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Enhanced Ductility in Sheet
Metals Produced by Cladding a
Ductile Layer
The effect of cladding a ductile layer on necking and fracture in sheet metals under plane
strain tension is studied numerically using the finite element method based on the Gurson
damage model. It is demonstrated that the cladding increases both the necking and
fracture strains. The increase in necking strain is due to the fact that cladding a ductile
layer enhances the overall work hardening for the layered metal sheets according to the
rule of mixtures. Furthermore, the increase in necking strain slows down the development
of the triaxial tensile stress inside the neck, which delays the void nucleation and growth,
and which, in turn, contributes to enhancement in ductility. �DOI: 10.1115/1.4000926�
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Introduction
Laminated composites consist of alternating material layers that

re bonded with sharp interfaces. Laminated metal sheets pro-
uced by cladding different alloy combinations have been used for
any years in the aerospace industry. Traditional products are

compromised” monolithic materials designed to meet the re-
uirements of physical, mechanical, chemical, and surface prop-
rties, formability, and cost. Cladding/laminating decouples these
equirements to enable new materials to be developed using alloys
ptimized for their function in the composite. Lesuer et al. �1�
omprehensively reviewed mechanical behavior of laminated
tructures. In general, laminated composites can dramatically im-
rove many properties including fracture toughness �2�, fatigue
ehavior �3�, and impact behavior �4�, or provide enhanced form-
bility or ductility �5–7�.

Cladding sheets are generally produced by roll bonding �8,9�,
here the clad layer is bonded to the core by rolling at elevated

emperatures. This adds considerably to the cost of the sheet since
he clad layer is produced via scalping, preheating, rolling, and
rimming with an additional surface preparation step prior to
onding, as well as “tacking” or strapping the clad to the scalped
ore prior to preheating and rolling. There are also issues with the
lloy combinations that can be roll bonded, since some alloys
orm tenacious oxide films that are difficult to disrupt during the
onding process. This can result in low strength, dirty interfaces
hat degrade the useful strength of sheet. Recently developed Nov-
lis Fusion Technology simultaneously casts multiple alloy layers
nto a single aluminum rolling ingot �10�. Novelis Fusion Tech-
ology produces a high quality ingot with a core of one aluminum
lloy, combined with one or more layers of different aluminum
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alloys. The ingot can then be rolled into a sheet product with
different properties on the inside and outside, allowing previously
unattainable performance for flat rolled products and creating op-
portunities for new, premium applications. It is therefore expected
that more and more clad sheet metals will be used in the manu-
facturing industry. This means that a comprehensive scientific pro-
gram to understand the metallurgy and mechanics of the potential
clad systems and to optimize clad alloys combinations must be
pursued.

The purpose of this paper is to carry out a detailed numerical
study of the influence of cladding a ductile soft layer on fracture
in sheet metals under plane strain tension. All simulations reported
in the present paper are performed using ABAQUS and the me-
chanical behavior of the sheet metals are characterized by the
Gurson damage model �11,12�.

2 Constitutive Model
All simulations reported in the present study will be based on

the damage model originally developed by Gurson �11� and later
modified by Tvergaard �13,14�, and Tvergaard and Needleman
�15�. In this section, we very briefly recap the constitutive model;
for details, we refer to Ref. �12�.

Assume that � is the macroscopic Cauchy stress tensor and �̄ is
the matrix flow strength. The approximate yield function for a
porous plastic solid with a randomly distributed volume fraction f
of voids is presented in the form of

���,�̄, f� =
�e

2

�̄2 + 2f�q1 cosh�3q2�H

2�̄
� − �1 + �q2f��2� = 0 �1�

where �e and �H are the effective and mean stresses, respectively.
The parameters q1 and q2 are calibration coefficients introduced
by Tvergaard �13� to improve the agreement with numerical stud-
ies of materials containing periodically distributed circular, cylin-

�
drical, or spherical voids. The function f �f� was introduced by
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vergaard and Needleman �15� to model the loss of stress carry-
ng capacity accompanying void coalescence, such that

f� = � f for f � fc

fc +
fu

� − fc

f f − fc
�f − fc� for f � fc � �2�

here fc is the porosity level at which void coalescence com-
ences and f f is the porosity level at the final fracture. The pa-

ameter fu
�=1 /q1 is defined so that when f = f f the material has

xperienced a complete loss of strength. The evolution of void
olume fraction is due to the growth of existing voids and the
ucleation of new voids

