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To optimize the process parameters, it is necessary to exactly predict failure modes
during deep drawing of coated metal sheets, where two main failure forms are fracture
and wrinkling. In this paper, finite element simulations based on continuous damage
mechanics were used to study the failure behavior during a cylindrical deep drawing of
metal sheets with nickel coating. It is shown that taking the effect of blank holder force

into account, these two failure modes can be predicted. The simulation results are well

consistent with that obtained from experiments.

KEY WORDS: Failure; Deep drawing; Coated metal sheet; Damage

1. Introduction

Deep drawing is one of the most popular processes for transforming flat metallic sheet
blanks into cup or box shaped parts in automotive and aerospace industries. During the process
of deep drawing, metallic sheets are subjected to the large irreversible deformation, and two
primary failure modes of fracture and wrinkling may apfkaduge design and control efforts
have been made to eliminate the occurrence of failure through the proper design Bf, blank
tooling configuratioff!, and the selection of process paraméfertsing the traditional
trial-and-error approach, one-fourth or more time spends on the design and control pfdcedure
Fortunately, with development of finite element methods and computer technologies, numerical
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simulations can be used to model the forming process. In addition to avoiding long and
expensive trial and error procedures, a better understanding on the metal forming process can

also be obtained.

In finite element simulations, a forming limit diagram (FLD) is widely applied to analyze
the fracture phenomena following the pioneering work of K&&lemd Goodwin and
Cuczynski”. Based on major and minor strains, FLD is associated with the strain path; hence, a
forming limit stress diagram was suggesfe®ignorelli et al! obtained FLD considering the
influence of strain rate using a rate-dependent polycrystal self-consistent plasticity model. Hu

et allt%

proposed a new FLD by introducing the effect of temperature and strain rate. The FLD
provides the foundation of research on the fracture behavior during deep drawing of metal
sheets. By comparing the strain status corresponding to elements, one can estimate whether or
not fracture behaviors appear during fornftlg However, FLD does not have a predictive
naturé'?. In particular, it is impossible to predict when and where a failure can appear, and

which failure mode may occur in work piece during a forming operation.

There have been many works on the prediction of fracture in the single layer sheet metal
forming by finite element modeling based on ductile damage. Sadhibymidicted the
fracture area in hydro-bulging tests with an ellipsoidal matrix by ductile damage evolution.
Based on Saanouni’s theory, Khelifa and Oudféhevestigated deep drawing (i.e., Swift's
test) of aluminum sheets. F&hstudied the crack initiation during deep drawing of square cups
with different frames of ductile damage evolution. However, there have been few studies on the

prediction of the failure behavior during deep drawing of a coated metal sheet.

Recently, more and more coated and pre-coated metal sheets have been used due to their
good wear or corrosion resistance and decorative perfortdndéere are different types of
coating and substrate systems, such as hot-dip galvanized/steel or electro-galvanized/steel
sheet&® nickel coating/steBf*® or zinc phosphate coatings/steel sHtBtdrass/steel two
layer sheet&”, and Fe/Al laminated composite sh&&tsThe metal sheet with nickel coating
(MSNC) is a typical type of material for safeguard in engineering. This material possesses good
corrosion resistance, attractive toughness, and excellent plasticity, which offer potential for
advanced structural engineering applications. In addition, the good adhesion between
electrodeposited nickel coating and substrate is another advantage in practical appfféations
During the forming of a coated metal sheet, there is a failure mode like wrifRling
fracturd®!! appearing in a single layer sheet, as showfign 1. Thus, it is important to clarify
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which failure mode occurs for a set of given parameters.

In this work, finite element models based on continuous damage mechanics were used to
predict failure behaviors during a cylindrical deep drawing of MSNC. Two main failure modes
(fracture and wrinkling) were studied under the condition of the blank holder force. A set of
experiments were performed to verify simulation results and their abilities to predict the failure

behavior in a work-piece during deep drawing.

