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Sheared edge failure is one of the major problems associated with the forming of advanced
high strength steels (AHSS) such as dual-phase (DP) steels. To improve the performance
of AHSS in industrial forming operations, ferritic-bainitic complex-phase (CP) steels have
been developed and are gaining attention in academia as well as industry. The present
work aims to investigate the influence of microstructure on micro-void (damage) evolution
during the edge stretching of CP800 and DP780 steels and develop a micromechanics-
based fracture model to predict edge failure for both reamed and sheared holes. Three-
dimensional damage histories were obtained using x-ray microtomography on a series of
hole tension specimens interrupted at different strain levels. These experiments considered
a tensile specimen with a sheared hole at the center of specimen (sheared edge condition)
or reamed (ideal edge condition). Void damage measurements, such as void area fraction,
number of voids, void diameter, and void aspect ratio, were conducted and the results
are compared to the reamed specimens to isolate the sheared edge effect on damage. The
void measurements were used to implement a stress-state dependent model for nucle-
ation, and coupled with the Ragab (2004) model for void growth and the Benzerga and
Leblond (2014) model for void coalescence to develop a damage-based material model.
Higher damage accumulation was observed behind the sheared edge in comparison the
reamed edge at a given strain for both materials considered. An uncoupled anisotropic
damage-based fracture model was formulated in a LS-DYNA user-defined material sub-
routine. As an alternative to computationally expensive multi-stage sheared edge stretch-
ing simulations, the measured strain-distribution of the sheared edge was mapped into a
finite-element model to predict sheared edge failure. The proposed model was validated
for the hole tension testing simulations and found to predict failure accurately for both
the CP800 and DP780 for both the edge conditions.

© 2019 Elsevier Ltd. All rights reserved.

1. Introduction

Advanced high strength steels (AHSS) generally offer high strength and moderate formability, however, challenges exist
in the application of AHSS including fracture of previously sheared edges during forming operations (Dykeman et al,, 2011).
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The shearing process generates work-hardening and introduces pre-nucleated voids (damage) due to the high strength-
differential between the phases in dual-phase (DP) steels; as a result, a severe residual strain field is generated that accel-
erates the fracture mechanism of void nucleation, growth and coalescence during hole expansion (Pathak et al., 2017). In
order to support application of AHSS in the design of lightweight structures, there is a need to develop fracture models that
can predict failure during sheared edge stretching in metal forming simulations.

Extensive literature is available with a focus on modeling the three stages of ductile fracture: nucleation, growth and
coalescence of microvoids (Worswick and Pick, 1990; Thomason et al., 1998; Pardoen and Hutchinson, 2000; Landron et al.,
2011; Scheyvaerts et al., 2011). Gurson (1977) proposed a porous yield function to account for the effect of void growth
and nucleation on the material response. Chu and Needleman (1980) extended this nucleation model to assume that the
nucleation rate can be expressed in terms of a normal distribution about a mean nucleation stress or strain. The plastic
strain-based variant of the Chu and Needleman (1980) nucleation model has become widely adopted due to its ease of
implementation in finite-element codes relative to the stress-based criterion. Tvergaard and Needleman (1984) proposed
a coalescence criterion that identifies the onset of coalescence based on critical porosity. Becker (1987) and Koplik and
Needleman (1988) reported influence of the material, stress-states and hardening on failure porosities. Subsequently, the
Thomason (1999) plastic limit-load model has greatly contributed to the understanding and modeling of void coales-
cence and has been validated and enhanced by many researchers (Benzerga, 2002; Scheyvaerts et al., 2010; Benzerga and
Leblond, 2014).

The Gurson (1977) model and its extensions as well as other damage-based models have been extensively used to pre-
dict failure for AHSS and aluminum alloys (Imbert et al., 2005; Nahshon and Xue, 2009). Earlier, Gurson model develop-
ments have focused on higher stress-triaxialities with limited application to lower stress-triaxiality states such as shear.
Nahshon and Hutchinson (2008) and Xue, 2007 extended the Gurson (1977) model to incorporate the third stress invariant
by introducing an extra damage term through the effect of the Lode parameter that allows for failure prediction even at zero
hydrostatic tension. However, the shear-modified Gurson model is a heuristic approach that effectively converts the Gurson
model into a phenomenological failure model for which the effective void volume fraction is a calibration parameter that
represents the lost capacity in a unit cell under shear. Indeed, modeling the evolution of porosity at low stress-triaxiality is
rather challenging given that characterization of void nucleation under shear deformation has not received much attention
to-date. Alternatively, a modified Mohr Coulomb (MMC) model, proposed by Bai and Weirzbicki (2008), covers low stress
triaxialities using the butterfly test. However, Benzerga et al., 2012 demonstrated that an infinite number of fracture loci ex-
ist in terms of failure strain as a function of average stress triaxiality and Lode parameter for non-proportional loadings and
therefore the path-dependent phenomenological models, are therefore not capable to predict failure under non-proportional
loading such as sheared edge stretching.

