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ABSTRACT

In the past, the prediction of ductile damage and
fracture of metal materials under complex loadings has
been an important topic in industries like the metal
forming industry. The GTN model is one of the most
classical damage models regarding damage mechanics,
which has a wide application and perfect evolution in
studies of fracture of ductile metal. GTN originated from
Gurson and later enhanced by Tvergaard and
Needleman. The improvement consists of inserting an
equivalent void volume fraction f and two more
parameters called q; and q: into the yield function of
Gurson’s model, to model the complete loss of load-
carrying capacity ata realistic void volume fraction.
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1. INTRODUCTION

This paper presents a short explanation about the
Forming Limit Diagram (FLD) and the GTN model It
gives the result of simulations of a simple flat specimen
by means of the Abaqus simulation software. The test
resultis fora flatspecimenbased on the deformation and
fracture of tensile test. The material simulated here is
Aluminumalloy 6061. The goal of this work is to start a
study where a forming limit diagram and the desired
material characterization will be determined, intended for
the metal forming industry. Finally, the GTN parameters
can be determined based on some experiments on a
simple specimen.

2. FORMING LIMIT DIAGRAM (FLD)

A forming limit diagramis a graph which describes the
majorstrains (€;) forall the values ofthe minor strain (£)
at the beginning of localized necking. Normally, it is
difficult to determinea FLD dueto the special equipment
required, and thetime needed. [3]
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3. GTNMODEL

Gurson-Tvergaard-Needleman model says that local
damage is due to nucleation, growth, and subsequent
coalescence of voids inside the material. These
mechanisms are responsible for a resistance loss whichin
turn, gradually leads to the failure. The equation 1
indicates the model. [1]
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where f*(f) is the damage function of the micro-void
volume fraction or porosity (f).

Tvergaard consideredtheconstantsasq;=1.5,q.=1 and
q3= q1?forthe void volume fraction and pressure terms.
q is the effective stress ofthe macroscopic Cauchy stress
tensor and oy describes the hardening of a fully dense
matrix material. The damage model considers three main
phases of damage evolution including nucleation (N),
growth (G) and coalescence (C)[1]:

df =dfy +dfg +dfc

@
The nucleation of micro-voids is expressed by [1]:
- Ju (8" —&y ) =
dfy, =1( - Jexpi— ——1 d&
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The normal distribution of the nucleation strain has a
standard deviation of SN, a mean value of & and
nucleate voids with a volume fraction of fx. Growth of
the presentvoids is based onthe apparent volume change
and the law of conservation of mass, and is expressed as

[]:

df =(1-f)(d g, +d &5, +d &f;) )

Finally, regarding the coalescence and final material
failure, the modification of the yield condition is
introduced through the function f*(f) specified by
Tvergaard[1]:

fo=r r<r.
fo=f.+8 =f.) f =f,
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With:

=) = 1
Uy =Jc) o4
Table I Theinitial values of GTN parameters according
to theliterature. [3]

References q q: | & | S I 13 I b3 Material | Comment
Bauvineau 15 1 - - 0.002 - - 0.004 CMn
etal steel
[(1995)
Decamp et 15 1 0.0023 | 0.225 - 0.004 CMn Uniaxial
al. [1997) steel tensile t2st
at300°Cen
axisymmetric
notched
specimens
Siegmund 15 1]03| 01| 00025 - 0.02 0.021 E450
etal. steel
(1998}
Schmidt et 15| 103|021 a 2212 | o002 208 Ferritic Uniaxial
al [1997) steel tensile test
base at ambient
temperature
15 103|001 a 0187 | 0002 0.04 HAZ
Ferritic
15 103|001 a 0.18% | 0012 003 Austenitic

steel
cladding

CMn

steel

Skallerad 125| 1|03 |01 | 00003 015 0.008 | 0.028 CMn
and Zhang steel
(1997}

Tensile test

Benseddig 15 110301 ~0 ~0.2 | 0.002- | 0.004-
and Imad 022 208
(2008}

4. MATERIAL AND METHODS
4.1.Material

Aluminum alloy 6061 was selected as the sample test.
Table 2 lists the mechanical properties of the studied
Aluminumalloy.

Table 2 Mechanical properties and thickness of AI6061
properties (heattreated).

Yield Stress (MPa) ~240
Tensile strength (MPa) | ~260
Elongation (%) ~9-10
Hardness 85 HB

thermal expansion 23x10e-6 1/K

modulus of elasticity | ~70 GPa

poisson ratio 0.35

density 2700 kg/m~3
~180W/mK

thermal conductivity
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4.2.Whatis 6061 Aluminum?

