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The application of bimetallic sheets composed of two dissimilar sheet metals with distinct properties has
increasingly developed in recent years. Enhancement of bimetallic sheet’s formability by designing of
appropriate layers is an important challenge for industrialization of these sheets. The main objective of
this paper is investigation on the influence of material properties of layers on the formability of bimetallic
sheets analytically and experimentally. The analytical model was developed to predict forming limit

Ié_eyw:rﬁ;: heet diagram (FLD) based on M-K model using both the Hill's and Barlat-Lian yield functions. The experimental
'metallic sheets works was performed on Aluminum (AL3105)/Carbon steel (St14) sheets for verification of analytical
Formability .. . . . . . .
Material properties model. Results showed that the formability of bimetallic sheet is enhanced by increasing of the strain
M-K model hardening and strain rate sensitivity exponents of layers, although variation of the exponent coefficient

of the layer with higher formability was more effective than layer with lower formability. In addition, the
results demonstrated a significant nonlinear effect of variation in thickness of layers on the FLD, index.
It is found that the influence of anisotropy coefficient of layers is negligible in comparison with other
material parameters, but the arrangement of anisotropic steel layer with isotropic aluminum layer as well
as the arrangement of layers in the aligned rolling direction (0°—0°) can slightly improve the formability

Layers design

of two-layer sheets.

© 2017 The Society of Manufacturing Engineers. Published by Elsevier Ltd. All rights reserved.

1. Introduction

Recently, the application of laminated composite sheet metals
and specially two-layer metallic sheets has been greatly increased
due to achieving desirable mechanical, physical and chemical
properties such as high strength low weight structures, vibration
damping, corrosion resistance, appropriate thermal and electri-
cal conductivity in the variant industries. Aluminum-steel (AL-St)
sheet is one of the most common clad sheets, in which the cladding
can be carried out by several methods such as clad rolling [ 1], adhe-
sive bonding [2], explosive forming [3] and etc. These bimetallic
sheets consist of two distinct metals as a high strength (St) layer
bonded to a lightweight low formable (AL) layer. Therefore, their
forming behavior is different that of each layer and it is worth to
study the effect of material properties of each layer on the forma-
bility of two-layer sheet in order to optimum design of bimetallic
sheets.
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Forming limit diagram (FLD) is commonly used to evaluate the
formability of sheet metals in metal forming processes. The FLD is
a plot of the major strain versus the minor strain which is obtained
at the onset of localized necking condition. This curve defines the
maximum permissible major strain with respect to the minor strain
above which failure may be occurred in the deformed sheet. The
concept of FLD was introduced by Keeler [4] and Goodwin [5] for
the first time in 1968. Besides of many researchers reported on
the mono-sheets, the formability of two-layer sheets has been the
subject of some researchers. Semiatin and Piehler[6,7] investigated
the formability of stainless steel-clad aluminum and aluminum-
clad stainless steel sheets based on defuse and localized necking.
They resulted that the final localization and fracture are affected by
arrangement of layers. Mori and Kurimoto [8] studied the forma-
bility of stainless steel-aluminum clad sheet experimentally. They
utilized deep drawing process with a cylindrical punch and stretch
forming test with a hemispherical punch to evaluate the forma-
bility of sheet. They concluded that a higher formability can be
achieved when the aluminum is set on the outer side of the cup
in stretching and deep drawing tests. Yoshida and Hino [9] deter-
mined the forming limits of sheet metal laminates under biaxial
stress conditions. They developed a criterion for the left hand side
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Nomenclature

C Strength coefficient

do Grain size

h Coefficient of heterogeneity

k Grain size coefficient

M Hill’s index

A Barlat-Lian yield exponent

m Strain rate sensitivity exponent

n Strain hardening exponent

R¢ Initial surface roughness

ro,Too  Anisotropy coefficients at 0°and 90° from rolling
direction

r Normal anisotropy coefficient

Ratio of principle stress components
Ratio of effective strain increment to strain incre-
ment in direction1

