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ARTICLE INFO ABSTRACT

Keywords: The micromechanics of the formability of a lean duplex TRIP steel was investigated using Synchrotron X-Ray
Duplex TRIP steel Diffraction (S-XRD) measurements and Crystal Plasticity Finite Element Modeling (CPFEM). Specifically, the ef-
Texture

fect of the ferrite phase on the reduction of stress concentrations in the martensite phase and the influence
of the austenite texture on the distribution of the martensite phase in the deep-drawn duplex TRIP steel were
studied in comparison to a TRIP steel case. A series of deep-drawing processes were carried out to examine the
sheet formability at ambient temperature, followed by S-XRD evaluations of the phase fraction, texture, and the
residual-stress distributions in the deep-drawn cups. The macroscopic residual stress and its partitioning among
constituent phases were studied using both S-XRD and CPFEM. In the deep-drawn TRIP steel, large tensile hoop
residual stresses concentrated in the strain-induced o’ martensite phase, correlating well with the cracking phe-
nomenon observed. Furthermore, the initial austenite texture influenced the martensite transformation kinetics
during the deep-drawing process, resulting in a heterogeneous distribution of the martensite phase fractions
around the circumference of the deep-drawn cups, which, in turn, caused an orientation-dependent cracking be-
havior. In the deep-drawn duplex TRIP steel, the tensile hoop residual stresses in the o’ martensite phase were
significantly reduced due to a favorable load partitioning to the ferrite phase, resulting in a better formability.

Residual stress
Synchrotron x-ray diffraction
Crystal plasticity finite element model

1. Introduction

The strain localization is one of the critical issues that needs to be
addressed for a better formability of alloys during sheet-metal forming
processes [1-3]. For example, the strain generated during a sheet-metal
forming process concentrates heterogeneously in the form of deforma-
tion bands [3-5]. The forming limit diagram, based on the limit strains
in the sheet-metal forming process, has been developed as a strain-based
failure criterion to evaluate the formability of sheet alloys [6-11]. Nu-
merous mechanistic studies have been reported based on such form-
ing limit diagram [1,12-14]. For example, Ghosh [1] and Kim et al.
[12] studied the formability of advanced high-strength steel alloys us-
ing numerical analysis and mechanical testing, respectively. These stud-
ies show that the limit strain correlates well with the strain rate, strain
hardening rate, and fracture elongation. Also, the limit strain can be
enhanced by increasing the strain hardening rate, which leads to a
delayed onset of necking during the plastic deformation. The method
of improving the formability by enhancing the strain hardening rate
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and ductility was applied in a number of alloy design studies [15-18].
For example, Xie et al. [15] improved the strain hardening rate and
ductility of CP800 high-strength steel by optimizing texture compo-
nents. As a result, the formability was enhanced with the increase in
the tensile elongation while maintaining its high strength. Srivastava
et al. [16] showed that an optimized heat-treatment condition for a
transformation induced plasticity (TRIP) steel could improve the ten-
sile elongation and result in a higher limit strain in the forming limit
curve. Accordingly, TRIP steels have gained tremendous interests due
to their high tensile strength, strain hardening rate, and tensile ductility
[19-24]. However, numerous studies have also reported that the TRIP
steels are susceptible to cracking problems during ambient-temperature
forming processes [25-28]. Since the cracking problem is often gov-
erned by the microstructure and its evolution during the sheet-metal
forming process [25,26,29,30], the consideration of the limit strain cri-
terion is not sufficient to provide the basic understanding of the mi-
cromechanics controlling the formability of steel alloys with a complex
microstructure.

2589-1529/© 2021 Acta Materialia Inc. Published by Elsevier B.V. All rights reserved.
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The influence of initial microstructure and its evolution on the stress
concentration and hydrogen embrittlement in TRIP steels during form-
ing processes have been studied [27,28,31-34]. For examples, Papula
et al. [27] studied the formability of steel alloys with different austenite
stabilities during a deep-drawing process using ferrite scope and x-ray
diffraction. It was reported that the macroscopic residual stresses in-
creased with the increased content of strain-induced o’ martensite phase
and that the martensite phase provided a diffusion path for hydrogen
and facilitated the hydrogen embrittlement. On the other hand, Guo
et al. [35] and Jung et al. [36] reported that metastable austenitic steel
alloys exhibited the cracking phenomenon in their deep-drawn compo-
nents even when the content of hydrogen was controlled to be less than
0.5 ppm. Similarly, in our recent study [37,38], a TRIP stainless steel
alloy exhibited a severe cracking problem during a deep-drawing pro-
cess at room temperature even when the hydrogen content was kept to a
minimum. Even though the TRIP alloy was expected to exhibit a better
formability than the austenitic steel counterpart based on the limiting
strain criterion with its higher strain hardening rate and tensile ductility,
the TRIP case actually showed a much inferior formability.

In general, heterogeneous distribution of the constituent phases in
a TRIP or a multiphase steel alloy would result in an interphase stress
partitioning and a stress concentration in the brittle martensite phase
[20,39]. For example, Tao et al., from their in-situ neutron diffraction
study of a ultrafine-grained TRIP alloy, reported that the applied stress
was transferred from the austenite phase to the strain-induced «’ marten-
site phase [20]. Furthermore, the magnitude of accumulated stresses in
the strain-induced «’ martensite phase was proposed to be dependent on
the phase transformation kinetics, which is influenced by the crystallo-
graphic texture. According to a synchrotron x-ray diffraction (S-XRD)
study by Cakmak et al. [19], a selective martensitic phase transforma-
tion occurred in a TRIP steel, resulting in different martensitic phase
transformation rates depending on the formation of deformation tex-
tures in the parent austenite phase, as it was observed in a number of
other studies [21,40-45].

Therefore, in order to understand the complex relationship between
the microstructure and the formability in deep-drawn multiphase al-
loys, it is important to investigate the role of constituent phases, crys-
tallographic texture, and martensite phase formation in the develop-
ment of macroscopic residual stresses and the stress partitioning among
constituent phases. The high-energy S-XRD measurement has been suc-
cessfully used for the volumetric mapping of the distributions of phase-
specific residual stresses, constituent phase fractions, and texture [45-
48]. For example, Gnaeupel-Herold et al. [46] analyzed the distribution
of residual stresses in an Al6022 deep-drawn cup and showed that the
axial and hoop stresses have non-linear gradients through the thickness
and concentrate on the outside surface of the cup wall. Jimenez-Melero
et al. [49] used S-XRD to study the texture development and its effect on
the martensitic phase transformation in TRIP steel alloys. It was reported
that as the <100> pole intensity along the loading direction increased in
the austenite phase, the martensitic phase transformation rate increased
due to the changes in the critical stress for the phase transformation.