Sheared edge stretching is a two-stage non-proportional loading case that consists of through-thickness shearing fol-
lowed by in-plane stretching. The critical step to model this complex loading condition is to capture the deformation
within the shear-affected zone (SAZ) caused by the shearing operation. One strategy to account for the properties of the
sheared edge is to perform a sequential simulation of the blanking operation followed by the hole expansion test, as in
Hubert et al. (2012) who mapped predictions of plastic strain resulting from the shearing process to the edge stretching
simulation. A two-step pre-damage mapping model was proposed by Wang et al. (2015) to transfer the equivalent strain
obtained from shearing simulations to hole expansion simulations, however, such approaches are computationally expensive
and the strain distribution predicted by shearing simulations should be validated. Recently, Kahziz et al. (2016) characterized
the damage evolution behind the DP600 sheared edge and suggested the need for a sophisticated model that can reproduce
the mechanics of the sheared edge by taking into account damage nucleation for different stress-states and work-hardening
introduced during the shearing process.

The objective of the current work is to develop a micromechanics-based fracture model to predict cracking during hole
tension testing of sheared holes within CP800 and DP780. The approach differs from previous research in that measured
shear strain distributions taken from the SAZ of these alloys (Pathak et al., 2019) are used to initialize the finite element
model of the hole thus avoiding the requirement to simulate the actual shearing process. Analytical models are applied to
integrate the damage development corresponding to the local shear strains which is also used to initialize the hole tension
simulation. The subsequent damage development and fracture of the hole tension samples is simulated and compared to
predictions for drilled and reamed holes for which there is no SAZ. The damage and ductility predictions are compared to
tomography measurements on the sheared hole tension samples interrupted at various strain levels prior to fracture. These
results are compared to previous measurements on reamed hole tension samples reported by Pathak et al. (2019b) in order
to isolate the role of damage stemming from the shearing process on edge formability.

2. Experiment methodologies
2.1. Material characterization

The relevant mechanical properties along the rolling (RD), transverse (TD) and diagonal (DD) directions are listed in
Table 1 and have been characterized in previous work (Pathak et al., 2016).



Table 1
Mechanical properties of the CP800 and DP780 steels. The standard deviation after three tests is indicated in the bracket (Pathak et al., 2016).
Material Thickness (mm) Direction Yield strength Ultimate Tensile Total n Reduction
(MPa) Strength (MPa) Elongation (%) of Area (%)
CP800 2.90 RD 710 810 19.6 0.08 69
(6) (3) (1.7) (0.00) (6)
D 788 850 18.8 0.06
(5) (5) (1.0) (0.00)
DD 726 800 20.5 0.07
(8) (5) (2.0) (0.00)
DP780 1.56 RD 509 800 22.8 0.16 41
(8) (6) (2.2) (0.00) (4)
TD 522 806 21.6 0.15
(4) (5) (1.8) (0.00)
DD 533 815 25.5 0.15
(6) (8) (1.8) (0.00)

Fig. 1. A specimen geometry of the DP780 hole tension test. All units are in mm.

2.2. Hole tension test

Hole tension specimens (Fig. 1) were adopted to characterize failure strain under uniaxial loading (Bai and
Wierzbicki, 2008; Anderson et al., 2017;) as well as to characterize edge-stretchability (Wang et al., 2015; Pathak et al.,
2019). Unlike the hole expansion test where the hole is deformed out-of-plane, hole tension specimens experience in-plane
deformation which eases specimen preparation for the tomography-based damage measurements. The geometry of the hole
tensile test has a reduced section length of 35 mm with a 10 mm diameter hole at the center as shown in Fig. 1. The
width of the ligament on either side of the hole was selected as four times the material thickness for the two materials
investigated.

Two sets of specimens were studied for both the materials using two different hole processing techniques: reamed and
sheared. The holes were processed using the techniques adapted in previous work (Pathak et al., 2017). The hardness mea-
surement conducted behind the reamed edge indicates that minimal work-hardening exists behind the reamed edge and
therefore formability of reamed edge is directly related to the microstructure of the material. In contrast with the reamed
edge, the hardness values behind the sheared edge (Fig. 2) peak at the edge and then decreases to the value of base material
and, suggests the presence of work-hardening introduced during the shearing process.

The specimen was subjected to tension in a 100 kN MTS Criterion model 45 servo-electric tensile frame at a cross-
head displacement of 0.075 mm/s. In situ 3-D digital image correlation (DIC) measurements (Correlated Solutions Inc.) were
used to record the full-field strain distribution using a frame rate of 4 images per second and image size of 2448 x 2048
pixels. A vertical virtual extensometer of length 18 mm was used to define a nominal strain measure. This gauge length and
cross-head velocity correspond to a nominal strain rate of 0.003 s~—!. The DIC images were analyzed using a resolution of
0.02 mm/pixel, with a filter size and step size of 9 and 3 pixels, respectively. These correspond to a Virtual Strain Gauge
Length (VSGL) of 0.50 mm:

VSGL = Step size x Filter size Resolution of the area of interest x (1)

The equivalent strain history was calculated based on von Mises plasticity theory and plastic volume conservation by
integrating

2
de — 73\/ (de? + ds2 + ds?de3), 2)
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to determine the total equivalent strain, eq, directly from the DIC measurements. A typical contour plot of measured equiv-
alent strain for a DP780 reamed hole tensile specimen is shown in Fig. 3. The maximum deformation occurs along the hole
edge at center and the failure is reported to be initiated from the area indicated by grey square.