ḟ = � ḟ�growth + � ḟ�nucleation �3�

ith the growth being a function of the plastic strain rate Dp

� ḟ�growth = �1 − f�I:Dp �4�

nd the nucleation according to

� ḟ�nucleation = Ā�̇̄p �5�

here �̇̄p is the effective plastic strain rate, and the parameter Ā is
hosen so that nucleation follows a normal distribution, as sug-
ested by Chu and Needleman �16�

Ā =
fN

sN
	2�

exp
−
1

2
� �̄p − �N

sN
�2� �6�

here �N is the average void nucleating strain, fN is the volume
raction of void nucleating particles, and sN is the standard devia-
ion of void nucleating strain. The original Gurson model has been
mproved significantly �17–19�.

The uniaxial true stress-true strain curve for the matrix material
s described by the following power-law form:

�̄ = �
�̄

E
for �̄ � �y

�y

E
� �̄

�y
�n

for �̄ � �y
� �7�

Fig. 1 Schematic representation of
layer: „a… initial and „b… deformed sta
here �y is the yield stress and n is the strain hardening exponent.
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3 Problem Formulation and Method of Solution
Consider a metal sheet with initial length L0 and initial thick-

ness t0, as shown in Fig. 1�a�. It is assumed that the sheet consists
of a core, with thickness t̄0, and a soft cladding layer, with thick-
ness �t0− t̄0�. The cladding thickness ratio � is thus defined as �

= �t0− t̄0� / t0. Based on the work reported in Ref. �10�, the cladding
layer and core are assumed to be perfectly bonded.

We assume that the sheet is very wide and no deformation in
the width direction, i.e., the sheet is under in-plane plane strain
tension. The boundary conditions imposed on the sheet are

u̇x = − U̇, u̇y = 0, X = 0
�8�

u̇x = + U̇, u̇y = 0, X = L0

The tensile true strain is defined as �=ln�1+�L /L0� with the dis-
placement �L=2U. Although the geometry and loading as well as
the boundary condition are all symmetric to the middle planes X
=L0 /2 and Y = t0 /2, we consider the full size specimen so that less
constraint will be imposed on the development of deformation
localization and fracture.

The overall response of the tensile sheet is presented in terms of
the normalized force F� and normalized minimum cross-sectional
area A�

F� =
F

�y
coret̄0 + �y

clad�t0 − t̄0�
�9�

A� =
Amin

A0
=

tmin

t0

where F is the applied force, and �y
core and �y

clad are the yield
stresses of the core and clad materials, respectively. The ductility
of the sheet is measured in terms of the fracture strain

� f = ln�A0

Af
� �10�

where A0 is the original cross-sectional area and Af is the final
cross-sectional area at the neck. The gain in ductility � f

� due to
cladding is defined as a function of the cladding thickness/volume

ensile sheet with a ductile cladding
a t
tes
fraction �
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� f
���� =

� f��� − � f�0�
� f�0�

�11�

Results and Discussions
The elastic-plastic properties of the matrix material of the core

ayer are specified by �y /E=0.0033, 	=0.3, and n=10. We as-
ume that there are no initial voids, and the parameters q1=1.0
nd q2=1.5 are used in the yield function �1�. The void nucleation
s assumed to be plastic strain controlled, with volume fraction
fN=0.04 of void nucleating particles, mean strain for nucleation

