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The twinning-induced plasticity effect enables designing austenitic Fe-Mn-C-based steels
with >70% elongation with an ultimate tensile strength >1 GPa. These steels are characterized
by high strain hardening due to the formation of twins and complex dislocation substructures
that dynamically reduce the dislocation mean free path. Both mechanisms are governed
by the stacking-fault energy (SFE) that depends on composition. This connection between
composition and substructure renders these steels ideal model materials for theory-based
alloy design: Ab initio-guided composition adjustment is used to tune the SFE, and thus, the
strain-hardening behavior for promoting the onset of twinning at intermediate deformation
levels where the strain-hardening capacity provided by the dislocation substructure is
exhausted. We present thermodynamic simulations and their use in constitutive models, as
well as electron microscopy and combinatorial methods that enable validation of the strain-

hardening mechanisms.

Introduction
Twins impede dislocation glide. They act as barriers to disloca-
tions, promoting their aggregation and decreasing their mean
free path."”!! Twinning depends on the stacking-fault energy
(SFE).">'7 In face-centered-cubic (fcc) alloys, the SFE can
be tuned by alloying.'® ' This opens compositional access to
“optimal strain-hardening design.”>!">'"2* This term refers to a
state where twins and the associated substructures do not form
instantly upon initial yielding, but rather, they form over a
wide loading range, so as to enable permanent dynamic reduc-
tion of the dislocation free path and hence continuous strain
hardening.® We can apply this design concept to twinning-
induced plasticity (TWIP) steels, as described in this article.
To understand how strain hardening responds to a change
in SFE via alloy tuning, the first step lies in identifying its
dependence on composition. With this knowledge, the descrip-
tion of the strain-hardening modes can be rendered chemistry
sensitive. The next step is to understand the underlying strain-
hardening mechanisms. These are twin nucleation and growth,

dislocation cross-slip, and twin—slip, slip—slip, and twin—twin
interactions.! 4817

While the first step is accessible to thermodynamic calcu-
lations on the basis of ab initio-derived interface energies that
can be obtained by density functional theory (DFT) calcula-
tions, the second step can be formally rendered by mapping
the individual strain-hardening effects into mean field rate
equations that are based on internal variables and by coupling
the twin nucleation rate to the dislocation substructure and to
the SFE. This combination of ab initio-derived thermodynamics
and constitutive internal variable models renders this alloy
design approach into a multiscale plasticity model where
ab initio-derived quantities are linked with constitutive
microstructure evolution equations (Figure 1). The constitutive
parameters are validated by the measurement of dislocation
densities and twin volume fraction fractions using electron
channeling contrast imaging (ECCI) and transmission elec-
tron microscopy (TEM).>82* Texture and grain size effects are
mapped using electron backscatter diffraction.'®
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undeformed state and would also hold after the
formation of stacking faults, provided that C
atoms remain trapped at octahedral sites and
are displaced together with the lattice during
the diffusionless rearrangement. This is realistic,
since at room temperature, diffusion of C in fcc
Fe is negligible.

To estimate local gradients in the C chemical
potential induced by formation of an intrinsic
stacking fault (ISF), we performed supercell
calculations that contain such a defect.”” The
results reveal there is a significant thermo-
dynamic driving force to out-diffuse C from
the local hexagonal close-packed region that
is formed next to an ISF. Kinetic simulations
indicate that such diffusion will become rele-
| vant if the sample is heated by several hundred
f K?® (Figure 2). Since segregation of solutes
/ out of the defect is opposite to the commonly
! observed decoration of dislocations (i.e., the
Suzuki effect), we refer to it as the anti-Suzuki
effect.

Ab initio-based mechanism maps
for TWIP steels

For coarse-graining the ab initio-calculated

Figure 1. Using ab initio-informed internal variable models for describing strain hardening
in twinning-induced plasticity (TWIP) steels. The approach considers the composition
dependence of the stacking-fault energy (SFE) as a key parameter determining the
dynamic refinement of the microstructure as shown in the EBSD, ECCI, TEM, and APT

images. The stress-strain curves are for an Fe-22Mn-0.6C TWIP steel (wt%) at different

temperatures.® Upper row: EBSD texture map revealing twins; ECCI wide field of view
image of twins and dislocation arrangements;?® TEM image of the interaction between

