ip of three unit cells with " = 90°, 9" = 45° and 6"? = 0°, under y"P = 90° simple
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M/F interface damage indicator versus effective sliding for the six unit cells with different 6", under simple shear loading with y™ = 90° and y"™ = 270°,
indicated by the solid and dashed lines, respectively.

Fig. 7. (a) Equivalent plastic strain maps of three selected microscopic M/F interfacial zone unit cells at an effective sliding magnitude y

shear, are shown in Fig. 7(a). In all cases, the substructure boundary siding is activated, as evidenced by the high equivalent plastic
strain (see light grey) in the RA film . For the " = 0° case, the RA film does not induce plastic strain concentration in the ferrite
matrix. For the other cases, the RA film shearing entails the plastic strain concentrations in the adjacent ferrite. The lower interface
orientation angle, e.g. "P = 45°, is characterized by the larger initial RA/F interface area, compared to §"° = 90°, which leads to a
more distributed plastic strain concentration for " = 45°,

To quantify the above results in terms of effective quantities, Fig. 7(b) shows the effective sliding magnitude y;',f A= ||71}\',iJ / Alls

with ;7;}’ » computed according to Eq. (1) and the effective interface damage indicator Dy, = [ Dy dt, with Dy, obtained according
to Eq. (5). In accordance with the observed plastic strain maps, at the same amount of the effective sliding, the effective damage
indicator level is highest for the §" = 90° case and reduces for smaller angles, up to zero for the §" = 0° case. This indicates that
the initial RA/F interface orientation has a clear influence on the effective interface damage indicator level. This observation will be
exploited later in the formulation of the effective interface damage indicator model. In addition, it has been confirmed that in case of
sliding parallel to the RA/F interface, considering the stress triaxiality dependent definition for the interface damage indicator does
not qualitatively affect the relation between the initial RA/F interface orientation and damage initiation observed from Fig. 7(b).

Moreover, for all #" (except for "7 = 0°), a common trend can be observed in the relation between the effective interface
damage indicator and the effective sliding. As the effective sliding increases, the effective interface damage indicator first increases
approximately linearly and then tends to saturate at a high sliding level. This saturation is due to the activated lath plasticity, which
reduces the plastic strain concentration intensity in the near-interface ferrite. Finally, it is noted that, as expected, the results for the
loading directions y" = 90° (see solid lines) and y"P = 270° (see dashed lines) are essentially the same, with only a small difference
at high sliding levels, which is caused by the near-interface lath plasticity activation, in combination with the minor RA anisotropy
in the habit plane.

Next, the unit cell responses for other loading directions, i.e. when the applied shear and the resulting sliding are not parallel
to the RA/F interface, are considered. Fig. 8(a) shows the results for the unit cell with the interface orientation angle 6"° = 90°.
The damage indicator rates Dy, for different loading directions are plotted normalized by the damage indicator rate averaged for

. + DIZ) . ), for the unit cell
whp=90° whP=270°
with the same interface orientation. The normalized effective damage indicator rates are approximately symmetric about the Z axis,
because of the symmetry of the #" = 90° unit cell geometry with respect to the habit plane. This symmetry can also be observed
in the equivalent plastic strain maps, which are mirrored about the habit plane for y"P = 0° and y"P = 180°.

The results for the unit cell with 6" = 45° are shown in Fig. 8(b). The pattern of the normalized effective damage indicator
rate is strongly anisotropic, reflecting the asymmetry of the unit cell geometry. Indeed, the equivalent plastic strain maps differ
significantly for y" = 0° and y"P = 180°, where the latter shows a higher plastic strain concentration intensity in the near-interface
ferrite. This may originate from the formation of a sharper RA/F film tip for the y"P = 180° case compared to the y" = 0° case.
Clear dependency on the sliding direction implies that the effective interface damage indicator is in general affected by the RA/F
interface orientation change during the deformation. The results for other unit cells with " # 90° confirm similar features to those
presented for 6" = 45° and are therefore not shown here. In addition, it has been confirmed that for each #"?, including the stress
triaxiality in the interface damage indicator definition does not qualitatively affect the dependency on the sliding direction observed
from Fig. 8.

the two loading directions parallel to the RA/F interface, i.e. normalized by DPZ = % (DIZ‘
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Fig. 8. Normalized effective M/F interface damage indicator rates for different applied simple shear loading directions y"?, plotted in a polar coordinate system,
and the equivalent plastic strain maps for two selected simple shear loading directions y" = 0° and w" = 180°, at an effective sliding magnitude y;'f/ A = 0.1, for

the two microscopic M/F interfacial zone unit cells: (a) 6" = 90° and (b) " = 45°. For reference, the red circles represent Dy, //DI‘Z =1

6. Constitutive model relating the effective interface damage indicator and sliding
6.1. Effective constitutive model formulation

Microscale unit cell simulations indicate a relationship between the effective quantities defined in Section 4, i.e. the effective
interface damage indicator and the effective sliding of the martensite island. However, considering the large variation in local
M/F interface orientations with respect to the habit plane and (local) loading conditions, performing unit cell computations for
all possible cases (either ‘on the fly’ or on beforehand) would be computationally extremely expensive, impractical and virtually
infeasible. Therefore, here an effective constitutive model that relates the interface damage indicator and the sliding as a function
of geometrical parameters will de developed.