In the current study, we investigated the convoluted effects of con-
stituent phases, crystallographic texture, and martensitic phase transfor-
mation on the residual-stress partitioning in deep-drawn TRIP-assisted
steel alloys to understand the mechanisms responsible for the cracking
behavior. Four stainless-steel alloys are prepared with varying combina-
tions of constituent phases and austenite stability: (1) TRIP SS (TRIP),
(2) austenitic SS (A-SS), which is a stable reference of TRIP, (3) duplex
TRIP SS (D-TRIP), and (4) duplex SS (D-SS), a stable reference of D-
TRIP. The formability of these four alloys was examined using a series
of deep-drawing processes. The circumferential distributions of texture
and strain-induced o’ martensitic phase fraction were measured using
S-XRD near the outside surface at the tip of the deep-drawn cup wall.
Moreover, the phase-specific residual strains in the deep-drawn cups
were mapped through the thickness and along the height of the cup wall
using S-XRD. Furthermore, a series of crystal plasticity finite element

Materialia 18 (2021) 101162

model (CPFEM) simulations were conducted to calculate the residual
stresses and compared to the measured data to elucidate the complex
load portioning behavior. Finally, the effect of ferrite phase in the D-
TRIP steel on the reduction of tensile residual stresses in the martensite
phase, the influence of initial austenite texture on the heterogeneous
distribution of martensite phase fractions around the circumference of
the deep-drawn cups, and their collective influence on the macroscopic
cracking behavior and formability in TRIP-assisted steels are discussed.

2. Experimental details
2.1. Stainless steel alloys and deep drawing process

Two key stainless steel (SS) alloys produced in the current study are
a TRIP SS (TRIP) and a lean duplex TRIP SS (D-TRIP). The initial TRIP
alloy blank has a single-phase, metastable austenitic phase. The D-TRIP
alloy blank consists of a metastable austenite phase (70 wt.%) and ferrite
phase (30 wt.%). In addition, a stable austenitic SS (A-SS) and a duplex
SS (D-SS) (with 73 wt.% austenite and 27 wt.% ferrite phases) were
also prepared as non-transforming references for the TRIP and D-TRIP,
respectively. The alloy compositions are summarized in Table 1. Note
that the hydrogen content was controlled to be less than about 0.3 ppm
during the alloy manufacturing. More details on the processing and the
microstructure including the phase fractions, grain morphology, grain
size, and texture of the alloy plates can be found in [37].

Deep drawing was carried out to examine the sheet formability of
the four SS alloys by manufacturing cylindrical cups at ambient tem-
perature. The geometries of deep-drawing tool are: 55 mm inner die
diameter with 12 mm shoulder radius and 50 mm outer punch diameter
with 6 mm shoulder radius, which are all axisymmetric. The surfaces
of deep-drawing tools were lubricated using tallow oil. Several round
blanks, with the diameter varying from 90 mm, 95 mm, 100 mm, and
105 mm (with 2 mm thickness), were machined to conduct the deep
drawing process with different drawing ratios (DRs), ranging from 1.8
to 2.1. The DR is defined as:

D
DR= = M
where D is the initial blank diameter and d is the outer punch diameter.
The punch speed of 100 mm/min and the blank holder force of 10 kN
were used during the deep-drawing process.

2.2. Synchrotron x-ray diffraction measurements

High-energy synchrotron x-ray diffraction (S-XRD) measurements
were conducted to analyze the distributions of phase fraction and crys-
tallographic texture in the deep-drawn SS cups using beamline 11-ID-
C at the Advanced Photon Source (APS), Argonne National Laboratory
(ANL). A schematic of measurement locations and the S-XRD setup is
presented in Fig. 1. Fig. 1a shows a cup with the axial, radial, and hoop
orientations marked. A total of seven diffraction samples were extracted
using Electrical Discharge Machining (EDM) from the initial rolling di-
rection (RD) to the transverse direction (TD) locations of the cup at every
15° as shown in Fig. 1b. Then, from each sample, a sliver of 1 mm thick-
ness was extracted using the EDM from the outer surface for the S-XRD
measurement, Fig. 1b. These specimens were measured using a trans-
mission scattering geometry as a function of rotation angle around the
axial direction from 0° to 90° with 15° interval for a full pole coverage,
Fig. 1c. As a result, the circumferential distributions of strain-induced
o’ martensite fraction and texture were measured from the near-surface
volume at the tip (i.e., rim) of the deep-drawn cups processed with a DR
of 2.0. The synchrotron x-ray beam, with a wavelength of 0.11798 A,
was collimated to 500 ym x 500 ym. The Fit2D software [50] was used
to convert the Debye-Scherrer rings into diffraction patterns, followed
by Rietveld refinements using MAUD [51] and E-WIMV algorithm [52].
The pole figures and inverse pole figures were generated using MTEX
software [53].
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Table 1
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Stainless steel alloys and their chemical compositions (in weight%, with Fe in balance).
The hydrogen concentration is in parts-per-million (ppm).

Alloy designation C Si Mn Cr Ni Cu N H,

TRIP SS (TRIP) .055 .5 7.0 17.1 4.0 - .200 .32

Austenitic SS (A-SS) .051 .5 1.0 17.7 12.1 3.0 .196 .23

Lean duplex TRIP SS (D-TRIP) .085 .6 6.2 18.9 1.1 2.6 .078 .20

Lean duplex SS (D-SS) .079 .5 6.0 21.0 3.5 2.5 .080 .30
(a) Axial () Fig. 1. Schematics of the sample extraction from a deep-
drawn cup and scattering setup for the phase fraction and
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The hoop and axial residual strains in the deep-drawn cups (DR of
1.9) were measured at the RD location of the cup using the S-XRD at
endstation 1-ID-C, APS, Fig. 2. The scattering volume was defined using
conical slits [54,55] to collimate the x-ray beam into 0.05 mm (hoop
direction) x 0.05 mm (axial direction) x 0.2 mm (radial direction), al-
lowing strain mapping through the thickness and along the height of
the cup wall, Fig. 2b. The wavelengths of the x-ray beam of 0.1711 A
and 0.1597 A provided diffraction data from the (311) lattice planes of
the fcc phase and from the (211) lattice planes of the bcc phases, re-
spectively. About 15 locations were measured at 0.1 mm overlapping
interval through the cup wall thickness of about 2.4 mm. Also, 6 loca-
tions at 3 mm interval were measured along the cup wall height starting
from 0.5 mm below the rim, covering about 50% of the cup wall height.
Single-peak fitting was performed using GSAS II software [56] to obtain
the d-spacings of (311) austenite and (211) ferrite and o’ martensite
phases. The lattice strains were then calculated using:

dpr = do
_ )

Ehkd do ki
where d ,; and dp,, are the measured interplanar spacings for the
stress-free and the stressed states, respectively. d,, for each alloy
cup was measured using the corresponding as-received alloy plate. The
phase-specific residual stress was calculated according to Hooke’s law
with the assumption of plane-stress condition (i.e., radial residual stress
is assumed to be zero) [29,31]:

Eni
_ hkl hkl
Choop = 1—02 (ehaop + vhkleaxial) A
hkl
Ehkl
_ _Eu ( na hkl
Oaxial = 1 — 2 (ng[al + thlehgop> @
hkl

texture measurements using high-energy synchrotron x-ray
diffraction (S-XRD) at 11-ID-C beamline at APS. (a) A deep-
drawn cup marked with axial, radial, and hoop orientations.
(b) Locations of S-XRD sample extraction from a cup in terms
of the as-received plate (blank) orientations of RD, 45°, and
TD. (c) Transmission x-ray scattering geometry.