Principal strain component

Effective strain

Ratio of minor strain to major strain
Principal stress components

ij Stress components

Effective stress

Ratio of principal stress to effective stress
Sheet thickness

Yield function

Proportionality factor

Thickness ratio
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of the FLD curve based on the Hill’s localized necking theory. In
addition, punch-stretching tests were done on two and three-ply
stainless steel-clad aluminum sheets. Kim et al. [10] studied the
formability of roll-bonded AA5182/polypropylene/AA5182 sand-
wich sheets. They used the M-K theory associated with Hill’s yield
function to predict FLD of sandwich sheet. They found out that
higher thickness of sandwich sheet is main reason for improv-
ing of formability. Jalali et al. [11,12] investigated the formability
of AL1100-St12 two-layer sheet analytically and experimentally.
They predicted the FLD of two layer sheet lies between those of
elements which compose it. They also studied the influence of
mechanical properties of layers on the formability of bimetallic
sheet. Bagherzadeh et al. [13,14] studied hydro-mechanical deep
drawing of two-layer steel-aluminum sheets based on Barlat-Lian’s
anisotropy criterion analytically and experimentally. They demon-
strated that the mechanical properties, thickness and arrangement
of layers can influence limiting drawing ratio of bimetallic sheet.
Liu et al. [15] performed numerical studies based on Gurson-
Tvergaard-Needleman (GTN) damage model on the formability
of AA5052/polyethylene/AA5052 sandwich sheet. They concluded
that the sandwich sheet has a better formability than AA5052
mono-sheet and the increase of polyethylene layer thickness
improves the formability of sandwich sheet. Parsa et al. [16,17]
investigated the formability of Al 3105/Polypropylene/Al 3105
sandwich sheets theoretically and experimentally. They observed
a good agreement between the numerical model based on GTN
method and experimental works. Dehghani and Salimi[ 18] inves-
tigated the formability of copper-stainless steel 304L clad sheets
in deep drawing numerically and experimentally. The influences
of material properties, drawing ratio and thickness distribution
of separate layers on the failure of two-layer part were evalu-
ated. Comparison between experimental results and simulations
showed that the finite element method can predict the effect of
properties of each layer on two-layer part fracture sufficiently.
Karajibani et al. [19] investigated the forming limit curve (FLC) of

aluminum (1100)/copper (C10100) two-layer sheets obtained by
numerical simulation based on two criteria including acceleration
of the equivalent plastic strain and major strain. They concluded
that the developed model verified by experiments can predict FLC
of two-layer sheet desirably. Hashemi and Karajibani [20] obtained
the forming limit diagram of aluminum-copper two-layer sheets
by computational approach based on the modified M-K theory and
experimental tests on equivalent two-layer sheet. They showed
that there is a good agreement between the proposed method and
experimental results. The use of equivalent approach can predict
FLD of two-layer sheet with defined properties of layer, but, this
approach need to obtain properties of composite sheet in variation
of properties of each layer. Besides above mentioned numerical and
experimental attempts, it is worth to investigate the formability of
laminated sheets to extend fundamental understanding of forming
processes.

In this paper, an analytical investigation was performed on the
formability of two-layer sheets based on M-K model using Barlat-
Lian and Hill’s non-quadratic yield functions. A comprehensive
parameter study was conducted to find out the influence of material
properties of each layer. The analytical results were compared with
those obtained from experiment on AL3105-St14 two-layer sheet
to verify the developed model. The obtained results indicated the
effectiveness of key properties of each layer on the final formability
of bimetallic sheet.

2. Theoretical approach
2.1. The M-K model for two-layer sheets

The Marciniak-Kuczynski (M-K) [21] method is one of the most
prominent technique to predict forming limit diagram (FLD). Based
on the method, it is assumed that there is a narrow groove in
the surface that is related to material inhomogeneity. Thus, there
are two homogenous (area as “a”) and inhomogeneous (area “b”)
regions as indicated in the Fig. 1. Developing M-K model can be
done on the basis of the following assumptions:

(i) The groove is perpendicular to the maximum principal stress
on material surface;
(ii) The in-plane stress condition is considered;
(iii) Thigh bonding condition is assumed between two sheet layers.

The general framework of M-K model for two-layer sheet metal
deformation is described as follow. The coefficient of initial hetero-
geneity for mono-layer is expressed as:

ho = t3/t8 (1)

Where tj and tg are the initial thickness of homogenous and het-
erogeneous regions, respectively. The thickness of both regions has
been changed during metal forming process which is defined as
below:

aorb aorb
toorp = Lo - EXP (83 ) 2)

Where &3 and sg are the thickness strain. Also, the initial thickness

of heterogeneous area (tg) can be explained based on the homoge-
nous region (tg) as follow:

b
rg:tg_z(RG+1<doé) 3)

Where R_. is the initial surface roughness, k is the coefficient of grain
size, d)is the grain size and gb is the effective strain in the inhomo-



R. Darabi et al. / Journal of Manufacturing Processes 29 (2017) 133-148 135

i)
ta(1

Z

Layer (1)

Layer (2)

1
£ X

%

Fig. 1. The geometrical model considered in analytical model.

geneous region [22,23]. Hence, the coefficient of heterogeneity can
be defined as:’

h = hye(5-4%) 4)

While the initial coefficient of heterogeneity for two-layer
metallic sheet is specified as:

ho=> 10"/ e (5)

