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To exploit the full potential of advanced high-strength steels (AHSS), a more in-depth understanding of the 
complex micromechanical interaction of thin-film retained austenite (RA) and lath martensite is indispensable. 
Inspired by the medium-Mn steel microstructure, a three-dimensional micromechanical modeling approach 
is therefore proposed in the present work, embedding the thin RA films explicitly into the hierarchical lath 
martensite structure. This enables systematic studies of the effect of RA film thickness and volume fraction on the 
local stresses and strains as well as their partitioning within the microstructure. The investigations reveal that 
with shrinking RA volume fraction, both stress and especially strain heterogeneity in the thin-film RA intensifies. 
In the martensite blocks, stress and strain heterogeneity also intensifies, although stresses are generally more 
heterogeneously, and strains much more homogeneously, distributed than in RA. The results underline the key 
role of RA with thin-film morphology for further optimizing AHSS microstructures.
Medium-Mn steels as part of the 3rd generation advanced high-

strength steels (AHSS) enjoy considerable attention in recent times [1,

2]. This attention is largely driven by their higher strength, greater 
formability and lower cost compared to the high-Mn predecessors, i.e. 
twinning-induced plasticity (TWIP) steels [2]. The emerging class of 
medium-Mn steels is distinguished by a significant amount of retained 
austenite (RA), incorporated for example in a hierarchical lath marten-

site matrix, forming a characteristic two-phase microstructure [3,4]. 
The RA provides enhanced ductility due to a higher strain hardening 
rate triggered by the transformation-induced plasticity (TRIP) effect 
after forming martensite [1]. While lath martensite has a specific hi-

erarchical structure with prior austenite grain (PAG) structure, pack-

ets, (sub-)blocks and laths of particular crystallography [5–20], the RA 
morphology is either thin-film or blocky depending on the processing 
conditions [3]. Experimental observations indicate that the mechani-

cal stability of the thin RA films is typically higher than of the block 
morphology [21,22]. However, the influence of morphology remains a 
topic of debate, and the exact role of morphology is still not entirely 
clear. Other factors, such as composition, size and surrounding matrix 
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or different local stresses in these two morphology variants, may also 
play a role [3].

To guide the microstructure-based development of AHSS, the present 
work seeks to computationally unveil the complex micromechanical 
interaction of thin-film RA and lath martensite using full-field crystal 
plasticity simulations. Full-field simulations are chosen as the com-
plex micromechanical interaction cannot be readily captured by phe-
nomenological or empirical models [23–26]. The in-depth microme-
chanical analysis of the interaction between the two microstructural 
constituents also provides valuable new insights into the overall RA 
stability behavior. At this point, it is important to recall that the role 
of interlath RA films has been previously studied using crystal plas-
ticity simulations, with a focus on the damage initiation behavior in 
both dual-phase [27–30] and fully martensitic microstructures [31,32]. 
However, in those computational studies, the thin RA films were not ex-
plicitly embedded in the lath martensite structure in a three-dimensional 
(3D) setting. The present work attempts to fill this knowledge gap by 
systematically examining the impact of RA layer thickness, and conse-
quently its volume fraction, on local stresses and strains. Future work 
will aim to explore both features independently. In this context, stress 
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Table 1

Chemical composition in wt.% and microstructural 
constituents of the investigated medium-Mn steel, 
comprising lath martensite (matrix) and thin-film re-
tained austenite (RA).

C Mn Fe Two-phase microstructure

0.18 5.08 bal. lath martensite + thin-film RA

and strain partitioning within the microstructure is also of particular 
interest [33–35].

The material investigated is a medium-Mn steel, whose chemical 
composition is detailed in Table 1. Different heat treatment cycles are 
conducted to attain the desired two-phase microstructure of a lath 
martensite matrix and RA with a distinct thin-film morphology. All sam-
ples are cut from an 8 mm thick hot-rolled steel plate. Throughout the 
heat treatment, the samples are encapsulated in quartz tubes to prevent 
oxidation by the surrounding atmosphere. The entire heat treatment 
process is summarized in [3]. In the first cycle, the material is homog-
enized at 1200 ◦C for 15 h and water quenched to room temperature 
(RT). In the second cycle, the steel is austenitized at 900 ◦C for 15 min 
before quenching to RT to produce a fully martensitic microstructure. 
Finally, in the third and final cycle, the material is intercritically an-
nealed at 650 ◦C for 3 h to establish a two-phase microstructure of a 
martensitic matrix and RA, before water quenching to RT.