2.3. Tomography

The tomography specimens of cross-section 500 pm X500 pm and length 700 um were extracted from the maximum
deformed region of each interrupted specimen, as indicated by the grey colored square in Fig. 3. The samples were ground
to a thickness of approximately 0.7 mm followed by cutting to the desired cross-section, using an Accutom precision cutter
and a continuous water supply to avoid heating of the sample. A EasyTom system at the MATEIS laboratory in INSA Lyon
was used to acquire tomographs of the specimens. The tomograph was operated at 100 kV and 75 pA to obtain voxel
size of 1 pym. The noise associated to the scan acquisition was reduced by applying median filter with a radius of two
voxels to the reconstructed volumes. The volumes were thresholded to differentiate the void phase from the steel phase.
The edge surface was detected using an Image] plugin (Abramoff et al., 2004) that highlights sharp changes in intensity
in 3D binarized volumes. The 3D visualization was done using the Image] 3D volume viewer. Voids appear in red and the
bulk material in white in the following 3D views of the reconstructed slices. To be registered as a void, a set of pixels
need to be statistically significant in three dimensions; therefore, voids with the diameter less than twice the voxel size i.e.
2.0 pm were excluded from the analysis. The void quantification was conducted using Image] to provide measurements of
the morphology of each individual void within a specimen. Due to the high cost involved in conducting tomography scans,
no repeats were performed and hence considered as a limitation of the current work.



Table 2
Equivalent failure strain and displacement to failure for the
sheared holes.

Equivalent Strain

Materials
1 2 3 4 Fracture
CP800 0.26 0.48 0.52 0.55 0.61+ 0.04
DP780 0.16 0.18 0.20 0.22 0.28+ 0.04
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Fig. 4. 3D views of damage within as-sheared edges of the CP800 and DP780 steels.
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Fig. 5. 3D views of damage within the CP800 and DP780 sheared hole tension specimens near failure.

3. Damage evolution during the edge stretching

To systematically characterize the damage mechanisms during sheared edge hole tensile testing, interrupted testing was
conducted at four different nominal strain levels for the sheared CP800 and DP780 samples. The local equivalent strain from
the DIC measurements for each interrupted specimen are indicated in Table 2. Tomography specimens were extracted from
each interrupted specimen at the location shown in Fig. 3.

Figs. 4 and 5 shows the tomograms of the CP800 and DP780 taken from the as-sheared specimens (¢ = 0) and hole
tension specimen interrupted closest to failure, respectively (tomograms from the specimens interrupted at intermediate
deformation levels are not shown for brevity). The number of voids nucleated per mm?3 (N) and von Mises equivalent strain
(&) are indicated. The tomograms near failure show extensive void damage and early stages of cracking through void coa-
lescence for both materials. Note that the strain level in the DP780 sample near failure (Fig. 5(b)) is less than one-half of
the strain in the CP800 sample (Fig. 5(a)), reflecting a higher damage level in the DP780. 3D views are defined using RD, TD
and TT (through-thickness) axes.

To provide baseline data against which the sheared edge damage rates could be assessed, damage rates from tomograms
extracted from drilled and reamed specimens reported by Pathak et al. (2019b) are also considered. Data from these samples
are labelled as “reamed” whereas the current samples are referred to as “sheared” in the following discussion.

3.1. Void nucleation histories

Fig. 6 shows the effect of edge condition on the progression of void nucleation, expressed here in terms of the number
of voids per unit volume as a function of equivalent strain for both materials. The number of voids at a particular strain
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Fig. 6. Average void density versus equivalent strain for (a) CP800 and (b) DP780 sheared versus reamed edges. Void density data from the reamed samples
is from Pathak et al. (2019b).
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Fig. 7. Evolution of the porosity with respect to equivalent strain for (a) CP800 and (b) DP780. Reamed edge data is due to Pathak et al. (2019b).

is considerably higher behind the sheared edge compared to the reamed edge. The work-hardening generated during the
shearing process within the SAZ leads to an increase in the subsequent rate of nucleation at the sheared edge compared to
the reamed edge for the CP800 and DP780 steels.

3.2. Porosity histories

Porosity is defined as a total void volume divided by the total volume considered and is presented as a function of
the equivalent strain for both materials in Fig. 7. With an increase in strain, damage accumulation increases due to the
continuous nucleation of voids and their subsequent growth and coalescence. The porosity is higher behind the sheared
edge compared to the reamed edge due to the higher nucleation rate. A higher rate of damage evolution within the ferritic-
martensitic DP780 microstructure is reported due to a higher strength-differential within the ferritic matrix resulting in
rapid void nucleation compared to the CP steels that has a less strength differences between bainite and ferrite phases.
Similar trends were reported based on 2D damage quantification using optical metallographic techniques applied to the
same alloys (Pathak et al., 2017).

3.3. Void growth

Fig. 8 shows the average equivalent diameter of voids at the sheared versus reamed edges as a function of equivalent
strain for the reamed and sheared edges. The increase in void diameter with strain is similar for the shear and reamed
CP800 samples. The DP780 exhibits very little change in void diameter during the deformation of both the edges. A similar
observation was reported by Avramovic-Cingara et al. (2009) and Landron et al. (2013) for a DP600 steel. This trend is
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Fig. 9. An illustration of ellipsoidal void.

accounted to the continuous nucleation of smaller voids throughout the deformation, the newer smaller voids balancing the
increase in average diameter induced by growth of existing voids.