Where ta(l) and tb(')are the initial thickness of homogeneous and

heterogeneous regions forit"layer. Considering the initial value of
the coefficient of heterogeneity that is described by initial surface
roughness and grain size, the coefficient of heterogeneity for each
layer of bimetallic sheet during deformation can be determined by:

h= ((tg(i) 2 (Rg> + k(i)dg)é"(i)>> exp (e’;@ - sg(i))) /59 (6)

According to the M-K model, the loading of sheet metal in the
homogenous region progresses until the localize necking occurs
in the heterogeneous region. In this condition, the strain incre-
ments on each sheet layers are grown until one of the following
inequalities is established:

dzb®/dga® > N (i = 1, 2) 7)

Where, dgb() and d&9(® are the equivalent strain increment of
defected zone and safe zone in the layer (i) respectively. Also,
N is a big enough number that indicates failure in the defected
area. A common assumption is N=10 as considered by previous
references[11,20].Hence, the analytical approach is presented to
predict the stress-strain states of each layer in the defected zone
during loading process.

The compatibility requirement between the regions “a” and “b”
yields to equality of strains at direction “2” of two regions for each
layer in the loaded bimetallic sheet as [21]:

b(i) a(i)
de, "’ =ds (8)

In addition, during loading of whole bimetallic sheet from end
of sheet boundary in the direction “1”, both safe (a) and defected (b)
zones are loaded by a similar force (F; ). This equilibrium condition
is expressed as:

2 2

(i) b(i)
E Fi! =§ FY (9)
i=1 i=1

In which Ff(i) and Fb(i)are applied forces in the regions “a” and
“b” for layer “i"  With eliminating same width of sheet in different

zones, the above equation can be rewritten based on the effective
stress (6%P()) and thickness of sheet (t“»b(l)) in different regions as
follows:

2 _a(i) 2 b(z)

Z‘? &ati)pai) Z
U

i=1 i=1

-b(l)tb (10)

a,b(i)

Where, the ratio of principal stress (‘71 ) to effective stress

G%5®) is defined as a variable ¢() = af’b(l)/éa’b(") under plane
stress condition. Considering isotropic work hardening and strain
rate hardening, the effective stress for each layer (&( ) in the both
regions can be predicted by Swift's equation [24] as:

o /- ™
50 = ) (50" ( )

WhereC®) n,m® are the strength coefficient, strain hardening
exponent and strain rate sensitivity exponent of the sheet metal
material, respectwely Now, the yield function must be specified

(11)

to calculate the & 8 for both regions of each layer. In this research,
both Barlat-Lian and Hill’s non-quadratic yield criteria have been
utilized.

2.2. Anisotropic yield criteria

Barlat-Lian [25] yield function under plane stress condition in
term of principal stress components (o1, 03) is expressed as:

c 2 .
o1+ uoa it + 5— o1 —uoyit = 55" (12)

2 2-c
Where A is the exponent of yield function which defines the yield
surface shape. This exponent is 8 for FCC and 6 for BCC materials
[25]. The coefficients u and ¢ can be determined as:

c=2 13
1+1r91+199 ( )

U ro 1l+4+r19p (14)
1+rg rg9o

For planar isotropy(rg =rgg =r), the coefficient (u=1) and

parameters c is as follows:
c=2r/(1+r1) (15)

Where, the rg and rgg are the anisotropic coefficients in the direction
0° and 90° respect to the rolling direction of sheet metal. Also, the
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parameter r is called normal anisotropy in the Hill's non-quadratic

yield function. So, the effective strain of each layer é(l) can be deter-
mined by using Prandtle-Reuss flow rule as:

dejj = dki (16)

80’1‘]'

Where dA is the proportionality factor and f is the yield function.
By using Barlat-Lian yield criteria associated by Prandtle-Russ law,
the effective strain increment-effective stress ration is expressed
as:

d81
. . c —
sign (o1) 101141 + sign (01 +02) 301 + 0!
_ dSz
- . c —
sign(02) |o2/A" —sign (01 — 02) 5—lo1 — oo/ (17)

—d83 de

sign (o1) o114~ + sign (07) |02 1A! A1

_c
2-c

Where, de1, de,,desare the plastic strain incremental components
along the principal directions (1, 2, 3) andd¢ is effective strain incre-
ment.

Now, the stress-strain relationship of each layer of bimetallic
sheet can be expressed in the both regions of sheet can be deter-
mined.