SFEs into a wider composition-dependent
phase space, a subregular solution thermody-
namics model was applied for creating SFE
maps for a range of steels.?**

Figure 3 shows three-dimensional (3D)

twins and dislocations; APT map of Mn segregation. Bottom row: ISF energy calculated
by ab initio methods for one chemical composition. Use of this value in internal variable
strain-hardening modeling, including twin nucleation. ECCI, electron channeling contrast
imaging; TEM, transmission electron microscope; EBSD, electron backscatter diffraction;

APT, atom probe tomography.

deformation mechanism maps of high-Mn aus-
tenitic steels according to the calculation of the
SFE, including TRIP (transformation-induced
plasticity), TWIP, and MBIP (microband-

Understanding and designing mechanical
twinning by ab initio modeling

Deformation of TWIP steels can be traced to a few elementary
processes on the atomic scale. 4b initio-based materials design
enables the identification of key control parameters that trig-
ger certain microstructure features, such as twin nucleation
(Figure 1).® The twin-boundary formation in austenite is char-
acterized by local adaptation of the sequence of {111} atomic
layers. Such adaption is only possible if the energy to create
the change in the stacking sequence—the SFE—is sufficiently
low. Recent advances in ab initio simulation tools provide
access to the dependence of the SFE on chemical composition,
stress state, or temperature with high accuracy.?*

For example, DFT allows for calculation of the SFE depen-
dence on the C content in the Fe-C system. Simulations reveal
an enormous increase in SFE with increasing C content.” An
underlying assumption behind this result is that C atoms are
distributed homogenously. This assumption is justified for the

induced plasticity) effects. A SFE value of
20 mJ/m* marks the borderline between TRIP
and TWIP*" and a value of 50 mJ/m? is seen as an upper limit
for TWIP.*® With the addition of Al, the SFE increases, and the
k-phase (Fe, Mn);AlIC precipitates in Fe-Mn-Al-C steels.?**
Figure 3 reveals the regime where Kappa-carbide occurs
(at 873 K) based on CALPHAD (CALculation of PHAse
Diagrams) calculations, together with the 3D composition-
dependent SFE map of an Fe-Mn-Al-C steel (at 300 K). The
SFE maps predict the prevalent deformation mechanisms in
Fe-Mn-C and Fe-Mn-Al-C steels; this enables the design of
optimal strain hardening, 8921304348

Combinatorial TWIP steel design

A combinatorial approach was used in translating the simu-
lated trends into real materials. It combined co-sputtering of
thin-film composition spreads with high-throughput charac-
terization to define composition—structure—property relation-
ships.* Here, we focus on the composition dependence of the
elastic properties.
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Figure 2. Nonmagnetic ab initio calculation of the energetics

of a single C atom along a diffusion path from the center of
the stacking fault into the matrix. The jump between the (111)
atomic layers is schematically shown in the lower part of the
figure, where the colors of the atoms indicate the stacking
sequence of these layers. The different shaded areas indicate
the hexagonal close-packed (center of faults, two kinds of
layers) and face-centered-cubic (fcc) stacking sequence (three
kinds of layers). The green squared symbols in the upper part
of the figure (connected by a dotted line as a guide for the eye)
provide the C solution enthalpies in the interstitial sites, whereas
the red solid line represents the energy barrier for the diffusion
as determined in a nudged-elastic band (NEB) calculation. The
black dashed line visualizes an energy profile obtained after
renormalizing the ab initio values to match the experimental
value in the bulk fcc region.?®

12

C (Wt%)

Figure 3. Three-dimensional composition-dependent SFE map
for Fe-Mn-Al-C steel at 300 K. Note: MBIP, microband-induced
plasticity; TRIP, transformation-induced plasticity; TWIP,
twinning-induced plasticity; and SFE, stacking-fault energy.®®

Figure 4 shows the experimental setup for the co-sputter
deposition of Fe-Mn-X composition spreads from Fe-, Mn-,
and transition-metal targets (X). Utilizing this experimental
setup, Fe-Mn,*-3! Fe-Mn-C,>? Fe-Mn-X, X = Al, Si,>*** and
Fe-Mn-X (X = {Cr, Co, Ni, Cu})*** composition spreads were
synthesized.
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Figure 4. Schematic representation of the combinatorial
approach: Fe-Mn-X composition spreads are grown by
co-sputtering from three magnetrons where the geometric
arrangement of the plasma sources results in concentration
gradients. Young’s modulus and lattice parameter data obtained
by x-ray diffraction (XRD) and nanoindentation experiments along
the Co concentration gradient are presented and compared
to ab initio simulations.®

