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1. Introduction metal forming. However, workability is generally used

Workability refers to the relative ease with which a metal to describe the forming of materials through bulk metal

can be shaped through plastic deformation. The term forming processes. In bulk metal forming, workability is

workability is often used interchangeably with limited by issues such as buckling, folding of material

formability, which is preferred when referring to sheet over itself, formation of laps, or fracture.
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Before failure occurs in bulk forming processes,
ductile fracture is the most common mode of failure. It
is a complicated phenomenon that depends on process
parameters such as stress, strain, strain rate, friction and
forming temperature, as well as material parameters such
as strain hardening and the volume fraction of voids and
second-phase particles [1]. Due to this complexity,
various criteria have been proposed to evaluate
workability. The empirical criteria are either stress-
based or strain-based. Common theoretical criteria are
based on the growth and coalescence of voids.

The techniques of continuum damage mechanics
have been used to predict ductile fracture. Tie-Jun [2]
formulated a local criterion for ductile fracture. Another
criterion, similar to the continuum damage mechanics
technique, was formulated by Lemaitre in 1985 [3].

Workability does not always correlate with ductility
measured in a tension test, especially if cracking starts
on the surface. For this reason, other tests are often used.

Kuhn (1978) [4] proposed a simple procedure for
evaluating workability using upset compression tests.
The barreling phenomenon during upsetting causes
circumferential tensile stresses that may lead to cracking.
He plotted the circumferential strain (g4) when the first
cracks were observed as a function of the axial strain
(€,). The ratio of strains was varied by changing the
lubrication and the height-to-diameter ratio of the
specimens. In Fig. 1, a schematic of the left side of the
workability diagram for bulk metal forming processes is
selected from the ASM Handbook. The fracture line is
drawn for two different types of materials using the
compression test method. The path of strain (a and b) for
two types of bulk forming process is presented for
comparison with the workability diagram. Strain path (a)
would lead to failure for material A, while both strain
paths (a and b) can be used for the successful forming of
material B [5].

Failure by surface or internal cracking in bulk metal
forming is caused by the accumulation of ductile damage
within regions that are highly strained due to extensive
plastic flow. Apart from special purpose processes such as
the shearing of bars and bar sections, where cracks are

needed to cut material, the occurrence of cracks is generally
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Fig. 1. Schematic of the left side of the workability
diagrams for bulk forming processes [5].

undesirable and should be prevented during process design.

Currently-available  finite element computer
programs may aid this objective, but appropriate input
data regarding a relevant fracture locus is crucial for
successfully predicting the onset of cracking in bulk
metal forming.

The damage mechanics method can be used to
predict the behavior of materials in forming processes.
Damage mechanics deals with the effects of the
initiation, coalescence and growth of micro voids
leading to the final failure of materials. Among the
models introduced in the literature, the Saanouni
anisotropic damage model has the advantage of being
used extensively, not only by the provider of the model
but also by other researchers, and is considered a
powerful model in metal forming processes.

Salehi Nasab et al. [6] carried out the numerical
implementation of an advanced elastic—plastic model
fully coupled with anisotropic ductile damage. The
implemented formulation has been defined within the
framework of the thermodynamics of irreversible
processes, and a symmetric second-order tensor was
adopted to describe the anisotropic damage state
variable. This model is fully coupled with nonlinear
isotropic hardening and nonlinear kinematic hardening,
and is used to simulate metal forming processes. Yetna
N’Jock et al. [7] coupled the distortional hardening
model with the Saanouni ductile damage model. The
effect of distortional parameters and isotropic ductile
damage on spring back has been investigated. Nakazima
tests [8] (2014) and Marciniak tests [9] (2015) have been
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used for the experimental extraction of FLD diagrams,
and the Saanouni damage model has been used for their
validation.

