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Abstract. Investigation of the ductile damage in single point incremental forming (SPIF) is
necessary for improving the formability during the manufacturing process. In this paper, an
enhanced Continuum Damage Mechanics (CDM) model was applied for ductile damage
prediction in SPIF process. In particular, the stress state dependence was considered in the
damage evolution to improve fracture prediction capability at various loading paths. The
enhanced CDM model was implemented into finite element code ABAQUS/Explicit through
user subroutine VUMAT. The accuracy of the finite element model to predict the failure during
SPIF process was investigated, good agreements were found between the simulation results and
the experimental observations.

1. Introduction

The incremental sheet metal forming process is more flexible than conventional sheet metal forming
processes, since it could manufacture components with complex geometries without using specified die
set. However, the plastic deformation and damage mechanism are quite different from traditional
forming process, e.g. stamping, as the tool path changes rapidly during the forming process[1]. In order
to avoid cracks formation and improve the formability of the manufactured parts, the deformation
mechanism and ductile fracture behavior during SPIF process should be carefully studied[2].

Finite Element (FE) simulation for SPIF is vital to optimize the forming process, the accuracy of the FE
simulation results is highly dependent on the constitutive models. Among the proposed plasticity and
damage models, the Continuum Damage Mechanics (CDM) model is widely used coupled damage
model to predict ductile damage for metal sheets[3]. Since the plasticity and damage effect are fully
coupled in the CDM models, they are more conform in physical mechanism than the uncoupled ones.
To date, the CDM model has been widely applied to predict occurrence of failure during various metal
forming processes. However, the damage evolution and fracture strain at different loading paths vary
with the stress states, the classic CDM model could not accurately reproduce the shear dominated
fracture behavior[4]. To extend the CDM model to fracture prediction under various stress states,
researchers have modified the damage evolution law in CDM model by adding stress triaxiality and
Lode parameter in damage potential[5-7], which has enhanced the predictive capability of the CDM
model.

Studies on numerical prediction of damage evolution which considers the stress state effect in SPIF
process remains few. In this paper, an enhanced fully coupled elasto-plastic-damage model considering
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stress triaxiality and Lode angle is used to predict the failure during SPIF process of titanium sheet metal.
By comparing the numerical simulation to the experimental results, the enhanced CDM model could
predict the damage and fracture in SPIF process with high accuracy.

2. Enhanced CDM damage model
The constitutive equations are developed based on Saanouni model under the total energy equivalent
assumption. The specific Helmholtz free energy ¥ (&%, a,r,T,d)=¥(Z°,&,F,T)is taken as a state

potential given:
p‘i’=%(l—h(n)d’)ffe(§e“iéeH)+(1—h(77)d)ue(§eDiéeD) 3(1 h(n)d)Ca:a+= (1 h(md”)Qr* (1)

Assuming the non-associative plasticity theory, the quadratic von Mises yield criterion f and plastic
dissipation potential F are defined as follows:

Yield criterion: f = lo—X], ___R -0,<0 (2
JI-h(nd  1-h(7)d”
_ _ ~ 3a(X : X) bR? S(9) Y-y, \¢
. F= F, =
Plastic potential: 4C(1 h(n)d)+2Q(1—h(T7)d7)+ , F (s+1)(1—h(77)d) <S(9)>
3)

Based on the state potential in Eq. (1) and plastic potential in Eq. (3) defined above, the stress-like
variables and all the fluxes variables governing the evolution of the dissipative phenomena are derived
and given as follows:

® Stress-like variables for state relation

a\P a‘P el el

Cauchy stress: T=po TP s =o" +8=(1-h@)d)x,e" +2(1-h@n)d) #,&* (4)

. . . oY 2
Kinematic hardening: X =p£=—(1—h(f7)d)cq (5)
Isotropic hardening: R = p— (1-h(z)d")Qr (6)

_ oY _ eH . _eH ED 1 7-10r?2
Damage force: Y——pg—zh(n)x (e :¢ )+ h(r])Ca a+h(77),ue( )+§h(77)7/d Qr- (7)
® Strain-like variables for evolution equation
oF i - X
Plastic strain rate: D" = /1—:/1n —D fi= 3(5-X) (8)
E=hmd " 2o x],

Kinematic hardening strai t-d——iﬁ—/i(L—aa) 9

inematic hardening strain rate: & X m a 9)
Tsotropic hardening strain rate: ¥ =42 = i L br (10)
sotropic hardening strain rate: [ =-A—=4| ———-

R N1-h(m)ad”
Isotropic damage rate: d = ik A ¥ —Yo) (11)
5Y ~ @-hmdy’ | s@)

In these equations «, is the compressibility modulus, g, and A, are the Lame’s constants, E and v are
the Young’s modulus and the Poisson’s ratio, C,a, Q and b are the kinematic and isotropic hardening

moduli, and S (5 ) ,s,Y,, 8 and y are damage parameters.
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In the enhanced CDM model, the damage parameter S( ) is dependent on the normalized Lode angle

6 to obtain different damage evolution under tension and shear loading paths. The stress triaxialtiy 7 is
embedded into the microcracks closure parameter h(z) [7]:

