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Abstract

Formability of Magnesium alloys is limited especially at room temperature due to their hexagonal close packed
(HCP) structure. At room temperature (RT), the critical resolved shear stress for non basal slip systems is much greater
than those for basal slips. As only basal systems may contribute to plastic deformation, magnesium alloys have limited
formability at RT. However, increased formability is observed at higher temperatures ranging between 150°C and 300°C
due to the activation of additional slip planes. Additionally, it has been observed that the formability is very sensitive to
strain rates. In this paper experimental methods and Finite Element (FE) analysis are applied for the development of a
methodology based on strain energy density theory for determination of the forming limits of magnesium alloys AZ31
and WE43. Based on the developed methodology optimal forming parameters in a deep drawing forming process, namely
punch radius, temperature, profile radius and forming depth, are determined.
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1. INTRODUCTION

Recently, magnesium alloys have been widely
applied in the automobile, electronics and partly in
the aerospace industry due to their lightweight and
high specific strength properties, e.g. Mordike and
Ebert (2001) and Furuya et al. (2000). However
forming of magnesium parts is not easy mainly due
to their hexagonal close packed (HCP) structure. At
RT, the critical resolved shear stress for non-basal
slip systems is much higher compared to that for
basal slips; as only basal systems may contribute to
plastic deformation, magnesium alloys have limited
formability at RT. However, increased formability is
observed at higher temperatures ranging between
150°C and 200°C due to the activation of additional
slip planes.

87 -96

Although the principal manufacturing process
for magnesium parts has been die casting, recently
press forming processes are generally used due to
their competitive productivity and performance. The
most common press forming process applied is the
deep drawing forming process. Deep drawing is
a cold press forming process in which a flat blank of
sheet metal is shaped by the action of a punch forc-
ing the metal into a die cavity, as shown in figure 1.
Deep drawing differs from other cold press forming
processes in that the depth of the formed part can be
greater than its diameter.

In the deep drawing process of sheet metals, the
forming limit is determined by the onset of necking
and predicted by analysis of tensile instability. How-
ever in the case of magnesium alloys, the application
of these theories is limited, because fracture occurs
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with limited or no necking at all. Therefore, new and
more accurate theories should be applied for precise
prediction of formability. Many efforts have been
performed to study the deep drawing process of
magnesium alloys. Takuda et al. (1999) used FE
analysis to determine the formability of AZ31, but
limited their analysis to RT conditions Chen et al.
(2003), Zhang et al. (2007) and Ren et al. (2009)
carried out experimental and FE analysis of the deep
drawing of square cups of AZ31 at room and high
temperatures, but no comparison has been made to
any other alloy. Nguyen and Bapanapalli (2009)
developed a methodology for the prediction of fail-
ure during forming for AZ31 at RT. Yang et al.
(2008) investigated the formability of annealed
magnesium AZ31 without mentioning anything on
the forming parameters.
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Fig. 1. Representation of the deep drawing process.

In the present paper experimental results and Fi-
nite Element (FE) simulations are used in the devel-
opment of a methodology based on strain energy
density theory for the prediction of forming limits of
magnesium alloys at various forming temperatures
and the determination of optimal forming conditions
for the deep drawing process of magnesium alloys
AZ31 and WE43.

2. FORMING LIMITS

In order to define the formability of sheet metal-
lic materials, the Forming Limits are widely applied.
A forming limit can be determined experimentally,
analytically or numerically. Analytically, theories
based on diffuse necking proposed by Swift (1952),
localized necking introduced by Hill (1952) and
thickness imperfection developed by Marciniak and
Kuczynski (1971) can be used. These theories may
be applied to forming of complicated geometries,

. where strains and stresses required are calculated

using Finite Element Methods (FEM) and failure
initiation using ductile fracture criteria.