In addition to the recent references, the Saanouni
damage model has been evaluated by researchers in
other works and validated with different alloys and
processes. Saanouni has evaluated the classical side-
pressing of a cylinder with infinite length (plane strain
case) on aluminum alloy, as well as the cold extrusion of
a cylindrical bar on steel [10]. Saanouni et al. [11]
investigated the processes of hot forging and cold
extrusion on steel. Rajhi et al. [12] validated the
upsetting of a cylindrical billet process with stainless
steel grade AISI 316L using the Saanouni damage
model.

Therefore, the high ability to consider the effects of
damage anisotropy, the simplicity of the model, the tests
required to determine the material constants, the use of
the hypothesis of total energy equivalence, and the
successful results in predicting the bulk metal forming
processes are among the most important reasons for the
selection of the Saanouni model in this study.
Thermodynamically consistent, non-associative, and
fully anisotropic elastoplastic constitutive equations,
strongly coupled with ductile anisotropic damage, were
developed in the Saanouni anisotropic damage model
used in this study, which included Hill's yield criterion
and combined nonlinear isotropic and kinematic
hardening. The implemented formulation was defined in
the framework of thermodynamics of irreversible
processes, and a symmetric second-order tensor was
adopted to describe the anisotropic damage state
variable. In previous studies, the Saanouni damage
model has not been used to extract the workability
diagram, and the behavior of the C22000 alloy has not
been challenged with the Saanouni damage model.

This paper revisits workability in light of
fundamental concepts of plasticity and anisotropic
ductile damage. It uses a test to appraise the accuracy,
reliability and validity of fracture loci associated with
crack opening under loading conditions different from
those found in conventional tests for workability.

Hosford (2011) [13] presented a simple test to measure
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the circumferential fracture strain when a hollowed tube
of the work material is expanded by pushing it onto a
conical tool. In this study, the test presented by Silva et
al. [14] has been used. The workability test consists of
expanding rings of various wall thicknesses with a
stepped conical punch, allowing for the investigating of
fracture initiation under three-dimensional states of
stress subjected to various magnitudes of stress
triaxiality.

To display the workability numerically, the adopted
approach is based on determining damage values.
Previous experimental measurements of axial and
circumferential strains were done just before crack
initiation, but the damage level was unknown. With this
method, the extraction of the diagram has been done
more comprehensively. The Saanouni anisotropic
ductile damage model has been used to extract the strain
loading paths and plot the corresponding workability of
C22000 by the fracture line. Different levels of damage
and damage evolution can be used to express different

regions of the workability diagram.

2. Experimental Procedure

Copper alloy (C22000) was prepared from the local
market in the form of a sheet with dimensions of 2000 x
600 x 10 mm, and the samples for conducting tests to
identify the behavior of the alloy were separated from
the same sheet, according to the test conditions. The
chemical analysis of this alloy, based on the weight
percentage of elements, was conducted. A ring
compression test was performed to determine the friction
factor m on an alloy cylinder. The ring compression test
was plotted against the deformation on Male and
Cockcroft [15] calibration curves. It was found that the
friction factor m was equal to 0.30.

The workability tests were designated as ring
expansion with a stepped conical punch. These tests
were performed to extract the right side of the
workability diagram in bulk forming on C22000 alloy.
The tests were performed at room temperature using a
hydraulic press machine with a speed of 5 mm/min. The
expansion of the ring with the conical punch led to the

creation of a crack at the inner conical edge, covering the
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strain paths on the right side of the workability diagram.
The punch was made of cold working tool steel,
hardened and tempered to a Rockwell hardness of HRC
60. The specimens were machined from the supplied
C22000 alloy according to geometry provided in Table
1. The exact moment of cracking was obtained using an
experimental test. This test was based on a phenomenon
characterized by crack initiation with a drop in force.
The procedure to determine the strain loading paths up
to fracture in ring expansion with a stepped conical
punch was performed by inverse identification of strains
at location ‘S’ of Table 1 using finite element analysis.
This was necessary because it is difficult to engrave
rectangular grids on the inner ring surfaces, and they
vanish during expansion with the stepped conical punch.
Therefore, it was not possible to determine the strain
loading paths to fracture in ring expansion with a stepped
conical punch by experimental testing at location ‘S’.
According to Eq. (1), axial and circumferential strain
(¢,, €g) values were calculated from these

measurements.

w

e, =In (%) o = In (W—O) (1)

Different strain paths were drawn on the axial strain
and circumferential strain diagram, and their endpoints
were selected as fracture points. All endpoints were
fitted and interpolated. The interpolated line represents

the fracture lines in the workability diagram.

