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Non-Schmid (NS) effects in body-centered cubic (BCC) single-phase metals have received special attention in recent years.
However, a deep understanding of these effects in the BCC phase of dual-phase (DP) steels has not yet been reached. This
study explores the NS effects in ferrite-martensite DP steels, where the ferrite phase has a BCC crystallographic structure and
exhibits NS effects. The influences of NS stress components on the mechanical response of DP steels are studied, including
stress/strain partitioning, plastic flow, and yield surface. To this end, the mechanical behavior of the two phases is described by
dislocation density-based crystal plasticity constitutive models, with the NS effect only incorporated into the ferrite phase
modeling. The NS stress contribution is revealed for two types of microstructures commonly observed in DP steels: equiaxed
phases with random grain orientations, and elongated phases with preferred grain orientations. Our results show that, in the
case of a microstructure with equiaxed phases, the normal NS stress components play significant roles in tension-compression
asymmetry. By contrast, in microstructures with elongated phases, a combined influence of crystallographic texture and NS
effect is evident. These findings advance our knowledge of the intricate interplay between microstructural features and NS

effects and help to elucidate the mechanisms underlying anisotropic-asymmetric plastic behavior of DP steels.
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1. Introduction

As typical advanced high-strength steels, ferrite-martensite
dual-phase (DP) steels have gained widespread use in
multiple applications, particularly in the automotive in-
dustry. Their use allows weight reduction and enhances
crash performance of industrial components. This steel ca-
tegory can be seen as a composite of ferrite and martensite
phases. The former has a body-centered cubic (BCC) crys-
tallographic structure, while the latter presents a body-cen-
tered tetragonal structure. The inherent properties of the
ferrite and martensite phases, with the former being soft and
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ductile and the latter being hard and brittle, enable to pro-
duce DP steels with an optimized ductility/strength ratio
through thoughtful microstructure design. More importantly,
thorough understanding of the intricate relationships be-
tween microstructure and macroscopic properties is crucial
for the design of new DP steels. Tailoring microstructural
features, such as martensite volume fraction (MVF), mor-
phology, hardness, grain size, and orientation, offers the
potential to obtain optimized DP steels with a variety of
mechanical properties in terms of yield strength, tensile
strength, and forming limit strain. In this field, some studies
have explored the impact of microstructural features, parti-
cularly the MVF and morphology. Notably, an increase in
MVF results in higher yield and tensile strength, but a re-
duced uniform elongation of DP steels [1,2]. The phase
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morphology also significantly impacts the mechanical be-
havior for a given composition and phase volume fraction.
As demonstrated by Pierman et al. [3], equiaxed micro-
structures lead to higher strength and lower ductility, as
compared to dispersed elongated microstructures. Further
details regarding the effect of martensite morphology can be
found in Ref. [1], where the studied morphological para-
meters include the aspect ratio of martensite phase, the
combination of various aspect ratios, and the inter-
connectivity between martensite phase and its thickness.
Additionally, the martensite hardness, which is determined
by the carbon content in the martensitic phase, affects the
overall mechanical properties and plastic behavior of DP
steels. It has been demonstrated that the martensite hardness
has a limited influence on the initial yield strength, be-
coming significant only when the MVF is relatively large
[2]. Besides, the martensite island size is supposed to be an
influential factor in the mechanical behavior of DP steels. To
assess this, Basu et al. [4] investigated the variation of ef-
fective stress, strain, triaxiality distribution, and partitioning
in two phases with varying the martensite island size, thus
demonstrating a limited influence of the martensite island
size [4]. Using the same strategy, Basu et al. [4] highlighted
the significant impacts of the MVF and phase strength
contrast. The phase strength contrast, together with phase
distribution, can dictate the plastic activity of DP steels, as
revealed in Ref. [5]. Another important factor in the me-
chanical behavior of DP steels is the initial grain orientation
in the ferrite phase [6,7]. The associated mechanism has
been interpreted by Jafari et al. [7] from the dislocation
density perspective: the initial grain orientation affects the
stored dislocation density within ferrite grains and, conse-
quently, the energy absorption capacity of DP steels, which
eventually impacts the plasticity, the evolution of shear
bands, and thus the ductility [7].

The aforementioned investigations enhance our under-
standing of the microstructure-macroscopic property re-
lationships in DP steels. Nevertheless, to guide the
optimization of DP steels, a micromechanical constitutive
model explicitly accounting for the microstructural features
is required. For the simulations of DP steels, three prevalent
constitutive strategies are often adopted: (I) phenomen-
ological models for both phases, (II) a crystal plasticity
model for the ferrite phase and a phenomenological model
for the martensite phase, and (III) crystal plasticity models
for both phases. Using the first strategy, there have been
many contributions devoted to gaining insights into the
mechanical behavior of DP steels [1-3,5,8-12]. To capture
the microstructural effects within the first strategy, one
needs to introduce several internal parameters representing
the microstructural features (e.g., the parameter representing
the carbon content to quantify the influence of martensitic
hardness, see Ref. [2]), or to adopt multiscale simulations
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(e.g., two-level simulations by Matsuno et al. [12], Mori-
Tanaka based homogenization model by Pierman et al. [3]).
Other homogenization models for DP steels can also be
found in the literature, such as the enhanced homogenization
anisotropic model [13,14], or the mean-field composite
model [15,16]. The investigations using the second strategy
[7,17-19] generally assume that the specific response of
martensite phase is not that important to the mechanical
response of DP steels, as the martensite phases undergo
significantly smaller plastic deformation, as compared to the
ferrite phases. However, Ref. [20] demonstrated the im-
portance of the specific response of martensite (plasticity
and damage) in DP600 steel. This in turn underlines some of
the major drawbacks of the second strategy. The third
strategy employs crystal plasticity models for both phases,
thus providing a more detailed picture of stress and strain
partitioning and enabling a more physically-based con-
sideration of microstructural effects, such as the local het-
erogeneity in individual phases. Moreover, the third strategy
allows obtaining the constitutive parameters for each phase
by calibrating with microscale experiments, such as micro-
pillar compression tests. In such a way, the constitutive
models are supposed to be microscale-calibrated [21-23],
which should enable rationalizing the experimental findings.