Similarly, the Hill's non-quadratic yield function [26] is
expressed as:

Jioz —01M +Glos — 01|M + 0oy — 02 M + P|201 — 03 — 03
+Q[203 — 01 — 03 + L1203 — 01 — oM =M (18)

Where |, G, O, P, Q and L are defined after tensile tests accord-
ing to the anisotropy parameters in the different directions and
M is the exponent of yield criteria which defines the yield surface
shape. This exponent is derived from experimental examinations
refer to the approach by Dariani and Azodi [27], that are calibrated
M;(St14)=2.7 and M3(AL3105)=2.3 in this study. Under the plane
stress condition and planar isotropy, the yield function is written
as follows:

oy + M+ 2r+ 1oy —oaM =2 +1)6M (19)

Again, by using Hill’s yield function associated with Prandtle-
Reuss law, the equivalent stress-strain relationship can be obtained
as follows:

dé‘]
sign (o1 +02) 101 + 02/M! +sign (o1 — 02) (1 +2r) o1 — 2™
B dSz
sign (o1 + 02) |01 + 02/M! —sign (o1 — 02) (1 4 2r) o7 — oM (20)
_ —des _ de
2sign (o1 +02)lor + M1 2(14+1)6M!

2.3. Prediction of forming limit diagram (FLD)

In the forming process, the loading condition is such that the
strain path is proportional. So, the parameter p =de;/deq, which is
defined as the ratio of the increments of principal strains will be
constant. Based onincompressibility rule of plastic flow, the thick-
ness strain is given as: des =de, +deq. Accordingly, the ratio of
principal stresses has been denoted as a=0,/01 can be determined
using yield function Eqs. (17) or (20) and a given strain ratio p. Also,
the ratio of principal stress (o1 ) to effective stress (¢) is defined as a
variable ¢ = 07 /& and the ratio 8 = d&/de is specified as the ratio

Table 1

Material property of AL-3105 and St-14 sheets
Variables Values
Material St14 AL3105
Thickness, to (mm) 0.5 0.5
Young’s modulus, E (MPa) 210000 70000
Poisson’s ratio 0.3 0.33
Density, (Kg/m?) 7850 2700
Strength coefficient, C (MPa) 548.44 302
Strain hardening exponent, n 0.229 0.103
Strain rate sensitivity exponent, m 0.01 0.001
Surface roughness, R¢ (um) 4 1.6
Anisotropy parameter, r 1.51 0.26
Grain size, do (jum) 10 20

of effective strain (dé) to principal strain (de;) increments during
forming limit diagram calculations.

The major-minor strain values to specify the boundary of FLD
curve for two-layer sheet under deformation process is defined
according to above mentioned analytical approach using instability
Eq. (7). Accordingly, the initial values p=—0.5 and de{ =0.005 are
assumed for safe region of layers while the strain values for defected
region is undefined. The values of o?() is defined for both layers.
Then, the values of pP® and Bbare determined with calculated
ab® for defected area of both layers. So, with considering com-
patibility equation (8) and determined values of (), the effective
strain of defected area for both layers is calculated.

Firstly, the set of parametric equations was developed in Maple
software and then solving of nonlinear equations and plotting of
the FLD curves were performed in MATLAB software. Fig. 2 shows
a schematic flow chart of the presented algorithm.

3. Experimental procedure

In order to verify the presented analytical model, a set of exper-
imental works were carried out to examine the forming limit
diagrams by out of plane stretching tests as proposed by Gosh and
Hecker [28]. The experimental set-up is shown in Fig. 3a. The test
specimens were machined of 0.5-mm-thickness sheet of Carbon
steel (St-14) and 0.5-mm-thickness sheet of aluminum alloy (AL-
3105). The geometry of die components for hemispherical stretch
forming tests is illustrated in Fig. 3b. Material properties of used
sheet metals are shown in Table 1.

The separate sheet layers were degreased with acetone and then
were attached together by small layer of polyurethane adhesive.
The geometry of the prepared specimens is shown in Fig. 4. As
shown in this figure, four notched specimens (sample No. 1~4)
with various widths were used to examine left side of FLD curve
and four rectangular specimens (sample No. 5 ~ 8) were utilized to
determine right side of FLD curve of two-layer sheet (Fig. 5a).

All tests were carried out by a 25-Ton hydraulic press with ram
speed of 5 mm/min. Based on the circle grid analysis (CGA) method,
several 5 mm diameter circular grids were printed on surface of the
specimens for measuring of the strain components experimentally.
For each specimen, the major and minor strains are measured from
deformed grids in necking region. The steel side of two-layer AL/St
samples was in contact with hemispherical punch. Fig. 5b shows
the deformed notched samples after stretch forming process. As
shown in this figure,

To evaluate “M” index of Hill yield function, a series of single
layer 0.5-mm thickness specimen of St14 and AL3105 sheets were
tested with same geometries as described in Figs. 4 and 5. The
obtained FLD curves of each layer as well as combined two-layer
sheet are shown in Fig. 6a. The indexes M; and M, are calibrated
using the interpolated polynomial curves.
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Assign the values of
to,m,n,k,C,Rg dy,1T,M,A
For A13105 & St 14 (Table 1)

v

Assignp = 0.5

v

> The a, @, B ratios are calculated knowing p in
homogeneous regions of two layers (Appendix A)

v

Assign the initial value de; = 0.005 and calculate other principle strains
£ ®| ds, de; and dE in the homogeneous region using compatibility condition

(Section 2.2)
v

Determine the ratios p, ¢, 8 in term of unknown parameters of

a?®, a?? in heterogenepus regions (Appendix A)
3

Determine the value of a®®, a?@ using equilibrium equations Eqs. 8 & 9

v

The de&, ,de,, de; and dE are calculated for heterogeneous regions two layers

NO
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Fig. 2. Schematic procedure for calculation of FLD curve of two-layer sheets.