N=0.3, and corresponding standard deviation sN=0.1. The final
ailure is taken to be characterized by the parameters fc=0.15 and

f f =0.25. These values of mechanical properties for the core ma-
erial are taken from Ref. �15�. The values of the material param-
ters for the soft cladding layer are assumed to be the same as
hose for the core except �y /E=0.0020, n=5, and �N=0.5. This is
otivated by the fact that comparing to a core material, a clad
aterial has relatively lower yielding stress but higher hardening

nd higher resistance to void nucleation. Figure 2 shows the true
tress and true strain curves of the core and clad materials under
omogeneous uniaxial tension. It is noted that the flow stresses
lotted in Fig. 2 are normalized by the yield stress of the core
aterial. In the present paper, we consider a rather stubby speci-
en with L0 / t0=3, since we are only interested in the neck re-

ion. The applied velocity U̇ is assumed to be U̇ /L0=3.33
10−4 s−1.
Figure 3 shows a mesh �mesh A� with local refinement around

he middle plane X=L0 /2, and with a total of 90
60 quadrilateral
lements �90 in the X-direction and 60 in the Y-direction�, each

ig. 2 Uniaxial tension stress and strain curves of the core
nd clad materials. Stresses are normalized by the yield stress
f the core material.

ig. 3 Mesh A with 90Ã60 quadrilateral elements „90 in the
-direction and 60 in the Y-direction…, each built up with four
inear triangular elements „CPE3 in ABAQUS/EXPLICIT…

ournal of Applied Mechanics
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built up with four linear triangular elements �CPE3 in ABAQUS/

EXPLICIT�. The element aspect ratio, which is the element size in
the Y-direction to the element size in the X-direction, in the local
refined area near the middle plane is 2. It is important to point out
that the refinement region around the middle plane is identified to
fully cover the area where necking and fracture occur. Since de-
formation localization and fracture depend sensitively on not only
the number of elements but also the element aspect ratio �20�,
mesh B, with 110
60 quadrilateral elements and with the ele-
ment aspect ratio being 2.5, is designed. A much finer mesh �mesh
C�, consisting of 140
80 quadrilateral elements with element
aspect ratio in the local refinement being 2.5, is also used.

We first consider an extreme case: a metal sheet without clad-
ding ��=0% or t̄0= t0�. Figures 4 and 5 present the normalized
tensile force F� and minimum cross-sectional area A� as functions
of the tensile true strain �=ln�1+U /L0�, for the tensile sheet with
core layer only ��=0%�. It is found that the force increases lin-
early with the imposed straining when the deformation is very
small and the material is essentially in the elastic state. With con-
tinued straining, the force gradually reaches its maximum at
around �=0.1 and then gradually decreases due to both the reduc-

Fig. 4 Predicted normalized force F� and tensile strain ε
=ln„1+U /L0… curve for a monolayer sheet of the core material
„�=0…

Fig. 5 Predicted normalized minimum cross-sectional area A�

and tensile strain ε=ln„1+U /L0… curve for the monolayer sheet

of the core material „�=0…

JULY 2010, Vol. 77 / 041015-3
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ion in the cross-sectional area and the softening effect resulting
rom void nucleation and growth. Further straining results in a
harp “knee” on the F� and � curve, which is associated with
eaching the critical value of the void volume fraction �fc=0.15�
n the center of the neck. Immediately after the sharp knee, the
urst of void nucleation and growth leads to a rapid drop in the
rue stress, which, in turn, results in a rapid loss of load carry
apacity for the tensile sheet. From Fig. 4, it is clear that all the
eshes predict quite similar necking and fracture processes. The

evelopment of failure process can be more evidently presented in
erms of the minimum cross section area Amin versus tensile strain

�Fig. 5�. It is interesting to note that when fracture occurs, neck
evelopment essentially stops �tmin is almost a constant�. This im-
lies that the reduction in the area at fracture is a representative
easure of the onset of macroscopic fracture in the tensile test

see also Ref. �15��. It is interesting to note that necking and
ailure based on the crude mesh �mesh A� occur earlier than those
n the finer meshes �meshes B and C�, which is opposite to what
ne could usually expect. This implies that the element aspect
atio in the critical deformation region is very important in a nu-
erical simulation involved deformation localization and fracture.
Figure 6 shows the predicted distributions of the void volume

raction f at various deformation stages under plane strain tension
f the tensile sheet without cladding. It is found that two crossed
hear bands, symmetric to the middle plane X=L0 /2, are devel-
ped after onset of necking at �=0.1. Fracture initiates at the
enter of the neck, where the two shear bands cross each other,
nd where the maximum stress triaxiality �T=�H /�e� is expected
o occur. Due to the initial symmetry, it is expected that cracks
ill be developed and propagated toward to the top Y =+t0 /2 and
ottom Y =−t0 /2 surfaces along the crossed shear bands. How-
ver, the initial geometric symmetry cannot be retained. Instead,

Fig. 6 Predicted distributions of void volume fra
layer of the core material „�=0… based on mesh A
he simulations result in a nonsymmetric solution with a single

41015-4 / Vol. 77, JULY 2010
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crack as it dissipates less energy. The selection of the single crack
is, however, due to numerical round-off errors, which are sensitive
to the mesh used.