To this aim, consistent with the assumption that the martensite substructure boundary sliding dominates the damage initiation
in the M/F interfacial zone, the damage indicator rate is first computed for a unit cell with a selected, reference interface orientation
angle 91"’, and correlated to the resulting effective sliding of the martensite island. This provides the reference damage indicator
rate D;Z(?;f /A 6’:’1’). The choice of the reference orientation is arbitrary, but to provide meaningful results the considered orientation
should activate a noticeable amount of sliding under the applied loading.

Next, in accordance with the definition of the effective interface damage indicator as a quantity in the near-interface ferrite
around the RA film tip (see Section 4) and the unit cell analyses (see Section 5), two geometrical parameters can be identified that
significantly affect the damage indicator rate:

=hp
"m/a

» The geometrical orientation of the RA film (and thus the martensite lath) with respect to the M/F interface in the undeformed
state; assuming the same RA film thickness for all unit cells with different interface orientations, this translates to the RA/F
interface area.

» The change of the orientation of the RA/F interface due to the deformation, which can also be accompanied by a change of
the area.

10
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AIZ,RA/F

RA/F

Fig. 9. 2D sketches of (a) the reference microscopic M/F interfacial zone unit cell with 0:“’ and a unit cell with an arbitrary 6", and (b) the initial undeformed,
rigid-body rotated and current deformed configurations of a unit cell. The ferrite matrix is not displayed and the thickness of the RA film is exaggerated for
clarity.

The first geometrical parameter can be represented by the ratio between the RA film area adjacent to the ferrite in the unit cell
with the reference interface orientation angle 6':1 P to the one of an arbitrary interface orientation angle ™. Assuming the same RA
film thickness, this parameter can be defined as:

h ||XIZ,RA/F(9?p)|| sin("P)
f50™.07) = — = — ©)
||A12,RA/F(€hp)|| Siﬂ(erp)

with XIZ,RA s the oriented area in the initial configuration where the RA film and F matrix contact each other within the unit cell
for either Gl'p or 6", see Fig. 9(a).

The second geometrical parameter describing the effect of the change of the orientation and area of the RA/F interface as a
result of the deformation (and thus also as a result of the effective sliding ;'/'hp ) for a unit cell with 6" is defined as:

M/A
a —hp . gy = h
AGP gy = |dizra/pGygyas 0™) - iy e (0] )
e ;g @I
- i ghp
= Jeos (#7350 - 07 )| =0 -1, 10)
sin (Shp(ny’/A)>
where @, . and dp g/ are the oriented RA/F interface areas in the rigid-body rotated and deformed configurations, respectively,

see Fig. 9(b). To obtain the second equality in Eq. (10), the geometrical relations shown in Fig. 9(b) have been used with
9" = arccos(iigy i - ™), (11)

where the current habit plane normal 7" can be determined using Eq. (3). Assuming fully plastic deformation of the RA film, i.e.
neglecting the elastic volume change, the current RA/F interface normal 7ig s/ is obtained by Nanson’s formula as

~ v —1
figa/r = Nrase - Fras 12)
with the (sliding-induced) RA film deformation gradient tensor Fy, expressed in terms of the effective sliding 7;‘; /A (measured in
the rotated configuration, see Fig. 5) of the martensite island as
M/A _hp —h
FRA=<I+—7 ®71™® |- Ry/as (13)
MRA M/A /
where Ry, denotes the martensite island rigid-body rotation with respect to the initial configuration, i.e. Fyj 4 = F;I[) N Ryi/a with
F]I:f[’ A= I+ ?:/f A ® 7P the martensite sliding deformation gradient tensor with respect to the rigid-body rotated configuration, see

Fig. 5; the volume fraction ratio ng,/my/a Physically represents the RA volume fraction within the martensite and thus directly
relates Fy; /5 to Fg, under the assumption of negligible lath plastic deformation.

11
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With the above definitions, a mesoscale constitutive model relating the time evolution of the effective interface damage indicator
Dy, and sliding 71}\‘,}3 /a can be proposed in the following form:

~h hy
Dy, = QIZ(YMP/A; o™, 6,")

=/UM2QQQ$NMM)Am(ﬁywﬂéﬁ)bgﬁﬁyﬁ%m, (14)

consisting of a reference damage indicator D], corrected by two geometrical influence functions M, and M,, which quantify the
influence of the initial interface orientation (measured by a ratio fi;) and the interface orientation change (measured by a ratio
change ¢;,) during the deformation, respectively. The proposed multiplicative decomposition into M, and M, is confirmed able to
sufficiently reproduce the data obtained from all unit cell simulations, as to be demonstrated in the following.

For the characterization of this constitutive relation (14), several off-line unit cell pre-computations should be performed. First,
the reference damage indicator rate D{Z(Z}\f /A el‘p) as a function of the sliding activity ;7;}’ /A will be extracted from a single reference
unit cell simulation with the interface orientation angle 0:“’ and subjected to a loading condition which does not induce a RA/F
interface orientation change. Next, the two geometrical influence functions M, ( f;;(ehv,oﬁ p)) and M, (CIAZ(Z}\]/F ; A;th)) will be
identified from the results of several representative unit cell simulations with different " and loading conditions. This process
will be elaborated and illustrated subsequently.

6.2. Identification of the effective constitutive model

To identify the functional form and parameters describing the mesoscale constitutive relation between the effective M/F interface
damage indicator and effective substructure boundary sliding of the martensite island, the results of the unit cell simulations with
different interface orientations and shear loading directions as presented in Section 5 will be used.