After the controlled heat treatment, the microstructure is charac-
terized using electron backscatter diffraction (EBSD) in a JEOL-7800F 
scanning electron microscope (SEM). Sample preparation involved me-
chanical grinding and polishing to a 1 μm finish, followed by colloidal 
silica suspension polishing (0.02 μm) and final electropolishing for op-
timal surface quality. EBSD data is post-processed using the capabilities 
of the open-source software MTEX [36,37]. The evaluation of the recon-
structed PAGs is based on the single-step version of the variant graph 
algorithm, including the determination of a representative orientation 
relationship as described in [38]. This representative orientation rela-
tionship is crucial for successful reconstruction, rather than considering 
only the austenite-to-martensite Kurdjumov–Sachs (KS) orientation re-
lationship and the crystallographic orientation of each martensite vari-
ant [38,39]. Closely related orientation relationships (misorientation 
angle about 2.5◦), such as Nishiyama–Wassermann [40] and Greninger–
Troiano [41], present alternatives, where only minor changes in the 
micromechanical response are anticipated between the different rela-
tionships. It is noted that the reconstruction quality may be affected 
by the intercritical annealing at 650 ◦C, which could introduce minor 
changes to the orientation map from its original martensitic state.

Fig. 1 shows the EBSD characterization of the medium-Mn steel re-
vealing the initial two-phase microstructure, comprising RA as well as 
lath martensite (M). The individual, clearly defined microstructural con-
stituents are indicated by the color-coded phase (top) and inverse pole 
figure (IPF) maps (bottom). The RA volume fraction is about 33%. Also, 
a reconstructed, fairly large PAG size is revealed from the IPF map (bot-

tom right). While RA unfolds the characteristic thin-film morphology, the 
lath martensite structure exhibits a typical packet and block-like char-
acter. The thin RA films are embedded between the martensite blocks 
and laths, with the film thickness being visibly smaller than the block 
width. The average aspect ratios measured are 2.9±1.7 for the RA films 
and 2.7±1.6 for the martensite blocks. Regarding the corresponding av-
erage long axis, the RA films exhibit values of 0.50±0.46 μm, while the 
martensite blocks show values of 0.69±0.96 μm. Within a packet, both 
the films and blocks are arranged nearly parallel, although films and 
blocks can be partially interrupted. The IPF maps also clearly show that 
the crystallographic orientation of the RA films deviates from that of the 
martensite blocks. Within a single PAG, the RA films exhibit a uniform 
orientation, whereas the martensite blocks adopt varying orientations 
2

following the KS orientation relationship.
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Fig. 2 illustrates the synthetically generated two-phase microstruc-
tures employed for the computational study based on color-coded phase 
maps (top and middle) for three selected RA volume fractions of 33, 23 
and 8%. It is worth noting that synthetically generated structures, in 
contrast to real measured microstructure representations, play a deci-
sive role in materials design due to their highly flexible setup [23,42]. 
The three different volume fractions are derived from a systematic vari-
ation of the ratio of RA thin-film thickness to martensite block width 
amounting to 1:2 (33%), 3:10 (23%) and 1:10 (8%). While thinning the 
RA thin-film thickness, the block width is kept constant and one RA 
film is always located between two blocks. For each RA volume frac-
tion, however, both the block width and thin-film thickness are assumed 
to remain the same and do not vary within the synthetic microstruc-
ture [43,44]. As sub-blocks and laths within a block form substructure 
units with low misorientation angle and their strength contribution is 
smaller and therefore often neglected, blocks (and thin-films) provide 
the bottom scale in the present modeling approach [45,46]. In general, 
the synthetic microstructures for each volume fraction are generated 
according to the principle of replicating the martensitic transformation 
process (starting from the top scale):

1. Fully austenitic microstructure (representing the PAG scale) com-
posed of equiaxed grains with random crystallographic orientation.

2. Intermediate martensitic microstructure (representing the packet 
scale) consisting of equiaxed sub-grains (packets) with random se-
lection of one of the four possible habit planes.

3. Two-phase martensitic/austenitic microstructure (representing the 
block/RA scale) comprising parallel sub-packet lamellae (blocks/RA)
stacked in the habit plane normal direction, with one of the six 
possible martensite variants randomly selected for each of the four 
planes.