rotating around
the axial direction
from 0° to 90°
with 15° interval

stick from outside surface

Scattering volume

Incident beam

Difﬁracted beam
Axial

Radial
«————— Thickness: ~2.4 mm ——»]

Measurement through the cup wall
thickness at 0.1 mm interval

Fig. 2. Schematics of the axial and hoop residual-strain measurement on a deep-
drawn cup using S-XRD at 1-ID beamline at APS. (a) Overview of the cup in the
x-ray scattering setup showing axial, radial, and hoop orientations, conical slits
used on the diffracted beam side, and the area detector. (b) Schematics of a
measurement location and a scattering volume during a mapping along the cup
wall thickness and height.
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Fig. 3. Illustration of the sequential-coupled crystal plastic-

A-SS
(austenite)

Axial
2

Radial +——

D-SS
(austenite + ferrite)

TRIP*
(10 vol.% martensite)

D-TRIP*
(10 vol.% martensite)

ity finite element model (CPFEM) simulation for the phase-
specific stress development during a deep-drawing process.
The initial texture measured using the synchrotron x-ray
diffraction (S-XRD) and the lamellar phase structure in the D-
SS and D-TRIP* samples are incorporated in the CPFEM simu-
lations.

Table 2a

Macroscopic tensile properties used in the finite element model (FEM) of the
deep-drawn A-SS cup: E is the Young’s modulus, o, is the 0.2% yield stress,
UTS is the ultimate tensile strength, ¢, is the uniform elongation, and v is the
Poisson’s ratio. The data is obtained from a tensile testing along the rolling
direction (RD). The measured strain-hardening rate is 1629 MPa up to 25% true
strain, which is extrapolated to 62% true strain () for the FEM.

E (GPa) o, (MPa) UTS (MPa) £ (%) v

A-SS 200 406 1,510 62 0.3

where oy,,, and o,,;,, are the hoop and axial phase-specific residual
stress, and eﬁ’;’)p and " are the measured elastic lattice strains in the
hoop and axial directions. The diffraction elastic moduli and Poisson’s
ratios used in the stress calculation are as follows. E;;; and v3y; of the
austenite phase are 184 GPa and 0.31; and E,;; and v, of the fer-
rite phase are 224 GPa and 0.28. These values are obtained based on
our previous in-situ neutron diffraction measurements during a series
of tensile testing of the as-received alloy plates [37] and Kroner model
calculations [57]. The residual stresses in the o’ martensite phase in the
deep-drawn cups of TRIP and D-TRIP alloys are calculated based a force-
balance method using the residual stresses measured for the austenite
and ferrite phases in the deep-drawn A-SS and D-SS cups as references,
respectively. In the force balance calculations, changes in the phase frac-
tions due to the martensitic phase transformation are considered.

3. Crystal plasticity finite element modeling

An FEM simulation was conducted to investigate the development
of residual stresses generated from the deep-drawing process using
ABAQUS/Explicit. The deep-drawing tools (i.e., punch, holder, and die)
were set as rigid elements (element type R3D3). The numerical FEM
used the same experimental processing conditions mentioned earlier.
The steel plate was discretized as 134,170 linear brick elements with
one integration point per element (element type C3D8R). To assess the
stresses distributed through the thickness of the deep-drawn cup, the
thickness of steel plate was discretized as ten elements, Fig. 3. The fric-
tion coefficient of each pair-surface interactions was assumed to be 0.05.
First, the macroscopic residual stresses in the deep-drawn cup of the
single-phase A-SS alloy were simulated using the measured elastic mod-
ulus, Poisson’s ratio, and plastic deformation behavior, Table 2a. Note
that the measured tensile strain-hardening rate (do/d¢) of 1,629 MPa
(up to 0.25 true strain) was extrapolated to 0.62 true strain during the
FEM.

The individual strain histories of the ten through-thickness elements
were collected at about 0.5 mm from the tip of the deep-drawn cup

Table 2b
Phase fractions used in the crystal plasticity finite element model (CPFEM) pre-
sented in volume % (and in weight % in parentheses).

A-SS TRIP* D-SS D-TRIP*
y austenite 100 90 (94.7) 66.7 (80) 56.7 (72.4)
a ferrite - - 33.3 (20) 33.3(21.2)
o’ martensite - 10 (5.3) 10 (6.4)

wall of the A-SS cup. Subsequently, they were used as an input to
a sequential-coupled crystal plasticity finite element model (CPFEM)
along with the initial as-received crystallographic texture measured us-
ing the S-XRD. Moreover, the lamellar morphology of the alternating
austenite and ferrite phases in the D-SS and D-TRIP alloys was simu-
lated accordingly. The symmetric boundary condition was applied in
the CPFEM. A total of 3,375 grains were modeled in each CPFEM, and
every grain was composed of 4 elements. The schematic illustration of
the CPFEM of the four alloys is summarized in Fig. 3.

Using the CPFEM simulations, the phase-specific stress development
and its partitioning during the deep-drawing process were predicted to
qualitatively assess the role of the martensite and ferrite phases in the
load partitioning. Four specific cases are simulated: (1) A-SS (100 vol.%
austenite), (2) TRIP* (90 vol.% austenite and 10 vol.% «’ martensite),
(3) D-SS (66.7 vol.% austenite and 33.3 vol.% ferrite), and (4) D-TRIP*
(56.7 vol.% austenite, 33.3 vol.% ferrite, and 10 vol.% «’ martensite).
The A-SS and D-SS cups were modeled as references for their TRIP coun-
terparts. Moreover, to study the influence of the martensite formation
and to compare its effect in TRIP* and D-TRIP*, 10 vol.% «’ phase was
added homogenously within the austenite matrix in models of A-SS and
D-SS. The constituent phase fractions used in these models are sum-
marized in Table 2b. Note that the * in TRIP* and D-TRIP* simulation
sample designations indicates that the current CPFEM result shows a
snapshot of the TRIP and D-TRIP behavior with 10 vol.% martensite
rather than simulating in-situ formation of the martensite phase.

The finite-element implementation is performed using the user-
defined material (UMAT) subroutine in ABAQUS [58]. The CPFEM is
based on the classic crystal plasticity theory [59-61], which is briefly
outlined here. According to the Taylor-type crystal plasticity, the plastic
strain rate is determined as a linear superposition of the slip strain rates
of all activated slip systems:

Ny

EPEP-! = ﬁip };(a)s(a) ® m@ 5)
a=1

where F? is the plastic deformation gradient, N, is the total number of

activated slip systems, 7@ is the slip rate of the ay, slip system, s and

m@ denote the slip direction and slip plane normal, and ® represents
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Table 2¢
Elastic constants (Cy;, C;5, and C,4), the initial hardening modulus (4,
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), the initial slip strength (z,), the saturated slip strength (z,), and

the latent hardening parameter (¢) used in the crystal plasticity finite element model (CPFEM) simulation of the deep-drawing behavior
of the four alloy cases, i.e., A-SS, TRIP*, D-SS, and D-TRIP*. The isotropic behavior with perfect plasticity is assumed to simulate the a’

martensite phase in CPFEM.

