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Abstract: The mechanical behaviour of aluminium 1A30-stainless steel 1Cr18Ni9Ti bi-metals,
made by the explosive welding method, is investigated under uniaxial tension conditions. The
mechanical parameters of the bi-metal calculated using the mixture rule theory under uniaxial
tension conditions are compared with measured parameters. It is found that the mixture rule
theory is suitable for the calculation of the mechanical parameters except for ultimate tensile
strength. Experimental data show that yield stress and ultimate tensile strength have an expo-
nential relationship with the relative thickness ratio of stainless steel, respectively. Amathematical
model is introduced to describe the relationships of yield stress and ultimate tensile strength to
the relative thickness ratio of stainless steel. It is also found that elastic modulus, hardening coef-
ficient, and hardening exponent basically have a linear relationship with the absolute thickness
ratio of stainless steel, respectively. All the relationships show a monotonically increasing ten-
dency. Fracture behaviour under uniaxial tensile conditions mainly take the form of fracture on

the stainless steel side of the bi-metal and detachment in the interface.

Keywords: anisotropy, fracture, explosive welding, bi-metal, mixture rule, strain

1 INTRODUCTION

Stainless steel-aluminium bi-metals are increasingly
used as typical materials for pressure vessels due to
their favourable properties, such as corrosion resis-
tance and lower cost. However, since stainless steel
and aluminium alloy (both are regarded as single-
material metals in this paper) show intensely dif-
ferent structures and mechanical properties, their
yield and failure are extremely difficult to occur on
the same time during the uniaxial tensile processing
of stainless steel-aluminum bi-metals. Hence, com-
pared to a single-material metal, a bi-metal presents
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various localized or global deformation and fracture
behaviours due to the distinctive properties of its
individual components. Similarly, because of the dif-
ferences in element material properties and the indi-
vidual components in interface are difficult to identify,
the bi-metal may fracture on the lower strength side
under an unexpected stress. The fracture behaviours
of bi-metals along the lower strength side restrain
their applications. A large number of theoretical stud-
ies have been made on fracture of the bi-material
including elastic-elastic materials [1,2] and elastic-
plastic materials [3-6], with the expectation of finding
a bi-material that can overcome the above-mentioned
defects. Numerical simulations have been carried out
using finite-element analysis [7, 8] to obtain elastic—
plastic fracture properties, which include /- [9] and
Q-resistance [5]. Two analytical models, which are,
respectively, based on the upper bound method and
the slab method, have been introduced by Hunghsiou
and Gowyi [10] to describe double-layer clad sheet
compression forming. Polymethylmethacrylateacrylic
and aluminium alloy 2024 T531 have been joined
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together using epoxy resin [11]. Their study indicates
that the bi-material fatigue crack growth is dominantly
elastic, with a small plastic zone near the crack tip.
Two formulae have been established to correlate the
relative thickness of the bi-metal components to the
tensile properties of the bi-metal system [12]. The
results reveal crack deviation into the under clad
soft coarse grained region band due to the strength
mismatching the nature of the bi-metal system. Lei
and Neale [13] have reviewed the fracture behaviour
of a bi-material plate with a thorough-crack sub-
ject to tension. They consider the bi-material plate
as a homogeneous material. Plasticity analyses with
particular attention to near-tip shielding and ampli-
fication have been reported by Sugimura et al. [14].
The above studies mainly emphasize the theoreti-
cal analysis and static load. Theoretical-experimental
studies on material failure mode and mechanism are
needed to shed light on the mechanical properties of
bi-materials.

In the present work, the authors are interested in
uniaxial tensile fracture behaviours of the stainless
steel-aluminium bi-metal, which is made of alu-
minium 1A30 and stainless steel 1Cr18Ni9Ti by the
explosive welding method. The mechanical parame-
ters of stainless steel-aluminium under uniaxial ten-
sion conditions obtained by the mixture rule method
are compared with the experimental data to exam-
ine whether the mixture rule method is suitable for
the calculation of the bi-metal parameters. Based on
the experimental data, two types of relationships are
discussed: the relationships of the relative thickness
ratio of the stainless steel to yield stress and ultimate
tensile strength, and the relationships of the absolute
thickness ratio of stainless steel to elastic modu-
lus, hardening coefficient, and hardening exponent.
Cross-section scanning is also conducted to analyse
the tensile fracture of the bi-metal using scanning
electron microscope (SEM) microscopy.

2 THETHEORETICAL BASIS

2.1 Basic assumptions

To simplify the complication in establishing a bi-metal
analytical model, some assumptions are employed
throughout the analysis as follows.