For further analysis of the void growth, individual voids were approximated as being ellipsoidal in shape with semi-
major axes Ry, R, and Rs, as illustrated in Fig. 9. The largest semi-major axis, R;, is aligned with the loading direction along
coordinate axis xj.

The void aspect ratio is defined as R;/R,. The voids were approximated as ellipsoidal and the void diameter along the
Xy and x3 axes are averaged for the reamed condition. Therefore, the void aspect ratio can be defined as Rq/Ravg Where Rayg
is the average radius of R, and Rs. A slight increase in void aspect ratio was observed for the CP800 steel near the failure
strain while it remained almost constant for the DP780 steel as shown in Fig. 10.

3.4. Void spacing evolution

Models of void coalescence, such as the model proposed by Thomason (1999), demonstrate that the necking failure of the
inter-void ligament between neighboring voids is strongly dependent on the void aspect ratio and the relative void spacing.
Fig. 11 presents the void spacing, defined here as the center-to-center distance between the nearest neighboring voids, with
respect to strain for the CP800 and DP780 reamed and sheared holes. A decrease in void spacing was observed with an
increase in strain for the two edge conditions and materials. This occurs naturally due to the lateral contraction of the
sample during tensile straining. In addition, the number of nucleated cavities increases with deformation and subsequent
occurrence of voids at a shorter distance and consequently decreases void spacing. Interestingly, the initial void spacing is
smaller for the sheared edge compared to the reamed edge due to the nucleation of voids nucleated during the shearing
process.
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4. Material modeling

The experimental results presented in the previous sections indicate that damage development through nucleation,
growth and coalescence of voids, at the sheared or reamed edges is continuous in the two steels. To predict damage ac-
curately, an analytical model for each stage of the void evolution is adapted and discussed below. The results presented
in the previous section suggest that the void volume fraction is quite low (<0.3%) until the onset of coalescence and that
void-induced softening is minor. In addition, the triaxiality at a free edge will be one of uniaxial tension until late in the
deformation process when necking can occur. These two factors favor the adoption of an uncoupled micromechanics-based
fracture model, as presented in this section.

4.1. Constitutive response

The degree of anisotropy displayed by the two alloys is relatively mild as seen in the constitutive characterization results
of Pathak et al. (2019b). Their data is summarized in Table 2 and includes r-values along the three characteristic material
directions (RD, TD, DD), as well as the ratios of yield strength along the TD and DD directions normalized by the RD yield
strength.

In general, the r-values and stress ratios are all relatively close to unity, suggesting that complex yield functions are not
needed to model this material. As a result, the moderate anisotropy of the CP800 and DP780 steels was modeled using
Barlat YId91 yield function (Barlat et al., 1991), expressed as:

o = (05151 = S2|™ + 152 = S5|" + 155 = i) " 3)



Table 3
Stress-ratios and r-values from tensile tests along the rolling, diagonal
and transverse directions (Pathak et al., 2019b).

Material ~ opp/orp  Or/Orp  T[ORp  Trp Tpp T1p

CP800 0.98 1.08 0.63 0.70 0.95 1.33

DP780 1.00 1.00 0.50 0.72 0.92 0.98
Table 4

The parameters of Yld91 yield function for the CP800 and DP780
steels (Pathak et al., 2019b).

Material a b c h g f

CP800 -0.81 085 012 1.00 1.00 -1.04

DP780 -1.00 0.60 047 1.00 100 0.99
Table 5

Swift's hardening law parameters for the CP800
and DP780 steels.

Material K £o n R?

CP800 1022 0.0057 0.07 0.99
DP780 1261 0.004 0.16  0.96

where m = 6 is chosen based on the body centered cubic crystallographic structure. S;, S, and S3 are eigenvalues
of deviatoric stress tensor S. The yield function parameters of YId91 (a, b, ¢, h, g and f) were also determined by
Pathak et al. (2019b) based on the data in Table 3. The values of the parameters are given in Table 4

The hardening response for this material was also fit to a Swift hardening law by Pathak et al. (2019),

o =K(eo+eP)" (4)

where ¢, is the initial strain, ¢ is the Von mises equivalent plastic strain, oy is the initial yield stress, K and n are the
material parameters that describes the rate of hardening. Table 5 indicates the Swift hardening parameters adopted in this
work. The R? value of 0.96 and 0.99 indicates strong correlation of the fitted hardening law and experimental data up to
UTS.