6061 aluminum, also known as Alloy 618, is a
precipitation-hardened aluminum alloy, contaming
magnesium and silicon as its major alloying elements.
Aluminum 6061 is one of the most commonly extruded
alloys. It also has good weldability. 6061 aluminum is
available in pre-tempered grades, including 6061-O,
6061-T,and 6061-F. The economical price, lightweight,
high strength and versatility make alloy 6061 a popular
material in CNC machining services to make precision
aluminum machined parts fora hostof industries.

4.2.1 6061 Aluminum Applications

Aircraft wings and fuselages, boats, automotive paits,
flashlights, cans, fishing reels, firearms, forgings, bicycle
frames and parts, etc.

Here is a comparison between A380and 606 1 aluminum
in multiple aspects, including composition, physical
properties, mechanical properties, and more. [4]

Table 3 Chemical composition of A16061 properties

6061 Aluminum
Aluminum (%) 95.9-98.6
Chromium (%) 0.04-0.35
Copper (%) 0.15-04
Iron (%) 0-0.7
Magnesium (%) 0.8-1.2
Manganese (%) 0-0.15
Nickel (%) 0
Silicon (%) 0.4-0.8
Tin (%) 0
Titanium (%) 0-0.15
Zinc (%) 0-0.25
Residuals (%) 0-0.15

Table 4 Physical and Thermal Properties of AI606 1

6061 Aluminum

Density (g/cm3) 2.7
Melting Completion (C) 650
Melting Onset ('C) 580
Thermal Conductivity (W/m-K) 170
Thermal Expansion (um/m-K) 24

Table 5 Mechanical Properties of A1606 1

2-3. SZAM 17



6061 Aluminum
Elongation at Break, % 3.4-20
Fatigue Strength, MPa 58-110
Shear Modulus, GPa 26
Shear Strength, MPa 84-210
Ultimate Tensile Strength, MPa 130-410
Tensile Tensile Strength, MPa 76-370

Example: AA6061, used in car steering knuckles for
instance, has anaverage tensile strength of 383 MPa and
elongation 10.7%. The alloy was optimized by adding
minor quantities of zirconium, zinc and copper. [5]

Table 6 Mechanical Properties of A1606 | with relation
to temperature.

Temperature | Fhstie Modulus — Pubsan’s Thraal Theermal Spurilic Hiat
Ratin Expumisn Conductivity

K GFa WK Wim K Tz K

10 TH.505] 03230 01,2525 14.3834 15608

21 5021 13240 115145 244645 HARIY

Al Th AT 13242 14477 410270 13,4410

a 6401 03243 17028 522045 B1.9529
sl %2777 13245 KA 621332 [EURET
£l Th.12E5 L3248 4.5575 RELS 19042
H 754555 13250 0.1652 TATHII SR EVEE]
Rl 75, T6lIK 13253 K267 £5.7707 1,
o) 75,5863 0.3255 102179 GLOA0H 4315356
1M} 753137 13258 11,6261 T TGS 40 5510
11 150647 03262 15,1962 100026 $45.6162
121} TR0 1L3265 143611 107 5342 S50 7005
131} T4,5243 13268 15,3513 1127784 6379319
141} 742358 03171 16,1956 LLGAETS 616164

4.3. Tensile test simulation results

Assuming the Tvergaard coefficients being fixed, the
model parameters were adjusted by applying anuniaxial
tensile test.

In particular, the load vs. displacement curve during a
tensile test on a sheet specimen must be employed to
optimize the comparison between the numerical results
and the experimental ones, and consequently to achieve
the desired material characterization.

Fig.1 Elastic deformation
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4.4.Perspectives

The main goalis to determine the GTN parameters for an
Aluminum alloy with industrial applications.

Assuming the Tvergaard coefficients being fixed, the
model parameters were adjusted by applying anuniaxial
tensile test.

In particular, the load vs. displacement curve during a
tensile test on a sheet specimen hasbeen employed to
optimize the comparison between the numerical results
and the experimental ones, and consequently to achieve
the desired material characterization. [2 ]

The value of € hasbeen fixed equalto 0.0002 [2]
From [7]Modelingand simulation. Temperature
dependentmaterial properties for Aluminum 6061.
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Fig.4 a)Elastic Modulus, b) Poisson’s Ratio
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Figure 4,5 and 6: Properties include a) Elastic Modulus;
b) Poisson’s Ratio; ¢) Thermal Expansion; d) Thermal
Conductivity; and e) Specific Heat.

Table 7: material properties for Aluminum 6061 at

roomtemperature.
Density, kg,/m? 2700
Elastic Modulus, GPa 68.9
Poisson's ratio 0.33
Thermal conductivity, W/mK 220
Specific heat, J/kgK 904
Thermal Expansion coefficient, 10 5K ~! 236

Table of Temperature Dependent Material Properties for
Aluminum 6061
Data is taken from MPDB material database software

[6]
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