3. Ductile Damage Model
The Saanouni anisotropic damage model, due to its
special assumptions and theory, has been of great
interest in the numerical analysis of the forming
processes of metallic materials. The ductile damage
anisotropy is described by a symmetric second-rank
tensor, and its effect on the mechanical fields is
described by a symmetric fourth-rank tensor. This model
is developed within the framework of non-associative
plasticity theory. The quadratic Hill’48 yield criterion
and non-linear (isotropic/kinematic) hardening are
considered in the associated flow rule model. The
numerical formulation of the proposed model is
implemented in ABAQUS finite element code via the
user material subroutines VUMAT.

Using a thermodynamically-consistent framework,

the effective state variables are defined to introduce the

Table 1. Geometry of ring expansion tests to determine the right side of the workability diagram

D

Geometry D(mm) H(mm) d(mm) T

1 Expansion_4 4 10 3
2 Expansion_5 5 10 3
3 Expansion_6 6 10 3
4 Expansion_7 7 10 3
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effect of the anisotropic damage through the total energy
equivalence assumption. Based on the total energy
equivalence hypothesis, it is assumed that the total
energy for an RVE in its real deformed and damaged
configuration is equal to the total energy of an RVE in a
virtual and undamaged configuration [16]. If the total
energy is assumed to be the sum of three parts namely:
The elastic energy, the energy stored in kinematic
hardening and the energy stored in isotropic hardening,
then the energy equivalence principle is applied
separately to each energy component [17].

Different definitions for the damage-effect operator
have been considered in previous research. The damage
effect-tensor deduced from the Murakami and Ohno

symmetrization [18] is chosen in this study, as given in
Eq. (2):

! 0 0 0 0 0
(=

0 —_— 0 0 0 0

0 0 0
My(d) =
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[0 0 o _2mhmd , @
| 20— - d,)
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-

All these aspects are extensively presented in many
previous publications and a comprehensive summary
can be found in Badreddine (2015) [17]. It was calibrated

at a constant temperature.

3.1. Material model identification

Identifying the material constants of the elastoplasticity
model coupled with anisotropic damage is necessary for
the implementation of the Saanouni damage model in
numerical simulation. Elastoplasticity parameters and
damage coefficients are presented in Table 2.

In the first step, the elastoplasticity parameters of the
material Hill (F, G, H, L, M, N), g,, v, E, and G, were
identified with the help of experimental tests up to a
certain strain without considering the effect of damage.

There are different methods to measure the elastic
modulus. The Ultrasonic sound velocity measurement
(USVM) technique was used in this study [19]. The
velocity of longitudinal and transverse ultrasonic waves
in three cylindrical samples was measured in three

directions of rolling, transverse to rolling and in the
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direction of thickness. The value was calculated. The
values of C;, represent the transverse wave speed in (m/s)
unit, C;, represents the longitudinal wave speed in (m/s),
and p, is the density of the material. The equations of
Young's modulus, shear modulus, Poisson's ratio and
test results are reported in Table 3.

The uniaxial tensile test was performed according to
the ASTM standard, E8/E8M-13a. After the curve
fitting, the true stress-strain diagram of the uniaxial
tension test was extracted. The yield stress value was
determined to be 224 MPa.