Although various series of DP steels are widely used in
the industry, their macroscopic behavior and the associated
microscopic mechanisms are still not fully understood. More
recently, some researchers have paid attention to the ani-
sotropy-asymmetry behavior (i.e., anisotropic and tension-
compression (T-C) asymmetric) of several DP steels. In this
field, Hou et al. [24] have used a series of mechanical tests
to reveal the anisotropic yield behavior of DP590, DP780,
and DP980 steels. Maeda et al. [25] have conducted an in-
plane uniaxial tension/compression test to validate the T-C
asymmetry of flow stress for DP980 steel. Mehrabi et al.
[26] and Noma and Kuwabara [27] have used bending tests
to investigate the T-C asymmetry of DP980 and DP780
steels. These contributions have confirmed that the aniso-
tropic yield behavior and the T-C asymmetry cannot be
neglected when characterizing the mechanical behavior of
DP steels. To model these effects, some phenomenological
anisotropic-asymmetric yield functions [28-32] have re-
cently been proposed. These models accurately describe the
anisotropy-asymmetry phenomenon, but cannot account for
the microstructural features that can be naturally considered
by crystal plasticity models. Based on the works in Refs.
[22,23,33], it is speculated that the anisotropy-asymmetry
properties of DP steels are closely related to the non-Schmid
(NS) behavior of the ferrite phase. The NS behavior, known
to violate the Schmid law, is commonly observed in BCC
single crystals but remains elusive in DP steels. Inspired by
this, the present paper adopts microscale-calibrated crystal
plasticity models for both phases to probe the NS effects on
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the mechanical response of DP steels. To this end, disloca-
tion density-based crystal plasticity models (incorporating
NS effects for the ferrite phase, without NS effects for the
martensite phase) are calibrated and implemented to de-
scribe the mechanical behavior of DP steels.

The remainder of this paper is arranged as follows: Sect. 2
details the computational modeling, including the micro-
structures of the studied DP steels, the crystal plasticity
models for the two phases, as well as the boundary condi-
tions and loadings; Sect. 3 presents the results and discusses
the NS effects on the mechanical responses; Sect. 4 ends the
paper with some conclusions.

2.  Computational modeling

2.1 Microstructures and finite element modeling

Two microstructures of DP steel sheets are considered in
this paper: a microstructure with equiaxed phases (hereafter
referred to as equiaxed microstructure, unless otherwise
stated) and a microstructure with elongated phases (here-
after designated as elongated microstructure, unless other-
wise stated). The microstructures are represented by three-

(@
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dimensional Voronoi tessellation-based representative vo-
lume elements (RVEs), generated using DREAM3D soft-
ware [34]. The size of the RVEs is taken to be dimensionless
1x1x0.1. For the equiaxed microstructure, the phases are
initially equiaxed and randomly distributed (as shown in
Fig. 1(a)), with both the ferrite and martensite grains being
randomly oriented (as depicted in Fig. 2(a) on the pole
figure). For the elongated microstructure, the phases are
initially elongated in the first direction (as shown in Fig.
1(b)), with both the ferrite and martensite grains having
orientations associated with pronounced crystallographic
textures (as illustrated in Fig. 2(b) on the pole figure, which
displays a typical rolling texture). The two types of DP steel
microstructures can be commonly observed by microscopy
analysis [1] and are produced through heat treatments
[35,36]. Both of the RVEs are composed of 403 grains (as
illustrated in Fig. 1(c) and (d), which depict the grain
morphologies), and are discretized by 21600 (60x60x%6)
eight-node hexahedral elements. The grain number and fi-
nite element number are sufficient to reach an accurate
mechanical response using finite element computations, as
supported by the analyses in Refs. [37-39]. The number of
martensite particles contained in the RVEs is also sufficient

©)

Figure 1 Phase morphology: (a) equiaxed phases and (b) elongated phases, ferrite and martensite phases are respectively marked by blue and red color; the

grain morphology: (c) equiaxed phases and (d) elongated phases.
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Figure 2 (111) pole figures of (a) equiaxed microstructure and (b) elongated microstructure.

for the simulations of DP steels. The grain size effect is not
involved in this study since it is not our concern.

2.2 Crystal plasticity model with NS effect

2.2.1  Constitutive model

The mechanical behavior of both the ferrite and martensite
phases is modeled using a dislocation density-based crystal
plasticity approach. For the ferrite phase, a dislocation
density-based constitutive model accounting for the NS ef-
fect is used. This effect violates the classical Schmid law
and is commonly observed in BCC crystals [40]. For the
martensite phase, a dislocation density-based hardening law
is also adopted, but NS effects are not considered, in the
same way as in Refs. [22,23].

The crystal plasticity models used in this study follow a
rate-independent framework. The elastic behavior of the
single crystals is described by a hypoelastic law, which
states that the lattice corotational rate 6" of the Cauchy
stress tensor ¢ is related to the elastic strain rate d, by the
fourth-order elasticity tensor C,

6'=6-w,6+tc-w,=C,:d, (D

where 6 is the time derivative of the Cauchy stress tensor o,
and w, is the elastic part of the spin tensor w. The elastic
properties are different for the ferrite and martensite phases.
More specifically, for the ferrite phase, the elastic properties
are assumed to have cubic symmetry [23]. As to the mar-
tensite phase, the elastic properties are assumed to be iso-
tropic [23]. The values of the elasticity constants for both
phases are taken from Ref. [23].

The plastic flow in this study is modeled assuming that
plastic deformation is only due to the mechanism of shear
slip. Thus, the plastic strain rate and plastic spin tensors d,
and w, take the following expressions:

N N
d,= Z] 7R, w, = Zl 8% 2)

where y* is the slip rate on the a-th slip system, and N, refers

to the total number of slip systems. In this study, N, is equal
to 24 for both phases. For the ferrite phase, the full set of 24-
{110}(111) slip systems is used [23,41] (see Table Al). As
to the martensite phase, the standard slip systems of 12-
{110}(111) and 12-{112}{111) are considered [23] (see
Table A2). R” (resp. S) is the symmetric part (resp. skew-
symmetric part) of the classical Schmid tensor M*, which is
itself equal to the tensor product of slip direction vector m*
and the normal vector to slip plane n“

Va=1, ., N : M*=m*"®@n" 3)
Within the framework considering the NS effects, the

plastic flow is governed by a generalized Schmid law,
stating that a slip system becomes activated only when the
resolved shear stress 7, reaches a critical value 7,
i<t = 9" =0, @
s ‘L'[l=‘[ca:>]}a20,

%

where 7 is defined in terms of 6 and R as follows:

Ya=1,..,N,:

i tf=6: R ®)
With the NS effect included, R is the symmetric part of

the generalized Schmid tensor M/, which is provided by
M7 =M"“+Mgg, (6)
where M“ is defined by Eq. (3), while M{g is the NS tensor
given by a five-term formulation [42,43]
M5 = eMRg" + ;MY + esMg" + M + esMgs™
= clfa®ﬁl'“+czfa®ﬁ“+c3ﬁ“®ﬁ“+c4?a®fa @)
+esm” @ m”.