In total 24 variants (six variants for each of the four possible habit 
planes) are available [39]. Instead of selecting one of the variants ac-
cording to the KS relationship, the thin RA films are assigned their 
crystallographic orientation based on the random assignment for the 
top PAG scale. The resulting underlying orientation situation is also il-
lustrated in Fig. 2 (bottom) utilizing IPF maps. Further details on the 
synthetic generation of the pure lath martensite structure can be found 
in [45,47]. To accurately represent the two-phase microstructure, ex-
perimentally measured sizes of microstructural constituents are sup-
plied as input into the multiscale tessellation method available in the 
open-source software Neper [48]. Based on the investigations by [12], 
the relationship between packet and PAG size for numerous different 
martensitic steels is given by 𝑑p = 0.400 ⋅ 𝑑g, where 𝑑p is the average 
packet size and 𝑑g the average PAG size. By initially assuming three 
PAGs in the synthetic microstructure for the different RA volume frac-
tions, the validity of this relationship is ensured by adjusting the number 
of packets (27 in total) accordingly. A similar relationship holds for the 
block width specified by 𝑤b = 0.067 ⋅ 𝑑g, where 𝑤b is the average block 
width [12]. Again, the number of blocks or rather their width is var-
ied until the validity of the relationship is fulfilled. With a RA volume 
fraction of 33%, this yields 299 blocks and films, with a volume frac-
tion of 23% the number increases to 339 and with 8% to 395. Unlike 
in [12], each packet is not divided into six lath structures with a common 
orientation. For the microstructure measured here, the ratio of block 
width to PAG size is determined to be 0.013, which is the same order of 
magnitude as the value provided in [12]. It should be emphasized that 
selecting the size of the synthetic microstructure involves a trade-off 
between computational effort and the need to equally represent three 
different RA volume fractions.

The crystal plasticity finite element method (CPFEM) is exploited 
to systematically investigate the intrinsic effect of thin-film RA volume 
fraction on the mechanical response at the microscopic scale. To sep-
arate the components of elastic 𝐅e and plastic deformation 𝐅p in this 

approach, a multiplicative decomposition of the deformation gradient 
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Fig. 1. EBSD characterization of the medium-Mn steel revealing a two-phase microstructure, encompassing thin-film retained austenite (RA) as well as block-like 
lath martensite (M). The individual microstructural constituents are highlighted by color-coded phase (top) and inverse pole figure (IPF) maps (bottom). Based on the 
color-coded phase maps, a RA volume fraction of about 33% can be ascertained. A reconstructed, fairly large prior austenite grain (PAG) size is evident from the IPF 
map. (For interpretation of the colors in the figure(s), the reader is referred to the web version of this article.)
by 𝐅 = 𝐅e𝐅p is executed. The generalized Hooke’s law with 𝐒 = ℂ ∶ 𝐄
is employed to find the actual stress state in the material. This relates 
the elastic Green–Lagrange strain 𝐄 with the second Piola–Kirchhoff 
stress 𝐒 through the elastic stiffness ℂ. Given the identity tensor 𝐈, the 
Green-Lagrange strain is calculated from 𝐄 = 1∕2 

(
𝐅T
e𝐅e − 𝐈

)
. The elastic 

stiffness inherits the symmetrical properties of the underlying crystal lat-
tice, whereby only three elastic constants (𝐶11, 𝐶12 and 𝐶44) are relevant 
due to this symmetry. The dislocation slip-induced plastic component is 
derived from the plastic velocity gradient 𝐋p . Here, the actual crystal 
plasticity sets in by establishing the sum of the slip rate 𝛾̇ 𝛼 over the 
total number of slip systems 𝑁s

𝐋p = 𝐅̇p𝐅−1
p =

𝑁s∑
𝛼=1

𝛾̇ 𝛼 𝐦𝛼 ⊗ 𝐧𝛼 , (1)

where 𝐦𝛼 is the slip direction and 𝐧𝛼 the slip plane normal of a slip 
system 𝛼 [49].

To qualify the material hardening, a phenomenological description 
is deployed. On each slip system, the shear rate progresses according to 
the power law proposed by [50–52]

𝛾̇ 𝛼 = 𝛾̇0

|||||
𝜏𝛼

𝑠𝛼

|||||
1
𝑚

sgn (𝜏𝛼) , (2)

where 𝛾̇0 is the reference shear rate and 𝜏𝛼 the resolved shear stress 
opposed to the critical resolved shear stress 𝑠𝛼 (CRSS). Strain rate sen-
3

sitivity is reflected by the material parameter 𝑚. How the slip system 𝛽
affects the hardening behavior of system 𝛼 is mirrored in the CRSS evo-
lution by