Table 2. Elastoplasticity parameters and damage coefficients

E Young modulus (GPa)
G Shear modulus (GPa)
F,G,H, Hill plastic anisotropy )
L M,N coefficients
The isotropic hardening
0 modulus (MPa)
b The isotropic hardening )
saturation parameter
c The kinematic hardening (MPa)
modulus
u The kinematic hardening )
saturation parameter
S The damage evolution parameter ( J 3)
mm
s The damage evolution parameter -
B The damage evolution parameter -
y Material constant -
v Damage energy release ( ] )
0 rate threshold mm3

To extract Hill plastic anisotropy coefficients (F, G,
H, L, M, N), the method of extracting anisotropy
coefficients is different for their use in the bulk forming
process. Compression tests are used to extract these
coefficients. Kitamura et al. [20] presented a method for
the small-cube compression test. These tests are used for
thick metal plates and exhibits plastic anisotropy
properties in the thickness direction. Small cubes for
compression tests were cut from alloy sheet C22000 with
a thickness of 10 mm using the electrical discharge
machining (EDM) process in the directions shown in
Fig. 2 and were prepared with dimensions of 7 x 7 x 7
mm. The compression test was done on small cubes with
a pressure ratio of 50% and the square shape in the cubes

becomes rectangular due to the anisotropy of the plastic.
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Table 3. Ultrasonic test results

c C P Elastic Shear
Direction g 2 3 modulus modulus v
(m/s) — (mis) — (kg/m’) g (Gpa) (G) (GPa)
Directions of 45205 2171 8800 110 415 0.32
rolling 00,2 [3 (Cz)z 4] o2
3 o) ~ G 2
Transverseto 45515 2171 8800 12 E= : 415 G =pc2 035 ,_ D)
rolling (Cl)z 1 ¢’ -ct
Direction of 45678 2171 8800 12 G 415 0.35
thickness

Fig. 2. Extraction of 5 small cubes from a thick alloy sheet to
extract anisotropy coefficients.

Finally, Hill anisotropy coefficients for C22000 alloy
were extracted. The values of the Hill anisotropy
coefficients are F = 1.01, G=0.98, H=0.77, L = 3.28,
M =3.66 and N = 2.55.

In the second step, the damage tensor components
were calculated according to the structural equations of
the Saanouni damage model and the relationship
between the modulus of elasticity of the material in
undamaged state and damaged state. The main
components of the anisotropic damage tensor were

defined according to Eq. (3):

| I

Ultrasonic method was used to determine the
changes of elasticity modulus in three directions of
rolling, perpendicular to rolling and also in the direction
of thickness. The damage tensor components were
determined in three directions. The working method
involved extracting a sample from the C22000 alloy
sheet by machining to perform the uniaxial tensile test.
After performing the tensile test in the positions shown

in Fig. 3, the rectangular cube pieces were extracted and
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Fig. 3. Uniaxial tensile test sample to determine damage
tensor components in 4 different positions.

the new elastic modulus £ was measured in three
directions using the ultrasonic method.

The total reduction in width and thickness of the
sample was a suitable measure for the plastic strain in
the direction of tensile, & = — (¢, + ;). Using EI, E2
and E3 curves were drawn with respect to plastic strain
as shown in Fig. 4. The non-compliance of £/, E2 and
E3 curves indicates the nature of damage anisotropy. In
fact, Young's modulus grows faster in one direction
(rolling direction) than in the other two directions. The
amount of critical damage was determined using Eq. (3)
calculated in the direction of rolling as 0.396,
perpendicular to the direction of rolling as 0.298, and in
the direction of thickness as 0.290.

In the last step, the damage growth parameters as
well as the hardening coefficients were determined
according to the results of Saanouni's research paper.

Saanouni et al. [21], due to the difficulty of extracting

120
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Fig. 4. Experimental growth of damaged elastic modulus E1,
E2 and E3 with respect to plastic strain.
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coefficients by numerical and experimental combined
methods, as well as the lack of access to optical
measuring devices and the high cost of their services,
used a wide range of virtual materials and suggested
them as a suitable alternative for selecting material
parameters. In subsequent studies, researchers have used
its results for material parameters and acceptable
comparative results have been presented. A wide range
of "virtual" materials have presented by choosing
appropriate values of material parameters as follows:
(40, Al, A2, BO, Bl and B2). Virtual materials are
divided into two main groups, A0 and B0, representing a
material class characterized by a "short" hardening stage
or "large" hardening stage. These "virtual" materials
cover a wide class of real metallic materials, ranging
from aluminum alloys to high-strength steels. The
presented parameters can be used in the simulation of
metal forming processes. According to the above
grouping, C22000 alloy was placed in 42 group and
coefficients with values of C =10 GPa, O = 1000 MPa,
a =100, b =50, s=p=1, and S = 2.8 MPa were
considered for the alloy. Also, coefficients y = 1 and

Yy = 0 were considered for the alloy [16].