In Eq. (7), t* is a unit vector tangent to the a-th slip
system, such that * =m"x@" ¢,-cs are weighting coeffi-
cients, which determine the effects of each NS stress com-
ponent. It is noted that only four of these coefficients (i.e., ¢
-c4) are independent when the yield is assumed to be in-

dependent of hydrostatic stresses. In this case, ¢; is taken to
be —(c; +¢,) [42,44]. The values of NS coefficients ¢, can be
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obtained by either single crystal experiments [42], or ato-
mistic simulations [45].

The critical shear stress 7" is determined by a dislocation

density-based formulation, which accounts for the disloca-
tion interactions in relation to their nucleation, storage, and
annihilation [46]

(&
7} =1y +sGb, ﬂz aaﬁp[} , ®)
=1

where 7" is the initial critical shear stress, s is a constant
related to the stability of dislocation configuration, G is the
shear modulus, b is the magnitude of the Burgers vector,
and a,; is the aff component of the anisotropy interaction

matrix [47]. The dislocation density p* evolves according to

[48]
/ Z o’ =T )

where k, is a parameter related to dislocation storage, and

t=t bk

k, 1is the critical annihilation distance of dislocations.
The involved five constitutive parameters, including the
initial dislocation density p, can be determined by experi-
ments.

In the present study, the NS tensor M{g is introduced as a
correction tensor for the ferrite phase in order to account for
the NS behavior. It is assumed that the martensite phase
does not exhibit NS behavior. Accordingly, Mg is omitted
for the martensite phase, whose constitutive modeling
reduces to the formulation based on the classical Schmid
law.

2.2.2  Numerical aspects of NS constitutive model
The constitutive model is implemented via user-defined
material subroutine within ABAQUS [49]. The constitutive
equations are iteratively solved using an ultimate numerical
algorithm (detailed in Refs. [47,50,51]). In this subsection,
the rate forms of some equations are briefly presented to
highlight the main particularities induced by the presence of
NS terms.

The time derivative of z* (defined by Eq. (5)) is calcu-

lated as

Ya=1,.,N,: i*=0¢" :R" (10)

%

Combining Egs. (1) and (2),, the co-rotational stress rate

6" can be obtained as

N,
6 =C,:d- )Y 7°C,: R" (11)
a=1

Using Eq. (11), Eq. (10) is rewritten as
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Va=1, .., N;:
N,
g 12
i"=R’:(C,:d)~ Y j’R!: C,: R”. (12
=1

According to Eq. (4), the set of active slip systems A is
determined by

VaeA:

The critical shear stress rate 7. in the generalized Schmid

p*>0, i4—i%=0. (13)

law evolves with the slip accumulation on the crystal-
lographic slip systems as follows:

N

it=Y H%P, (14)
B=1

where H % is the af component of the hardening interaction

matrix H. This interaction matrix, determined by differ-

entiating Eq. (8) in combination with Eq. (9), can then be

expressed as

Va,f=1, .., N,:

s

-G @ 1 15
= I;ﬁp (15)
2 Z a%pk

Using Eqgs. (12) and (14), Eq. (13) can be transformed as
follows:

VaeA:

R (C,:d)~ Y (RE:C,: RE+HP )/ =0, (16)
peA

Then, the slip rates of the active slip systems can be ob-
tained by solving Eq. (16)
VaeA: %= 07R:(C,:d), (17)
BeA
where Q is the inverse of matrix P defined by the following
index form:

Va,p e A:

Recasting Egs. (2) and (17) into the form of Eq. (1), the
tangent modulus C,,

PY=R"*:C,: RF+H? (18)
required in the numerical algorithm for

finite element computations incorporating the NS effects
can be determined as follows:

C,=C,~ Y Y 0%C,:R*+8" 6-¢-5
acA peA
®(R’:C,) (19)
Additionally, analyzing Egs. (2); and (5), one can observe
that

N
d i — 20
S X (20)

This implies that the plastic flow at the single crystal scale
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is non-associative with the yield criterion since stress
components other than the Schmid stress contribute to the
yield criterion. This subsection should be regarded as a
concise overview of the numerical aspects with the NS
terms involved in the constitutive equations.

2.2.3  Identification of constitutive parameters

The constitutive parameters of the ferrite and martensite
phases are identified separately. The von Mises equivalent
stress-strain curves obtained from crystal plasticity simula-
tions of micropillar compression tests are fitted with the
experimental data of DP980 steel taken from Ref. [22]. The
boundary conditions and model setting in this fitting pro-
cess, which closely follows Ref. [22], are described in more
detail in Appendix B. For the ferrite phase, a [324]-oriented
single-crystal micropillar is used to conduct the fitting
process. [205] and [326]-oriented single-crystal micropillars
are used to validate the set of parameters obtained in the
fitting process. In this manner, an appropriate set of con-
stitutive parameters is determined for the ferrite phase (see
Fig. 3(a)). For the martensite phase, which is itself a hier-
archical microstructure [52], the simulation of compression
test of micropillar with multiple martensite blocks is con-
ducted. The corresponding von Mises equivalent stress-
strain curve is fitted to the experimental data (see Fig. 3(b)).
The identified constitutive parameters for both phases are
listed in Table 1. Following the work of Mapar et al. [53] on
DP980 steel and the work of Patra et al. [54] on BCC Fe, as
well as the study of Lim et al. [42], the NS coefficients are
considered to take the following values for the ferrite of DP
steel in the present study: ¢; =0.025 ¢,=-0.0227,
c;=0.1299, ¢, =-0.1299, and c5;=0. With the material
parameters and NS coefficients listed in Table 1, the overall
tension and compression stress-strain curves of DP steel
(equiaxed microstructure) with martensite volume fraction
MVF = 57% are plotted in Fig. 4. It can be seen from this
figure that the flow stress in uniaxial compression is ~5.5%
higher than that in uniaxial tension. This is consistent with
the experiments on DP980 steel conducted by Maeda et al.
[25,55] (see Fig. 3(a) in Ref. [25]). The experimental data in
Ref. [25] (represented in Fig. 4 for comparison purpose)
show that the flow stress in compression is larger than that
in tension by 6.2%, which is comparable to the data obtained
by our simulation. This consistency validates that our NS
crystal plasticity model is capable of accounting for the T-C
asymmetry effects in DP steel. Therefore, the values of NS
coefficients listed in Table 1 are adopted to account for the
NS effects of DP steel in this study.