Characterization of the structures by x-ray diffraction and
of elastic properties by nanoindentation along the concentra-
tion gradients allowed relating the effects of composition on
the equilibrium volume and to the Young’s modulus. These
results were compared to quantum mechanical predictions. This
correlative strategy enables validation of structure and elastic
properties as well as of the underlying magnetic effects.’*%’
The trends revealed by the thin-film combinatorial results
were subsequently used for rapid TWIP alloy screening by a
bulk combinatorial approach that included high-throughput
synthesis, thermomechanical processing, and mechanical test-
ing of the alloy (i.e., a process sequence referred to as RAP:
rapid alloy prototyping).* The chemical composition depen-
dence of the Young’s modulus data served as input for the
plasticity models is described next.53%60
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Constitutive modeling of strain hardening in
TWIP steels

The observed dependence of the SFE and the elastic proper-
ties on composition were used to inform a constitutive defor-
mation model.®*%° The equations related to the dislocation
mechanisms are given in Reference 61. Twinning is split into
nucleation and growth. Nucleation is formulated based on the
reaction of two dislocations to form a twin nucleus.* For the
nucleus to grow, a critical stress must be overcome that is
dependent on the SFE.® The SFE is obtained by combined
ab initio and thermodynamic modeling.”**? Twin growth is
instantaneous until an obstacle is encountered. Further details
are given in References 8 and 61.

The ab initio-informed constitutive model is thus capable
of describing the strain-hardening behavior of the TWIP steel
as a function of composition (through the SFE), temperature,
and strain rate (Figure 1 and Figure 5).

TWIP steel microstructures revealed by ECCI

ECCI enables quantitative characterization of the deformation
structures of TWIP steels for a wide field of view.2810.11.62-64
Figure 6 shows the evolution of the deformation substructure
upon tensile deformation in an Fe-22Mn-0.6C (wt%) steel.
The orientation dependence of the deformation structures is
provided by the TA-IPFs (TA: tensile axis; IPF: inverse pole
figure)."® The ECC image of a dislocation pattern at optimum
contrast is characterized by bright structures with a sharp
boundary contrast over a dark background. This figure reveals
the complex evolution of the dislocation patterns and their
interaction with the evolving twin substructure, which is asso-
ciated with the low SFE of TWIP steels (20-40 mJm2), high
C content, and orientation dependence of the

of a well-defined twin substructure. At this stage, we can
distinguish between three types of deformation substructures,
namely, Types I, II, and III. Type I is a twin-free structure that
is formed by fine equiaxed DCs. This substructure forms in
grains oriented close to (001)//TA directions (red dots in the
TA-IPF). Type Il is characterized by a lamellar twin struc-
ture along the primary twinning system. This substructure is
formed in grains oriented along the line between (001)//TA
and (111)//TA directions (green dots in the TA-IPF). Type III
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Figure 5. Strain-hardening behavior corresponding to the true
stress—true strain curves shown in Figure 1 for an Fe-22Mn-0.6C
twinning-induced plasticity steel (wt%) at different temperatures.
One parameter set was used for the whole temperature range.®

deformation mechanisms.>811.18.62-64

At the early stage of deformation (0.1 true
strain/380 MPa), the substructure is dominated
by dislocation cell blocks (CBs) and disloca-
tion cells (DCs). These patterns are associ-
ated with wavy and planar slip characteristics,
respectively.>!® Crystallographic CBs are formed
in grains containing a limited number of {111}
active slip systems, such as in grains oriented
close to (112)//TA directions. Noncrys-
tallographic CBs delimited by high-density
dislocation walls (HDDWs) that can deviate
by up to 10° from the {111} slip planes are
attributed to multiple slips. These dislocation
patterns are observed in grains oriented close
to (111)//TA directions. DCs are built up in

Deformation Substructure

Cellblocks.

N
& \

2 twin systems )
3 HDOW

7

HDDWs

(DCs)

grains when a high number of slip planes are
activated and dislocation cross-slip is enabled
(i.e., grains oriented close to (001)/TA direc-
tions [red dots in the corresponding TA-IPF
shown in Figure 6]).