1. Interface of the bi-metal is an ideal layer with zero
thickness. Such bi-metals show extremely strong
bonding and proportional deformation.

2. The bi-metal presents an anisotropic feature in the
thicknesses direction, while each single layer of the
bi-metal shows an isotropic feature.

3. Thelocalized and dispersed necking theory is fit for
single-layer metal and bi-metal.

4. The strain, strain ratio, and mechanical properties
of each layer are assumed to be constant.

2.2 The absolute thickness ratio and relative
thickness ratio of stainless steel

Since mechanical properties of stainless steel and
aluminium are very different, the tensile properties
of stainless steel-aluminium bi-materials are deter-
mined by the relative ratio of stainless-steel thickness
to aluminium thickness according to the mixture rule
theory. In this article, stainless steel is used as the
substrate material and aluminium as the clad mate-
rial. The relative ratio of stainless-steel thickness to
aluminium thickness g is defined as follows

_ tstainless (1 )
tal

where f;iness and £, are the thickness of stainless steel
and aluminium, respectively.

The absolute ratios of stainless-steel thickness and
aluminium thickness to the total thickness of the bi-
metal, Rainess and Ny, are described as

Lstainless

. —
Nstainless =

t,
malz_l

t

)

where t denotes the total thickness of the bi-metal.

2.3 Analysis of elastic deformation stage

When the bi-metal is under uniaxial tensile force
(Fig. 1), according to the force balance conditions,
elastic modulus E of the bi-metal can be obtained as
follows

E= mstainlessEstainless + malEal (3)

where Eg.iness and E; denote the elastic modulus of
stainless steel and aluminium, respectively.

2.4 Analysis of plastic deformation stage

The true stress—strain functions, which conform to
Holloman’s power formulations, are introduced as the
follows

— . -
Ostainless — KStainless & stainless
631 = Kalgnal (4)
&com = Kcomgncum

where Guintess) 0a, and om denote the equivalent
stress of stainless steel, aluminium, and bi-metal,

Stainless steel

—— ]
—~~—]

F e
e E—
—~=——  Aluminum
——]

i

Fig.1 Schematic diagram of the bi-metal under uniaxial
tensile
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respectively. Kyuinless, Ka, and Ko are their hardening
coefficients and 7isaintess, a1, and 7icom represent their
hardening exponents, respectively. ¢ is the true strain.
According to the mixture rule theory, the force balance
conditions along the three-dimensional directions can
be expressed as follows

1 n le 1
O gtainless stainless T O Nal = T

2 2 1
0’stainless‘s)qStfﬂ‘inleSS + O’alﬁtall = Ocom ®)
3 _ 3 _ 52 _ a3 _
Ostainless — %al — %com = %com = 0
1 2 3
where o, 05, and o2 = are the stress along the

directions of the length, width, and thickness of the bi-
meta;, o}, 02 andol, .. are the stress along
the directions of the length, width, and thickness of
stainless steel; and o}, 07, and o3 are the stress along
the directions of the length, width, and thickness of
aluminium. In this study, yield strength and ultimate
tensile strength of the bi-metal are calculated using
equation (5).

After necking, regression line and hardening expo-
nent n are obtained using the least squares and the
linear regression methods. According to the two meth-
ods, no less than five true stress—strain points with
equal intervals should be chosen from the yield stress
to the maximum loading to calculate the harden-
ing exponent. The calculation formula is obtained as

follows

n= NZi\ileYt - Zi‘LXiZi’il Y
N YL (07 = (23, X2

where N is the number of true stress-strain points

for regressing calculation, and X; =loge and Y; =

log o. The intercept b and hardening coefficient K are
obtained by equation (7)

b= Zi\il Y — Zi‘ilXi
N (7)
K = exp(b)

(6)

2.5 Hill’s localized necking conditions

On the basis of Hill’s yield criteria, stress and strain
increments of each layer of the bi-metal are obtained
as follows

60 =P /BD

(@) @)
po— 2@V, 2T g + (@?)?
3(1+y®) 14y®

1
2

©)
d:® = Cde,
, 224y N1 +y?) 2y®
Ch = _ 2 —p+1
\/ s+ \P Tl
©)

where 50, o/7(j=1,2,3), de?, del(j =1,2,3), y?,
and «” denote the equivalent stress, principal stress,
equivalent strain increment, strain increment, plastic
strain ratio, and stress ratio of the ith-layer material,
respectively. f is the strain ratio.