A-SS and TRIP*

y austenite C;; (GPa) C;, (GPa) Cy4 (GPa) h, (MPa) 7, (MPa) 7, (MPa) q
217.6 138.7 112.7 400 120 300 1.0
o’ martensite E (GPa) v oy, (MPa)
200 0.3 2,000
D-SS and D-TRIP*
C;; (GPa) C,, (GPa) Cy4 (GP2) h, (MPa) 79 (MPa) 7, (MPa) q
y austenite 217.6 138.7 112.7 400 60 350 1.0
a ferrite 231.4 134.7 116.4 200 265 600 1.0
o’ martensite E (GPa) v oy, (MPa)
200 0.3 2,000

the tensor product of the two vectors. The slip rate is given according
to the power law relationship of the resolved shear stress 7(®:

@
@

flow

7 =10

sgn(7\®) (6)

where j, is the characteristic strain rate and g;’fo)w is the flow strength of

the ay, slip system. {111}<110> and {110}<111> slip systems are ap-
plied in the CPFEM for the fcc and bee phases, respectively. The harden-
ing law is described based on the Peirce-Asaro-Needleman model [60]:

(@ _ .
gft]low - Z h"ﬁ)y(ﬁ)| (7)
B
where h,, is latent hardening moduli, which is expressed as:
Ryp = h(y) g+ (1 + 9)8,] ®)
hoy

h(y) = hgsech? )

Ts— 7o
where y is the total slip strain, h,, is the initial hardening modulus, 7, is
the initial slip strength, 7z, is the saturated slip strength, ¢ is the latent
hardening parameter, and 6, is the Kronecker delta.

The hkl-specific lattice strain of grains, where the grain <hkl> di-
rections are within 5 degrees with respect to the scattering vector, is
expressed as:

N .
Zl fE?/l-aS“C‘Ii‘deQN
N
2 /AN

where N is the number of grains, ¢; is the component of scattering
vector, and Qy denotes the volume of individual grain. efj‘.‘““c is the
Lagrange-Green strain:

Epil = (10)

eqosic = 2(my s, - 8, an
where F} is the elastic deformation gradient.

The elastic constants (Cyy, Cq4, and Cy4), the initial hardening mod-
ulus (h), the initial slip strength (z;), the saturated slip strength (z,),
and the latent hardening parameter (¢q) used in the current CPFEM are
obtained from the lattice strain data measured using in-situ neutron
diffraction experiments. The isotropic behavior with perfect plasticity
is used to simulate the «’ martensite phase in the CPFEM. The yield
stress of the o’ martensite phase is assumed to be 2,000 MPa based on a
recent neutron diffraction study on a TRIP steel [43]. These parameters
are summarized in Table 2c. More details on the tensile properties and
the lattice strain evolutions measured during the tensile testing of the
four as-received alloys can be found in [37].

Fig. 4. Deep-drawn cups of TRIP and D-TRIP alloys processed with the DR of
2.1. Several cracks are visible in the TRIP cup, while the D-TRIP cup is crack-
free. The RD of the alloy plate is marked with an arrow.

4. Results
4.1. Cracking behavior and the alloy design strategy

The formability of the four SS alloys are studied by conducting a se-
ries of ambient-temperature deep-drawing processes and observing the
cracking phenomenon under various DRs ranging from 1.8 to 2.1. Of
the four alloy cases studied, only the TRIP alloy exhibited macroscopic
cracks, while A-SS, D-SS, and D-TRIP cases did not show any visible
cracks. The deep-drawn cup of the TRIP alloy formed O, 1, 4, and 12
longitudinal cracks along the cup height for the DRs of 1.8, 1.9, 2.0, and
2.1, respectively, indicating a relatively poor formability. Fig. 4 shows
the TRIP and D-TRIP cups (2.1 DR). Several cracks are clearly visible
on the TRIP cup. In contrast, the D-TRIP cup did not exhibit any cracks,
exhibiting a better formability. The cracks, which typically initiated on
the outside surface at the rim, propagated from the outside surface to
inside surface and subsequently propagated down vertically along the
cup height. Fig. 5 presents the changes in the crack length in the TRIP
cup (2.1 DR) measured as a function of time from the drawing process.
Moreover, the crack growth behavior is shown for several cracks located
around the circumference of the cup wall. The crack growth rate is quite
anisotropic in that the cracks near RD grew faster and longer, whereas
cracks away from RD and near TD generally grew slower and shorter.

The A-SS alloy is expected to have a good formability. Also, the
high-strength, high-strain-hardening TRIP alloy is supposed to perform
well during an ambient-temperature forming process owing to its rel-
atively high tensile strength and ductility. Combined with the much-
reduced nickel content, the TRIP alloy should offer a cost-effective, high-
performance alloy potentially replacing the A-SS alloy. However, it is
evident that the TRIP alloy exhibits a very poor formability under the
current deep-drawing conditions. Hence, the current study aims to in-
vestigate the effectiveness of a duplex microstructure of D-TRIP on im-
proving the formability of the TRIP alloy, while maintaining the nickel
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Fig. 5. Changes in the crack lengths over time after the deep drawing of the
TRIP alloy cup (2.1 DR). Various cracks around the circumference of the cup
wall are shown as a function of the angle from RD.

content as lean as possible (Table 1). Henceforth, the deep-drawn cups
of the four alloys will be critically compared in terms of the effects of
the microstructure and texture on the residual stress distribution and
their implications on the formability.

4.2. Constituent phases and strain-induced a’ martensite phase distribution
in the deep-drawn cups

As designed, the A-SS and D-SS cups, as non-transforming stable
references, did not exhibit any phase transformations during the deep
drawing, while the TRIP and D-TRIP cups showed significant marten-
sitic phase transformations. Example S-XRD diffraction patterns mea-
sured at the rim of the cup (2.0 DR) are presented for four alloys in
Fig. 6. The TRIP cup consists of austenite (fcc), «’ martensite (bcc), and
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Fig. 7. Variations in the strain-induced o’ martensite phase fraction around the
circumference of the TRIP and D-TRIP cups (2.0 DR). The S-XRD measurements
were conducted at the outside surface near the rim from RD to TD.

€ martensite (hcp); whereas its stable counterpart, A-SS cup, has a single
austenite phase, Fig. 6a,b. According to the Rietveld refinement analy-
ses, the bec ferrite phase fraction in the deep-drawn D-SS cup remained
constant at the initial value of 27 wt.% measured from the as-received
plate, Fig. 6d. In contrast, the bcc phase fraction in the D-TRIP cup is
significantly higher than the initial condition (30 wt.% bcc) reflecting a
substantial martensitic phase transformation occurred during the deep
drawing, Fig. 6c¢.