2.1. Ductile fracture criteria

Ductile fracture criteria that are usually applied
in sheet metal forming processes have been devel-
oped based on different approaches. The most com-
mon approaches state that the occurrence of ductile
fracture is usually determined by the stress and
strain conditions imposed during the forming proc-
ess. The most widely used criteria are presented
hereunder.

— Cockeroft and Latham (1968) and Brozzo et al.

(1972), proposed a failure criterion of the form:
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— Norris et al. (1978) proposed a fracture criterion
based on plastic strain:
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Where c=

3.10,

— Oh et al. (1979) modified the Cockroft and
Latham (1968) criterion as follows:

‘o max
[ —"—de = C, (3)
0 o
eqv
— Oyane et al. (1980) proposed a criterion based
on the stress and strain histories during the form-

ing process, which is of the form:

Ly gh
j{ +C4jdg =C, 4

0\ o

eqv

— Atkins (1981) modified the criterion proposed
by Norris et al. (1978) in order to take into ac-
count the material behavior:

T1+(1/2L
j—+(/ )ds =c, (5)
, l—co,
Where L= az, and c= !
de, 3.1,

In eq. (1) — (5) ¢ is the strain at the critical point,
gris the equivalent strain at which fracture occurs, o,
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is the hydrostatic stress, 0,4, is the maximum normal
stress, 0., the equivalent stress, or 1is the yield
strength, while C; - Cy are material constants.

In the present work a generic failure criterion
based on the critical strain energy density value is
applied. In Sih’s work (1985) a failure criterion
based on the accumulation of the strain energy den-
sity is proposed, which has mainly been applied for
the prediction of crack propagation in fracture me-
chanics. A modification of this criterion, as appears
in the following eq. (6), is proposed to be applied in
metal forming processes:

(d—Wj C,= f o'de (6)
dV Critical 0

In eq. (6) &/is the equivalent strain at which frac-
ture occurs, ¢ is the maximum equivalent tensile
stress, W the virtual work, J the metal sheet unit
volume, while C; is a material constant.

During the sheet metal deformation attention is
paid on the fracture of the sheet element when the
strain energy density reaches a critical value. Local
instability of the elements with the critical strain
energy leads to the onset of fracture.

At different strain rates or temperatures, the
critical strain energy density is calculated by apply-
ing the trapezoidal rule on the corresponding stress-
strain curve. The trapezoidal rule is of the form:

c:gf(—RP ZR'") 7

In eq. (7) R, is the yield strength and R,, the ten-
sile strength of the alloy.

The fracture point on the metal sheet is then de-
termined by combining the calculated stress and
strain history from the FE model with the fracture
criterion. Rewriting the Sih (1989) criterion, an inte-
gral of Iy, is defined as:

1% .
Iy, =— [o'de (8)
.

Using o and de obtained by the finite element
simulation, the integral [Ig; is calculated for each
element and deformation step. At any given stage of
the deformation process, the stresses and strains are
calculated and compared with the critical value C,
which is considered to be a material property. The
condition of fracture is satisfied when and where the
integral /;, becomes equal to unity.

3. NUMERICAL SIMULATION OF
THE DEEP DRAWING PROCESS

The commercial FE code ANSYS has been used
for the process simulation. For the modeling of the
metal blank, element type ‘Solid 45’ is used, which
is suitable for three-dimensional (3-D) modeling of
solid structures; it is defined by eight nodes having
three degrees of freedom at each node, the transla-
tions in the nodal x, y and z directions. The element
has plasticity, creep, swelling, stress stiffening, large
deflection and large strain capabilities. It should be
noted that 3-D solid elements are selected for the
present simulation due to the need of an accurate
calculation of the through-the-thickness strain,
which is required for the determination of the ductile
fracture criteria constants and is also important in
the calculation of the blank thickness reduction.

The interface phenomena due to the contact be-
tween punch — metal sheet, blank holder — metal
sheet and metal sheet — die are simulated using ele-
ment type ‘Contal75’. For the modeling of the
punch, the die and the blank holder element type
‘Targe170’ is used.