At higher stress levels (720 MPa), twin-
ning increases, leading to the development

I I
400 700
True Stress (MPa)

Figure 6. Evolution of the deformation substructure upon tensile deformation in an
Fe-22Mn-0.6C (wt%) twinning-induced plasticity steel examined by the electron channeling
contrast imaging technique and plotted in tensile axis-inverse pole figure (TA-IPF)
diagrams.2'® The large blue arrow indicates the texture changes during deformation
(HDDW, high-density dislocation wall; DC, dislocation cell).
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mechanical test data for an Fe-22Mn-0.6C
TWIP steel (wt%) between 293 and 873 K
using a single set of physically motivated
parameters. Applying this design concept
in the future and also to other alloy variants
in the field of advanced high-strength steels
requires including further deformation mecha-
nisms (e-martensite, a-martensite) and their
interdependence. This is specifically important
for the development of next-generation middle-
Mn high-strength TRIP steels.

Figure 7. Transmission electron microscope investigations of an austenitic Fe-14Cr-16Mn-
0.3C-0.3N alloy. (a) Measurement of Shockley partial-dislocation separation distances
based on weak-beam dark-field imaging with a beam direction near [111] on defects

in the (111) habit plane using (-220) type g-vectors. The images were acquired using
9(89) diffracting conditions. (b) Bright-field image of extended stacking faults (SFs)
blocked at twin lamellae (inset: selected area diffraction pattern) and (c) (111) twin plane
reflection showing dislocation pileups at planar defects at a true strain ¢ = 0.21.%°
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is characterized by a well-defined twin substructure consist-
ing of a primary twin system and one or two secondary twin
systems. This substructure forms in crystals oriented close to
(111)//TA directions (blue dots in the TA-IPF).

TEM-based analysis of the SFE and defect
arrangements
Analysis of the influence of SFE on the deformation mecha-
nisms requires an experimental measurement of its value.
Analysis of the partial dislocation spacing using weak-beam
dark-field (WBDF) TEM techniques® has proven adequate for
direct SFE determination.®® A quantitative value of the SFE
can be determined from the separation distances of Shockley
partial dislocation pairs.’! Figure 7a shows a WBDF image of
a partial dislocation pair exhibiting separation distances in the
range of 8—10 nm in a sample after light deformation (1.5%).
The fitted experimental data indicate a SFE of 21 £ 6 mJ/m?
for the investigated Fe-14Cr-16Mn-0.3C-0.3N steel %
Further insight into strain hardening can be gained by
conventional TEM analysis of strained samples. The primary
mechanical twins contribute to the strain hardening by acting
as obstacles to dislocations gliding on different slip systems,
Figure 7b, which shows mechanical twins and intersecting stack-
ing faults after 0.21 true strain. Dislocation accumulation at the
twin boundaries is evident in Figure 7c, which is a higher magni-
fication image of the twinned area in Figure 7a under diffraction
conditions that make the dislocation arrangement visible.®

Conclusions and outlook

For alloys whose strain hardening is determined by mechani-
cal twinning, ab initio-guided alloy design can be realized
by revealing the composition dependence of the SFE and by
considering these trends in internal variable plasticity models,
including twinning, dislocation substructure evolution, and
grain-size effects. We applied this concept to the develop-
ment of Fe-Mn-C-based TWIP steels. Excellent agreement
of the predictions was found with combinatorial synthesis and
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74" Device Research
Conference

June 19-22 | Newark, Delaware
mrs.org/drc-2016

58" Electronic Materials

._‘ Conference

"‘ June 22-24 | Newark, Delaware
mrs.org/58th-emc

T
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American Conference
on Neutron Scattering

ACNS :July 10-14 | Long Beach, California

2016 mrs.org/acns-2016
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MARK YOUR CALENDAR!

Join us for these upcoming MRS Conference Services events in 2016
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|CM‘VPE XVIII July 10-15 | San Diego, California
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IWN 2016

Because the Experience Matters
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18" International Conference
on Metal Organic Vapor Phase Epitaxy

mrs.org/icmovpe-xviii

5% International Conference

on Metal-Organic Frameworks

& Open Framework Compounds
September 11-15 | Long Beach, California
mrs.org/mof-2016

International Workshop

on Nitride Semiconductors
October 2-7 | Orlando, Florida
mrs.org/iwn-2016
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