4. Numerical Aspects

The implemented formulation has been defined in the
framework of thermodynamics of irreversible processes
and a symmetric second-order tensor was adopted to
describe the anisotropic damage state variable. The
damage model was implemented with VUMAT coding
and ABAQUS/Explicit software.

The global equilibrium problem was solved using the
displacement-based finite element method. This requires
the numerical integration of the fully coupled anisotropic
constitutive equations at each Gauss point of each finite
element. All these aspects are presented in the reference
of Saanouni Handbook 2012 [16].

In this section, and for the sake of brevity, the focus
is on the local integration of the anisotropic constitutive
equations. This involves the computation of the overall
mechanical unknowns (0,41, Xn+1> Rns1> dneq) at the
end of the time interval t,,,; knowing their values (g,

Xn, Ry, dy) at the beginning of the same time interval t,,.
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The constitutive equations were defined a set of
nonlinear ordinary differential equations (ODEs) to be
numerically integrated at each quadrature point of each
finite element. The plastic and damage flow
relationships were numerically integrated using a fully
implicit and iterative integration scheme, while the
asymptotic integration scheme was applied to both
kinematic and isotropic  hardening  evolution
relationships. As a result, the number of equations was
reduced to five equations.

The constitutive equations were rewritten as Egs. (4)

to (8) after integration.

Rut1

fnp+1 = ||5n+1 _Xn+1”H = —m— 0, =0 4

Gnar = Enyy — &n — Mty =0 ®)
gin =t~ 20 ()
g1 = Ty — Qe —@nm =0 @)
Tt = Tapr — Tne 2420 _f—% =0 (®)

The set of equations (Egs. (4) to (8)) leads to a
nonlinear system that can be solved according to the
elastic prediction-plastic correction algorithm.

1- Elastic predictor:

The trial stress was calculated using Eq. (9):

Opi] = +Cy e ©)

In Eq. (9), ¢, is the anisotropic elasticity operator. It

was defined according to Eq. (10) and € n Was defined
according to Eq. (11):

B0 -vavn)  Bntovs) BOsturs) o

yi) i) A
B tvan) BO-vew) B@ntwv) | o

Y\ A A

C= | Bt o) BOmtve BO-wwmd o | (10)
Y\ A A
0 0 0 G, O 0
0 0 0 0 Gp O
0 0 0 0 0 Gy

C =M _:C :M

ST En e Ey an

The trial yield function was calculated using Eq. (12):
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il = P (I X R d) = |20 = Ry =0y, (12)
|1Z3el = JZnyiet H: 2 (13)
G+H —-H -G 0 0 0
( —H F+H —-F 0 0 0 )
-G -F F+G O 0 0
0 0 0 2N 0 0 (14)
\ 0 0 0 0 2L 0/
0 0 0 0 0 2M
204 =i} ZTal0 (15)
: 1D ~tria]D
Zia” = giiel” — x, (16)
0w —
Xn=poe=Cph:a (17
C,=My M, =5cMP :mP, c=5cr (18)
_ R,
Ry = == (19)
NE A
9 ~ ~
Ry = p3t= Qr,, Q0 =01~ lldul) (20)

At this stage, the plastic admissibility is checked. If
f <0, then the elastic assumption is valid and the
variables are updated. If f >0, then the elastic
assumption is not valid and plastic deformation has
occurred. The condition of plastic compatibility is
applied and it is necessary that the return occurs on the
yield surface.
2- Plastic corrector (Return mapping):