As the reference simulation, the unit cell with 9:‘ P = 90° loaded in the shear directions w" = 90° and y" = 270° is selected. This
choice is motivated by the fact that this case exhibits pronounced martensite island sliding interacting with the ferrite matrix, see
Fig. 7(a). In this study, the reference damage indicator rate is therefore obtained as

~oshp 1 ~ (=hp . =hp
Diz(yya) = 3 <DIZ(yM/A)|9:1P,gooWhp:goo +Dlz(VM/A)|9EP=90°;Whp=z70°) : s

Next, the function M, < f;;(ehp,e:“’)) is identified. The unit cell simulations in Section 5 indicate that in absence of a RA/F

interface orientation change, for all values of the effective sliding the effective interface damage indicator is lower for smaller

—hp
yM/A’
interface orientation angles 6", see Fig. 7(b). For the selected reference interface orientation angle, pr = 90°, smaller interface
orientation angles correspond to smaller values of the parameter fé(ehp, 9:’ P) characterizing the RA/F interface area in the initial,
undeformed configuration, as defined in Eq. (9). Indeed, plotting the normalized damage indicator rates Dy /D:Z for all considered
6" and at different levels of }7&"  in Fig. 10(a), reveals a linear relation with respect to f&, the proportionality coefficient of which
equals 1 on average. Therefore, for simplicity it can be assumed that

in(6")
M, (FA0™,017) = fa@M, o) = 222
(i ) =i sin(6™)

Note, that this expression for M, does not introduce any additional parameters. Substituting the expression (16) for M, together
with D;Z given by Eq. (15) into Eq. (14) and disregarding for the moment the term M,, provides the resulting damage indicator Dy,
as shown in Fig. 10(b). The prediction compares well with the fully resolved unit cell simulation results, with a relative deviation
within approximately 5%.

Finally, to identify the function M, (clAZ(T/:/F A8 9hp)>, the normalized damage indicator rate Dj,/ (Mﬂ');z) for all considered 6"
and different sliding directions has been plotted in Fig. 11 against the RA/F interface oriented area change ¢, defined in (10). To

16)

1z’
capture the data trends observed in Fig. 11, the following expression for M, is adopted
My (cfy7ap,2:0™)) = Klefh = col + 1. a7)

where k, ¢, and p are three parameters. The parameter identification with k = 7.21, ¢y = —0.140 and p = 2.28 is shown in Fig. 11
and adequately reproduces most data obtained from different unit cells at different sliding levels. The data spread in the unit cell
simulation results can be attributed to the activation of the out-of-habit-plane slip systems in the RA films in some cases and to
the near-interface lath plasticity activation, especially at higher strain levels. This out-of-habit-plane contribution is, however, not
included in the present effective constitutive model.

To demonstrate the predictive capabilities of the identified effective constitutive model, the effective interface damage indicators
D, computed according to Eq. (14), with Egs. (15), (16) and (17), as a function of the effective sliding ?]I:/f /A are plotted in Fig. 12
and compared to the results of the fully resolved unit cell simulations for several interface orientation angles #"P. In order to visualize
the sliding direction dependency (see Fig. 8), the effective sliding magnitude has been given a sign in accordance with the direction
angle w' of the applied loading:

o —y;:,[p/A, if 90° < yhP < 270°

"M/a = (18)

hp q
+yM/A, otherwise.

12
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Fig. 10. Comparison between the microscopic M/F interfacial zone unit cell simulation results (SIM) with different 6", in case of the sliding direction parallel
to the RA/F interface, and the prediction (PRED) using the effective constitutive model: (a) normalized effective M/F interface damage indicator rate for all
considered 6™ relative to the reference 6/ = 90° versus the initial RA/F interface area ratio; (b) effective M/F interface damage indicator versus effective sliding.
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Fig. 11. Normalized effective M/F interface damage indicator rate versus the RA/F interface oriented area change for the microscopic M/F interfacial zone unit
cells with different §". Comparison between the unit cell simulation results (SIM) and the model fit (FIT).

To expose the dependency of the effective interface damage indicator on the sliding direction, for each value of the signed effective
sliding magnitude, the average and standard deviation band of the damage indicators obtained for different loading direction
angles w" are shown, for both, the unit cell simulations and the effective constitutive model prediction. The effective model
predictions adequately capture the fully resolved unit cell simulation results, with small deviations that can be attributed to the out-
of-habit-plane slip which is not included in the proposed effective constitutive model. The interface orientation direction dependent
asymmetry of the damage indicator pattern with respect to the sliding direction is also well reproduced by the effective model. As
expected, for the #" = 90° case, the damage indicator pattern is symmetric with respect to the loading direction. As the initial
RA interface orientation angle 6" decreases, the asymmetry first increases and then decreases, since the RA/F interface tends to
become parallel to the habit plane, in which case the RA/F interface orientation change effect gradually becomes negligible.

It has been verified that within the sliding-dominated M/F interface deformation regimes, the geometrical influence func-
tions (16) and (17) identified above are also applicable for a broad range of phase contrasts (even when a different ferrite material
model is used), implying the generality of the developed effective interface damage indicator model (14).

7. M/F interface damage initiation analysis in a DP steel mesostructure

In this section, the application potential of the effective M/F interface damage indicator model presented above will be
demonstrated on a realistic DP steel mesostructure containing several lath martensite islands.