More interestingly, there were measurable variations in the o’ frac-
tions around the circumference of the TRIP and D-TRIP cups near the
rim, Fig. 7. The distribution of the o’ fraction is heterogeneous in both
TRIP and D-TRIP cups likely due to a non-uniform plastic deformation
during the deep-drawing process. The «’ fraction is generally higher in
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Fig. 6. Synchrotron x-ray diffraction patterns
measured from the outside surface near the tip
of the deep-drawn cup wall (2.0 DR) as shown
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Fig. 8. Texture of A-SS cup (2.0 DR): (111), (220), and (200) pole figures (PFs)
of the fcc austenite phase. The PF sets are presented for three locations around
the circumference of the cup, i.e., 0° (RD), 45°, 90° (TD) as illustrated in Fig. 1.
The RD-ND-TD coordinates of the as-received rolled plate and the axial-radial-
hoop coordinates of the deep-drawn cup are presented. Also, PFs of the fcc
austenite phase in the as-received A-SS alloy plate and the ideal fcc texture
components (Table 3) are also presented as references.

the TRIP cup compared to the D-TRIP cup. In the TRIP cup, the o’ frac-
tion decreases slightly from about 24 wt.% at RD to about 20 wt.% at TD.
In contrast, the amount of &’ in the D-TRIP cup increases from 7.5 Owt.%
at RD to 17.5 wt.% at 45°, and then decreases slightly to about 15 wt.%
at TD. The distribution of a’ phase fractions (Fig. 7) and the crack prop-
agation rates (Fig. 5) observed for the TRIP cup are consistent in that
the higher o’ phase fraction correlates with the higher crack propaga-
tion rate observed at RD. This suggests that the amount and distribution
of strain-induced «’ martensite phase could be closely related to the
anisotropic cracking behavior in the deep-drawn cups.

4.3. Texture distribution in the deep-drawn cups

The crystallographic texture was analyzed using the pole figure (PF)
measured using S-XRD for the deep-drawn cups (2.0 DR) of A-SS, TRIP,
D-SS, and D-TRIP, Fig. 8-10. For each cup, the PFs are measured at
three different locations (i.e., RD, 45°, and TD locations) around the
circumference of the cup at the rim (Fig. 1). The RD-ND-TD coordinates
of the as-received alloy plate and the axial-radial-hoop coordinates of
the deep-drawn cup are shown in the PFs. The scale bar shows texture
intensity in terms of the multiples of random distribution (mrd).

4.3.1. fcc austenite texture in the A-SS cup

Fig. 8 presents the PFs of the austenite phase in the deep-drawn A-SS
cup in comparison to the PFs of the as-received plate (blank). The ideal
fce texture components are summarized in Table 3 and also shown in
Fig. 8 as a reference. The initial plate texture exhibits a relatively weak
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Table 3

Ideal fcc texture components and their orientation relations with respect to the
rolled plate axes. The plane normal of {hkl} is parallel to the normal direction
(ND) and the <uvw> is parallel to the rolling direction (RD) of the alloy plate.

FCC components {hkl}<uvw>
Cube, C O {001}<100>
Goss, G A {110}<001>
Brass, Bs & {110}<112>
A o) {110}<111>
Rotated Goss, Rt-G \V4 {110}<011>
Copper, Cu + {112}<111>

recrystallization texture with Cube {001}<100>, Brass {110}<112>,
Goss {110}<001>, and Copper {112}<111> components as previously
reported in [37]. At the RD location of the A-SS cup (the second row
of Fig. 8), a strong <110> fiber texture formed along the radial direc-
tion of the cup (i.e., ND of the plate). Also, both <111> and <100>
components are prominent along the axial direction of the cup (i.e., RD
of the plate at the RD location), while the initial Cube component has
diminished. At the 45° and TD locations, the main texture components
are the same with <110>//radial and <111><100>//axial although
the six-fold symmetry observed at RD is not as clear at these locations.
Also, the subtle effect of initial blank texture is visible. For example, the
<100>//axial is stronger at the TD location compared to the other two
locations due to the relatively stronger initial intensity along TD in the
blank. The opposite is true for the case of <111> intensity.

The deep-drawing texture of the A-SS cup near the rim is distinctly
different from the rolling or tensile textures due to the complex strain
path involving hoop compression, radial compression, axial tension,
bending, and unbending. For example, the main difference compared
to the tensile deformation texture is that <111> and <100> fiber tex-
tures are not prominent. The current result is consistent with the ob-
servation of the texture development in aluminum alloy cups by Savoie
et al., where the final stable texture components are Goss {011}<100>,
and Pp {011}<111>p [62]. The radial compression (blank holding com-
pression associated with the ironing of thickened flange), the hoop and
radial bi-compression along with rolling-like processing, and the axial
tension along the drawing axis could be partly responsible for the devel-
opment of {011}//radial//ND, <110> six-fold symmetry components,
and <111><100>//axial, respectively.

4.3.2. fcc and bcc textures in the TRIP cup

The fcc texture in the TRIP alloy blank (Fig. 9a) is slightly weaker
but almost identical to that of the A-SS blank (Fig. 8). Also, the fcc PFs
of the TRIP cup are qualitatively similar to those of the A-SS cup, in
particular at the TD location, but weaker in the intensity. Moreover, the
fcc texture is relatively isotropic around the rim of the TRIP cup. For the
bce o’ phase in the TRIP cup, (222), (110), and (200) PFs are presented
in Fig. 9b. The Kurdjumov-Sachs (K-S) orientation relationship between
the austenite and martensite phases is evident in that the correlations
of {111}y // {110}«’ and <110>y // <111>a’ are clearly observed in
Fig. 9a,b. It is expected that the martensite texture is predominantly
transformation texture inherited from the austenite deformation texture
during the deep-drawing process [19,21,22,63].

In terms of the dominant texture component in the martensite phase,
<222> is the strongest between the axial and radial directions at all lo-
cations around the cup. In the fcc austenite, the shear plane and direc-
tion are {111} and <110>, respectively. Upon bending of the alloy plate
during the deep drawing process, fcc <110> shear direction would be
aligned between the axial and radial directions. This would cause bcc
<111> to intensify along the same orientation during the formation of
transformation texture and result in a strong bcc <111> texture com-
ponent between the axial and radial (//ND) directions as observed at
all three locations around the TRIP cup. Moreover, bcc <110> intensity
development along the axial direction correlates with the tensile texture
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Fig. 9. Texture of TRIP cup (2.0 DR): PFs of (a) fcc austenite and (b) strain-induced bcc o’ martensite measured at RD, 45°, and TD locations (Fig. 1). Both RD-ND-TD
and the axial-radial-hoop coordinates are presented. Also, the PFs of the fcc austenite phase in the as-received plate are presented as a reference.

components of fcc <111> and <100> along the axial direction. On the
other hand, bcc <200> intensity development between hoop and radial
directions may be due to the hoop and radial bi-compression, which is
consistent with a corresponding depletion of fcc <200> along the radial
and hoop orientations around the rim. Finally, the o’ martensite texture
components and their intensities in the TRIP cup is relatively isotropic
from RD to TD, which is consistent with the textures observed in the par-
ent austenite phase. However, the maximum intensities of <111> and
<220> of the o’ martensite phase are slightly higher at the RD location
(3.44 and 3.04 mrd, respectively) compared to the TD location (3.34 and
2.42 mrd, respectively), even though the difference is relatively small.