2. Finite Element Simulations

2.1. Continuous damage mechanics

In the finite element package ABAQUS, there is a general framework for modeling
damage and failure. Material failure is related to the complete loss of load-carrying capacity
and thus results in the progressive degradation of stiffness. Continuous damage is a
phenomenological model for predicting the onset of damage due to nucleation, growth, and
coalescence of voids. Many researchers have used the continuous damage mechanics and the
triaxiality dependent failure criteria to predict fracture in sheet metal fofffiify For
example, Li et aP® reported an extensive numerical and experimental study of the
deep-drawing process leading to initiation and propagation of cracks based on the continuous

damage mechanics.

The model assumes that the equivalent plastic stgflnat the onset of damage is a

function of stress triaxiality and strain rate, that is

o N & sinh[k0 (/7' —/7)] +&; sinh[ko(ly —/7+)] L
g =1(ne")= sinh[ko(ly' _,7+)] (1)

where =0, /7 is the stress triaxiality withy” = 2/3 and 7" = —2/3 for isotropic materials in

equibiaxial tensile and compressive deformation statesayith (o, + 0, +03)/3 and the von

1
: . — |1 2 — .
Mises equivalent stressa:b(al—az)z+(az—a3)2+(03—01)2} , EP = [2/3¢,¢ is the
equivalent plastic strain rates; and & correspond to equivalent plastic strains at ductile

damage initiation for equibiaxial tensile and compressive deformation, respectivelk, aisd



a material parameter related to anisotropy. For isotropic matetigis, equal to 1. The

criterion for damage initiation is met when the following condition is satisfied
dz®
W, = | ————==1 2
D J§§| (n’gm) ( )

where w, is a state variable that increases monotonically with plastic deformation. At each

increment, the incremental increase wf is calculated by

=l
p =— 5550 (3)

= pol (”,g;pl)
The geometrical method is adopted in our simulation as the wrinkling criterion, which
directly measures wrinkle dimensions of deformed mesh. The wrinkle amplitude was measured

from the gap between blank holder surface and die surface. The critical wrinkle amplitudes for

determining the existence of a flange wrinkle is chosen to be at 8% nominal sheet tHitkness
2.2. Finite element model

The dynamic explicit code ABAQUS/Explicit is used to simulate the cylindrical deep
drawing of MSNC. The tool and coated metal sheet in a deep drawing process is illustrated in
Fig. ZAa). The forming tools such as die, punch and blavikler are considered as rigid bodies
and their length parameters are shown in Fig. 2(b). The gap between die and blank holder for
safe products is equal to 0.5 mm, as shown in Fig. 2(a). Because of symmetry of the sample,
only a quarter of blank is chosen in modeling, as showfign3a). The original point of the
coordinate system is located at the center of blank with thickness beiggliteztion. The die
is fixed in the process of deep drawing and punch can move indirection. For the blank

sheet, boundary conditions can be described as

u, =0, M, =0, My=0 on the surface ofz=0,
u, =0, My:O and M, =0 on the surface ofx=0,

u,=0, M,=0 and M, =0 at the original pointu, =0.
The blank is a low carbon steel sheet of 0.3 mm thickness with double-side

electrodeposited Bm thickness nickel coating. Both coating and substrate are modeled as an

isotropic elastic—plastic material with exponential hardening. The true stress—strain relationship
is given by



. olE o<o, 4)
(0,/E)clo)" o=z0

where o, is the initial yield stressn is the strain hardening exponenk and v are

Young’'s modulus and Poisson’s ratio, respectively. Material properties of nickel coating and

low carbon steel substrate used in simulations are list@dhte 22, In our simulations, it is

shown that the deviation is very smdllL@o) between two results obtained by using the number

of eight-node, linear brick, reduced integration (C3D8r) elements of 3151810@00,

respectively. Thus, the former is used in simulations of Ni coating metal sheets, as shown in
Fig. 3(b) and (c). The interface between coating and substrate is assumed to be perfect because

of the strong adhesion between nickel coating and sub&ttate

During deep drawing of MSNC, the blank holder force (BHF) is one of the most important
parameters. For a small BHF, wrinkles may appear in flange of drawn parts. When increasing
the BHF, normal stress in the thickness direction increases, which restrains formation of
wrinkles, and thus fracture may occur at the cup wall and punch profile. Three constants of

BHFs (2 kN, 1.5 kN, 1 kN) are applied in a deep drawing process.
3. Experimental

To verify the results of finite element simulations, deep drawing experiments of cylindrical
flat punches were performed on a RG2000 micromachine-controlled universal tensile machine
with the tool geometry shown in Fig. 2. Experiments were carried out by using oil based
lubricant to punch, blank holder, and die surfaces as well as to both surfaces of blank. The
friction coefficient between tools and blank is the same as that in simulation€¥~@J1 the

three BHFs are also the same as that used in finite element modeling.