The simulation refers to the experimental tests
performed in the frame of the European project
AEROMAG (2006), comprising: a flat punch with a
diameter of 10 mm and a profile radius r, = 1 mm,
0.5 mm thick metal blank with a diameter of 25 mm,
a blank holder with external diameter 25 mm and
internal diameter 16 mm and a die with internal and
external diameter 14 and 25 mm respectively. The
experimentally determined Critical Punch Depth and
max. forming time at RT are 1.6 mm and 93s respec-
tively. The developed FE model is schematically
shown in figure 2.
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Fig. 2. FE simulation model for the deep drawing process.
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The materials used in this study are Magnesium
alloys AZ31 and WE43. For the coefficient of fric-
tion between the tools and the metal blank an aver-
age value of 0.2 was used, based on the parametric
study with respect to temperature and contact condi-
tions for AZ31 alloys by Ceretti et al. (2008), it has
been shown that the coefficient of friction varies
between 0.1-0.3 for the specific deep drawing case,
while the Blank Holding Force (BHF) is calculated
using Siebel equation, Gotoh et al. (2003). During
the deep drawing process the BHF plays an impor-
tant role, as its variation during the forming progres-
sion controls the deformation of the different areas
of the blank and affects the fracture area. Siebel
equation is of the form:

P=0.025{B—1) +0.0055}S,, BHF=PA  (9)

In eq. (9), P is the blank holding pressure, § the
drawing ratio (initial blank diameter/punch diame-
ter), 0 the relative punch diameter (punch diame-
ter/initial thickness), S, the tensile strength of the
metal blank and A the effective area of the blank
holder.

The FE model of the metal blank, which com-
prises 18018 nodes and 24091 elements, is shown in
figure 3.

Tensile tests to determine the mechanical prop-
erties of the magnesium alloys were carried out at
the Institut National Polytechinique de Grenoble
(INPG). In order to perform the tests, the sample
was clipped and placed into a furnace until the tem-
perature is stabilized to the desired one; conse-
quently, tensile tests were carried out at the desired
strain rate until the specimen failure. The yield stress
is determined at the point at which the stress-strain
curve deviates from linear (¢ = 0.2%). The strain rate
sensitivity index is also determined.

Table 1. Mechanical properties of AZ31 and WE43 in the L and
LT direction at RT, AEROMAG (2006).

AZ31 WE43
Tensile strength (MPa)
L 264 302
LT 263 256
Elongation (%)
L 20.00 4.68
LT 19.45 12.17
K- value (MPa) 427 398
Work hardening coefficient, n
L 0.162 0.11
LT 0.197 0.1
Normal Anisotropy, R
L 5 2.5
LT 2.75 2.25
Strain rate sensitivity
L 0.01 0.01

Fig. 3. Finite element representation of the metal blank.

It can be observed from figure 3 that the area
where the blank is under compression due to appli-
cation of the BHF, the FE mesh is denser in order to
increase the accuracy of the calculated strain and
stress results.

The simulation process is carried out at RT and
elevated temperatures (100°C to 400°C). The me-
chanical properties of the two alloys (AZ31 and
WE43) used are based on experiments carried out in
the frame of AEROMAG (2006) and are presented
in figure 4 and table 1.

Like any other alloy, Magnesium alloys have
a distinct grain structure alignment. The grain structure
alignment is defined in three perpendicular directions:
L — Longitudinal, LT — Transverse and ST Short trans-
verse. In this case the L direction is the direction the
magnesium sheet is rolled while the LT direction is in
the plane perpendicular to the L direction.

For the simulation of the non linear material
properties, the anisotropic hardening option in com-
bination with the yield criterion proposed by Hill
(1952) is used. The Anisotropic (ANISO) option
allows for different multi linear stress-strain behav-
ior in the material x, y and z directions as well as
different behavior in tension, compression and shear.
The Hill anisotropy option is combined with the
ANISO option in order to simulate plasticity of the
metal blank.