Significant mesh sensitivity is often expected in a numerical
simulation involving fracture. Figure 7 presents the predicted frac-
ture modes based on different meshes. It is important to be noted
that the crack patterns shown in Fig. 7 are planar. This planar type

re f at various deformation stages for the mono-

Fig. 7 Predicted fracture modes for monolayer sheets of the
core material „�=0… and clad material „�=100%… based on the
ctu
different meshes

Transactions of the ASME
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f fracture surface is identical in appearance to that of the cone
ortion of the cup-cone fracture of ductile tensile test specimens
f circular cross section �21�. This fracture mechanism corre-
ponds to the void-sheet mechanism of the shear fracture. It is also
mportant to be noted that the double-cup fracture mode is more
ommonly observed in ductile sheet metal tensile samples �21,22�.
owever, in the plane strain tension considered in the present

tudy, the process of void nucleation and growth occurs much
arlier than in uniaxial tension. Since by definition the formation
f a shear band requires conditions of plane strain, the plane strain
amples favor the conditions for void-sheet mechanism of the
hear fracture to occur more readily.

We now consider another extreme: a tensile sheet made entirely
f the clad material ��=100% or t̄0=0�. As mentioned previously,
omparing to the core material, the clad material has relatively
ower yielding stress but higher hardening �Fig. 2�. It is expected
hat the process of necking and cracking in the tensile sheet of the
lad material will be noticeably delayed compared with that in the
ensile sheet made of the core material. Figures 8 and 9 show the
ormalized tensile force F� and minimum cross-sectional area A�

s functions of the tensile true strain �=ln�1+U /L0�, for the
onolayer sheet ��=100%�. It is observed that all the meshes

ig. 8 Predicted normalized force F� and tensile strain ε
ln„1+U /L0… curve for a monolayer sheet of the clad material

�=100%…

ig. 9 Predicted normalized minimum cross-sectional area A�

nd tensile strain ε=ln„1+U /L0… curve for the monolayer sheet

f the clad material „�=100%…

ournal of Applied Mechanics
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predict very close overall tensile responses in terms of the applied
force and minimum cross-sectional area. The predicted fracture
surfaces are again planar �Fig. 7�. Since the typical crack patterns,
observed experimentally in monolayer metal sheets under tension,
can be numerically reproduced by either mesh A or mesh C, both
meshes will be used in the rest of the present paper. Meshes A and
C together should be sufficient to assess the effects of cladding on
fracture although they are still crude in relation to the crack tip
field. However, some figures are presented by using the numerical
results based on mesh A only if the difference in the numerical
results between meshes A and C is small enough.

We proceed by studying the effects of cladding on fracture in
sheet metals under plane strain tension. Figures 10 and 11 show
the normalized force F� and the minimum cross-sectional, area A�

versus the tensile strain � curves, respectively. It is observed that
cladding a ductile soft layer increases the strain at which the ap-
plied force reaches its maximum. This implies that cladding in-
creases the strain to necking. It is also found from Figs. 10 and 11
that cladding delays cracking �open triangles indicate the initiation
of cracking�. Furthermore, from Fig. 11, the maximum reduction
in area, indicated by the constant A� lines, increases with increas-

Fig. 10 Predicted normalized force F� and tensile strain ε
=ln„1+U /L0… curves for tensile sheets with various cladding
thickness ratio �. Open triangles indicate the initiation of
cracking.

Fig. 11 Predicted normalized minimum cross-sectional area
A� and tensile strain ε=ln„1+U /L0… curves for tensile sheets
with various cladding thickness ratio �. Open triangles indicate

the initiation of cracking.