For constitutive modeling, the material derivatives of stress and strain (£, 5) have to be independent of rigid body rota-
tion and therefore the objective co-rotational rate of a stress or strain tensor, £° and o °, are used as expressed by

e =¢+6eQ - Qe (5)

0°=6+0Q—-Qo (6)

where 2 is the spin tensor. A numerical integration of the constitutive model to large strain levels is performed using the
logarithmic spin tensor proposed by Xiao et al. (1997). The objective update of stress and strain tensors at time t;,; are
performed using the mid-point integration algorithm proposed by de Souza Neto et al. (2011), expressed as:

uc = AaduhL L1 MDA o

frr = Akl + ApDrvsat ®

where Ay = exp(QL”fl/z), Ag = exp(%QL"fl/z), D is rate of deformation and L is the fourth order tangent moduli tensor.
The stress and strain tensors are updated using the objective rate and passed within the UMAT implementation using a

backward Euler stress integration algorithm.
4.2. Fracture model

In this section, the adopted fracture model which includes treatment of void nucleation, growth and coalescence criteria.
4.2.1. Nucleation model

Void nucleation was modelled using an enhanced version of Chu and Needleman’s (1980) model that was introduced by
Pathak et al. (2019b) to account for stress-triaxiality and Lode parameter as:

2
N, “1(&y—en(T.L)
N= —"" _exp| — 22— ¢ 9a

SN2 b 2( SN P (%)
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Table 6
Material parameters for the CP800 and DP780 steels
listed in Eq. (10).
Material G C, C3 Cy Cs
CP800 044 1.7 07 22 1.8

DP780 1.80 9015 0.7 1409.0 1.7

SN = CyEN (9b)

where N is the void nucleation rate per unit volume, N, is the maximum number of voids per unit volume available to
nucleation voids, ey, sy and ¢, are the mean, standard deviation and coefficient of variance of the nucleation strain. ey
is the mean nucleation strain which Pathak et al. (2019b) expressed as a function of stress-triaxiality and Lode parameter
utilizing the function form of Luo and Wierzbicki (2010) fracture locus, expressed as:

-1
e 350 -cofsec(¥) -1)] |
8 =

N X[ 1+3cgcos(z%L)+c4(T+;siﬂ(”eL))]

where C;_s are the material parameters developed by Pathak et al. (2019b) for these alloys are listed in Table 6.

(10)

4.2.2. Growth model

Ragab (2004) developed a model of void growth based upon a modification to the g;-coefficients introduced by
Tvergaard (1981) within the well-known (Gurson, 1975, 1977) yield function. The growth rate of the voids is proportional
to the maximum principal strain rate expressed as

3/(1 - Pargssinh (0235 )
&1 (11)
3(21;Zhyd) + fq1q25inh<q2% Z(gyd)

The semi-empirical equations of Ragab (2004) describe the g;-coefficients as functions of the stress-triaxiality, T, void
aspect ratio, W, and hardening exponent, n:

f growth =

q1 =A+ BT +CT? + DT? (12)
A =228 —3.35n+ 3.84n° (13)
B=-092+1.32n-0.32n° (14)
C =0.53 —2.31n +2.35n? (15)
D =-0.10 + 0.27n + 0.70n* — 1.78n° (16)
g =W" (17)
n(W < 1) = 0.206In(T) — 0.266 — 0.02n (18)
nW > 1) = —3.484 + 11.614T — 13.72T? + 6.54T> — 1.06T* + 0.2n (19)

As shown previously in Fig. 10, the void aspect ratio remains almost constant until close to the failure for both sheared
and reamed edge conditions. Therefore, in the numerical model, the void shape was assumed to be ellipsoidal and remain
constant during deformation with a value of 1.4 and 1.8 for the DP780 and CP800 steel, respectively.
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4.2.3. Coalescence model

The plastic limit-load (PLL) approach of Thomason (1990) was adopted to predict the onset of void coalescence mech-
anism due to necking failure of the inter-void ligament, transverse to the principal loading direction. Several extensions
of Thomason’s PLL model have been proposed (Pardoen and Hutchinson, 2000; Zhang et al., 2005; Benzerga, 2002;
Benzerga and Leblond, 2014) and have reported to provide excellent agreement for unit cell simulations. Recently,
Benzerga and Leblond (2014), have obtained the first closed-form analytical solution for void coalescence by internal necking
where coalescence occurs when

oy 1 1434 1 [x3-3x+2
2o W)= —|2- V1434 +In| —2 ||+ — | —2 7= 20
o, = T0CW) ﬁ[ X [ 32 33| W (20)

where o}, is the maximum principal stress, oy is the yield stress, W is the void aspect ratio, and y is the ligament size ratio
defined as the ratio of the lateral void radius, R;, to the lateral void spacing, L;, for a 3-D unit cell as shown in Fig. 9.
The geometrical relationship of the unit cell to describe the microstructure of a voided unit cell and the porosity in the
unit cell is given in Butcher (2011) and expressed as
f Viia _ RiReR3

14 Vcell - L1L2L3
where W; are the void aspect ratios; A; are the cell aspect ratios; x; are the void spacing (or ligament size) ratios and y is a
shape parameter specific to the assumed unit cell with y = 2/3 for an axisymmetric unit cell and y = 7 /6 for a cubic cell
(Butcher, 2011).