The Hill criterion (1952) is combined with the
Swift (1952) hardening law in order to predict the
yielding process and determine the effect of strain
rate. The anisotropic yield criterion proposed by Hill
and applied in this case is of the form:
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Fig. 4. Mechanical properties at RT and high temperatures, (a) AZ31 and (b) WE 43, AEROMAG(2006).
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Fig. 5. Non-linear stress — strain (o — ¢) curves idealized for the FE simulation, (a) AZ31 and (b) WE 43.
2 2
26,,=F(c,-0.) +G(csz —cx) + rgo(ro +1

H(o, -, ) +2Lt> +2Mc> +2N2  (10)

In eq. (10) o.,. is the equivalent stress at yield,
F, G, H L, M and N are constants specific to the
anisotropy state of the material and x, y, z are the
principal anisotropic axes.

The constants in the Hill criterion are determined

by:

1{ 1 1 1
22 33 11
1{ 1 1 1
R TR RS
33 11 22 (11)
{1 1 1
TR TR R
11 22 33
3 3 3

L

= N M = N =
2R, 2R:, 2R}

The yield stress ratios can be rewritten as func-
tion of the Lankford constants in the form:

R ,=R,=R, =1, R,= ,
11 13 23 22 ro(r90 +1)

R bt D) o 3 +1)
. Ty + 7o T (2r90+1)-(r0+r90)

ro and ryy represent the anisotropy coefficient in the
rolling (L) and lateral directions (LT) of the alloy
respectively.

Swift equation is given by:

(12)

m

G:KS ! éeﬁ"

(13)

Fig. 6. Fracture initiation observed in the test at around
7.9 mm; after Takuda et al (1999).
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In eq. (13) K is the strength coefficient, ¢ equiva-

lent strain, n the hardening exponent, £.; equiva-

lent strain rate and m the strain rate sensitivity index.
4. VERIFICATION OF THE MODEL

For the wvalidation of the deep drawing
simualtion model, numerical results are compared to
experimental results at RT. The initial verification is
carried out using the experimental work carried out
by Takuda et al. (1999). The dimensions of the tool
used are: flat punch with a diameter of 60 mm and a
profile radius 7, = 4 mm, 0.6 mm thick metal blank
with a diameter of 75 mm and a die with internal and
external diameter 65 mm and 75 mm respectively.
The experimentally achieved Critical Punch Depth
(CPD) is 7.9 mm (at RT).

In figure 6, the experimentally derived deformed
shape of the specimen after the deep drawing tests is
presented, from which the fracture location can also
be observed, at a CPD of 7.9 mm.

In the course of the simulation process, two inte-
grals are calculated:

— Ioyane — based on Takuda et al. (1999),
— Ig, — Sih Criterion with C; = 45 MJ calculated
from the trapezoidal rule.

In figure 7, the evolution of the above two frac-
ture integrals, based on FE analysis are presented.
The Ig;, integral is calculated based on the proposed
strain energy density criterion, while the Oyane cri-
terion is calculated based on the FE model verified
by experimental results carried out by Takuda et al.
(1999). The horizontal and vertical axes indicate the
radial position from the metal blank center, while the
values of the integrals are calculated at the corre-
sponding radial positions, respectively.

From figure 7, it can be observed that the CPD
calculated by the /oyan is 7.9 mm, while the /g;, inte-
gral predicts the CPD to be 8.1 mm. The difference
between the /o, calculated by Takuda et al. (1999)
based on a verified FE model and the /g;, integral for
the point of fracture is 2.5%. This shows that for the
specific forming process the Sih (1980) strain energy
density criterion predicts the fracture process with
sufficient accuracy; therefore the Ig;, integral will be
used hereafter for the optimization of the forming
process.
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3 E
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Fig. 7. Loyane and Iy, pr; integral at forming depth of 2 mm (a), 4 mm (b), 6 mm (c) and 7.9 mm (d).
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5. OPTIMIZATION OF THE DEEP
DRAWING FORMING PROCESS

Having verified the simulation model, a FE
analysis is carried out to investigate the effect of
strain rate sensitivity and the most important deep
drawing parameters, i.e., the forming temperature,
punch radius and punch profile radius on the form-
ability of AZ31 and WE43 alloys.