The set of nonlinear equations is according to Egs.
(21) to (23):

fnp+1(Al’ ﬁ‘n+13Rdn+1) =
||Zn+1|| _ n+1 _ Uy =0 (21)
1= lidn+all

In+1(42, finyq, dnyq) =

% +1> Gns @2
H: Zngs = | Znsa lfinss = 0 )
gﬁﬂ(ﬂ, A+t dnt1) = dpv1 — dn
S
3 AL 1Yol — Yo A Ml =0 (23)
(1 = lidn+11D# S e

Finally, the set of nonlinear equations was reduced to
two equations with two unknowns (the number of six
unknowns for i, ; ; and one unknown for 44”) according
to Table 4.
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After the convergence of the Newton-Raphson
solution, the unknowns were calculated and all the
parameters were updated using them. The introduced
algorithm was implemented with the help of a Fortran
language subroutine and ABAQUS finite element
software was used for simulation.

The numerical simulations of the bulk workability
tests were performed through a succession of
displacement increments for each modeling case. No
remeshing operations were performed, and the overall
computing time for a typical 3D analysis containing
2500 elements was below 180 min on a standard laptop
computer equipped with an Intel i7 CPU processor. For
C22000 alloy, density and DEPVAR and User material
were applied as material properties. The non-linear
solution of the process was defined by the explicit
solution of the dynamics. All contacts were defined
surface to surface using the penalty method. The friction
coefficient was determined according to the ring
compression test. The meshing for C22000 alloy used
3D stress (C3D8R) linear family element type with Hex
element shape, Sweep technique and Medial axis
algorithm. FEM results are shown in Table 5. After
running the program and analyzing the tests in
ABAQUS, different strain paths were drawn on the axial
strain and circumferential strain diagrams. Their
endpoints were selected as fracture points. All endpoints
were fitted and interpolated by fracture line. Fracture
line was drawn based on the critical damage level
extracted from FEM. The right side of the workability
diagram for C22000 alloy for bulk forming processes

with critical damage in FEM is shown in Fig. 5.

0.8
07 "‘,(
v = 0.5829x+0.2063 /
£ o8 r!
--------- Expansion_& .E / ," !
= 05 =
[
====-Expansion_5 o, ?r‘ ! "‘
g 04 PR
= = = Expansion_& i !
° = £ o & £t
— - — Expansion_7 — S L
g 74 ‘
— d 2
—— D=Critical G 02 Frd P
e i
Linear (D=Critical) 0.1 A 7,
K
0 i T T T !
o 02 0.4 0.6 0.8 1

Axial strain

Fig. 5. The right side of workability of C22000 alloy for bulk
forming processes in FEM.
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Table 4. Newton-Raphson linearization algorithm
Solve the set of nonlinear equations

9 1) ~ sl B -0, =0

=P _
“n+1 "~ 0

n ~
En+1 [Aﬂ a ./.1] =H:Zptg-

The Newton-Raphson linearization algorithm for solving the above system of equations was presented using the
first-order Taylor expansion approximation.

[6 P afry
fp s+1 fp N JANP aﬁ SANP 0
‘g n+1 ‘g n+1 a'g ai 62 (0)
a4AAr  0fi 1
From which the unknowns’ corrections, for the iteration (s) under concern, were deduced
afr  afry’
{541/11’} _ o om L {f ”}S
=~ - - - n
on 99" 99" 91
04AP 01 1
In each iteration of the Newton-Raphson solution, the unknowns of the system of nonlinear equations were
extracted
1 N
d 9
—(fPp1 t+ f W] :grsz+1
= n+1 -
SAAP =
)
aArr| . ag - [ OA/II’ i1
99" s ag” :
N = — - . n R p
- n+1 n+i

In each iteration Inside the Newton-Raphson solution, the damage tensor levels were calculated using following

approximation.
S
dn1 = dy +A2P (M i (Ve ((Mp fin+1, d n))
“n+l1 — “n (1—”6_1””)[’) 5

It is worth noting that the Eigenvalues of the damage tensor were calculated from damage components given by the
above equation, using an appropriate subroutine (Jacobi method) to compute the Eigenvalues and associated
Eigenvectors of the damage tensor.