Taking the derivative of Eq. (21)

f R R Ry

== —4 —4 = -1 —-&2—&3 (22)
f Rt R Rs

From volume conservation Eq. (22) can be expressed as:
f R1 Rz Rs
=ty 22,3 23
f R R R (23)

Since the void shape remains almost constant during deformation as shown in Fig. 10, the void shape is assumed to
remain constant which leads to

Wi W-
= X1X2X3 = ﬁx? (21)

Ri R R
2233 24
R R R (24)
The derivative of void spacing ratio can be expressed as:
i R
L == ¢ (25)
xi R
Using Eqs. (22)-(24), the expression for the void spacing evolution simplifies to:
i 1f
L=z =& (26)
xi 3f 7

The plastic limit load criteria in Eq. (20) was derived for an axisymmetric unit cell so an equivalent void spacing ratio
transverse to the principal loading direction can be defined as

v/ RaR
Xeg = R V725 \/ RoRs VX2X3 (27)
Leq /L2L3 L2L3

This formulation for the void spacing evolution naturally lends itself towards experimental validation since void spacing
ratios can be quantified from the tomography data. The void spacing ratios for both materials and edge conditions were
characterized experimentally using the following procedure: First the void spacing along the directions transverse to the
loading direction, L;, are computed and the measured void spacings are presented in Fig. 11. In addition, (Benzerga, 2002)
observed that necking failure of ligament generally occurred first between larger voids. To mimic this behavior, an average
radius of voids was calculated for the 20 largest cavities of the studied sub-volume (as described in Landron et al. (2011))
and was used to determine the void spacing ratio, expressed as:

Xi = R,
11— Ll
The measured void spacing ratio of an undeformed material was defined as an initial condition in the numerical model

and the predicted evolution of spacing ratios is performed using equations. This approach is validated against the measured
spacing ratios for deformed samples in Section 6, below.

(28)
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Fig. 12. Strain distribution as a function of distance from the sheared edge and top edge and thickness gradient for the (a) CP800 (b) DP780 sheared edge
at 12% clearance.

4.3. Shear-affected-zone integrator

The final aspect of the damage model is to define the pre-strain introduced during the sheared edge using so-called
“SAZ integrator”. The measured strains from metallurgical investigation of sheared edges by Pathak et al. (2019) were used
to map strains, work hardening and damage onto the elements on the shear edge. The measured strain distributions as a
function of distance from the sheared edge and specimen surface (for the current 12% clearance case) are shown in the
inset image of Fig. 12 for the CP800 and DP780 steels. The distributions were mapped onto sub-regions of size 0.2 mm and
used to initialize the finite element model and are also plotted in Fig. 12 for the CP800 and DP780 sheared edge cases. The
measured strain-distributions were mapped onto the elements at the sheared edge, as part of the UMAT subroutine with
the following procedure:

1. A FORTRAN code was written to prescribe the equivalent strain to the integration points within an element, based upon
the distance of the integration point from the sheared edge. The coordinates of the sheared edge face are input into the
SAZ integrator to enable this calculation. The measured strain-distribution (Fig. 12) is defined in LS-DYNA using a load
curve as a function of distance from the sheared edge. The depth of the SAZ is calculated using the load curve data and
a check is performed for each element to determine if it lies within the SAZ or not.

2. The equivalent strain is assigned and converted into a shear angle o using the relation proposed by Butcher and Abe-
dini (2017) and expressed as:

o =tan™! {Zsinh<é§seq> } (29)

With the equivalent strain identified, a simple shear deformation is then analytically performed to the integration point
using small increments of shear angle, da. For the shear loading, the deformation gradient is defined as:

1 y O
F=|0 1 0 (30)
0 0 1

where y = tan(«). The F is computed at each increment based on shear angle and stored as history variables in LS-DYNA.
For simple shear, the stress state is then integrated using the anisotropic plasticity model using a hypo-elastic-plastic
formulation and the logarithmic objective rate

3. The updated stress and strain tensors are then used to integrate void nucleation and microstructure evolution for each
shear increment.

4. An output fileis automatically generated at the end of the analytical shear simulation by LS-DYNA which stores the de-
formation gradient, equivalent strain and damage history variables for each element. This file is included in the input
deck of hole tension model to initialize the plastic strain (¢pre) and damage (fpre, X pre, Rpre) introduced during the shear-
ing process. The damage variables are determined for the second stage of deformation (f;, x: R:) based on accumulated
damage to predict failure during the sheared edge stretching operations
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Loading direction

Fig. 13. Hole tension finite element mesh.

In this manner, the pre-strain and damage introduced during the shear deformation are mapped at the sheared edges of
the finite element model. Since the subsequent edge stretching occurs upon an unloaded sheared edge, the residual stresses
are set to zero upon completion of the SAZ integration. The equivalent plastic strain and cumulative strain tensor remain as
residual strains.

5. Finite element (FE) modeling
5.1. FE model description

The micromechanics-based constitutive model was implemented into the commercial finite-element code, LS-DYNA, as a
user-defined material model for explicit analysis. Due to symmetry, only one-eighth of the hole tensile geometry is repre-
sented in the finite-element model. The geometry was meshed using fully integrated solid elements with an average element
size of 0.2 mm in the region near the hole edge that increased away from the hole as shown in Fig. 13. The element size
near the hole edge is in agreement with the range of D values recommended by Gullerd et al. (2000) for the computa-
tional cell model. Appropriate boundary conditions were applied to account for symmetry about the XY, YZ and XZ-planes.
A displacement boundary condition was enforced at the free-end of the specimen. The predicted displacement-to-failure
was taken from the nodes that correspond to the half-length of the extensometer gauge length used in the DIC software. To
avoid numerical issues and instabilities associated with element deletion, the elements were not deleted upon satisfaction of
the coalescence criterion in Eq. (20). The simulation is terminated when coalescence mechanism occurred in all integration
points.