The relationships between the plastic strain ratio
and stress ratio are as follows

_ oz(i)(l + ),(i)) _ J/(i>
- 1 + y(i) — y(i)a(i)
T 14y 4 By

(10)

According to Hill’s localized necking theory, a zero-
strain line exists in the tensile-compression area of
the bi-metal. When the load reaches the maximum,
necking in sheet metal begins to occur. Therefore,
the mathematical formula of necking is obtained as
follows

dFy = > %d@yey’) =0 (11)

where Ay and oy denote interfacial area and stress per-
pendicular to necking, respectively. Since dA{) /A =
—dey, equation (11) can be expressed as

| do? .
> oa® [—d"; - a‘(,l):| =0 (12)

i v

where % denotes the absolute thickness ratio of the
ith layer.

According to equations (8) to (12), Hill’'s local-
ized necking conditions for bi-metals is described as

Table 1 Mechanical parameters of the bi-metal plate

Ultimate
Elastic Yield tensile
moduls stress strength
Material (GPa) (MPa) (MPa) KMpa) n
1A30 59.8 134.37 150.3 86.59 0.35
1cr18Ni9Ti 171.1 569.15 875.22 358.31 0.29

Table 2 Yield stress and ultimate tensile strength of the
bi-metal material

os (Mpa) op (Mpa)
Mixing Mixing
» Nstainless Experiment  rule Experiment rule
0 0 134.37 134.37 150.3 150.3
0.3 0.24 240.96 238.79 294.56 324.3
0.4 0.28 263.64 256.19 314.33 353.3
0.63 0.39 292.47 304.05 387.13 433
1.06 0.52 367.18 360.61 457.77 527.3
1.95 0.66 391.83 421.52 556.24 628.8
296 0.75 465.43 460.68 641.12 694
5 0.83 499.51 495.49 728.94 752
o) 1 569.45 569.45 875.22 875.2
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follows
_ W ds®
yoopolZ9B [ €00l (13)
: 1-B [1+8 d&
900 —xExp(sy ' ' ' ~ Taoo
800 @ Mixing rule (g / [ 800
—A—Exp (op) P
7001 -o--Mixing rule (o) ’i/ 700
& 600+ . o [600
ngl =™
2 5001 AT . 500 3
w0 s
6" 400 B /D/: s L 400 ©°
300+ :/,/ [ 300
200+ D/ ol 200
100 L 100

stainless

Fig.2 Relationship of yield stress and ultimate tensile
strength to Ngeaintess
Annotation: o5 and o, stand for yield stress and
ultimate tensile strength, respectively.
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Fig.3 Relationship between yield stress and g
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Fig.4 Relationship between ultimate tensile strength
and p
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Fig.6 Relationship between the hardening coefficient
and Nstainless
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Fig.7 Relationship between the hardening exponent
and Nstainless
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3 EXPERIMENT

The bi-metal plate used in the study is directly pur-
chased from the Chinese market. The bi-metal is made
using aluminium (1A30, China — National Standard
Guideline) as substrate (3mm) and stainless steel
(1Cr18Ni9Ti, China — National Standard Guideline)
as clad (3mm) by explosive welding. Uniaxial ten-
sile test is conducted using an Instron-1341 Electron
Mul-function Materials Testing Machine. According
to No. GB/T 228, the Technical Guidelines for Metals
in China, three specimens are, respectively, extracted
using the wire cutting method from the substrate, clad,
and bi-metal along directions that are 0°, 45°, and 90°
to the welding horizontal plane. These specimens are
used to determine their mechanical properties under
uniaxial tensile conditions. The uniaxial tensile speed
is set to be 1 mm/min, and the measured mechanical
parameters are given in Table 1.

The fractured specimens are examined using
S-3000SEM microscopy (Hitachi Company, Japan) for
characterization of the fracture type and crack path.

4 RESULTS AND DISCUSSIONS

4.1 The relationships ofyield stress and ultimate
tensile strength of the bi-metal and relative
thickness ratio p and absolute thickness ratio
of stainless steel Rainless

The yield stress and ultimate tensile strength of the
bi-metal are obtained using equation (5); the rela-
tive and absolute thickness ratios of stainless steel, g

and NRguiness, are calculated using equations (1) and
(2), respectively. The comparison results of the exper-
imental values and the calculated values are shown in
Table 2.

The relationships of yield stress o, and ultimate ten-
sile strength o}, t0 Ninless are shown in Fig. 2. It can
be seen that the yield stress of the bi-metal calculated
using the mixture rule theory is basically similar to the
experimental value. However, the calculated ultimate
tensile strength is much larger than the experimental
value. The results show that the mixing rule theory can
only be used to calculate the yield stress of the 1A30-
1Cr18Ni9Ti bi-metal; however, it is inappropriate for
the calculation of the ultimate tensile strength.