Convergence check?

IF |R| <Tol THEN END Loop
Table 5. Location of the crack in FEM results 5. Results and Discussion
Expansion_4 Expansion_5 Expansion_6 Expansion_7 Load-displacement curves for C22000 alloy for all

desired geometries in FEM results are shown in Fig. 6.
In these curves, it can be seen that all the samples under
the given friction conditions take more loads for higher
deformation. Fig. 6 also shows the experimental and
finite element predicted evolution of the load with

displacement for the ‘ring expansion’ performed with

-
R

o=

77757

7777

7T

test specimens identified as  ‘Expansion 7’.

Experimental loads show that the geometry of sample

also affects the load required for the deformation process.
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Fig. 6. Experimental and FEM predicted evolution of the load
with displacement for ring expansion tests.

The exact moment of cracking is obtained using an
experimental test. This test is based on this phenomenon,
which is characterized by crack initiation with a drop in
force. Comparison of the numerical and experimental
result show good agreement.

In previous studies, the Saanouni damage model has
not been used to extract the right side of the workability
diagram, and the behavior of the C22000 alloy has not
been analyzed using the Saanouni damage model.
Therefore, in this study, extracting the right side of the
workability diagram in bulk metal forming with the help
of Saanouni anisotropic damage mechanics criteria is
desired. However, the damage level is unknown in this
diagram. Thus, with this method, the extraction of the
diagram was performed more comprehensively. The
only point of fracture was not considered. Different
levels of damage and damage evolution can be used to
express different regions of the workability diagram. The
use of FEM for extracting workability diagrams has
helped to determine the damage levels in different strain
paths and shows that the damage growth starts from the
zero-damage point and ends at the critical damage point.
Taking into account the evolutionary process of damage
growth from zero to the critical damage value, different
fracture lines have been imagined. In Fig. 7, the
extracted curves were fitted by the fracture lines and the
C22000 alloy workability diagram was extracted for
bulk forming processes. The fracture lines with different
values 0f 0.1, 0.2, 0.3 and critical damage were drawn in
the FEM results. Different levels of damage and damage
evolution can be used to express different regions of the

workability diagram.
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Fig. 7. The right side of workability of C22000 alloy for bulk
forming processes with different values of damage.

The purpose of the microstructure analysis is
twofolds. First, the location, shape and distribution of
voids are visualized within the microstructure. Second,
void fractions are measured. After standard
metallographic preparation and etching with a solution
(10 mL HNOs3 and 90 mL H,O), cross-sections of the test
samples were imaged by SEM (scanning electron
microscopic), operating at 30 kV.

The test geometry shown in Fig. 8 provides evidence
of cracking in opening mode I, characterized by a fibrous
pattern with dimples, due to circumferential tensile
stresses acting in the wall thickness.

According to Fig. 8(a), in thin-walled discs (such as
Expansion_4 and Expansion_5), cracks are initiated near
the bore and propagated first to the bore, then outward to
the rim along an inclined shear path. In contrast,
according Fig. 8(b), in thick-walled discs (such as
Expansion_6 and Expansion_7), cracks are initiated on
the upper and lower surface at locations between the

inner and outer diameters.

Sbvi2
(Avg: 75%)

Damage D1 (Rolling direction SDV12)

Fig. 8. Experimental fracture strain for geometry: (a)
Expansion_4 and (b) Expansion_7 with an image of the crack
in the wall thickness compared to Damage D1.
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Ductile fracture, governed by void growth and
coalescence, strongly depended on stress triaxiality. In
terms of micromechanics, the final fracture phase is
achieved by the link-void formation. Fracture in metal
forming can occur in three different modes: (i) tensile;
(i1) in-plane shear; and (iii) out-of-plane shear (which
correspond to modes I, IT and III of fracture mechanics).
The circumstances under which each mode occurs are
identified in terms of plastic flow and microstructural
ductile damage. Experimental results retrieved from the
literature support to the presentation and show that
plastic flow and fracture in sheet forming result from the
competition between modes I and II, where in bulk
forming, fracture results from the competition between
modes I and III [22].

