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Abstract

In a steel / plastic laminated sheet with a core resin as an intermediate laver. shear deformation
is concentrated on the resin laver during the forming in which a shearing forge appears duc o a
considerable difference in strength betwezen the skin steel sheets and the core resin, leading to
forming problems such as shear between the two skin steel sheets and wrinkhng, 1t was found that
these forming problems are greatly affected by the bonding strength, tensile strength and ductility of
the core resin and that good formability is obtained with a bonding strength of 238 MPa.
Comparing the variable blank holding force with the constant blank holding force, the drawability
of steel / plastic lamunated shect of }.035 mm thick - is improved when using the variable BHF.
Three kinds of room temperature laminated sicel sheets with polvester, polvpropylene. and nylon as

corc resin were chosen as mvestigated materials |
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Introduction

Deep drawing of a circular blank by a flat headed punch is commonly used to rank the deep
drawing property of the sheet metal.  The ratio of the largest blank to cup diameter that can be
drawn successfully is called the limiting drawing ratio { LDR), a measure of draw ability . Many
attempts have been made to relate the LDR with the mechanical properties of the material obtained

from simple tension test [1 - 10].

Theoretically the LDR of a metal can be determined from the balance between the largest
drawing load and the maximum load carring capacity of the metal in the cup wall . The failure in
cup drawing usually occurs near the punch stem of the cup wall . Basically two failure criteria have
been employed to model the failure - One is based on the instability under uniaxial tenston [ 4] ,
and the other on the instability under plane - strain condition (3 - 7, 9, 10 |. Early works of Siebel
and Pomp [11] and Sachs [12, 13] laid the foundation for the later theoretical treatment on cup
drawing process. Their elementary mechanics was largely extended by Chung and Swift (14 ]. But

all these methods were applied to mono - metals.

Since 1980's |, steel - resin - sieel laminated damping sheet is one of modemn materials for the
pancls of automobile - Larmnated steel sheets which composed of three lavers with steel /
plastic/steel is just like a sandwich , bwo sides are steel sheets and the muddle is the resin (plastic).
There are nwo typical sheets for autobody parts, that is, the vibration - damping sheet which 1s
composed of relatively thin visco elastic resin { plastic ) and steel sheets for noise reduction during
driving, and the light weight - saving laminate sheet of suitable combination of the strength of steel
and the lightness of resin. They are combined with matenals whose mechanical properties are
extremely different.  The press formability | that is , deep drawability , and stretch - flange
formability are poor and there are another peculiar troubles which no mono - metal has (15].
Vanous peculiar troubles of laminate steel sheets should be solved carly. In deep drawing, there
are problems that wninkling takes place easily , limiting drawing ratio and forming bmit decreases,

many local necks tend to occur at the outer bady part.

{n the present study the mechanical properties, drawabslity , and formability of laminated sheets
at different resins. The flange drawing is considered to occur the three dimensional stress staie
without neglecting the thickness stress. And it is analyzed with total strain theory , assuming that

the thickness of the flange remains constant during drawing. The instability condition under plan-
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strain tension proposed by Moore and Wallace[3] is used in this investigation as a criterion for cup

wall failure.
Analysis of Radial Drawing

Assuming that the blank material is rigid plastic and obev che power law of strain
hardening, and taking into consideration the frictional resistance of the flange by blank holding
force(BHF), and the frictional resistance and bending- unbending at the punch and die profile radit
in deep drawing process contribute to the blank holding force. in the present analysis the flange part
and the friction at die profile radius are considered in the BHF. Calculations 2s in the previous
investigations{3, 16-18}

Basic Equation

A ctreular blank of original radius (d,) and thickness(ly} 1s deep drawn by a flat headed punch
through a die throat Geometry and stress in the cup drawing are shown in Fig. |
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Fig. 1. Geometry and stresses in deep drawing

Assuming that the thickness remains constant during radial drawing, the flow in the flange can be

charactenzed by plane strain deformation. The equation of radial equilibrium is
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do, o,-0,