5.1. Temperature effect on formability

The maximum depth of deformation before frac-
ture was used as an index of formability. The effect
of forming temperature on the formability is then
examined. In figure 8, the maximum depth of dis-
placement of the metal blank before the prediction
of fracture at different temperatures is presented.

From figure 8, it can be observed that at room
temperature, the formability of the alloy is minimal,
i.e. CPD is predicted at 2 mm, while as the tempera-
ture rises, the formability is improving up to a tem-
perature of around 300°C, after which the formabil-
ity drops again. The decrease of the formability at
temperatures above a limit is attributed to the lower
work hardening exponent at high temperatures that
induces local thinning on the wall of the circular
cup.

5.2. Strain Rate effect on formability

It should also be mentioned that the formability
of Mg alloys is very sensitive to the strain rate. In
table 2, the C; constant of the failure criterion (eq. 8)
for different forming temperatures and at two strain

NODAL SOLUTION NODAL LI
000 1 fre— P e
—_— N — ——
ZsOUAST0 =:000934: - 300030 = 645804 9 -.004795 99 -. 002398 o 168
a) b)
NODAL SOLUTION NODAL SOLUTION
T E— | ja==——=n} - — ===
~.006403 ~.00458 ~.003557 ~ 002131 ~.711E-03 e
-.002901 -. 002257 -.001612 = 967E-03 -.322E-03
. 005691 -.004268 -.002846 -.001423 o — — e e -

Fig. 8. (a) Deformed FE shape of the deep drawing cup at CPD: (a) 1.9 mm at RT, (b) 5.4 mm at 200°C, (c) 6.4 mm at 300°C and (d)

2.9 mm at 400°C for AZ31 alloy.
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rates (strain rate 1 equal to 6:10™*s™ and strain rate 2 It can be observed from figure 9, that formability
equal to 5-107*s™) are presented. is a function of the strain rate and forming tempera-
ture. At the high strain rate the optimum temperature
for AZ31 is around 300°C for AZ31 and around
Strain rate 1 Strain rate 2 260°C for WE43. At a lower strain rate the optimum

Table 2. Strain energy density values at different strain rates.

T t .
emﬁecr; e At T W | Aza vt | WEa3 s forming temperature drops to almost 200°C for
(M1 (MIT| AZ3 TIMTI (M1 AZ31 and 240°C for WE43.

RT 45.2 26.7 44.9 26.1
100 70.8 434 57.2 42.7 5.2. Effect of punch radius (,) and profile
200 98.2 64.2 72.5 52.3 radius on formability
300 101.8 513 98.0 45.2
400 22.9 192 212 18.8 The effect of the punch radius on the formability

of the cup is studied. The punch radius is varied
between 4 mm and 7 mm. In figure 10, a plot of the
punch radius as a function of the CPD is presented.
From figure 10, it can be observed that a smaller
punch radius reduces the formability. This can be
attributed to the fact that a smaller punch radius
restrains the material from being stretched equally in

Having determined the C; constants for the dif-
ferent temperatures and strain rates, the effect of the
strain rate on formability is examined. In figure 9 the
relationship between the forming temperature and
the maximum drawing depth is shown.