7.1. Mesoscopic simulation setup

The in-plane DP steel mesostructure geometry, shown in Fig. 13, is obtained using optical microscopy (Maresca et al., 2016a),
and has dimensions 66.9 pmx50.7 pm with a 34.2% martensite volume fraction. The martensite lath and RA film thicknesses are taken
as 90 nm and 10 nm, respectively, resulting in a RA volume fraction of 10% within each martensite island. For each mesostructure
realization, a random BCC crystallographic orientation was assigned to each martensite island, i.e. all the laths in a martensite island
(see Fig. 13(a) for an example). The FCC crystallographic orientations of the RA films and hence the martensite habit plane normals
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Fig. 12. Comparison between the microscopic M/F interfacial zone unit cell simulation results (SIM) and the prediction (PRED) using the effective constitutive
model: effective M/F interface damage indicator versus effective sliding, for the five unit cells with different 6", under simple shear loading with different y".
The defined negative and positive sliding directions are depicted on the habit plane, in cyan and blue, respectively.
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Fig. 13. DP steel mesoscale model for the random realization “RR-1": (a) the BCC crystallographic orientation map of the martensite laths within the martensite
islands and (b) the KS variant index map determining the FCC crystallographic orientations of the RA films, and (c) the corresponding in-plane finite element
mesh.

NP within each martensite island have been obtained by randomly assigning a KS variant index to the BCC lath (see Fig. 13(b) for
an example), numbered according to the variant list in Morito et al. (2003). Using Nbp together with the local RA/F interface normal
Nea (= Ny /r), the local angle 6" between the RA/F interface (or the M/F interface) and the habit plane has been determined.
To account for the mesostructural variability, five different random realizations (RR) of the BCC lath crystallographic orientations
and FCC RA film crystallographic orientations determined according to the KS variant indexes have been considered.

For consistency with the microscopic M/F interfacial zone unit cell simulations, from which the effective interface damage
indicator model has been identified, the ferrite matrix in the DP steel mesoscale model is also modelled with the isotropic
elasto-plasticity (see Appendix B.2) with the material parameters given in Table 2.

For the modelling of the martensite islands with embedded thin RA films, the direct discretization of the microscale laths and
RA films would be practically infeasible due to the large difference in the sizes between the meso- and micro-scales. To this end,
in order to capture the favourable sliding-induced deformation mode of the martensite island at reasonable computational costs, a
reduced lath martensite model is adopted here. In this model, the martensite substructure (more generally, (sub-)blocks) is modelled
implicitly such that there is no need to spatially resolve the laths and RA films. Instead, the substructure is described with a
multi-scale lamella model representing the stack of martensite laths and RA films complying traction equilibrium and deformation
compatibility at the M/RA interface (Maresca et al., 2014b). At the same time, to reduce the computational costs even more, the
FCC RA film and BCC lath models are further simplified. For the RA films, a reduced crystal plasticity model is used (Maresca et al.,
2016b), where only the slip on the three FCC slip systems parallel to the habit plane are explicitly resolved. The plastic deformation
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Table 3

Material parameters of the isotropic contribution in the reduced martensite island model.
Parameter Symbol Lath RA film
Reference strain rate £ 0.01 [s7!] 0.01 [s7!]
Initial yield stress M, 2.257 [GPa] 0.814 [GPa]
Saturation yield stress M, 8.850 [GPa] 1.044 [GPa]
Reference hardening modulus H, 24.76 [GPa] 2.992 [GPa]
Strain rate sensitivity a 0.05 [-] 0.05 [-]
Hardening exponent b 1.5 1.5

in other directions is modelled by a von Mises-like (visco-)plastic flow rule, projected onto the space orthogonal to the space of
the three resolved slip systems. This model is briefly summarized in Appendix C, and more details can be found in Maresca et al.
(2016b). Furthermore, in accordance with the observation that the plastic deformation of the laths is usually limited, the material
behaviour of the laths is modelled by isotropic (visco-)plasticity.

The material parameters for the isotropic contribution in the RA film model and the isotropic lath model are listed in Table 3.
These parameters have been identified from the crystal plasticity model parameters in Table 1, by accounting for a Taylor factor
T = 3.07 (Rosenberg and Piehler, 1971) and a latent/self hardening ratio ¢ = 1.4 for the FCC RA films (with one slip family) and
T =2.95 (Rosenberg and Piehler, 1971) and ¢q = 1.4 for the BCC laths considering two slip families. More details on the parameter
identification for the reduced martensite island model can be found in Appendix C.3. The material parameters for the three explicitly
resolved FCC slip systems are the same as those listed in Table 1.

The reduced martensite island model is implemented using a user-defined subroutine nypeLA2.F, supported in the commercial
FEM package MSC.Marc.

The DP steel mesostructure is discretized using 3D linear finite elements with one element in the out-of-plane direction and the
average in-plane element size is ~0.6 pm. The resulting finite element mesh is shown in Fig. 13(c). Periodic boundary conditions
are enforced on the mesostructure boundaries in all three spatial directions. In-plane biaxial loading (representing the pure shear
case with a shear direction 45°) is imposed on the considered DP steel mesoscale model, given by the overall deformation gradient
tensor (F) = Aé, ® ¢, + %Ey ®e¢, +¢, ®¢,, with 4 denoting the prescribed stretch ratio along the X axis.