4.3.3. fcc and bec textures in the D-SS and D-TRIP cups

The deep-drawing texture of the D-SS cup is shown in Fig. 10a,b
along with the initial texture. The as-received blank exhibits a char-
acteristic texture of a rolled duplex steel. The fcc austenite exhibits a
relatively strong Brass (with weak Goss, A, and Copper), whereas the
bcc ferrite shows a strong Rotated-Cube with a partial « fiber [37]. The
fec PFs for the D-SS cup at RD (Fig. 10a) are quite similar to those of the
A-SS cup with the same dominant components identified earlier. This
suggests that the presence of the ferrite phase in the D-SS did not influ-
ence the development of austenite deformation texture during the deep
drawing unlike the case of the TRIP cup where the in situ formation
of martensite phase seems to have influenced the austenite texture de-
velopment. Comparing the RD, 45°, and TD locations in the D-SS cup
(Fig. 10a), the fcc (220) intensity along the radial direction (//ND) de-
creases noticeably, while it was more isotropic in the A-SS cup. The
effect of the initial texture on the variations in the <111> and <200>
axial intensities around the rim are also observed as it was in the A-SS
cup.

In the D-SS cup (Fig. 10b), the ferrite texture is generally stronger
than the austenite texture. The K-S relationship observed between the
ferrite and austenite in the as-received D-SS blank is clearly maintained
in the D-SS cup both in terms of the orientation relationships and inten-
sity distributions around the cup (Fig. 10a,b). This is because the com-
pression along radial direction (ND) would enhance fcc (220) and bec
(222), while the axial tension would intensify fcc (111) and bec (110)
along the drawing axis.

The fcc and bec PFs in the D-TRIP cup (Fig. 10c,d) are qualitatively
the same as those of D-SS cup, while the overall intensity (in particular
for the bce PFs) is weaker in the D-TRIP cup. It should be noted that for
the case of bcc texture in the D-TRIP cup, the PFs present convoluted
data from both the ferrite phase and strain-induced martensite phase.
Comparing the PFs of the D-TRIP and D-SS cups, it is speculated that
the ferrite deformation texture dominates the bcc PF intensities of the
D-TRIP with little influence from the transformation texture in the rel-
atively smaller amount of the martensite phase.

4.4. Distribution of phase stresses in the deep-drawn cups

Both hoop and axial residual stresses in constituent phases are mea-
sured using S-XRD for all four cups through the wall thickness and also
along the wall height at the RD location. Note that, according to the
FEM analysis, the radial and shear residual stresses were negligible from
50% to 100% of the cup wall height in all cases and, hence, the plane-
stress assumption used in the stress calculation using the measured S-
XRD strains (section 2.2) is reasonable.

4.4.1. Hoop residual stress
The hoop residual stress distributions in the deep-drawn cups are
presented in Fig. 11. First, the residual stress profiles measured from the
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single-phase A-SS cup provide the baseline understanding of the macro-
scopic residual stress distributions (i.e., Type 1 stress) in the deep-drawn
cups. The S-XRD measured (symbols) and FEM calculated (lines) resid-
ual stresses in the A-SS cup are presented in Fig. 11b. At 99% of the
wall height (i.e., near the rim), the hoop residual stress is tensile (about
690 MPa) at 0.5 mm from the outside surface of the cup wall. The tensile
residual stress decreases gradually and becomes compressive at about
1.7 mm from the outside surface. The calculated stress from FEM agrees
quite well with the measured data predicting a large tensile hoop resid-
ual stress at the outside surface. From 90% to 54% of the height, the

through-thickness hoop stress profiles are quite similar to each other
with a much pronounced and symmetric transition from the tensile to
compressive stress at about 1.1 mm from the outside surface. Never-
theless, the maximum tensile stress near the outside surface remains
relatively constant along the height of the wall. Overall, the FEM results
agrees well with the measured data, also clearly showing the difference
between the profile at the rim (99% height) and the profiles below 90%
of the wall height.

In the TRIP cup (Fig. 11a), the influence of the «’ formation dur-
ing the deep drawing on the phase-specific residual stress partitioning
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is evident. As a result, while the austenite phase stresses in the TRIP
are qualitatively similar to those in the A-SS, the overall stress profile
is pushed downwards (towards less tensile and more compressive). In
contrast, significant tensile hoop residual stresses concentrate in the o’
phase near the outside surface of the cup wall. For example, at 0.6 mm
from the outside surface near the rim (99% height), the hoop residual
stresses in the austenite and martensite phases are about 465 MPa and
1,150 MPa, respectively.

Similarly, in the D-SS cup (Fig. 11d), the ferrite phase bears more
tensile hoop residual stress than the austenite phase at all measure-
ment locations. Comparison of the hoop stresses in the D-TRIP and D-SS
cups (Fig. 11c,d) shows that the bec phases (i.e., convoluted ferrite and
martensite data) in the D-TRIP cup show slightly higher hoop residual
stresses than the ferrite phase at corresponding locations in the D-SS
cup, while the austenite phase stresses are comparable. This suggests
that the martensitic phase transformation has a measurable effect on
the hoop residual stresses in the ferrite phase but has a limited effect
on the austenite phase stress in the D-TRIP cup. The implications of the
concentration of tensile hoop residual stresses in the a’ phase in the TRIP
cup and the effectiveness of the ferrite phase on a stress redistribution in
the D-TRIP cup will be discussed using the CPFEM results in section 5.1.

4.4.2. Axial residual stress

The axial stress profiles through the thickness of the A-SS cup
(Fig. 12b) show a similar trend as the hoop residual stresses. Gener-
ally, the axial stresses are tensile near the outside surface and become
compressive beyond the mid-thickness of the wall. However, the axial
stresses at the rim (99% height) are quite relaxed. In fact, the measured
tensile axial stress near the outside surface (0.5 mm) gradually increases
along the height from the rim to the mid-height of the wall, reaching the
maximum tensile stress of 810 MPa at 54% of the height. The numer-
ical results of the FEM simulation agree well with the measured axial
stresses in the A-SS cup (Fig. 12b). The macroscopic axial residual stress
distribution shows that the highest tensile stress is at the outside surface
at the middle of the cup height unlike the hoop stress distribution for
which the maximum was observed near the rim.

10
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Similarly, the tensile axial stress concentration in the o’ phase in the
TRIP cup is negligible at the rim, Fig. 12a. Instead, as expected from the
macroscopic axial stress distribution observed in the A-SS, the maximum
tensile stress partitioned in the martensite phase (about 1,350 MPa) is
observed near the mid-height of the cup wall. Also, the tensile axial
stresses in the bce phase(s) increases towards the mid-height of the cup
in the D-TRIP and D-SS cases (Fig. 12c,d).

5. Discussion
5.1. Role of a’and ferrite phases in the phase stress partitioning

5.1.1. Concentration of tensile stresses in the a’ phase in the TRIP cup

It is evident that the o’ phase forms in the TRIP and D-TRIP cups dur-
ing the deep-drawing process according to the S-XRD analyses, Fig. 6,7.
Consistent with the previous uniaxial tensile deformation studies of the
same alloys [37], the metastable austenite phase in the TRIP cup par-
tially transformed to € and o’ martensite phases, while only «’ phase
formed in the D-TRIP cup, Fig. 6. These strain-induced martensite
phases influence the phase-specific stress partitioning during the de-
formation and often result in a stress concentration in the a’ phase
[20,37,41,64,65]. However, it has also been reported that the hcp e
martensite phase, which forms at shear band intersections and provides
nucleation sites for the bcc «” martensite phase [66], would not sustain
a substantial load during plastic deformation, whereas the a’ martensite
phase has a significant effect on the load partitioning behavior [20,37].
In the current study, the influence of the £ phase on the phase stress
partitioning is not considered as a key factor responsible for the stress
concentration in the deep-drawn TRIP cup.