4. Results and Discussion
4.1. Distribution of field variables

In the case of wrinkling, the distribution of damage at different punch displacemeits
nickel coating is shown ifig. 4a). It is seen that damage increases with the aseref punch
displacements. This is also seen from the damage contours at different punch displacements of

4, 6, 8 and 10 mm, as shown in Fig. 4(b). Accordingly, stress contours in the thickness



direction,o,,and true strain distributions in the thickness directigyare shown in Fig. 4(c)

and (d), respectively. When the punch displacement increases, the values of stress and strain
increase. There are the same behaviors in the cases of success and fracture, asFsbewn in

and 6 Damage arrives to 1 in fracture and wrinkling, e¥hrefers to the occurrence of failure.

In Figs. 5 and 6, the damage and stress distributions in the thickness diregtowl, true

strain distributions in the thickness directiey, are shown in success and fracture at different

punch displacements of 4, 6, 8 and 10 niig. 7 exhibits damage as a function of punch
displacementu. Wrinkling takes place in the flange area, where damage firstly arrives at 1
when the punch displacement is 10 mm. Damage is less than 1 in the flange area in fracture and

success. Fracture occurs at the punch fillet radius of a cup, where damage is equal to 1.

In the flange area, the maximum principal strain in wrinkling is much larger than that in
fracture and success, as shownFig. 8 While the maximum principal strain in fracture is
much larger than that in wrinkling and success at the punch fillet radius, as shéwn ¥a)
and (b).

4.2. Failure modes

In consideration of the influence of a blank holder force, two main failure modes (fracture
and wrinkling) were predicted in simulations. The failure modes are judged from the
distribution of displacements of blank in the thickness direction along a path from center to
edge. As shown irig. 1(a), fracture occurs when the punch displacemengisal to 8 mm,
where the displacement of blank in the thickness direction is discontinuous in wall areas. The
fracture area is located at the punch fillet radius. In the case of success shown in Fig. 10(b), the
displacement of blank in the thickness direction is continuous in wall areas. In wrinkling, the
displacement of blank in the thickness direction in flange areas is much larger than that in

fracture and success, as shown in Fig. 10(b) and (c).

The failure modes are judged by using punch load—displacement chrgedl shows a
comparison of punch load—displacement curves obtained by finite element simulations and
experiments in the wrinkling mode. The punch load firstly increases to 9.1 kN with the punch
displacement, and then decreases to 5 kN at the displacement of 13.6 mm, as shown in Fig. 11.
It is found that some parts of MSNC have been drawn into the die cavity. The actual BHF

exerted on blank decreases. The normal stress in the thickness direction of blank cannot



suppress the excessive metal flow. As predicted, wrinkling occurs in the flange of MSNC.
Then, the punch load increases to another value of 9.2 kN at the displacement of 16.6 mm. This
is because wrinkling makes blank with nickel coating draw into the die cavity more difficultly.
Finally, the flange area is totally drawn into the die cavity, leading to decrease of the punch

load.