7.2. Overall stress—strain response analysis

Fig. 14(a) reports the overall equivalent von Mises stress ()1 versus the applied overall equivalent strain (€)1 of the considered
DP steel mesostructure for five random realizations of the martensite island orientations. The average behaviour of the individual
phases, i.e. the martensite islands and the ferrite matrix, is also shown in Fig. 14(a). Here, (+) denotes the volume average over the
respective domain, i.e. the whole modelled DP steel mesostructure, the martensite islands or the ferrite matrix. Note, that the overall
responses of the ferrite matrix in all considered models are similar due to the use of the isotropic elasto-plastic material model for
ferrite, which has only a minor effect on the results here. The overall responses of the martensite islands, on the other hand, differ
for different realizations. However, a common feature can be observed, namely the apparent continuous yielding behaviour which
starts at stress levels below 2 GPa, lower than the BCC lath yield stress. As a result, the overall stress response of the whole DP
steel mesostructure demonstrates a well-known continuous yielding feature, without a clear yielding point (see e.g. Mazinani and
Poole, 2007). To rationalize these observations, the volume-averaged stress—strain curve of each martensite island for the random
realization “RR-1” is plotted in Fig. 14(b). The results for the other random realizations show similar behaviour and are therefore not
shown here. The stress—strain responses of different martensite islands are very heterogeneous. Interestingly, only a limited number
of martensite islands show large overall strain, however most of the islands have an apparent yield stress below 2 GPa, i.e. lower
than the BCC lath yield stress. These results indicate that the substructure boundary sliding is indeed the favourable deformation
mode for the martensite islands upon mesoscopic mechanical loading, thus once more confirming the key hypothesis adopted for
the proposed multi-scale framework (see Section 2).

7.3. Mesoscopic interface damage initiation analysis

Next, the M/F interface damage initiation in the considered DP mesoscale models is analysed using the developed effective
interface damage indicator model (14). The effective sliding ;7:/}’ /A in each martensite island is determined by substituting the
deformation gradient tensor Fy; 5 at each (integration) point into Eq. (2). The M/F interface damage indicator D;, at each

mesoscopic M/F interface point can then be evaluated by substituting of the near-interface martensite, i.e. the martensite

—hp

"my/a
finite element attached to the M/F interface, into Eq. (14). The maps of the effective sliding y;}’ /A together with the resulting damage
indicators Dy, for three realizations, “RR-1”, “RR-4” and “RR-5”, are reported in Fig. 15(a). The other random realization models
show similar features and are therefore not presented here. It can be observed, that the majority of interface damage ‘hot spots’
are located around the martensite islands with a higher magnitude of effective sliding, see Fig. 15(a). Notice, however, that using
the effective sliding only is not sufficient to predict the exact locations of the interface damage hot spots, which are also strongly
dependent on the interface orientation with respect to the habit plane (i.e. the angle '), as implied in Eq. (14) and confirmed by
the mesoscopic simulation results. Fig. 15(b) shows the maps of the equivalent plastic strain e;q in the ferrite matrix and martensite
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Fig. 14. (a) Equivalent overall stress versus strain of the considered DP steel mesostructure for five random realizations of the BCC lath crystallographic
orientations and KS variant indexes, under the biaxial loading; (b) equivalent stress versus strain of each martensite island for the random realization “RR-1".
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Fig. 15. (a) Martensite island sliding maps and the corresponding M/F interface damage indicators, and (b) equivalent plastic strain maps of the considered
DP steel mesostructures for three selected random realizations of the BCC lath crystallographic orientations and KS variant indexes, under biaxial loading, at a
prescribed overall equivalent strain ()4 = 5.75%.

islands. Even though many plastic bands in ferrite are oriented at ~45°, dictated by the biaxial loading, the ferrite matrix plasticity
is clearly influenced by the local martensite island morphology, but also by the sliding activity of the martensite island. Another
important observation is that due to the substructure boundary sliding mechanism, local strain levels of many martensite islands
are comparable to those of the ferrite matrix, corresponding to a weak M/F strain partitioning, as observed in experiments (see
e.g. Kang et al., 2007; Ghadbeigi et al., 2010; Kamikawa et al., 2015).

8. Conclusions

This contribution presented a multi-scale framework to predict the damage initiation at M/F interfaces in DP steel mesostructures.
The DP steel mesostructure consists of multiple lath martensite islands embedded in a ferrite matrix, with M/F interfaces in between.
At the microscale, a M/F interfacial zone unit cell is considered, which resolves in detail the martensite substructure consisting of
martensite laths with RA films. The sliding of this martensite substructure has been shown to be the dominating deformation mode
at the microscale, which triggers the onset of damage in the near-interface ferrite, accompanied by a microscopic damage initiation
pattern. Based on these observations, the effective governing quantities, i.e. the sliding of the martensite island and the interface
damage indicator, have been defined and upscaled to the mesoscale, through a rigorous scale-bridging scheme. By correlating these
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two effective quantities over a large range of interface orientations, sliding directions and phase contrasts, an effective interface
damage indicator model as a function of the sliding activity has been obtained. The model takes into account the effect of the initial
interface orientation and the interface orientation change as a result of the deformation. This microphysics-based M/F interface
damage indicator model, which could not be envisioned a-priori, needs to be identified only once using a set of off-line representative
microscopic M/F interfacial zone unit cell simulations and then transferred to the mesoscale. An application of the formulated model
after parameter identification has been demonstrated on a realistic DP steel mesostructure. The importance of including the interface
orientation for determining locations of the mesoscopic M/F interface damage hot spots is especially emphasized.

In the future, the modelling framework can be extended to include the effects of the ferrite grain orientation, carbon distribution
and possible near-interface precipitates. Besides, other choices of the microscopic damage indicator model form, e.g. those further
incorporating the stress triaxiality and Lode angle, will be investigated in details. Moreover, quantitative model validation at both
microscale and mesoscale will be conducted in a systematic manner.

To conclude, the proposed multi-scale framework enables efficient, microphysics-based prediction of the M/F interface damage
initiation in DP steel mesostructures, which was not possible with available “traditional” approaches, thereby providing a powerful
tool to assess ductility, identify critical damage-related microstructural features, and provide design guidelines for new generation
of advanced high strength steels.