As shown in Fig. 11a and Fig. 12a, the tensile hoop and axial residual
stresses are indeed concentrated in the «’ phase in the TRIP cup at the
outer surface of the cup wall. Accordingly, both hoop and axial stresses
in the austenite phase in the TRIP cup show an overall decrease (less
tensile) compared to those in the A-SS cup. This is expected because the
macroscopic residual stress would transfer from the austenite matrix
phase to the in situ forming o’ phase during the deep-drawing process.
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The cracks observed in the TRIP cup (Fig. 4) typically initiated at the
outer surface at the rim, and then propagated through the wall thickness
and vertically along the height. It has been observed that cracks typically
nucleate within the o’ martensite region due to the local tensile-stress
concentration, and propagate perpendicular to the tensile residual stress
axes [67-70]. Moreover, the plastic strain accumulation at the crack-tip
zone could further promote the martensitic phase transformation caused
by the interactions of shear bands, deformation twins, or ¢ martensite
[71]. The martensite-phase regions thus are further extended and such
repeated nucleation and coalescence of o’ martensite promote the crack
propagation in the TRIP cup. Therefore, the large tensile hoop stress
development in the «’ phase at the outer surface of the rim could be a
critical factor contributing to the cracking phenomenon observed in the
TRIP cup.

5.1.2. Role of ferrite phase in load sharing in D-SS and D-TRIP cups

The effect of the ferrite in the load sharing in the D-SS cup was
clearly displayed in Fig. 11d and Fig. 12d. The ferrite phase is the ten-
sile load bearing phase in this duplex alloy, similar to the o’ phase in
the TRIP. However, the tensile hoop stresses in the austenite is much
closer to those in the ferrite in the D-SS unlike the larger partitioning
between the austenite and martensite in the TRIP. According to the lat-
tice strains measured using in-situ neutron diffraction during tensile de-
formation [37], the applied stress initially transfers from the plastically
“soft” austenite to a “harder” ferrite at yielding in the D-SS alloy. As the
applied stress increases further, the ferrite begins to deform plastically,
resulting in the load transferring back to the strain-hardened austen-
ite. As a result of such back and forth in the plastically-deforming vs.
load-bearing roles, the difference in the residual lattice stresses in the
austenite and ferrite phases after a large plastic deformation is not as
significant in the D-SS alloy, compared to the residual stresses in the
plastically-deforming austenite and non-deforming martensite phase in
a TRIP alloy.

Although the tensile hoop residual stress in the bce phases is higher
in the D-TRIP cup (Fig. 11c) compared to the hoop stress in the a’ phase
in the TRIP cup (Fig. 11a), the D-TRIP cup did not display any cracks
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(Fig. 4). It should be noted that the two bcc phases (o’ martensite and
the a ferrite) in the D-TRIP cup were not distinguishable in the high-
resolution S-XRD patterns due to their similar lattice parameters. Hence,
the measured stresses in the bcc phases in the D-TRIP are convoluted as
mentioned earlier (Fig. 11c) and the individual contributions of the a’
martensite and a ferrite phases to the overall residual stresses are dif-
ficult to discern experimentally. Therefore, to understand the role of
the ferrite phase in the residual stress redistribution in the D-TRIP cup,
the sequential-coupled CPFEM simulation was performed for both TRIP
and D-TRIP cups, Fig. 13. Note that the measured «’ phase fraction in
the TRIP cup (e.g., at the RD location) is about 24 wt.% (38 vol.%) at
the rim at the outer surface, which would vary along the thickness and
height of the cup. The S-XRD measured hoop residual strain data re-
flect such microstructural variations as presented in Fig. 11a. However,
simulations of the in-situ formation of martensite phase and its spatial
variation during a deep-drawing process using the CPFEM is beyond the
scope of the current study. Instead, our goal is to use the CPFEM sim-
ulation with a given o’ phase fraction (e.g., 10 vol.%) in the D-TRIP*
cup (Table 2b) to qualitatively assess the role of the ferrite phase in
the D-TRIP* cup in the redistribution of the hoop stresses between the
austenite, o’, and the ferrite phases.

First, the through-thickness profile of the hoop residual stress at the
rim of the TRIP* cup is presented in comparison to that of A-SS in
Fig. 13a. The tensile hoop residual stresses concentrate in the o’ marten-
site at the outer surface of the TRIP* cup, while the stress in the austenite
phase is hardly affected, which is consistent with the S-XRD results. In
the D-SS cup (Fig. 13b), the stress partitioning between the austenite
and ferrite is also consistent with the S-XRD results a in that the fer-
rite phase in the duplex alloy is the tensile stress bearing phase at the
outer surface. More importantly, in the D-TRIP* cup (Fig. 13b), the fer-
rite phase exhibits the largest tensile hoop residual stress instead of the
martensite phase. Comparison between the TRIP* and D-TRIP* clearly
shows that the addition of the ferrite phase resulted in a significant re-
laxation of the tensile hoop stress in the o’ phase as the tensile stress
concentrates in the ferrite phase.
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Fig. 13. Through-thickness profiles of the
phase-specific hoop residual stresses at the rim
calculated using the CPFEM simulation. (a)
Stress partitioning between the austenite and
o’ martensite phases in the TRIP* cup with the
austenite stress in the A-SS cup as a reference.
(b) Stress portioning between the austenite, «
ferrite, and o’ martensite phases in the D-TRIP*
. E cup with the austenite and ferrite stresses in
“\ the D-SS cup as references. For the TRIP* and
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The current alloy design effort to improve the formability of a TRIP
steel, while keeping the alloy composition cost-effective with a much-
reduced Ni content, led to the development of the D-TRIP alloy, which
indeed displayed a better resistance to the cracking phenomenon than
the TRIP alloy. The CPFEM results show that the tensile hoop stresses in
the brittle o’ in the deep-drawn TRIP cup can be significantly reduced
in the D-TRIP cup by allowing the ductile ferrite phase to take a sig-
nificant portion of the tensile stress, resulting in a better resistance to
the cracking in the D-TRIP cup. Nevertheless, a’ phase in the D-TRIP
cup still accumulates a significant level of tensile hoop residual stress.
Hence, when the deep drawing is performed at higher DRs (than 2.1 for
the current study), the D-TRIP cup could become susceptible to crack-
ing. However, it should be noted that, in addition to the reduction in the
tensile load partitioning in the o’ phase, the refined ferrite and austenite
grains in the D-TRIP alloy [37] could also contribute to the enhanced
formability with increased grain and phase boundaries that act as mi-
crostructural barriers hindering the crack propagation even under more
severe drawing conditions [70]. Also, the cracking behavior is strongly
correlated to the o’ martensite phase fraction since a higher amount of «’
martensite often results in the formation of a network structure promot-
ing the crack propagation [25]. Therefore, the relatively lower amount
of ’ in the D-TRIP cup (Fig. 7) would further contribute to the enhanced
formability.