2.2.4  Boundary conditions and macroscopic loadings
In all the following computations of this study, the RVEs of
DP steels are subjected to periodic boundary conditions
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Figure 3 Fitting with the experimental data from Ref. [22]: (a) ferrite
phase; (b) martensite phase.

(PBCs). Specifically, the PBCs are applied to the face pairs
(B,",B, ) and (B, , B, ) of the RVEs (see Fig. 5 for the finite
element discretization) via node-to-node constraints. The
faces normal to the thickness direction are left un-
constrained. For the sake of explanation, it is assumed that
(M ",M ) denotes a node pair belonging to the face pairs
(B,",B,) or (B,,B,). The PBCs require that the current
positions of M " and M ~ are related to their initial positions
according to

Xy =Foxg +ulls x,=F xgFulll (21)

where x and x, denote the current and initial positions of the
considered node pair, respectively, F is the deformation
gradient, and uP” is a periodic displacement field. Since the

application of PBCs leads to ul™ =uf" for node pair

(M ", M), Eq. (21) is equivalent to the following form:

X+ X = F e (Xop— Xp)- (22)
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Table 1 Crystal plasticity constitutive model parameters used for DP steels in this study

Ferrite phase Value Source
Elasticity tensor component C}''! (GPa) 310 [23]
Elasticity tensor component C, e] 122 (GPa) 145 [23]
Elasticity tensor component C;zu (GPa) 105 [23]
Initial critical shear stress 7, (MPa) 200 Fitted
Constant s 0.35 [56]
Shear modulus G(= JerR e - c;m)/z) (GPa) 93.072 [23]
Dislocation storage parameter £, 10 [57]
Critical annihilation distance of dislocations k, (mm) 1.86x107° Fitted
Burgers vector magnitude b (mm) 2.86x107 [58]
Initial dislocation density p, (mm™) 1x10° [58]
Non-Schmid coefficient ¢, 0.025 [42,53]
Non-Schmid coefficient ¢, —-0.0227 [42,53]
Non-Schmid coefficient ¢, 0.1299 [42,53]
Non-Schmid coefficient ¢, —0.1299 [42,53]
Non-Schmid coefficient ¢ 0 [42,53]
Martensite phase Value Source
Young’s modulus £ (GPa) 195 [23]
Poisson’s ratio v 0.3 [23]
Initial critical shear stress 7, (MPa) 520 Fitted
Shear modulus G (= £/[2(1+V)]) (GPa) 75 [22,23]
Dislocation storage parameter &, 73 [22,23]
Critical annihilation distance of dislocations &, (mm) 1x107 Fitted
Burgers vector magnitude b (mm) 3x1077 [22,23]
Initial dislocation density p, (mm™) 3%10’ [22,23]
1400 B,
3
1200 - /L‘
1
1000 -
S 800+ By
é@ Figure 5 Schematic showing a discretized RVE subjected to PBCs.
Ly 600 m — Sim: Tens.
- — -Sim: Comp. can be found in Refs. [59,60]. Equation (23) has to be en-
400 = Exp: Tens. forced in the subsequent simulations carried out in this pa-
o Exp: Comp. per.
200 Given that the RVE is under a macroscopic plane-stress
condition for our calculations, the macroscopic Cauchy
800 o,loz 0.'04 0.66 0.08 stress components 2, i =1, 2 are different from zero,

E

eq

Figure 4 Tension-compression asymmetry of overall flow stress of
DP980 steel obtained by NS crystal plasticity model and compared with
experimental data from Refs. [25,55].

The displacement difference of nodes (M M ) is then
expressed as
sy = (F=1) - (Xgp—Xgp0). (23)

The details on the numerical implementation of Eq. (23)

which are computed by taking the volume average of the
microscopic Cauchy stress components o;;

1
T = 7la,.,.dV. (24)
The macroscopic logarithmic strain  components
E; i=1, 2, 3 are given by
E;; = In(Fy), (25)

where F}; are the diagonal components of the deformation
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gradient F.
Thus, the von Mises equivalent stress and strain read

Zeq = N2 T 22020210,

2 2 2 2
Eegq = T\/(En ~Ep) (B~ Eyy) (B~ Ex)”

(26)

3. Results and discussions

In this section, the influences of NS stress components (at
the single crystal scale) on the stress/strain partitioning,
stress-strain response, and yield surface (at the RVE scale)
of DP steel are successively analyzed. For these purposes, at
least one of the coefficients c; (defined in Eq. (7)) is kept
nonzero to account for the NS effects. As explained in
Sect. 2.2.1, only cj-c, are independent since the yield be-
havior is assumed to be independent of the hydrostatic stress
in this study. Thus, we consider each coefficient ¢; in-
dividually in order to isolate the effect of each NS stress
component. The results are presented for a martensite vo-
lume fraction MVF = 19% for equiaxed and elongated mi-
crostructures. The insights derived from this section
contribute to the understanding of the anisotropic-asym-
metric plastic behavior exhibited by DP steels (as discussed
in Refs. [28-31]).

To quantify the effect of ¢;, a strength differential para-
meter SD measuring the T-C asymmetry is defined [61]

2(or—o,

SD = —(UTT T UCC) : 27)
where o, and o denote the initial yield stress in tension and
in compression, respectively. SD = 0 means no T-C asym-
metry, which is the case when using the classical Schmid
model. A positive SD corresponds to o7 > 0., while a ne-
gative SD means oy < 0.

3.1 Stress/strain partitioning

In this subsection, the contours of the von Mises stress and
maximum principal strain for equiaxed microstructure under
uniaxial tension are plotted to visualize the stress and strain
distributions. Figure 6 shows the stress and strain parti-
tioning at £, = 0.03 with individual effect of each NS stress
component. The case of ¢; = 0 (without NS effects) is also
presented as a reference, as shown in Fig. 6(a) and (b). It is
noted that all the stress (resp. strain) contours share the same
color bar with Fig. 6(a) (resp. Fig. 6(b)). It can be clearly
seen from Fig. 6(a) that the harder martensite phases ac-
commodate the majority of stress, as compared to the softer
ferrite phases. On the other hand, the ferrite phases ac-
commodate the majority of strain, as shown in Fig. 6(b).
This is due to the fact that, in DP steels, the martensite
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Figure 6 Effect of NS stress components on stress partitioning ((a), (c),
(e), (g)) and strain partitioning ((b), (d), (f), (h)) of DP steel.

phases contribute to the material strength, while the ferrite
phases contribute to its ductility [4,62].