CRediT authorship contribution statement

L. Liu: Methodology, Software, Visualization, Writing — original draft. F. Maresca: Conceptualization, Writing — review & editing,
Supervision. J.P.M. Hoefnagels: Conceptualization, Investigation, Writing — review & editing. M.G.D. Geers: Conceptualization,
Writing — review & editing, Supervision, Funding acquisition. V.G. Kouznetsova: Conceptualization, Writing — review & editing,
Supervision, Funding acquisition.

Declaration of competing interest

The authors declare that they have no known competing financial interests or personal relationships that could have appeared
to influence the work reported in this paper.

Data availability
Data will be made available on request.
Acknowledgements

This research was carried out under project number T17019d in the framework of the research program of the Materials
Innovation Institute (M2i) (www.m2i.nl) supported by the Dutch government. The authors gratefully acknowledge Tijmen Vermeij
and Roy L.A. Kerkhof for providing SEM micrographs in Fig. 1.

Appendix A. Microscopic unit cell boundary conditions

This appendix details the microscopic M/F interfacial zone unit cell boundary conditions introduced in Section 3. These boundary
conditions customized for the microscale model are formulated to avoid spurious excessive deformation at non-periodic parts of the
boundary containing a soft phase.

The unit cell boundary conditions are derived following the standard kinematics scale transition used in classical computational
homogenization frameworks (see e.g. Geers et al., 2017). To this aim, the relative position vector field 4%, in the current, deformed
configuration within the microscopic unit cell V,, (see Fig. A.16) is expressed in terms of the mesoscopic deformation gradient F;,
as

ARy = Frp - AX,, + AD, in V), (A1)

where 4X, = X, - )_('m’c, AXy, = X, — X and AW, = 0, — W, . with subscript “c” denoting a (arbitrary) reference point; X,
indicates the position vector of a point in the initial, undeformed configuration and i, is the microfluctuation field induced by the
microstructural heterogeneities.

Substituting Eq. (A.1) into the definition of the microscopic deformation gradient F,, = (Vou¥n)" = Fiz + (VomAil,,)T and
requiring the scale transition relation between the micro- and mesoscale deformation gradient tensors to hold

1
Fiz= V_/v F, dVy, (A.2)
m m

yields, upon using the Gauss’s theorem, the boundary conditions for the microfluctuation field

/ Aib, ® N, dS,, =0, (A.3)
S,

'm
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S,

Fig. A.16. 3D sketch of the unit cell with the boundary parts S,, S, and Sxp containing the soft phase, indicated by the green, blue and pink shadows,

m> “m>

respectively. The boundaries S:‘ and S:‘ opposite to S‘; and S_

m?

respectively, are not visible.

where N,, denotes the outward normal of the unit cell boundary S,,.
In classical homogenization frameworks, periodic boundary conditions (Geers et al., 2017) are often adopted to satisfy
condition (A.3). For the microscopic M/F interfacial zone unit cell (see Fig. 3), periodic boundary conditions remain suitable for

the transverse boundary pair S;‘/ * Taking into account that Nr; = —J_\}r‘;, the periodicity conditions for the transverse boundaries
then read:
- =+ - = A
AW — Aw) =0 on S (A.4)

For the remaining boundary pair S;/ *  however, the periodicity conditions may not be prescribed, since :S"; and S‘; are
morphologically not periodic and contain three different phases with highly contrasting and anisotropic properties, i.e. ferrite (F),
martensite laths (ML), and retained austenite (RA). Therefore, again taking into account that the normal vectors on the opposite
unit cell boundaries have opposite directions, the condition (A.3) on S‘;/ * remains in the form of the minimal kinematic boundary
conditions (Miehe, 2002; Mesarovic and Padbidri, 2005):

/ (A7, — A*) dS,, = 0. (A.5)
Sn

It is, however, known (Miehe, 2002; Coenen et al., 2012) that for microstructures with highly contrasting properties of its
constituents, the minimal kinematic boundary conditions can lead to spurious excessive deformation of the soft phase near the unit
cell boundaries. To prevent this, an additional constraint is imposed. Assuming that all points on the soft phase part of the boundary
S‘xp lie in one plane in the reference configuration, it is required that these points remain in one plane during the deformation. This
constraint can be satisfied by selecting two non-collinear arbitrary vectors A;‘c'm’a(A)? o) and A}m’b(m—f Xi) and enforcing the following
constraint for all points of the soft phase of the boundary:

wp=Wp __ wp =2Wp wp =2Wp v Wp awvp
A =4 pxm,a+ch pxm,b VX €S, (A.6)

where A"P is taken with respect to an arbitrary point (see the yellow point in Fig. A.16) on S‘xp, and ¢, and ¢, are two coefficients
determined from A" X" = ¢, A" X" + chWP)?XZ, implying a linear transformation constraint on S,'. Notice that with this
additional constraint (A.6), only the boundary part :Sxp remains planar during the deformation while not for the boundary part
o 1 oVP s s s .
S,/S,, (see the blue area surrounding the pink area in Fig. A.16).

The combination of the above constraints (A.4)—(A.6) forms the boundary conditions for the microscopic unit cell simulations
in this study.