𝑠̇𝛼 =
𝑁s∑
𝛽=1

ℎ𝛼𝛽
|||𝛾̇𝛽 ||| , (3)

where ℎ𝛼𝛽 is the interaction hardening matrix

ℎ𝛼𝛽 = 𝑞𝛼𝛽

[
ℎ0

(
1 − 𝑠𝛽

𝑠∞

)𝑛]
, (4)

determining the micromechanical interaction between the different sys-
tems through the slip-slip matrix 𝑞𝛼𝛽 (1.0 for coplanar slip systems 
and 1.4 otherwise). For all slip systems, the slip hardening parame-
ters ℎ0, 𝑛 and 𝑠∞ are identical. To integrate the constitutive law outlined 
above over time, the CPFEM model is implemented in the commercial 
finite element (FE) software Abaqus using a customized material sub-
routine [42]. The elastic constants and crystal plasticity parameters for 
the face-centered cubic (fcc) thin-film RA and body-centered cubic (bcc) 
blocky martensite are listed in Table 2. The parameters listed are based 
on the extensive work of Maresca et al. [31,28,29], initially determined 
from experimental microtensile test data reported in [53]. It is important 
to note that different RA volume fractions affect the carbon content in 
RA and thus its mechanical properties [3]. However, since the present 
study concerns only the morphological aspects, this influence is over-
looked and the parameters assumed are identical for all three volume 

fractions.
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Fig. 2. Representative two-phase medium-Mn steel microstructures. The thickness of the thin-film retained austenite (RA) is systematically thinned, while the width 
of the martensite (M) blocks remain constant, reducing the RA volume fraction (top). Based on the corresponding finite element (FE) models (bottom), the underlying 
crystallographic orientations emerge. The thin RA films display a uniform orientation within a single prior austenite grain (PAG), while the orientations of the M 
blocks adhere to the Kurdjumov–Sachs relationship.
Table 2

Elastic constants and crystal plasticity parameters of 
thin-film retained austenite (RA) as well as block-like 
lath martensite (M) [31,28,29]. Plastic deformation of 
thin-film RA occurs on the 12 octahedral face-centered 
cubic (fcc) slip systems {111} ⟨110⟩. In contrast, plastic 
deformation of block-type M is considered on the 12 pri-
mary and 12 secondary body-centered cubic (bcc) slip 
systems {110} ⟨111⟩ and {112} ⟨111⟩ respectively.

Property Value Unit Property Value Unit

Thin-film RA (fcc) Block-like M (bcc)
𝐶11 268 GPa 𝐶11 349 GPa
𝐶12 156 GPa 𝐶12 202 GPa
𝐶44 136 GPa 𝐶44 176 GPa
𝛾̇0 0.01 1/s 𝛾̇0 0.01 1/s
𝑠0 265 MPa 𝑠0 765 MPa
𝑠∞ 340 MPa 𝑠∞ 3000 MPa
ℎ0 250 MPa ℎ0 2250 MPa
𝑚 0.05 - 𝑚 0.05 -
𝑛 1.5 - 𝑛 1.5 -

Due to the different RA volume fractions investigated, varying mesh 
densities are required to accurately discretize the two-phase microstruc-
4

ture representations (Fig. 2, bottom). For example, with an RA volume 
fraction of 33%, the microstructure representation is meshed using 
611,000 tetrahedral elements with linear shape functions and full in-
tegration. In contrast, with an RA volume fraction of 8%, the number of 
elements rises to around 1,013,000. The unstructured meshing method 
with tetrahedral elements is favored as it allows precise mapping of 
stresses and strains at the boundaries. This is in contrast to the struc-
tured meshing method, based on hexahedral elements or Fast Fourier 
Transform (FFT) calculations using voxels [42,54]. For achieving a uni-
axial stress state, corresponding in most cases to experimental tensile 
test conditions, minimum boundary conditions are imposed [55,56]. To 
this end, the top face is axially displaced in 𝑧-direction under quasi-
static loading until a macroscopic tensile strain of 3% is attained (see 
FE model in Fig. 2, bottom). The opposite bottom face is fixed in the axial 
direction. To prevent rigid body motion, two vertices on the bottom face 
are additionally fixed. All four lateral faces remain free to accommodate 
contraction perpendicular to the loading direction.