Then, the calculation is repeated by keeping c; = 0.025
and setting the other ¢; = 0. As shown in Fig. 6(c) and (d),
the prescribed value of ¢, does not lead to obvious change in
the stress and strain distributions, as compared to the case
without NS effects. The calculation is carried out for ¢, by
keeping ¢, = —0.0227 and setting the other ¢; = 0. Similar to
the effect of ¢,, the prescribed value of ¢, does not change
the stress and strain distributions neither. The related con-
tours are not presented for brevity (see also Fig. 6(c) and
(d)). It is recalled that ¢, and ¢, are associated with the
f®@m and t @1 NS shear stress components, respectively.
Hence, the calculations suggest that these two shear stress
components do not affect the local stress and strain con-
centrations in the studied DP steel.

In Fig. 6(e) and (f), the effect of the normal A @ n NS
stress component is revealed by prescribing only ¢; =0.1299.
Figure 6(e) indicates that the increase in the value of the
coefficient c; evidently decreases the local stress in the
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ferrite phases (as marked by the open circles). On the other
hand, Fig. 6(f) illustrates that the increase in parameter c;
reduces the local strain in martensite phases, while enlarges
that in ferrite phases (as marked by the open circles). These
observations reveal that this NS stress component sig-
nificantly affects both the stress and strain partitioning in the
DP steel.

In Fig. 6(g) and (h), the effect of the normal t®t NS
stress component is disclosed by keeping only ¢, = —0.1299.
As can be seen in Fig. 6(g), the decrease in parameter c,
intuitively changes the stress distribution in ferrite phases, as
marked by the open circles. However, the change in com-
ponent ¢, does not significantly influence the strain parti-
tioning, as evidenced when comparing Fig. 6(b) to (h).
These findings are further examined statistically.

For the purpose of clearer visualization, the distribution
densities of stress and strain for the given values of c; are
presented at the same equivalent strain level, as shown in
Fig. 7. The stress and strain values at the centroid of each
element are included in the statistics. It can be seen from
Fig. 7 that the distribution densities of stress and strain
present two peaks, as respectively marked by the solid and
dashed arrows. Evidently, the peak marked by the solid
(resp. dashed) arrow is accommodated mainly by the ferrite
(resp. martensite) phases. As a first observation, it is clear
that the values assigned to coefficients ¢; and ¢, do not
change the stress/strain partitioning in the studied DP steel,
since the distribution density curves are coincident with
those of ¢; = 0. Importantly, the value assigned to parameter
¢y significantly decreases the local stress, as the corre-
sponding curve (the blue one in Fig. 7(a)) moves left.
However, the given value of component c¢, changes the
stress partitioning very slightly. On the other hand, Fig. 7(b)
illustrates that the given value of c; reduces the strain ac-
commodation in the martensite phases and strengthens that
in the ferrite phases, which validates the above contour
analyses from a statistical viewpoint. Figure 7(b) also shows
that the given value of ¢, mainly decreases the strain ac-
commodation in ferrite phases, while does not affect the
martensite phases. In a word, the increase in c; strongly
intensifies both the stress and strain partitioning, whereas
the decrease in ¢, slightly changes the stress accommodation
in both phases, but apparently reduces the strain partition-
ing. Hence, the two normal NS stress components play
important roles in the stress/strain partitioning of the studied
DP steels.

3.2 Overall stress-strain response

In this subsection, we prescribe c;-c,, one at a time, in order
to decouple the effects of NS stress components on the
overall stress-strain response under tension and compres-
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principal strain for the given individual NS coefficient c;.

sion. In all of the figures presented in this subsection, “UT”
or “UC” denotes uniaxial tension or uniaxial compression,
while “0°” or “90°” designates the rolling direction or
transverse direction, respectively. Both the equiaxed and
elongated microstructures are considered in this analysis.
Additionally, the overall stress-strain response without NS
effects (i.e., ¢; = 0) is also plotted as reference.

3.2.1 Equiaxed microstructure

The equiaxed microstructure, i.e., the microstructure with
equiaxed phases and random grain orientations, is first
considered. The equivalent stress-strain curves for ¢; # 0
(NS effects with the full set of ¢; values listed in Table 1), as
well as for ¢; = 0 (without NS effects), under UT and UC are
plotted in Fig. 8(a). As can be seen in this figure, the four
cases without NS effects show a coincident stress-strain
response. This is well expected since the equiaxed micro-
structure with random grain orientations does not exhibit
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Figure 8 Effect of NS coefficients c; on the stress-strain curve for the randomly oriented polycrystal with equiaxed microstructure. (a) ¢; # 0; (b) ¢, = 0.025;

(€) ¢; =0.1299; (d) ¢, =—0.1299.

plastic anisotropy, and ¢; =0 (the classical Schmid law)
does not involve T-C asymmetry. By contrast, the case of
¢; # 0 (involving NS stress components) leads to obvious
T-C asymmetry, manifesting that the flow stress in UC is
larger than that in UT (SD < 0). Nevertheless, this set of ¢,
values does not induce obvious plastic anisotropy in DP steel.

Figure 8(b) shows the effect of ¢, (t ® mi NS shear stress
component) on the stress-strain response by setting only
¢, = 0.025. As can be seen from this figure, ¢; = 0.025 leads
to a negligible T-C asymmetry. The influence of a prescribed
¢, coefficient is similar to that of ¢;, which is not presented
here for brevity. Indeed, ¢, does not contribute to the T-C
asymmetry, as demonstrated for BCC single crystals in the
simulations conducted by Cho et al. [41] and the projection
factor analysis reported by Lim et al. [42]. Additionally, a
larger value for ¢ can result in apparent T-C asymmetry (see
Fig. Cl(a)). By contrast, a larger value for ¢, does not result
in T-C asymmetry but leads to a change in the flow stress

(see Fig. C1(b)).