The deformed specimens of separate aluminum and steel sheets
and two-layer sheet have been shown in the Fig. 6b. The measured
curves show that the FLD of two-layer sheet is obtained between
aluminum and steel single layers. As seen from experiment samples
in the Fig. 6b, the steel sample was failed with higher straining of
circles and higher dome height than aluminum sample with lower
stretching and lower dome height. Also, the fractured sample of
two-layer sheet demonstrates obviously that failure of aluminum
layer is happened more quickly in respect of steel layer (Fig. 6¢).

It can be drawn as a reason for lowering of FLD of two-layer sheet
than steel layer.

4. Results and discussion

The forming limit diagram of AL3105-St14 two-layer sheet is
determined using analytical model based on M-K method with
both Barlat-Lian and Hill’s non-quadratic yield function. Also, the
minor-major strains in rupture threshold have been measured
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Fig. 3. (a) A view of experimental set-up, (b) geometry of hemispherical stretch forming die.
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Fig. 4. The geometry of experimental test specimens.
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Fig. 5. (a) The prepared test samples, (b) The deformed samples after stretch forming.

experimentally. Fig. 7 shows a comparison between predicted FLD
curves with both analytical approaches and experiments for the
AL3105-St14 two-layer sheet that rupture may occur above these
curves. As it can be seen from figure, the anisotropic criteria of the
yield function has significant influence on the predicted FLD curve,
however the obtained results of the lower point (FLDg) based on
the Hill’s criteria and Barlat-Lian are the same. The results indicate
that the FLD obtained using Barlat-Lian yield function has better
compatibility with experimental observations on both tension-
compression (left-side) and tension-tension (right-side) regions of
FLD curve. Accordingly, in the previous study [29] on the effect

of different yield functions on the forming limit diagram of Al-Li
alloy, it was demonstrated that Barlat-Lian yield function as well
as Hosford yield function was closer to the experimentally mea-
sured curve than Hill yield function. However, the prediction of all
yield functions was near in the planar strain state (point FLDg). In
addition, an analytical approach conducted by [11] to predict FLD
curve of steel, aluminum and Al/St sheets using Hill yield function
confirms that Hill yield function cannot estimate left-side of FLD
curve (tension-compression state) for AL and AL/St sheets. It can
be concluded that both analytical models predict an upper bound
of FLD curve for two-layer sheet properly but the predicted FLD
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—Curve Fitting of A13105-St14

—Curve Fitting of St14

—Curve Fitting of A13105
o Experimental St14
+ Experimental two layer metallic sheet(Al3105-St14)
* Experimental A13105

8.

1

Al 3105 sample

0 0.05 0.1 0.15 0.2 0.25 0.3
Minor Strain

Al 3105-St 14 sample St14 sample

Fig. 6. (a) The measured FLD curves offal, St and AL-St sheets, (b) Fractured samples of separate aluminum and steel sheets versus aluminum-steel two-layer sheet; (c)
Section view of fractured Al-St sample.

curve based on Barlat-Lian yield function is more accurate in both 4.1. Parametric study
sides of curve with experimental observations. Hence, the results
obtained from Barlat-Lian yield function was used for parameter 4.1.1. Effect of strain hardening exponent of layers

studies.

Fig. 8(a, b) show the effect of strain hardening exponent (n;)
of layers on the FLD of two-layer sheet. In the Fig. 8a, the strain
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Major Strain

Major strain of two layer sheet

()

0.7

<
N

©
w

o
)

©
=

o ° o
w S n
/

=
o

Major Strain

/

L

—

o
N

o
w

0.6

o
W

e
[}

e
—

T

T

Barlat-Lian non-quadratic yield criterion

R. Darabi et al. / Journal of Manufacturing Processes 29 (2017) 133-148

m2 ml

Fig. 11. A simultaneous effect of the strain rate sensitivity exponent of layers on FLD.