Finally, note that for the convenience of numerical implementation, the conditions (A.4) and (A.5) can be expressed in terms of
the current configuration position vectors of the points as

A%, - A% = Fy - (AX; - AXE) on 8, (A.7a)

/_ (4% — AXH)dS,, = Fiy - / (X7 - AXH)dS,,. (A.7b)
Sm Sm

Appendix B. Material models at the microscale

The material models of the martensite island (martensite/austenite laminate, M/A) and the ferrite matrix adopted for the
microscopic M/F interfacial zone unit cell simulations defined in Section 3 are detailed in this appendix.
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B.1. Lath and retained austenite film

A conventional finite deformation crystal plasticity model (see e.g. Kalidindi et al., 1992) is employed to describe both BCC laths
and FCC retained austenite (RA) films. The total defamation gradient F is decomposed into the elastic (F,) and plastic (F,) parts
as F = F, - F,. The elastic regime is described by the linear relation S = C : E,, where S = F, - S - F denotes the push-forward of
the second Piola—Kirchhoff stress tensor S towards the intermediate configuration and E, = %(Ce —1I) is the elastic Green-Lagrange
strain tensor with C, = F! - F,. The cubic elasticity tensor C is fully determined by specifying the three elastic constants C,;, Cy,
and Cy,. The plastic velocity gradient tensor L, = Fp ~F;1 is computed as a function of the slip rate 7 and the Schmid tensor P of

each of the N slip systems as L, = Z;V:Sl 7“Pg. The crystallographic slip 7* of the a-th slip system is driven by the resolved shear
stress 7 =S - C, : P{ and computed by means of a power law (Hutchinson, 1976)

1
o (T o )
=i\ sign(z%), (B.1)

a

where 77 denotes the reference slip rate, s* the slip resistance and m the slip rate sensitivity. Hardening is included through the
evolution of the slip resistance s* given by Wu et al. (1991)

NS
5= Y h1P), (B.2)
p=1
with the initial slip resistance s%(0) = s, and the hardening moduli 4%/ defined as
s \"
h*? = hy <1—S—> [q+ (1 - q)6°], (B.3)

where h, denotes the reference hardening modulus, s, the saturation slip resistance, n the hardening exponent, g the latent/self
hardening modulus ratio; é is the Kronecker delta.

B.2. Ferrite matrix

A finite strain isotropic elasto-plasticity is used to describe the behaviour of the ferrite matrix. The elastic regime follows the
linear relation S = C : E,_. The isotropic elasticity tensor C is determined by Young’s modulus E and Poisson’s ratio v. In the plastic

regime, the von Mises yield condition is employed, in terms of the equivalent von Mises stress S = 4/ %Sdev : Sgeys Where (0)ge,
denotes the deviatoric part of a second-order tensor, and the equivalent plastic strain rate E;q = \/éEP : Ep. An exponentially

saturating hardening law is selected to account for the evolution of yield stress S, up to a saturation yield stress S, (Brown et al.,
1989), reading

E
Sy = Sg = (S — Sp)exp <— E" > (B.4)

C
where S, denotes the initial yield stress, E. the characteristic strain and qu =/ E;q dt the (accumulated) equivalent plastic strain.

Appendix C. Material model for the martensite islands at the mesoscale

In this appendix, the reduced model (Maresca et al., 2016b) for the martensite islands used at the DP steel mesoscopic simulations
defined in Section 7 is briefly summarized.

C.1. Lamella model
A martensite substructure (more generally, (sub-)blocks) can be approximated by an infinite stack of martensite laths with RA

films in between, see Fig. C.17, which can be described by a multi-scale lamella model (Maresca et al., 2014b). The equations of
the lamella model are given by Maresca et al. (2014b):

Fyvya = (1= fra)Fue + fraFras (C.1a)
Pyija = (1= fRa)Pume + fraPras (C.1b)
Py, - NP = Pra - th’ (C.1¢0)
Fyp - (I- N" @ N™) = Fy,, - (I- N" @ N'™), (C.1d)

where Fy;/4 and Py, denote the effective deformation gradient tensor and first Piola—Kirchhoff stress tensor of the martensite
substructure, obtained through homogenization, by volume averaging the individual phase quantities; f, is the RA volume fraction
within the martensite substructure; Egs. (C.1c) and (C.1d) are the traction equilibrium and deformation compatibility to be satisfied
at the M/RA interface, the normal coincides with the habit plane normal. In the considered mesoscopic simulations, each martensite
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M/A

M/A

Fig. C.17. A multi-scale lamella model for the martensite island: (a) mesoscopic configuration and (b) underlying microstructure consisting of a stack of martensite
laths and RA films. The laths and RA films are not spatially resolved at the mesoscale, but only accounted for through the effective behaviour.

island is assumed to consist of laths belonging to the same variant. Therefore, the above lamella model has been directly adopted
to describe the martensite island behaviour.

The constitutive models (Maresca et al., 2016b) for the FCC RA films and the BCC laths needed to complete the lamella
model (C.1) are detailed next.

C.2. Reduced crystal plasticity models for lath and retained austenite film

In the elastic regime, both martensite laths and RA films within the lamella model follow a linear relation S = C : E,.

For the RA films in the plastic regime, the plastic velocity gradient tensor consists of two contributions, i.e. L, = L, + L, .
The slip contribution L, = ZZ=| 7*Pg accounts for the plastic slip on the three specific FCC slip systems parallel to the habit
plane. The crystallographic slip on each of these slip systems is computed following the standard crystal plasticity formulation

(see Appendix B). The isotropic contribution L , accounts for the plastic deformation in other directions of the RA films and is

P .
5! denotes the equivalent plastic strain rate, N, = M s the flow direction, M=S§ - C, : P, the

computed as L, = £,'N,, where ¢ S
Mandel stress tensor projected using the fourth-order tensor P, onto the space orthogonal to the space spanned by P?, and M*®4 is the
equivalent von Mises stress. The equivalent plastic strain rate related to the isotropic contribution, ¢3%, is driven by the equivalent

p 3
stress M*°4 and computed using the rate-dependent power law

1
Mea\«
.eq _ .
&, =¢ < My > s (C.2)

where €, denotes the reference strain rate, M, the yield stress and a the strain rate sensitivity. The evolution law for the yield stress
M, is taken as

M, = Hégq, (C.3)
with the initial yield stress M, (0) = M, and the hardening modulus
MoA\b
H=Hy(1--2 :
().

where H,, denotes the reference hardening modulus, M, the saturation yield stress and b the hardening exponent.