The effect of c; is examined in Fig. 8(c). Unlike c; and c,,
c3 = 0.1299 results in strong T-C asymmetry, where the flow
stress in UC is significantly higher than that in UT (i.e., SD
< 0). By contrast, the effect of ¢, is opposite to that of c; (as
their signs are opposite), although c, leads to a weaker T-C
asymmetry than c;, as depicted in Fig. 8(d). The changes in
¢; do not induce obvious plastic anisotropy for equiaxed
microstructures, as illustrated in Fig. 8. It is worth noting
that the simulation results reported by Cho et al. [41] reveal
that the effects of ¢; depend on the orientation of single
crystals. Therefore, this motivates to conduct further studies
on the effects of ¢; in elongated polycrystals with crystal-
lographic texture.

3.2.2  Elongated microstructure
The calculations performed in Sect. 3.2.1 are repeated here
for elongated microstructures with crystallographic texture
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(as defined in Sect. 2.1). In the same manner, the overall
stress-strain curves for c¢; # 0 (the same full set of ¢
values used for the equiaxed microstructure), ¢, = 0.025,
¢, =—0.0227, ¢; = 0.1299, ¢, = —0.1299, under the loading
scenarios UT 0°, UT 90°, UC 0°, and UC 90° are re-
spectively plotted.

As shown in Fig. 9(a), when c¢; = 0 (without NS effects),
the stress-strain curves (the dashed curves) do not present T-
C asymmetry but exhibit plastic anisotropy caused by the
initial texture. When ¢; # 0, the stress-strain curves (the
solid curves) display both T-C asymmetry and plastic ani-
sotropy. In Fig. 9(b), the effect of ¢, is examined by setting
only ¢; = 0.025. It can be seen that the prescribed c, leads to
slight T-C asymmetry. Actually, by comparing Fig. 8(b) with
Fig. 9(b), on the one hand, and Fig. C1(a) with Fig. C2(a) (in
Appendix C) on the other hand, it appears clear that the
same change in ¢, for the textured microstructure leads to
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more pronounced T-C asymmetry than that for the equiaxed
microstructure, suggesting that the texture effect exacerbates
the NS effects. The effect of ¢, in the textured micro-
structure is similar to that in the equiaxed microstructure,
which is not presented here for conciseness. It is important
to emphasize that, although the prescribed values of ¢, and
¢, have minimal effects, they must be carefully evaluated,
particularly for textured materials, as texture may intensify
their impact.

The effects of ¢, and ¢, are studied in Fig. 9(c) and (d),
respectively. These figures indicate that the effects of c¢; and
¢, on T-C asymmetry in textured microstructures are still
similar, as compared to the cases of equiaxed micro-
structures. Figures 8 and 9, together with Figs. C1 and C2
(in Appendix C), suggest that the sign of SD hinges on the
sign of ¢;, and the impact of the sign of c; is the same as c,,
which is opposite to ¢;. Moreover, the decoupled effect of c;
seems to not influence the plastic anisotropy in the textured
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Figure 9 Effect of NS coefficients ¢; on the stress-strain curve for the textured polycrystal with elongated microstructure. (a) ¢; # 0; (b) ¢, =0.025; (c)

¢ =0.1299; (d) ¢, = —0.1299.



microstructure. However, the coupled effect of ¢; indeed
impacts the plastic anisotropy in the textured microstructure
(see Fig. 9(a)), while not in the equiaxed one. This is likely
due to the coupled texture and NS effects [33].

3.3 Yield surface

This subsection is devoted to revealing the effects of the NS
stress components on the polycrystalline yield surface.
Following the methodology in the previous subsection, the
values for c;-c, are individually prescribed to investigate
their decoupled effects on the yield surface. To emphasize
the shape change, the yield surfaces are normalized by the
magnitude of yield stress in simple tension along the first
principal axis.

3.3.1 Determination of yield surface

The polycrystalline yield surface for DP steel is presented in
the 2',-2', principal stress plane. In the calculation of the
yield surface, 2}, and 2, are kept proportional following
the stress ratio:

2pl2 = ps, (28)

= tand with 0° < 6 <360°. A complete yield lo-
cus requires that @ varies from 0° to 360°. Equation (28) is
enforced via the *MPC subroutine in ABAQUS [49]. Fur-
ther technical details about the use of this constraint are
provided in Ref. [59].

The Riemann Sum of the plastic work is defined following
Ref. [33]:

ZZ:( eq.k eq k*l)zeq,b (29)

where k stands for the strain increment numbering, while £,

where p,.

and 2, are respectively the macroscopic equivalent strain
and stress, as defined in Eq. (26).

The points on the yield surfaces are determined by a
prescribed value of W”, which ensures the equi-potential
condition. The prescribed value of W7 is selected to be the
value corresponding to a simple tension test at 0.2% plastic
strain.

3.3.2  Equiaxed microstructure

The yield surfaces of equiaxed microstructure, with or
without NS effects, are plotted in Fig. 10. The full set of c;
listed in Table 1 is first considered to obtain the yield surface
with NS effects (denoted as ¢; # 0). As can be seen from Fig.
10, the yield surface without NS effects (c; = 0) approaches
centrosymmetry, showing the absence of plastic anisotropy
and T-C asymmetry (SD = 0). This is an expected outcome
for the randomly oriented polycrystal with equiaxed mi-
crostructure. Figure 10 also shows that the NS effects
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(c; # 0) clearly change the yield surface shape, thus re-
flecting the T-C asymmetry (SD = —0.098).

The case without NS effects (¢; = 0) is taken as reference
to evaluate the effect of each NS stress component. To
evaluate the effect of £ @M NS shear stress, the computa-
tions are repeated by keeping the corresponding coefficient
¢, = 0.025, while setting the other ¢; = 0. As shown in Fig.
11(a), the prescribed c; induces a negligible change in the
shape of the yield surface. The prescribed c, (f®n NS
shear stress) does not change the shape of the yield surface
either, which is also shown in Fig. 11(a). Even varying their
values, the NS stress components associated with ¢, and ¢,
do not cause significant change in the yield surface of

equiaxed microstructure, as revealed by Fig. C3 (see Ap-
pendix C).