= t1=0.1 mm . t2=0.5 mm
— t1=0.5 mm , t2=0.5 mm
= t1=2 mm, t2=0.5 mm

Barlat-Lian non-quadratic yield criterion

nl =0.229 n2=0.103

. ml=0.01 m2=0.001

Lo

— t1=0.5 mm , t2=2 mm
— t1=0.5 mm , t2=0.5 mm
— t1=0.5 mm , t2=0.1 mm

nl =0.229 n2=0.103
ml =0.01 m2=0.001

| | | | | |

1
-0.1 0 0.1 0.2 0.3
MinorStrain

-0.3 -0.2

Fig. 12. The effect of thickness of layers on the FLD of two-layer sheet: (a) t; variant, (b) t, variant.

143



144 R. Darabi et al. / Journal of Manufacturing Processes 29 (2017) 133-148

o
o
L

e
=
{

Major strain of two layer sheet

o = 0.2 e Plane t,
t2 t1

Fig. 13. Effect of the thickness of layers on FLD, of two-layer sheet.

0.8r
==-t1=0.5 mm , t2=1.5 mm
% —t1=1 mm, t2=1 mm
07F ™ ===t1=1.5 mm, t2=0.5 mm
\\\
~
0.6}
® 0.5
(]
5
204 ——
,\’\
0.3F Barlat-Lian non-quadratic >, ~
yield criterion i " .
\ L
02F n1=0229,n2=0.103 T
m1=0.01, m2=0.001 - -
06 1 1 1 1 1 1 1 J
0.4 -03 -0.2 -0.1 0 0.1 0.2 0.3 0.4
Minor Strain

Fig. 14. The effect of the thickness ratio of layers on the FLD of two-layer sheet.

0.25~

0.6
02 0.4
2 rl

Fig. 15. The effect of simultaneous changes of anisotropy parameters of layers on the FLDg,



R. Darabi et al. / Journal of Manufacturing Processes 29 (2017) 133-148 145

0.28rn
\Q\ ----------- 11=1.9,r2=19
N
0.26F N -—--rl=1 ,r2=1
R rl=1 ,r2=19
0.24
=
z
&5 022+
g
‘=
2 02t
0.18f
0.161
| 1 L L 1 1 1 1 |
-0.08 -0.06 -0.04 -0.02 0 002 004 006 0.08 0.1
Minor Strain
Fig. 16. Effect of anisotropy/isotropy sheet.
0.25~ ——rolling direction of layers are coinsid
===rolling direction of layers are perpendicular
0.24K
0.23F TINID
= 0.22r "\_.\
g
»n 0211 oy
= Su
L e
ol - S
S 0.2 S
0191 RN
0.18 — -
0.17} -
1 | 1 1 1 | | |
-0.05 -0.045 -0.04 -0.035 -0.03 -0.025 -0.02 -0.015 -0.01
Minor Strain

Fig. 17. Effect of anisotropy/isotropy sheet.

hardening exponent of layer 1 (n;), which is related to the layer
with higher formability (means “St-14” layer), changes from 0.005
to 0.3, while the strain hardening exponent of layer 2 (n,) related
to the layer with lower formability (means “AL-3105” layer) keeps
constant. Likewise, in the Fig. 8b, the exponent n, changes from
0.05 to 0.3 and the exponent nq is constant. The results indicate that
the formability of two-layer sheet improves with increasing the n
value of each layer because of the key role of hardening exponent
of sheet material to resist necking phenomenon in the sheet metal
forming. Also, it can be found that the effect of strain hardening
exponent of layers on FLD curves is more significant in the plane
strain condition while the variation of the FLD curves is lesser in
the tensile and biaxial tests condition.

To investigate the effect of strain hardening exponent of each
layer on the formability of two-layer sheet in the plane strain con-
dition, the minimum point of the curves (indicates FLD, ) in various
n; (i=1,2) has been captured. Fig. 9 illustrates the effect of strain
hardening exponent variation of both layers on the FLDq values of
two-layer sheet simultaneously. As in can been clearly seen with
comparison of graph slopes, the changes in value n; is more effec-
tive than n, value. It proves that change in strength of layer with
higher formability influences more on the formability of whole

two-layer sheets. In addition, the maximum value of FLDy attains
when the sheets with higher strain hardening exponent have been
selected for both layers of bimetallic sheet.

4.1.2. Effect of strain rate sensitivity coefficient of layers

The effects of strain rate sensitivity coefficient (m;) of layers
on the predicted FLD of two-layer sheet have been investigated in
Fig. 10. AsseeninFig. 10a, the m; value (related to the high formable
layer) changes from 0.01 to 0.1, while the m, value (related to the
less formable layer), remains constant. Also in Fig. 10b, the m, value
has been changed from 0.001 to 0.1, while the m; value is constant.
The results of two figures show that the forming limit diagram of
bimetallic sheet rises by the use of higher strain rate sensitivity
coefficient for each layer because of better strain distribution on
sheet with higher m value during plastic deformation. In fact, the
higher m value of sheet similarly, the maximum variation of the
predicted FLD curves is demonstrated in the plane strain condition
than other left and right sides regions.