5.2. Correlation of texture with o’ formation and plastic anisotropy

The cracking behavior in the TRIP cup (Fig. 5) exhibited different
crack propagation rates varying from RD to TD. As discussed earlier
in section 4.1, such orientation-dependent cracking behavior could be
closely related to the variations in the o’ phase fraction around the rim
of the TRIP cup (Fig. 7). In turn, the martensitic phase transformation
kinetics and the variant selections could be strongly influenced by the
texture of the parent austenite phase [19,21,63,72].

One of the strain components relevant to the variation in the marten-
sitic phase transformation at the rim during the deep-drawing process
is the circumferential compression acting on the sheet flange along the
hoop direction [73]. Therefore, the o’ formation in the TRIP and D-TRIP
cups could strongly correlate with the hoop compression along austen-
ite <100>, according to the Bain model for the crystallographic orien-
tation relationship between the austenite and o’ phases [74]. The Bain
transformation would result in a weakening of austenite <100> and a
strengthening of martensite <100> along the hoop direction. Indeed,
the inverse pole figure (IPF) of the «’ phase in the TRIP cup (Fig. 14a)
shows a development of strong <100> component along the hoop di-
rection, which is a manifestation of a selective transformation texture
rather than a compressive deformation texture [22,75]. Accordingly, the
IPF of the austenite phase shows a complete depletion of <100> along
the hoop direction, Fig. 14b. The preferential weakening of <100> is
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Fig. 14. Inverse pole figures of the TRIP cup (2.0 DR) measured at the RD
location of the rim along the hoop direction. (a) Strain-induced a’ martensite
phase and (b) austenite phase.

(a) Martensite (1]

[110]

[100]

consistent with the selective martensitic transformation since a com-
pressive deformation texture along the hoop direction would typically
result in the weakening of both <111> and <100> components.

Similarly, the heterogenous distribution of the o’ martensite phase
fraction around the rim of the deep-drawn cup could be rationalized by
the initial austenite <100> intensity distribution along the hoop direc-
tion in the as-received alloy plate, Fig. 15. Note that the direction of the
hoop compression at the RD location is along TD, and vice versa. The
comparison shows that the changes in the o’ martensite phase fraction
from RD to TD correlate reasonably well with the initial austenite <100>
intensity distributions in both TRIP and D-TRIP cases. This suggests a
plausible effect of the initial austenite texture on the «’ phase distri-
bution in the deep-drawn cups, and, in turn, the orientation-dependent
cracking behavior, especially in the TRIP cup.

Fig. 15b also shows a discrepancy between the martensite phase frac-
tion and the austenite <100> intensity at around 45° location of the
D-TRIP cup. This indicates that the distribution of the «’ phase in the D-
TRIP cup may not be solely influenced by the initial austenite texture. In
general, the relatively strong initial texture of the lamellar ferrite phase
could result in a significant plastic anisotropy in cold-rolled duplex stain-
less steel alloys [76]. For instance, Moverare et al. [77] reported that the
cold-rolled duplex stainless steel alloy exhibits a lower tensile strength
when the loading direction is along 45°. In the current study, it was
shown in Fig. 10 that the texture intensity in the ferrite phase varies
significantly from RD to TD in the D-TRIP cup, which could contribute
to the plastic anisotropy. Accordingly, the stress partitioning between
the ferrite and austenite phases could vary from RD to TD. Our recent
in-situ neutron diffraction study showed that the stresses in the ferrite
phase decrease when the duplex alloy is subjected to a tensile loading
along 45° due to higher Schmid factors for the ferrite grains [37]. This,
in turn, resulted in an increase in the stress partitioning in the austenite
phase along 45°, leading to an increase in the amount of a’ phase along
this direction.
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6. Conclusions

The convoluted interplay among the constituent phases, marten-
sitic phase transformation, crystallographic texture, and phase-specific
residual stress partitioning was studied systematically to understand the
mechanisms responsible for the cracking behavior and the formability
of TRIP-assisted stainless steel (SS) alloys during a deep-drawing process
at ambient temperature. Two key alloys were studied, namely TRIP and
duplex TRIP (D-TRIP), along with their stable counterparts of austenitic
steel (A-SS) and a duplex steel (D-SS) alloys. The microstructure, texture,
and residual stress distributions in the deep-drawn cups were charac-
terized using high-energy synchrotron x-ray diffraction (S-XRD) tech-
nique. Furthermore, the residual stress distribution in the deep-drawn
cups were simulated using a crystal plasticity finite element model-
ing (CPFEM) scheme. In summary, the strain-induced martensitic phase
transformation in the TRIP alloy results in a significant tensile stress
development in the «’ martensite phase, making it susceptible to the
cracking phenomenon during the deep-drawing process at ambient tem-
perature. The stress partitioning behavior was optimized by introducing
the ferrite phase in the D-TRIP alloy. By suppressing the development
of a large tensile residual stresses in the o’ phase and also by lowering
the overall amount of the o’ fraction, a better formability was observed
in the D-TRIP alloy. The specific conclusions are as follows.

» The cracking phenomenon was observed in the TRIP cup processed
with 1.9, 2.0, and 2.1 drawing ratios (DR), whereas the D-TRIP cup
showed a good resistance to cracking. Also, the TRIP cup (2.1 DR) ex-
hibited orientation-dependent cracking behavior. Along the rolling
direction (RD) of the plate, the cracks propagated the longest and
most rapidly.

The strain-induced formation of martensite phases was observed in
the TRIP and D-TRIP alloys during the deep-drawing process. The re-
sulting microstructure of the TRIP cup consisted of retained austen-
ite, ¢ martensite (hcp), and «’ martensite (bcc). In contrast, the
D-TRIP cup consisted of the ferrite, retained austenite, and the o’
martensite. The o’ martensite phase fraction in the TRIP cup was
slightly higher along the RD and was overall higher than the D-TRIP
cup. Although the amount of ¢’ was smaller in the D-TRIP cup, the
distribution was more anisotropic in that the variation around the
circumference was more significant.

The tensile hoop residual stress was concentrated in the brittle o’
phase in the TRIP cup at the outer surface of the rim, which was
responsible for the severe cracking problem observed. In the D-TRIP
cup, the tensile hoop stress was concentrated in the ductile ferrite
phase, and the tensile stress on the o’ martensite was significantly
reduced compared to the TRIP cup. The role of ferrite phase in the

.

.

13

residual stress redistribution in the D-TRIP cup was critical for the
improved formability of the D-TRIP compared to the TRIP case.
Both TRIP and D-TRIP cups exhibited inhomogeneous distributions
of «’ phase around the circumference of the rim due to the nonuni-
form plastic deformation during the deep-drawing process. The ini-
tial austenite <100> intensity along the hoop direction in the alloy
plates was correlated to the heterogeneous martensite phase frac-
tion. In particular, for the TRIP cup, the variation in the «’ marten-
site phase fractions around the rim, which correlates well with the
orientation-dependent cracking behavior, was mostly attributed to
the initial austenite <100> intensity distribution along the hoop di-
rection. On the other hand, for the D-TRIP cup, the texture of the
ferrite phase and corresponding plastic anisotropy seemed to have
played an important role in the heterogenous martensite phase dis-
tribution as well.
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