For qualitative assessment, Fig. 3 shows the predicted equivalent 
stress (top) and strain contour plots (middle) at 0.3% macroscopic de-
formation as a function of thin-film RA volume fraction (left to right). 
In the case of 23% RA volume fraction, locations of severe stress con-
centration and strain localization within the two-phase microstructure 
at 1.5% macroscopic deformation are indicated by arrows (bottom). For 

reference, PAG boundaries are also highlighted. A characteristic hetero-
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Fig. 3. Predicted equivalent stress (top) and strain contour plots (middle) at 0.3% macroscopic deformation as a function of thin-film retained austenite volume fraction 
(left to right). Locations of severe stress concentration and strain localization within the two-phase microstructure representations at 1.5% macroscopic deformation 
are indicated by arrows (bottom). For reference, prior austenite grain (PAG) boundaries are highlighted.
geneous distribution of high and low values can be determined for the 
stresses. The higher stress values are attributed to the stronger marten-
site blocks and the lower ones to the softer, more ductile thin RA films. 
With falling RA volume fraction, the overall stress level within the 
two-phase microstructure appears to increase moderately. No obvious 
alteration can be recognized for the stress heterogeneity. What is obvi-
ous, however, is the concentration of stresses at the adjacent boundaries, 
i.e. PAG, packets and blocks, that accompanies increasing macroscopic 
deformation. This often manifests itself in characteristic stress concen-
tration patterns arising from the sliding of the martensite blocks on 
the RA films (see pair of three arrows in Fig. 3, bottom left). Concern-
ing the predicted strains, a distribution of high and low values is also 
observed, whereby the strains in the martensite blocks appear more ho-
mogeneous. As the RA volume fraction decreases, the overall strain level 
appears to be slightly elevated. In contrast to the stress concentrations, 
less distinct patterns emerge for the strain localization with increasing 
macroscopic deformation. However, a certain localization can be no-
ticed at the packet boundaries. The sliding of the martensite blocks on 
the thin RA layers is also evident here at the edge of the analyzed mi-
crostructure domain (see arrow pair in Fig. 3, bottom right).

Fig. 4 provides a more quantitative assessment of the equivalent 
stress (top) and strain heterogeneities (bottom) at 0.3% macroscopic de-
formation for the different RA volume fractions using the associated 
statistical data. To elucidate the data trends of RA (left) and lath marten-
site with its block-like morphology (right), normal distribution functions 
(solid lines) are fitted to the computed statistics (dots). The three insets 
in the corners enlarge the right-hand distribution tails to emphasize ex-
treme values. For the predicted RA distributions, it is evident due to 
the distribution flattening that as the volume fraction shrinks, both the 
5

heterogeneity of the stresses and, above all, that of the strains increase 
significantly. In the case of strains, the distribution curves are almost 
completely flattened. At the lowest RA volume fraction of 8%, maxi-
mum strains of over 80% are achieved. Maximum stresses emerge at 
the lowest RA volume fraction of 8% and arrive at values slightly above 
3000 MPa. The stress and strain heterogeneity in the blocky marten-
site also appears to be dependent on the RA volume fraction, albeit 
less obviously. What is obvious, however, is that compared to the thin 
RA films, the stresses in the martensite are distributed much more het-
erogeneously at a higher level, likely due to its enhanced hardness. 
The distribution of the strains in the blocks, on the other hand, is sig-
nificantly more homogeneous, represented appropriately by the fitted 
normal distributions. For the lowest RA volume fraction of 8%, maxi-
mum strains of just over 4% are reached, which is only a fraction of the 
maximum strains found in the thin RA films.

In summary, a computational 3D micromechanical modeling ap-
proach is successfully employed to explore the influence of thin-film 
RA volume fraction on the local stress and strain distribution. The thin-
film RA is explicitly embedded in the complex lath martensite structure 
for the first time. Key findings include:

• With diminishing RA volume fraction, both stress and in particular 
strain heterogeneity rises in the austenite films upon tensile loading.

• In the block-like lath martensite, stress and strain heterogeneity also 
tends to rise with descending RA volume fraction. Compared to the 
softer austenite films, the stress heterogeneity in the harder marten-
site blocks is more pronounced, while the strain heterogeneity is 
significantly less distinct.

• The martensite blocks slide visibly on the thin RA films, creating 
stress concentration and strain localization at the adjacent bound-

aries (grains, packets or blocks).
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Fig. 4. Predicted equivalent stress (top) and strain distributions (bottom) at 0.3% macroscopic deformation as a function of thin-film retained austenite (RA) volume 
fraction. To emphasize the data trends of RA (left) and lath martensite (M) with its blocky morphology (right), normal distribution functions (solid lines) are fitted 
to the computed statistics (dots). The three inserts placed in the corners magnify the right-hand distribution tails.
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