The ductile fracture mechanism of mode (I) loading
is well known. This mechanism is induced by the high
hydrostatic stress state and causes a dimple rupture. It is
clear that the critical point of the damage is in these
elements. These elements first reach the critical damage
value and fail. To verify this conclusion, SEM was used
to observe the surface of fracture. In Fig. 9 the
microstructure of the fracture surface is shown. The
profile of the simulation also fits well with the real
fracture surface, and from the pictures, many typical
void-dimple structures are visible on the surface, which

indicates tensional failure (mode I).

SEMHV:300KkV  SEM MAG: 5,00 kx

B1:8.00 WO: 1476 mm 10 pm

SEMMV:300KV  SEMMAG: 500 kx

Fig. 9. SEM fractograph showing a dimple fracture surface of
C22000; (a) Expansion_4, (b) Expansion_5, (c¢) Expansion_6,
and (d) Expansion_7.
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Experimental works available in the literature, have
evidenced two regimes of ductile fracture of metals and
alloys: a high hydrostatic tension regime, in which
fracture results from micro-void nucleation, growth and
coalescence, and a shear-pressure-dominated regime, in
which fracture is controlled by shear strain localization
[23].

In ring expansion, the fracture mechanism is
described by cavity nucleation/growth and coalescence
mechanism, typical of positive triaxiality. With FEM,
accumulated damage value (the sum of damage
increments irrespective of sign and direction) at the onset
of fracture was estimated for ring expansion with a
stepped conical punch. According to Fig. 10, the largest
value of accumulated damage and positive triaxiality
were occurred at the onset of fracture. It is well known

that a higher level of stress triaxiality promotes earlier

fracture.
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Fig. 10. Accumulated damage and positive triaxiality occurs
at the onset of fracture: (a) in Expansion_4 and Expansion_5,
(b) in Expansion_6 and Expansion_7.
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6. Conclusion

The used ring expansion test performed with a stepped
conical punch was proven adequate to replicate three-
dimensional stress loading under a wide range of stress
triaxiality by varying the wall thickness of the
specimens.

By conducting tests, the right side of workability
diagram for C22000 alloy was determined. The
workability limit approved to be a useful tool in the design
and manufacturing stages of any product for bulk forming
processes. Successful prediction of workability was
feasible only through the method of continuous damage
mechanics.  Thermodynamically  consistent, non-
associative and fully anisotropic elastoplastic constitutive
equations strongly coupled with ductile anisotropic
damage developed in previous work were used to study
ring expansion tests, which includes Hill's yield criterion
and combined nonlinear isotropic and kinematic
hardening. The implemented formulation was defined in
the framework of thermodynamics of irreversible
processes and a symmetric second-order tensor was
adopted to describe the anisotropic damage state
variable. The damage model is implemented with
VUMAT coding and ABAQUS/Explicit software, and it
is used to simulate tests.

The use of FEM solutions for extracting workability
diagrams helped determine the damage levels in
different strain paths and showed that the damage growth
starts from the zero-damage point and ends at the critical
damage point. Taking into account the evolutionary
process of damage growth from zero to the critical
damage value, different fracture lines have imagined.

This study on the characterization of fracture in
C22000 alloy made use of ring expansion with a stepped
conical punch to determine the strains and the critical
ductile damage at the onset of fracture by cracking in
opening mode [ (tension). An extensive scanning
electron microscopic (SEM) study was undertaken to
access the underlying ductile fracture mechanisms in
these materials at different stress triaxiality levels. Stress
triaxiality is one of the parameters that has a significant
effect on crack initiation. The measured ductility at

fracture decreases as triaxiality increases. High
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triaxiality makes materials brittle. Therefore, the
brittleness and ductility behavior of materials depends

on the type of loading in addition to the type of material.
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