S(8) =Sy, +(Se, — S, )tanh(d]") (12)
1+ h 1 h
h(n7) = — - tanh(&7) (13)
The normalized Lode angle 6 (-1<6 <1) and stress triaxiality are defined as follows:
0= l—% = l—garccos( \/3;?23 , = trg) (14)
T T 2J; J,(o)

where h, isthe value of h at negative stress triaxiality, S, and S, represent the value of S in shear and

ten
in tension respectively, while & and & are parameters to adjust the effect of @ and 7. Figure 1 shows

the fracture loci of different CDM models, the original CDM model (Model 1) could not correctly
describe the fracture locus with respect to the stress triaxiality. When the microcracks closure effect is
considered (Model I1), the asymmetry of damage accumulation under tensile and compressive loading
paths could be captured. Only the model with stress state dependence (Model 111) could reproduce the
non-monotonic fracture locus to accurately predict the damage under tensile, shear and compressive
loading paths. In the following section, the enhanced CDM maodel is applied for fracture prediction

during SPIF process for grade 1 titanium sheet.
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Figure 1. Representation of the fracture loci of different CDM models. (Voids growth photo was
taken from reference [9])

3. Parameter identification

In order to simulate the SPIF process, the material parameters for the targeted material should be
determined. In this paper, the experimental data for grade 1 pure titanium reported by Gatea et al[10].
was chosen to conduct the simulation. The material parameters are calibrated using tensile and shear
tests. The details of the identification methodology could be found in our previous works[7, 8]. The
calibrated parameters are given in table 1.

Table 1. Calibrated material parameters for Ti grade 1 sheet.
E (GPa) v 0,(MPa) O (MPa) b C(MPa) a Sei Sien

108.0 0.34 232.49 620 1.1 8100 100 46 24
he s Y B Yo(MPa) & S
0.2 1.0 4.0 1.0 0.0 2.0 8.0

Figure 2 shows the comparison of the simulation results and experimental results of tensile and shear
tests. The predicted displacements at fracture agree well with the experimental results. Meanwhile, it
was found that crack path was in good accordance with the experimental observations for both tensile
and shear tests.
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Figure 2. Comparison of force-displacement curves of experimental tests with simulation results
based on enhanced CDM model: (a) tensile test; (b) shear test.

4. Numerical simulation of SPIF

To simulate the SPIF process, the finite element model was built according to experimental profile
geometry. The mesh of the sheet and tool is shown in figure 3, the dimensions of titanium sheet is 140
X 140X 0.7 mm, the diameter of the forming tool is 10 mm. To save the CPU time, only the contact
areas are set with fine mesh with element size 0.5 mm. The Coulomb’s friction law is selected on contact
surface between the tool and the sheet with the friction coefficient of 0.1. Details of the geometric shape
of hyperbolic profile can be found in the reference [10]. Next, the SPIF process of hyperbolic shape for
grade 1 pure titanium was simulated using enhanced CDM model with the calibrated material parameters
in section 3.

Figure 3. The mesh of the plate and tool.

The distribution of isotropic damage (SDV 14) at different forming depths were presented in figure 4, at
the beginning, the sheet is without damage, it is noted that the value of isotropic damage is increased
when the tool moves along the defined tool path. The isotropic damage localized at the transition area
between contact and noncontact areas on the outside of the wall. The maximum value of damage is
0.062 at the forming depth of 14.2 mm. When the forming depth reaches 23.7mm, the damage starts to
localize at smaller area on the outside wall of the hyperbolic truncated cone. At forming depth of 31.7
mm, cracks appear at the localized areas, and the value of damage reaches 0.999. It can be seen that the
damage is always localized at the outside wall of the hyperbolic truncated cone top corner, where final
fracture is observed.

Figure 5 compares the predicted crack path and the fracture depth of the SPIF with the experiments. It
is shown that the predicted crack path was in consistent with the actual experiments[10]. In addition, the
predicted forming depth (31.7 mm) at fracture was in good agreement with the experimental result (31.1
mm) reported by Gatea et al[10]. From all the comparison of simulation results and experiments, the
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enhanced CDM damage model could correctly predict the damage evolution and fracture of SPIF
process.

(Avg: 75%) SDV14
(Avg: 75%)

-

U=0.00 mm U=14.2 mm

SDV14

(Avg: 75%) . — : ; "4?‘”&‘}?&’ AL tR ¢ o \

U=23.7 mm U=31.7 mm

Figure 4. Distribution of isotropic damage (SDV14) during the SPIF forming process of hyperbolic
shape.
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Figure 5. Predicted crack path using the enhanced CDM model in comparison with experiment of the
hyperbolic truncated cone SPIF process. (Experimental results is taken from Gatea et al[10])

5. Conclusion

In this paper, an enhanced fully coupled CDM model was applied to simulate the SPIF process of
hyperbolic truncated cone for grade 1 pure titanium sheet metal. The model is based on von Mises yield
criteria with non-linear mixed isotropic and kinematic hardening. Stress state effect is included in the
damage evolution to predict accurately the damage at different loading paths. The material parameters
were identified using inverse method. Through comparison of numerical and experimental
investigations, it is concluded that the enhanced CDM model could predict the fracture depth and crack
path of SPIF process with high accuracy.
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