The effect of simultaneous changes of the strain rate sensitivity
coefficients of each layer on the predicted FLDy value of two-layer
sheet has been presented in Fig. 11. As it can be seen, the changes
of FLDg value with altering both coefficients m; and m, show arel-
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atively linear behavior with different slopes while the slope of line
for variable m; has more influence on the FLDq in respect of the vari-
able m;. So, the strain rate exponent of layer with higher formability
(steel layer here) plays key role to design a high formable two-layer
sheet but design thickness of layer will be important to obtain an
optimum design of bimetallic sheet with lower weight.

4.1.3. Effect of thickness of layers

One of the main factors in design of materials for two-layer
sheet is thickness of layers. The effect of variation in thickness of
sheet layers on the formability of St/AL two-layer sheet is inves-
tigated in Fig. 12a, b. As seen in Fig. 12a, the thickness of layer 1
(t; for steel layer) is changed between 0.1 mm, 0.5 mm and 2 mm
while the thickness of layer 2 (t, for AL layer) remains constant
equal to 0.5mm. It is clearly observed that increase in thickness
of steel layer with increasing of total thickness causes improve-
ment in formability of the corresponding two-layer sheet. The fact
is because of two-layer sheet with higher thickness of steel layer
can resist more against localized necking in low formable alu-
minum sheet. Fig. 12b shows the FLD curves of two-layer sheet with
variant aluminum thickness against constant thickness of steel
layer. The FLD curves for variant aluminum thickness demonstrates
two different behaviors in the plane strain condition (FLDy point)
and tensile/biaxial tension (left and right-hand sides). As shown,
increasing of aluminum thickness in plane strain condition cannot
improve the formability of two-layer sheet with constant steel layer
and also it causes decrease in FLD, point relatively. But, increasing
of aluminum thickness in tensile test (left-hand side of FLD) and
stretching test (right-hand side of FLD) enhance the formability of
corresponding two-layer sheet. It can be explained that in tensile
and stretching tests, increase in the aluminum thickness assists the
two-layer sheet to resist more against necking while another failure
mechanism occurs in the plane strain condition due to constraint
of two-layer sheet straining in width direction.

FLDg values of two-layer sheet with simultaneous variation of
both t;and t, are presented in Fig. 13. Anon-linear behavior of FLDy-
t; curve can be seen in this graph as the effect of high formable sheet
thickness (steel layer here) is more effective to increase FLDq value
than variation of low formable sheet’s thickness. As seen, when
the t;=0, the monolithic aluminum sheet with thickness “t,” shows
lower FLD than two-layer AL/St sheet with same aluminum thick-
ness and increase in aluminum thickness causes increase in the
FLD of aluminum layer separately. Besides, when thet; =0 (thick-
ness of aluminum), which means monolithic steel sheet, the FLD of
steel layer is higher than two-layer sheet with the same steel sheet.
Because of the two-layer sheet is fractures at the aluminum layer
gradually while the steel layer resists yet. Therefore, from the level
of FLDy surface graph, it can be concluded that the formability of
two-layer sheet is between those of elements which compose it.
This conclusion can be observed from initial experimental tests on
the single and two-layer sheet in the Fig. 6a obviously.

For both cases of the monolithic aluminum sheet (t; =0) and
also monolithic steel sheet (t,=0), the FLD( curve shows an upward
trend in which the FLDg increases with increase in thickness of
monolithic sheets as observed by authors formerly. As indicated
in Fig. 13, with adding aluminum thickness in specific steel layer
thickness (intersection curve in “Plane t;”), the FLDg curve shows a
descending graph from specific thickness, while, adding steel layer
to monolithic a defined thickness of aluminum sheet (intersection
curve in “Plane t,”) demonstrates an ascending trend. This result
proves that thickness of steel layer plays a key role whereas the
selection of aluminum thickness needs optimization to earn a high
formable two-layer sheet. The thickness ratio of layers can give
more valuable data to estimate formability of two-layer sheets.

In many industrial applications, we need to design a product
with specified weight and total thickness of bimetallic sheet is con-

stant. For this purpose, an investigation on the effect of thickness
variation of each layer with constant total thickness of two-layer
as ty=t; +t =2mm is carried out. Fig. 14 illustrates the effect of
thickness ratio of layers (the ratio of the thickness of high formable
layer to the thickness of low formable layer, S = ts¢/tar.) on FLD curve
of two-layer St/AL sheet. It can be found that increasing the thick-
ness ratio from 0.33 to 3 raises the FLD of two-layer sheet as in
plane strain condition, the FLDg value increases from 0.165 to 0.260.
Besides, increase of thickness ratio leads to increase of bimetal-
lic sheet weight. So, the selection of proper thickness based on
desirable formability can be one of the research interests to design
optimized bimetallic structures.