As shown in Fig. 3, when g approaches infinity,
the fitting curve of the experimental bi-metal data
infinitively approaches the line which represents the
calculated yield stress of stainless steel. Figure 4 shows
that when p approaches infinity, the fitting curve of
the experimental bi-metal data infinitively approaches
the line that represents the calculated ultimate tensile
strength of stainless steel. When g = 0, the corre-
sponding values on the fitting curves in Figs 3 and 4
are the yield stress and ultimate tensile strength of
aluminium, respectively. It can be seen from the
experimental data that yield stress and ultimate tensile
strength of bi-metals increase with increase in g.

The relationship between bi-metals and plate ele-
ments is described as an exponential function, which
is more precise. The relationship can be expressed as
follows

o =P — Qe’® (14)

Fig.8 Macrographs of interface fracture (a) fracture side of stainless steel and (b) interface

detachment
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where o is the yield stress or ultimate tensile strength,
and P, Q, and C are the correlation coefficients for the
bi-metal.

Using the Monte-Carlo fitting method, the relation-
ships of the yield stress o, and ultimate tensile strength
o}, to the relative thickness ratio of stainless steel are
derived from the data points on the curves shown in
Figs 3 and 4

o =569 — 330e°-33@}

(15)

op = 875 — 596e0-2%

4.2 The relationships of elastic modulus E,
hardening coefficient K, and hardening
exponent 7 to Rainless

The relationships of E, K, and 7 to Rintess Of the stain-
less steel-aluminium bi-metal are shown in Figs 5-7,
respectively. It can be seen that the relationships of E,
K, and 7 to Riness basically take on a linear tendency.
In addition, K increases fastest with Mainiess, followed
by E, and n increases the slowest. The n value of the
bi-metal lies between the n values of aluminium and
stainless steel, and it shows an ascending tendency
with the increase in Ngaintess-

4.3 Analysis of fracture and interface detachment

The standardized specimens under uniaxial tensile
conditions show that fracture behaviours of the sub-
strate, clad, and bi-metal all occur on the side of
stainless steel. Obviously, the necking phenomenon
appears but no fracture occurs on the side of the alu-
minium alloy since the lower strength material shows
more intense plastic deformation. It can be seen from
Fig. 8 that the detachment phenomenon takes place
only on the bonding interface.

The reasons for the fracture phenomenon on the
stainless steel side and the detachment on the bond-
ing interface are as follows: First, the stainless steel
has a considerably lower cross-section shrinkage rate
than aluminium, and so aluminium shows largerlocal-
ized plastic deformation than stainless steel. Second,
the plastic strain ratio of stainless steel is larger than
aluminium, leading to the frequent occurrence of
deformation of the necking area on the side of stain-
less steel in the width direction. Third, stainless steel
has a larger hardening exponent. Its localized defor-
mation is hindered after the interface detachment,
resulting in easy rupture of the stainless steel side.
Fourth, when the effect of the stress in the width
direction is considered, the stainless steel side is

Fig.9 Micrographs ofinterface fracture: (a) unbound interface, (b) partly connected interface, and
(c) local amplification of partly connected interface
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under tensile strength while the aluminium side is
under compression stress, which means that the stain-
less steel side is more vulnerable to rupture. Finally,
according to Hill’s local necking theory, a zero-strain
line exists in the tensile-compression area of the bi-
metal. In this study, the zero-strain line is located
on the stainless steel side, indicating that this side is
under great tensile strength. When the tensile strength
reaches a certain large value, rupture will occur on this
side.

Micrographs of interface fracture show that a large
amount of detachment occurs on the interface region
(Fig. 9(a)). Stainless steel and aluminium in localized
areas fracture simultaneously; however, the interface
still remains bonded (Fig. 9(b)). Although the frac-
ture occurs on the interface, the fractured sections
in the interface region are still partly interconnected
(Fig. 9(c)).

5 CONCLUSIONS

1. The mechanical properties of the 1Cr18Ni9Ti-1A30
bi-metal are decided by its component materials.
Yield stress and ultimate tensile strength show an
exponent relation with the relative thickness ratio
of stainless steel, while elastic modulus, harden-
ing coefficient, and hardening exponent basically
have a linear relationship with the absolute thick-
ness ratio of stainless steel. All these relationships
show a monotonic increasing tendency. Except for
ultimate tensile strength, all the mechanical param-
eters calculated using the mixture rule theory are
similar to the experimental data, which indicates
that the mixture rule theory can be used to cal-
culate most mechanical parameters; however, it is
inappropriate for the calculation of ultimate tensile
strength.

2. Stainless steel-aluminium tensile fracture beha-
viours mainly occur in the form of interface detach-
ment on the stainless steel side of the bi-metal.
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