As observed from the microscopic M/F interfacial zone unit cell simulations, the plastic slip within the martensite laths is
limited,in case of highly active sliding, which is of interest here. Thus, the plastic deformation of the laths in the lamella model is
described using isotropic (visco-)plasticity as described above, but with P, =1, i.e. in this case no discrete slip directions are taken
into account and the equivalent plastic strain rate in entirely determined using Egs. (C.2)-(C.4).

C.3. Parameter identification of the isotropic contribution in the reduced martensite island model

The parameter identification of the reduced model (Maresca et al., 2016b) adopted for the martensite islands at the mesoscale
is detailed in the following.

The anisotropic elastic behaviour of the FCC RA films and BCC laths is described using the same elastic constants as those given
in Table 1. For the RA films, the parameters for the plastic slip on the three distinct slip systems in the habit plane are the same as
those listed in Table 1, for the full crystal plasticity modelling.

The isotropic plasticity parameters of the RA films and martensite laths are linked to the respective crystal plasticity model
parameters through the Taylor factor 7, i.e. the isotropic initial yield stress M, the saturation yield stress M, and the reference
hardening modulus H,, are obtained as

My = Tsy, (C.5a)
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Fig. C.18. Comparison between the effective stresses versus effective applied strains obtained using the fully resolved crystal plasticity and reduced modelling
of an infinite laminate consisting of the martensite laths and RA films under different overall loading types: (a) simple shear in different directions parallel to
the habit plane, and (b) biaxial and triaxial deformations in different directions.

My =Tsy, (C.5b)
Hy =1+ (T-1Dq) Thy, (C.5¢)

where for the isotropic reference hardening modulus H,,, the latent hardening effect has been taken into account by introducing an
extra factor 1+ (7— 1)q, which involves the latent/self hardening ratio g. A Taylor factor 7= 3.07 is adopted for the FCC RA films,
which is a typical value used in the literature for crystals with one active slip family (Rosenberg and Piehler, 1971). Since for the
BCC laths, two slip families are considered in this study, a somewhat lower Taylor factor 7= 2.95 is used (Rosenberg and Piehler,
1971). Substituting the above Taylor factor values and the latent/self hardening ratio ¢ = 1.4 from Table 1 into Eq. (C.5) leads to
the isotropic parameters for the RA films and laths. For consistency with the crystal plasticity modelling, the reference strain rate,
strain rate sensitivity and hardening exponent are taken as ¢, = ,, a = m and b = n, respectively. The resulting material parameters
for the isotropic contributions are listed in Table 3.

Extensive numerical simulations are performed to validate the reduced lath martensite model with the identified parameters
against the fully resolved crystal plasticity model. An infinite laminate consisting of the martensite laths and RA films is considered,
with the crystallographic orientations of both phases the same as shown in Fig. 4. Four different overall deformation gradient tensors
are applied on the laminate, defined with respect to the coordinate axis directions indicated in Fig. 4:

+ in-plane simple shear (F), = I +yé,é,,
+ in-plane biaxial loading (F), = ié, ® €, + %é'y ®e,+é,
+ out-of-plane biaxial loading (F), = i¢, ® ¢, +¢,®¢, +

P . - - 1 = - 1
» triaxial loading (F), = e, ® &, + 7 ®eé, +—=

Here, y denotes the applied shear magnitude and A the applied stretch ratio. To study the influence of different loading directions,
the prescribed overall deformations have been rotated around the habit plane normal (i.e. Y axis in Fig. 4).

The results are shown in Fig. C.18. For each loading type, the direction-averaged effective response is reported, together with its
standard deviation. The simple shear deformation parallel to the habit plane activates the substructure boundary sliding, which is
predominantly realized by plastic slip on the three FCC slip systems parallel to the habit plane. As expected, this case is exceptionally
well captured by the reduced model, as can be seen in Fig. C.18(a). The dependency on the simple shear direction is small and can
be traced back to the minor anisotropy of the RA film in the habit plane, see the middle and right in Fig. C.18(a).

Under biaxial and triaxial deformations, where the sliding is inactive, the reduced model is still able to reproduce the direction-
averaged effective responses reasonably well, as shown in Fig. C.18(b). In particular, under triaxial deformation, the difference
between the direction-averaged effective responses obtained using two models, are almost invisible. This may be attributed to the
fact that more slip systems are activated under the triaxial deformation compared to the biaxial deformation, leading to a better
approximation of the crystal response through the Taylor factor. The pronounced direction dependency of the effective responses in
the cases of inactive sliding is also clearly observed in Fig. C.18(b), which is due to the lath anisotropy. This direction dependency
is not captured by the reduced model, where an isotropic plastic behaviour of the laths is assumed.
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Based on the above numerical examinations and the early stated hypothesis that the sliding-induced deformation mode is
favourable to occur for the martensite islands, it is concluded that the reduced martensite island model is able to approximate
the fully resolved model with adequate accuracy.
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