JULY 2010, Vol. 77 / 041015-5

 license or copyright; see http://www.asme.org/terms/Terms_Use.cfm



i
d

s
n
i
d
s
w
d
t
o
w
n
a
m

t
m
�
p
n
t
p
i
c
l
c
o
t
l

fi
f
n

d
c
n
s

m
f
l
t
a

various cladding thickness percentages � based on mesh A

F
v

0

Downlo
ng cladding. This means that the ductility is enhanced by clad-
ing.

The predicted effect of cladding on necking is more clearly
hown in Fig. 12. Numerical results indicate that the predicted
ecking strain is not sensitive to the meshes used. Figure 12 also
ncludes the necking strains based on the Considère-type criterion
�̄a /d�̄= �̄a. Here, the averaged flow stress �̄a for the laminated
heet is calculated from the mixture rule �̄a= �1−���̄core+��̄clad,
here �̄core and �̄clad are the flow stresses for the core and clad-
ing layer, respectively �1�. The excellent agreement between the
heoretical prediction and numerical simulations indicates that the
verall hardening behavior of a layered structure can be described
ell with the rule of mixtures, and that significant void growth has
ot occurred prior to necking. However, it has been generally
ccepted that fracture in layered structures does not follow the
ixture rule �23,1�.
Figures 13 and 14 show the predicted fracture processes in

ensile sheets with various cladding thickness ratio � based on
eshes A and C, respectively. It is found that in monolayer sheets

�=0%, 100%�, crack initiates at the center of the specimen and
ropagates toward both top and bottom surfaces along the domi-
ated shear band. In bilayer sheets with ��50%, crack occurs in
he core material close to the interface. The initiated crack first
ropagates in two directions along the dominated shear band until
t goes through the whole core layer and then further runs into the
lad layer until the specimen is fully fractured. When the cladding
ayer is noticeably thicker than the core, for example �=80%,
rack initiates either in the clad nearby the center of the specimen
r in the core. However, the initiated crack always first runs
hrough the whole core layer and then propagates through the clad
ayer.

Figure 15 presents the predicted gain in fracture strain � f
�, de-

ned in Eq. �11�, in sheet metals with various cladding volume
ractions �. It is observed that the increase in fracture strain is a
onlinear function of the cladding volume fraction �.
Finally, we would like to emphasize that the numerical results

epend sensitively on the mechanical properties of both core and
lad materials. Our parametrical study has indicated that, though
ot reported in the present paper, increasing hardening 1 /n, mean
train for nucleation �N, and void volume fractions at coalescence

fc and at fracture f f delays necking and enhances ductility. Nu-
erical results are also sensitive to the clad ratio � and the dif-

erence in the mechanical properties between the core and clad
ayer. In the present paper, the selection of the values of the ma-
erial parameters has been motivated by the fact that comparing to

ig. 12 Predicted strain to necking εu for tensile sheets with
arious cladding thickness percentages �
core material, a clad material has relatively lower yielding stress

41015-6 / Vol. 77, JULY 2010
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Fig. 13 Predicted fracture processes for tensile sheets with
Fig. 14 Predicted fracture processes for tensile sheets with

various cladding thickness percentages � based on mesh C
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ut higher hardening and higher resistance to void nucleation.
his assumption seems to be appropriate in view of practical ap-
lications.

Conclusions
We have carried out a finite element analysis of effects of clad-

ing on necking and fracture in tensile sheet metals. It has been
emonstrated that cladding a ductile soft layer increases both the
ecking strain �Fig. 12� and fracture strain �Fig. 15�. The increase
n the necking strain has been found to be due to the fact that
ladding a ductile layer enhances the overall work hardening for
he layered metal sheets according to the rule of mixtures. Fur-
hermore, the increase in the necking strain slows down the de-
elopment of the triaxial tensile stress inside the neck, which de-
ays the void nucleation and growth, and which, in turn,
ontributes to enhancement in ductility. It should be pointed out
hat the calculated subtle change in the appearance of the fracture
urface due to cladding is very sensitive to the mesh used �Figs.
3 and 14�.

While we have studied the effect of cladding on fracture in
heet metals under stretching, experimental work has shown that
ladding significantly increases the bendability in sheet metals
10�. Numerical simulations of the effect of cladding on bendabil-
ty are in progress and will be reported elsewhere.
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