5.2. Sheared edge initialization

Work hardening and damage in the SAZ were initialized by performing the analytical shearing operation as discussed in
Section 4.2. Fig. 14 shows the distribution of strain and damage behind the CP800 and DP780 sheared edges defined as an
initial condition in the hole tension model. Since the strain is the highest at the edge and decreases sharply as the distance
from the sheared edge increases. The porosity is highest at the sheared edge due to void nucleation during shearing.

6. Model predictions

The load-displacement response obtained from the simulation of hole tension test is compared with the measured data
in Fig. 15 and found to be in good agreement for both alloys and edge conditions. The good macroscopic agreement with
both materials supports the choice of the anisotropic plasticity model (Eq. (3)). The plastic response is largely controlled
by plasticity and softening is not considered. Instead, the void-based damage is used as a fracture criterion. A virtual ex-
tensometer was used to calculate the engineering strain. The nominal stress was determined by dividing the load with the
minimum cross-section area. In DP780, the initiation of necking is immediately followed by crack occurrence and therefore
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the (b) CP800 and (d) DP780 sheared edge.
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Fig. 16. Evolution of stress-triaxiality and Lode parameter as a function of equivalent strain during the reamed hole tension test for the CP800 and DP780
steels. The experimental data is reported by Pathak et al. (2019b).

the drop in load bearing capacity is very small during the deformation of the DP780 steel. The final phase of response i.e.
load drop is not shown because crack propagation is not considered in the current modeling approach. The objective of this
work is to measure crack initiation by predicting onset of void coalescence.

The variation of stress-triaxiality and Lode parameter during the reamed hole tension test simulation as a function of
equivalent strain is shown in Fig. 16 for the element located at the center (mid-thickness) as well as located at the up-
per corner of the hole edge and compared with the measured data reported by Pathak et al. (2019b). The stress-state of
the elements at the center (mid-thickness) as well as located at the upper corner of the expanding DP780 hole edge are
approximately uniaxial tension throughout deformation with a constant stress-triaxiality of 1/3, as observed from the fi-
nite element model as well as the experimental results. The stress-state at the CP800 edge however deviates from uniaxial
tension to near plane-strain and this behavior could be attributed to the higher anisotropy of the CP800 steel that causes
through-thickness localization and hence the stress-state deviates from uniaxial tension. The value of Lode parameter for a
uniaxial tensile stress-state is —1 and the element at mid-thickness as well as at the upper corner exhibit almost constant
Lode parameter of —1 for the DP780 reamed edge which is also in agreement with the experimental result. The slight varia-
tion from uniaxial tensile stress-state was observed for the CP800 reamed edge both experimentally and numerically which
could be attributed to a higher anisotropic behavior of the CP800 steel. The similar trend was followed by the corresponding
sheared edge and the evolution of stress-state behind the sheared edge is not shown for brevity.



16

Equivalent Equivalent
: Strain
Stogoaln N
0.81
072 0.75
0.63 060
0.54 A
o 0.45
0.36
it 0.30
0.18
008 0.15
0.00
(al) 0.00
(a2)
Cquivalent Equivalent
Str;zm Strain
I ‘0.60
0.54
© 048 0‘50
< 042
1036 0.40
ID.SO
< 024 0.30
<+ 0.18
0.12 0.20
I““" ‘0.10
= 0.00
0.00
(b2)
Equivalent ;:qui'\'alent
Strain train
0.8 0.48
0.40
0.32
0.24
0.16
0.08
0.00
(c2)
Equivalent Equivalent
Strain Strain
0.30 0'30
0.27
0.24 '0.25
0.21
0.18 0.20
0.15 ;
oz 0.15
00 0.10
0.06
0.0 0.05
0.00
(d1n 0.00
(d2)

Fig. 17. Contours of equivalent strain for (a1) CP800 reamed, (b1) DP780 reamed, (c1) CP800 sheared and (d1) DP780 sheared holes just before onset of
failure and the respective DIC image just before failure (a2,b2,c2 and d2).



17

0.007 0.0012 -
= Sheared: Predicted {1 =—Reamed: Predicted
=—Reamed: Predicted * = Sheared: Predicted
0.006 ¢ Sheared: Experiment 0001 ¢ Reamed: Experiment
¢ Reamed: Experiment @ Sheared: Experiment

0.005 ]
= =
2 CP Reamed Edge g 0.0008 1 g
g g d
> 0.004 £l 1DP Sheared Edge &
© & 0-0006 1
20003 | CP Sheared Edge E
° °
S £ 0.0004 DP Reamed Edge
= 0.002 =
L ° }
- - ]

)
0.001 0.0002
. 1 Hole Tension Test
0.000 : - : Hole Tension Test 0 ‘ ' :
0 0.2 0.4 0.6 0.8 1 1.2 0 0.2 0.4 0.6 08
Equivalent Strain Equivalent Strain

(a) (b)

Fig. 18. Comparison of measured and predicted void volume fraction (porosity) as a function of equivalent strain for the (a) CP800 and (b) DP780 edges.
Experimental data is represented by symbols and solid lines correspond to predictions.