As shown inFig. 12 the comparison of deformation shapes between ewpats and

finite element simulations is based on continuous damage mechanics. When BHF is high, the
normal stress in the thickness direction of blank suppresses the formation of wrinkles. But high
BHF leads to insufficient metal flow and thus fracture occurs in a deep drawing process. The
sharply decreasing punch load indicates the fracture of MSNC, which is located at the
circumference zone contacting the punch radius. The punch displacement is equal to 7 mm
when fracture occurs, which agrees with the experimental value of 6.8 mm. Similarly, as shown
in Fig. 13 the punch load firstly increases to a maximum &atd 10 KN when the punch
displacement is 8.7 mm, and then decreases with increasing the punch displacement. When the

punch displacement reaches about 23 mm, MSNC is totally drawn into the die cavity.
4.3. Comparison of strain status

In a deep drawing procedure, the risk of fracture and wrinkling can be evaluated by using
the forming limit curve defined in the plane of principal stréfhsThe strain status in fracture,
wrinkling and success during finite element simulations is showsign14, which is along a
path from the center to edge of blank. The forming limit curve is extracted from our early
studie§”>Y. The points located above the forming limit curve represent fracture of blank with
nickel coating. In the case of success, all the points locate in the safe area, and in wrinkling, a
lot of points locate in areas where the minor strain is larger than the major strain. This area

shows a tendency to wrinkling or fully developed wrinkles.
5. Conclusion

In this paper, the failure modes of nickel coating during deep drawing have been
successfully predicted by using finite element simulations. A set of experiments were
performed to test and verify the accuracy of finite element modeling. According to simulations,
failure modes are affected by the blank holder force. For the relative low BHF, wrinkling takes
place in the flange of nickel coating sheet, and for the relative high BHF, fracture occurs along
a circumference zone in contact with the punch radius. The accuracy of finite element modeling
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has been confirmed by experiments. The results show that finite element simulations based on
continuous damage mechanics are a promising method in predicting failure modes during deep

drawing of coated metal sheets.
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Fiqgures and table captions

Table 1 Mechanical properties of MSNC, where substrate and coating are low carbon steel

sheet and nickel coating
Fig. 1 Schematic diagram of the failure modes: (a) wrinkling and (b) fracture.

Fig. 2 Schematic diagram of the model: (a) configures of the tool and coated metal sheet and (b)

their geometric dimensions.

Fig. 3 Finite element model and meshes used in simulations: (a) a quarter model, (b) finite

element meshes of a whole blank, and (c) meshes in plane and thickness directions.

Fig. 4 Simulations at punch displacements of 4 mm, 6 mm, 8 mm and 10 mm in the case of
wrinkling: (a) the damage distribution along a path from center to edge in nickel coating, (b)

the damage distribution, (c) the stress distribution in the thickness directjand (d) the true

strain distribution in the thickness directiam,.

Fig. 5 Simulations at punch displacements of 4 mm, 6 mm, 8 mm and 10 mm in the case of
success: (a) the damage distribution along a path from center to edge in nickel coating, (b) the

damage contour, (c) the stress distribution in the thickness diregfi@md (d) the true strain

distribution in the thickness directios), .

Fig. 6 Simulations at punch displacements of 4 mm, 6 mm, 8 mm and 10 mm in the case of
fracture: (a) the damage distribution along a path from center to edge in nickel coating, (b) the

damage distribution, (c) the stress distribution in the thickness diregti@md (d) the true

strain distribution in the thickness directiar),.

Fig. 7 Relationship between the punch displacement and damage in the cases of wrinkling,

success and fracture: (a) in the flange area and (b) at the punch radius.

Fig. 8 Relationship between the punch displacement and maximum principal strain in the

flange area in the cases of wrinkling, success and fracture.

Fig. 9 Relationship between the punch displacement and maximum principal strain at the punch

radius in the cases of (a) fracture and (b) wrinkling and success.
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Fig. 10 Deformation shapes with different punch displacements of blank in simulations: (a)
fracture with BHF = 2 kN, (b) success with BHF = 1.5 kN, and (c) wrinkling with BHF = 1 kN.

Fig. 11 Punch loaedisplacement curves of simulation and experiment in the case of fracture.

Fig. 12 Punch loaetdisplacement curves of simulation and experiment in the case of wrinkling.

Fig. 13 Punch loaedisplacement curves of simulation and experiment in the case of success.

Fig. 14 Forming limit diagram of three cases in simulations: fracture, success and wrinkling.

Tablelist
Table 1
E (GPa) oy (LM) v n
Substrate 209.9 264.4 0.27 0.12

Coating 215.0 470.0 0.30 0.13
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