Z‘22

Figure 1

In the same manner, the yield surfaces are plotted b}the rand

prescribing only c; to study the effect of the normal A®Q 1
NS stress component. As shown in Fig. 11(b), the prescribed
c; results in a pronounced expansion of the yield surface
(except for the tension-tension (T-T) quadrant), which
means that the yield becomes harder in compression
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harder yield in T-T stress state, while easier in C-C stress
state. The opposite happens when ¢, is positive, i.e., harder
yield in C-C stress state, while easier in T-T stress state.
On the whole, Figs. 10 and 11 depict that among the NS
coefficients, c¢; and ¢, dictate the yield surface with NS
effects. This means that, for equiaxed microstructures with
random grain orientations, the NS normal stress components
are of key importance in determining the yield surface,
while the NS shear stress components can be neglected for
that purpose. Whether this holds for textured micro-
structures will be addressed in the next subsection.

3.3.3  Elongated microstructure

The same series of computations are carried out for the
textured microstructure with elongated phases. The case
without NS effects is also included as reference, as marked
by black solid squares in Fig. 12. As observed in Fig. 12, the
yield surface without NS effects exhibits a vertex-type
feature and slight plastic anisotropy due to the crystal-
lographic texture. By contrast, the yield surface with NS
effects reveals asymmetry in the equibiaxial states.

Figure 13(a) shows that the prescribed ¢, and ¢, do not
induce obvious changes in yield surface. However, varying
the values of ¢; or ¢, may result in significant changes in
yield surface, as shown in Fig. C4 (Appendix C). This is
different from the case of equiaxed microstructure (see Sect.
3.3.2), suggesting that there appear coupled texture and NS
effects on the yield surface of textured microstructure.

Figure 13(b) depicts the effect of c; on the yield surface of
textured microstructure. The prescribed c; leads to a stron-
ger vertex-type feature in the T-T stress state, and harder
yielding in the C-C stress state. Figure 13(c) shows the ef-
fect of ¢, on the yield surface of textured microstructure.
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Figure 12 Yield surfaces with (¢; # 0) or without (c; = 0) NS effects for
the textured polycrystal with elongated microstructure.
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Compared to Fig. 11(c), which shows the effect of ¢, for
random microstructure, it is clear that the presence of texture
amplifies the effect of ¢, on yield surface shape. Moreover,
analyzing Figs. 12 and 13, it is concluded that the effect of
¢, dictates the yield surface of the studied textured micro-
structure, which is also different from the case of equiaxed
microstructure.

The analyses in Sect. 3.3 reveals that the effects of ¢; on
the yield surfaces of random microstructure and of textured
microstructure are different. This means that the effects of
c; depend on the crystallographic texture of the micro-
structure when determining the yield surfaces of DP steels.

3.4 Discussion

In the previous sections, the studied microstructure, char-
acterized by grains elongated in the first direction due to the
rolling process, exhibits anisotropy resulting from both
crystallographic texture and grain morphology. When the
NS effect is coupled with texture, the effect of grain mor-
phology is inherently included. To specifically assess the
impact of grain morphology, we create a new micro-
structure, i.e., randomly oriented polycrystal with elongated
microstructure, denoted as “elongated-random”. This new
microstructure is compared with the original two from the
previous sections: “equiaxed-random” (randomly oriented
polycrystal with equiaxed microstructure) and “elongated-
textured” (textured polycrystal with elongated micro-
structure). The “equiaxed-random” microstructure has
shown the absence of plastic anisotropy (see Fig. 8(¢c)), in-
dicating that random grain orientations do not induce plastic
anisotropy. The tensile stress-strain curves along 0° and 90°,
as well as the yield surfaces for these three microstructures,
are presented when c; = 0.1299. As shown in Fig. 14(a), the
“elongated-random” microstructure exhibits slight plastic
anisotropy, attributed solely to grain morphology, since the
grain orientations are random. Moreover, the stress-strain
curves of this new microstructure are closer to those of the
“equiaxed-random” microstructure. On the other hand, Fig.
14(b) reveals that the yield surface of the new micro-
structure closely resembles that of the “equiaxed-random”
one. These trends demonstrate that, in the “elongated-tex-
tured” microstructure, although the combined texture and
NS effects include the effect of grain morphology, the
dominant factors are still the coupled crystallographic tex-
ture and NS effects.

In this paper, MVF = 57% (close to the MVF of DP980
steel) is chosen for calibrating the constitutive model para-
meters, while MVF = 19% (close to that of DP600 steel) is
used for the formal discussion. The reason for this choice is
twofold. Firstly, extensive experimental data, including both
micropillar compression tests and macroscopic T-C strength
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Figure 14 (a) Stress-strain curve and (b) yield surface for three micro-
structures when ¢;=0.1299. “Equiaxed-random” (randomly oriented poly-
crystal with equiaxed microstructure), “elongated-random” (randomly
oriented polycrystal with elongated microstructure), and “elongated-tex-
tured” (textured polycrystal with elongated microstructure).

differential tests for DP980 steel, are reported in Refs.
[22,25,55]. The experimental data from these tests are suf-
ficient for the appropriate identification of model para-
meters. Therefore, we did not conduct extra experimental
tests for parameter identification, but directly used the ex-
isting data and set an MVF value of DP980. Secondly, the
DP steel with MVF = 19% is chosen in Sect. 3 to highlight
the NS effects in our study. Although the T-C strength dif-
ferential effect cannot be neglected when accurately de-
scribing DP980, this effect in DP steels with a relatively low
MVF is more evident, such as in DP600. This phenomenon
is actually in line with the experimental data provided by
Hou et al. [24], in which the plastic deformation of three DP
steels (DP590, DP780, and DP980, DP980 having the
highest MVE, followed by DP780 and then DP590) is
characterized under several loading paths (see Figs. 6 and 8
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therein). In fact, the effect of c; is shown to be weaker when
the MVF increases from 0.19 to 0.57, the pertaining results are
not duplicated here to keep the paper at a reasonable length.

4. Conclusion

In this work, a dislocation density-based crystal plasticity
model is used to study the NS effects in ferrite-martensite
DP steels. In the model, the NS stress terms are incorporated
only for the ferrite phases, which are shown to exhibit NS
effects. The influences of NS stress components on the
mechanical response of DP steels are analyzed, including
stress/strain partitioning, plastic flow, and yield surface.
Two kinds of microstructures commonly observed in DP
steels are considered: equiaxed phases with random grain
orientations, and elongated phases with crystallographic
texture. The main conclusions are summarized as follows:

(1) The NS stress components, especially the normal com-
ponents, significantly impact the stress and strain partitioning.

(2) The normal A@ 1N component is also the main con-
tributor to T-C asymmetry for random equiaxed micro-
structures. For the textured elongated microstructures, a
combined influence of crystallographic texture and NS ef-
fect is observed.