14 0.6

= Sheared: Predicted 1 =—Reamed: Predicted
] ——Reamed: Predicted ] ® —Sheared: Predicted
1.2 A ¢ Reamed: Experiment 05 1 ¢ Reamed: Experiment
] @ Sheared: Experiment T @ Sheared: Expeniment
=~ 107 & N 04 1PP Sheared Edge *o
£ ] s
= 0.8 = @
= : g 03
g 1 CP Sheared Edge -
T 0.6 1 ® CP Reamed Edge| ¢ @
2 3
) w 02 DP Reamed Edge
= =
S )
v =3
0.1 4
Hole Tension Test | Hole Tension Test
0.0 + T T T T T 00 /77—
0 0.2 0.4 0.6 0.8 1 12 0 0.2 0.4 0.6 0.8
Equivalent Strain Equivalent Strain
(a) (b)

Fig. 19. Comparison of measured and predicted void spacing ratio as a function of equivalent strain for the (a) CP800 and (b) DP780 edges.

The ability of the model to capture the deformation fields for the hole tension samples can be assessed from examination
of Fig. 17 which shows contours of equivalent strain from the models and experiments for both alloys and edge conditions.
In general, the predicted contour plots agree reasonably well with the measured distributions.

To check the accuracy of damage accumulation predicted by the proposed damage model, the predicted evolution of
porosity as a function of equivalent strain from the simulation and the measured values are shown in Fig. 18. The exper-
imental data is represented by symbols while the solid lines are the model predictions. For consistency, the porosity is
an average over several elements comprising the region where the tomography specimen was extracted. Qualitatively, the
model predicts the porosity evolution reasonably well and captures the trends of accelerated damage development. The ma-
jor discrepancy between the experiment and simulated data is observed for the DP780 sheared edge and could be attributed
to the limited tomography resolution that fails to capture voids with a diameter smaller than 2 pum. Since the failure occurs
at a low strain for the DP780 sheared edge, the void growth is very limited and hence a fraction of voids could remain
undetected from the tomography scan.
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CP800 sheared, (c) DP780 reamed, and (d) DP780 sheared edges.

Final failure through void coalescence occurs via localization within the ligaments between neighboring voids which is
dependent on the void spacing ratio. The predicted evolution of the effective void spacing ratio is compared to the measured
data for the different edge conditions, as seen in Fig. 19. The predicted initial void spacing of the sheared edge is in close
agreement with the measured data, indicating that the damage parameters from the proposed SAZ integrator algorithm
is working well. Since the initial void spacing ratio (and void nucleation extent) differs between the reamed and sheared
edges, the predicted trends also differ and are in qualitative agreement with the experimental data.

The predicted failure strains based on the void spacing ratios and the Benzera and Leblond (2014) coalescence criterion
in Eq. (28) are presented in Fig. 20 along with measured failure data from the hole tension tests (Pathak et al., 2017). The
predicted and measured failure strains are in close agreement, with the predicted values slightly less than the measured
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values. It is important to note that the predicted failure strain is an indicator of the onset of coalescence while the measured
failure strain was reported when a crack was visible, possibly accounting for the slight underestimate of failure strain. More
importantly, the model captures the trends in failure strain as a function of alloy and edge condition rather well.

The finite element model of hole tension test along through-thickness direction at the initiation of failure is shown in
Fig. 21. Red markers denote the onset of coalescence and failure. As demonstrated in Fig. 21, failure was predicted to initiate
behind the edge for the CP800 and DP780 reamed holes. The corresponding micrograph for the CP800 reamed hole tension
test acquired under the optical microscope is also shown and suggests ductile failure occurs away from the edge. The same
finding was observed for in DP600 hole tension test specimens by Anderson et al. (2017) using optical microscopy. Recently,
Roth and Mohr (2016) reported that the location of failure in hole tension test is dependent on the material properties
and specimen geometry. The region of coalescence for the reamed samples is concentrated at the mid-plane of the sheet
just away from the hole edge. Therefore, the strain localization may occur away from the edge likely due to the onset of
localization which intensifies void damage. In contrast to the reamed edge model, void coalescence initiates at the sheared
edge as shown in Fig. 21 for the CP800 and DP780 sheared edges. Since the maximum strain is introduced at the sheared
edge, the presence of work-hardening accelerates damage accumulation and failure occurs adjacent to the sheared edge. The
predicted and measured edge thickness at failure for the two steels and edge conditions are indicated in Fig. 21 and are in
close agreement.

7. Conclusions

1. The work-hardening introduced behind the sheared edge promotes nucleation, growth and coalescence of voids and
consequently enhances rate of damage behind the sheared edge relative to the reamed.

2. Average void growth is relatively limited during the deformation of the two steels considered; rapid increase in damage
accumulation is observed close to the failure strain.

3. The histories of damage evolution and void spacing ratio as a function of equivalent strain were found to be in qualitative
agreement with the predicted values for the materials and edge conditions during the hole tension test.

4, Void nucleation and coalescence primarily mainly controls ductile failure while the void growth has minor influence on
the damage accumulation.

5. The micromechanics-based constitutive model proposed in the current work accurately predicts failure for the CP800 and
DP780 steels for proportional loading exhibited during the reamed edge stretching as well as non-proportional loading
during the sheared edge stretching during the hole tension test.
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