4
8 -
—+— Strain rate 1 ——Strain rate 1
= =0—Strain rate 2 /‘?(_"\ g 5 —o—Strain rate 2
£ g -
£ =
g z
g- 4 82 e
g \: £ 5:—-/
= H
g 81
5 2 5 a
0 T T T T
’ : ; ’ ' ) 0 100 200 300 400 500
0 100 200 300 400 500
Temperature [°C] Temperature [°C]
a) b)

Fig. 9. Forming temperature versus Critical Punch Depth for two strain rate levels (a) for AZ31 and (b) for WE43.
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% Fig. 10. (a) Deformed shape showing fracture points for punch radius 5 mm for AZ31 and (b) punch radius versus predicted drawing
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both directions, which results in a dramatic increase
in major strains causing early fracture.

The effect of the profile radius for AZ31 and
WEA43 are studied for values between 0.5 mm and 4
mm. The relationship between the punch profile
radius and the forming depth is shown in figure 11.

8
——AZ31

| ==wE4s /\
£6
-3
@
a
g°
% m
o D/D/ .

3 T T T T 1

0 1 2 3 4 5
Punch Profile radius [mm]

Fig. 11. Relationship between die profile radius and drawing
depth.

From figure 11, it can be observed that there ex-
ists an optimum punch profile radius of 2 mm. When
the punch profile radius is above 2 mm the draw
depth reduces.

6. CONCLUSIONS

The formability of magnesium alloys AZ31 and
WE 43 is studied in the present paper using numeri-
cal simulation of the forming process supported by
experimental results. In order to predict the initiation
of fracture, a fracture mechanics criterion proposed
by Sih (1980) is appropriately modified for applica-
tion fracture criterion in the case of forming. The
rational of the criterion used is that the initiation of
fracture is determined when the accumulated strain
energy density in the metal reaches a critical value,
which is calculated from the basic material mechani-
cal properties. It is clear from both the experimental
and numerical analysis, that the magnesium alloys
have very limited formability at RT. However the
formability can be improved when forming is carried
out at higher temperatures. Finally, it can be con-
cluded that the formability is improved as the punch
radius and punch profile radius increase up to an
optimum value and worsens with further increase.
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OPTYMALIZACJA PARAMI:ZTR(')W GLEBOKIEGO
TLOCZENIA STOPOW MAGNEZU

Streszczenie

Odksztatcalno$é stopow magnezu jest ograniczona, szcze-
golnie w temperaturze otoczenia, ze wzgledu na ich heksagonal-
na upakowang strukturg krystalograficzng (HPC — ang. hexago-
nal close packed). W temperaturze otoczenia, w sieci heksago-
nalnej dziata tylko jedna plaszczyzna poslizgu - plaszczyzna
podstawy. Z uwagi na znacznie wigksze $cinajace naprgzenia
krytyczne inne systemy po$lizgu nie dziataja,. Poniewaz od-
ksztalcenie plastyczne zachodzi na skutek dziatania tylko jednej
plaszczyzny podstawy tatwo nastgpuje utrata statecznos$ci mate-
rialu i dochodzi do jego pgknigcia. Powoduje to znaczne ograni-
czenia w przerobce plastycznej stopdw magnezu na zimno.
Z drugiej strony, wzrost odksztatcalnosci wynikajacy z aktywo-
wania dodatkowych systemoéw poslizgu jest obserwowany
w temperaturach 1500°C — 3000°C. Dodatkowo zaobserwowa-
no, ze odksztatcalno$¢ badanych stopow jest wrazliwa na pred-
ko$¢ odksztalcenia. W niniejszym artykule, metody do$wiad-
czalne i symulacje metoda elementéw skonczonych zastosowa-
no do opracowania metodyki okreslania zakresow odksztalcal-
nosci stopow magnezu AZ31 i WE43. Zaproponowana metody-
ka opiera sig na teorii ggstosci energii odksztalcenia. Na pod-
stawie opracowanej metodyki wyznaczono optymalne parametry
procesu glgbokiego tloczenia, takie jak promien stempla, tempe-
ratura, promil profilu i glgboko$¢ formowania.
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