4.1.4. Effect of anisotropy factor of layers

The normal anisotropy factor (r) of layers is another parameter
of sheets during plastic deformation. Similar to the previous stud-
ies, the r; value for each layer was changed in the range of 0.2 ~ 1.6
while the another one was constant. The results showed a negligi-
ble change in the obtained FLD curves of two-layer sheet. As seen in
Fig. 15, a nearly horizontal planar surface from the predicted FLDq
was achieved by simultaneous change of anisotropy factor of layers.

Another study has been examined on the effect of lay-up of sheet
layers with considering four cases of isotropic/anisotropic condi-
tion for each layer of two-layer sheet. According to Eq. (15), the
r; =1 gives c=1 which indicates the isotropic sheet against assump-
tion of the r;=1.9 and c=1.31 for anisotropic sheet. The obtained
FLD curves of two-layer sheet composed of four states is shown
in Fig. 16. As seen in this figure, the anisotropic condition of high
formable sheet combined with isotropic condition for low formable
sheet can improve formability of two-layer sheets slightly. It can
be concluded that lay-up of sheet layers based on combination of
isotropic or anisotropic layers in two-layer sheet has inconsiderable
influence unlike that other material parameters of layers.

The result of investigation of the influence of lay-up of sheet
layers on formability of bimetallic sheet based on rolling direction
(called 0° direction) of layers is demonstrated in Fig. 17. As shown
in this figure, in the left-hand side of FLD curve, the formability of
two-layer sheet increases slightly when the sheet layers is arranged
as rolling direction of sheets are aligned (0°-0° lay-up) against per-
pendicular arrangement of layers (0°-90° lay-up). An explanation
for this fact is because of higher strength in rolling direction that is
intensified when both layers are arranged in same direction. Unlike,
the right-hand side of FLD curve in biaxial stretching condition is
remained unchanged. As a result, the selection of 0°-0° arrange-
ment of layers can partly increase formability of two-layer sheet.

5. Conclusions

In this paper, an analytical model based on the M-K theory
using Barlat-Lian and Hill’s non-quadratic yield function was devel-
oped to study the formability of two-layer sheets. Experiments
are also carried out on AL3105-St14 two-layer sheet to validate
analytical model. Accordingly, the influence of material properties
and arrangement of layers on the formability of two-layer sheet
was investigated. The results showed that the obtained FLD using
Barlat-Lian yield function has better compatibility with experi-
ments in comparison with the results of Hill’s yield function for
AL3105/St14 two-layer sheet. The obtained results from parametric
studies can be drawn as follows:

¢ The formability of two-layer sheet improves with increasing the
values of strain hardening exponents (n;) and the strain rate sen-
sitivity coefficients (m;) of its components. The most effect of
these factors was observed in the plane strain condition on FLDg
values.
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e The n; and m; coefficients of the layer with higher formability
showed more significant effect on FLDy of two-layer sheet than
those of the less formable layer.

¢ A non-linear behavior was observed with variation of thickness
of layers. Generally, the increasing of thickness of layers causes
formability enhancement but higher thickness of low formable
layer (aluminum) leads to a lower FLDg value in the plain strain
condition. The thickness of high formable layer (steel) plays a key
role. Also, considering a constant thickness for two-layer sheet,
increasing the thickness ratio (t:S/ta.) makes the formability of
two-layer sheet better. Then, the value of for a two-layer sheet
depends on the thickness ratio of layers.

¢ The rate of change in FLD curve of two-layer sheet due to vari-
ation of anisotropy factors of its layers was negligible. However,
arrangement of a high formable anisotropic sheet with low
formable isotropic sheet can improve formability of two-layer
composite sheet slightly. In addition, the arrangement of layers
as 0°—0° in aligned rolling direction is recommended to reach
better formability of two-layer sheet.

e The proposed model and the obtained results can be helpful
greatly to product design by using the applicable two-layer sheets
in the manufacturing processes successfully.

Appendix A.

The ratio of the increments of principal strains (0) can be derived
according to the two yield functions Hill and Barlat-Lian and using
“a” (the ratio of principal stresses). The p value of each layer (i=1,
2) can be represented for both yield function models as follow:
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Using the defined p values and incompressibility condition, the
thickness strain of each material of two-layer sheet is computed as
below:

dsg(i)orb(i) _ (1 i pa(i)orb(i)) ds;l(i)orb(i) (A3)

In addition, the ratio of principal stress (o1 ) to effective stress (o)
which was defined as variable "¢" is given for both yield functions
Hill and Barlat-Lian respectively:
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The "B" value, which is specified as the ratio of effective strain
(dg) to principal strain increments (de ), can be expressed for both
Hill and Barlat-Lian yield functions respectively as:
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