(3) The effects of NS stress components depend on the
crystallographic texture of the microstructure when de-
termining the yield surface.

These findings shed light on the nuanced interplay be-
tween NS effects, microstructural characteristics, and me-
chanical behavior in DP steels, providing valuable insights
into the role of crystallographic texture and NS stress
components in governing the material response under var-
ious loading conditions.

Appendix A. Slip systems

For the ferrite phase (Table A1), we focus on the {110}(111)
slip systems with NS effects, since the geometry of 1/2(111)
screw dislocations on the {110} planes has been better un-
derstood in experiments and atomistic simulations [22,41].
Importantly, it should be noted that the slip systems
a = 13-24 are conjugated to a = 1-12, with the only differ-
ence being the sign of slip direction m”. Within the classical
Schmid law, the conjugate pairs of slip systems are de-
generated to the 12 original ones. However, within the NS
crystal plasticity, the full set of 24-{110}(111) slip systems
should be used because the NS stresses are different be-
tween slip systems a = 1-12 and a = 13-24 [41]. For the
martensite phase (Table A2), the 12-{110}(111) and 12-

{112}{111) slip systems are used.
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m" n” m” n”
1 [111] (011) 13 [111] (011)
2 [111] (1o1) 14 [111] (101)
3 [111] (110 15 [111] (110)
4 [111] (101) 16 [111] (101)
5 [111] (011) 17 [111] (o011
6 [111] (110) 18 [111] (110)
7 [111] (011) 19 [111] (011)
8 [111] (101) 20 [111] (101)
9 [111] (110) 21 [111] (110)
10 [111] (101) 22 [111] (101)
11 [111] (011) 23 [111] 011)
12 [111] (110) 24 [111] (110)
Table A2 Slip systems for martensite phase
e Hi " —a
1 [111] (011) 13 [111] (112)
2 [111] (1o1) 14 [111] (121)
3 [111] (110) 15 [111] 211)
4 [111] (107) 16 [111] (112)
5 [111] (o11) 17 [111] (121)
6 [111] (110) 18 [111] 211)
7 [111] (011) 19 [1i1] (112)
8 [111] (101) 20 [111] (121)
9 [111] (110) 21 [111] [V30))
10 [111] (107) 22 [111] (112)
11 [111] 011) 23 [111] (121)
12 [111] (110) 24 [1in (211)

Appendix B. Finite element model setting for the
micropillar compression simulations

A finite element model is used to mimic the micropillar
compression experiments of Chen et al. [22]. The diameter
of the micropillar is set to 2 pm and the height-to-diameter
ratio is taken to be 2. These geometric characteristics are in
line with the dimensions of the experimental specimens. The
top face of the micropillar model is indented by a flat rigid
surface representing the flat punch. The friction coefficient
is set to 0.5 in the simulations, to account for the interaction
between the punch and micropillars, in the same way as in
Ref. [22]. The micropillars are discretized using 2400 eight-
node hexahedral finite elements. The micropillar compres-
sion simulations are conducted for [205], [326], [324]-or-
iented ferrite micropillars, and a martensite micropillar with
multiple blocks. The relevant von Mises stress contours
obtained by finite element computations are provided in Fig.
BI.

Appendix C. Stress-strain curves and yield sur-
faces by varying NS coefficients ¢, and ¢,

For the random polycrystal with equiaxed microstructure,
the stress-strain curves are plotted by setting ¢, = 0.5" and
¢, = 0.5, successively, as shown in Fig. Cl(a) and (b), re-
spectively. Figure Cl(a) reveals that ¢; = 0.5 results in an
obvious T-C asymmetry. Figure C1(b) depicts that ¢, = 0.5
does not lead to T-C asymmetry but induces a noticeable
change in the flow stress level.

For the textured polycrystal with elongated micro-
structure, the stress-strain curves are plotted by setting
¢, =0.5 and ¢, = 0.5, successively, as shown in Fig. C2(a)

(d

Figure B1 Von Mises stress contours of ferrite and martensite micropillars at 5% strain: (a) [205]-oriented ferrite micropillar; (b) [326]-oriented ferrite
micropillar; (c) [324]-oriented ferrite micropillar; (d) martensite micropillar with multiple blocks.

1) In this appendix, the NS coefficients ¢, and ¢, are taken to be 0.5 (or —0.5) to amplify their effects. Such relatively large values of NS coefficients have been used to characterize
the mechanical response of tantalum at low temperature [63]. Here, it is noted that the use of large coefficients does not mean they can be achieved for DP steels at low temperature

because of the lack of relevant experimental reports.
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Figure C1 Stress-strain curves with (a) ¢, =0.5 and (b) ¢, = 0.5 for the
random polycrystal with equiaxed microstructure.

and (b), respectively. Figure C2(a) reveals that ¢; = 0.5 re-
sults in stronger T-C asymmetry in textured microstructure,
as compared to the case of equiaxed microstructure (see
Figs. Cl(a)) and C2(b) shows that ¢, = 0.5 does not induce
T-C asymmetry, but induces a change in the flow stress
level, which is similar to the case of equiaxed micro-
structure.

For the random polycrystal with equiaxed microstructure,
the yield surfaces are plotted by varying ¢, and c,, succes-
sively, as shown in Fig. C3(a) and (b), respectively. Figure
C3(a) suggests that the variation of ¢, leads to a subtle
change in the yield surface of equiaxed microstructure.
Also, the variation of ¢, results in a negligible change in the
yield surface, as revealed in Fig. C3(b).

For the textured polycrystal with elongated micro-
structure, the yield surfaces are plotted by varying c; and c,,
successively, as shown in Fig. C4(a) and (b), respectively. It
can be seen from Fig. C4(a) that, as ¢, decreases from 0 to
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Figure C2 Stress-strain curves with (a) ¢, =0.5 and (b) ¢, = 0.5 for the
textured polycrystal with elongated microstructure.

—0.5, the locus in the T-T stress state exhibits a stronger
vertex-type feature, whereas the yield in the C-C stress state
becomes much harder. The opposite happens when ¢, in-
creases from 0 to 0.5, where the yield in the T-T stress
state becomes harder. It is evident from Fig. C4(b) that the
yield surface becomes shortened and obtuse along
211—25, =0 as ¢, increases from —0.5 to 0.5. This means
that the yield in T-T and C-C stress states becomes easier as
¢, increases.
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