=0 l
dr r =l
and meridional stress { G, ) on element at die throat is given as
b4 BHF. 16
gy =(\+pu-)Vio, In(CDR) + ——————]+0,_ /2 2
o =R DN A0, IN(CDR) +- =Sl o] +o, /29, @
Where
Lt = friction coefficient between the blank and the die
CDR = Current drawing ratio = r/rp
&, = relative die diameter = 2r, /
pq = relative die shoulder = rg/t,
G, = equivalent stress
The work hardening characteristics of the material are assumed to follow the power law:
o, =K()" (3)
(2. (DR) ~(CDRY +{(CDR+1)/2F |’
0., =K| 21p ORY' = (CDRY’ +[(CDR+1)/2f | .
3 [(CDR)+1)/2T

Where
DR = drawing ratio = by/ry
K = strain hardening coefficient

n = sirain hardening exponent

The secand term of equation (2) represents the frictional resistance stress (G, ) in flange part.

BHF ud,

e
ar =+l 2’ (CDR)

] (3)

Since the maximum thickness of the flange during drawing is at the rim, the load on the blank
holder is concentrated around the periphery of the flange. There is evidence to show that a finite
band of contact exists around this region but it is sufficiently narrow to allow the effects of blank

holding to be accommodated as a boundary stress around the periphery as follows | using equation
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(2) and substituting the allowable drawing stress (G, } and equivalent stress (0, } into (G), the

blank holding force (BHF) as a contral vanable is given by,

(DR)* ~(CDR)* +[(CDR)+ 1)/ 2] |’
[(CDR)+1)/2F

=
zpd(l'i'l-l,_)’)

2
; — k=1
2rr; (CDR) 2404 {3 o

(8,

BHF =

{6)

2, {DR)' - (COR)* +[(CDR +})/2}' ]

—-(1.DK ln(CDR)[3 [{(CDR +1)/2)

Calculation of Punch Load

From the yield criterion and associated flow rules the plane strain condition n the flange

drawing becomes

o ={(0, ~Gg)/m, and de = m,d.g, M

Where
o = the effective stress
G, = the radial stress
G,= the tangential stress

2*'(1+R)

1#a 8)
1+2™'R ) ¢

and m, =[

Where
R = the anisotropic parameter

and a = Hill's cnterion [19]

Using, equation (7). the equilibrium equation (1), can be rewritten as

do, =—:'n\6g N
T
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Integration of equation (9) from the edge of the flange ( 1, ) to the radial position { ;)
gives the radial stress, 0'((\:\) , at the junction of the flange and the cup wall. In equation (9) {5} 1s

the yield stress of the material at radtal position {r). It is a function of (r) and current punch travel .
For convenicnce of the integration, the ywld stress of the flange at a punch travel position 15
assumed to be a constant having a value of ( & ), the vield stress of the material at the die throat.
The radial strain { £_) experienced by the element at the die throat is

€, =In(E) (10)
T

!

Where

¢, =Current punch travel

From equations (3),(7}, and(10) the yvicld stress at the die throat is given as

N 1 A
o--‘&[ 1‘ ‘m(\-r /t\)] {11}

Integration of equation (9) with the substitution of equation {11) for { T ), the current radial stress
at the position { 1, ) becomes

z. =1<m‘;“[0.5\n(\ +m“/ﬂ \n(‘/) (12)
T, X,
Where 1, = {0y — 26, )

Then the punch load required for drawing becomes

¥, = {(2m q)\&m}‘“[ﬁ. S’m[\ +1c8c\/ )] *5_0. S ‘m(DRF -1&\\% ]ﬁ:“" sm &
3 1)

2
Where dn, 15 current drawing ratio ( CDR)
T\

2 ¥ = (m K RS Wy +COR)T *[Q.S\n(ua)”* —[CDR)]&*‘" g (13)
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Experiments

Three kinds of room temperature larminated steel sheets with polyester, polypropyvlene, and
nvlon as core resin were chosen as test materials. In addition , as a comparison, a cold rolled stecl

sheet was aiso used. The total thickness of all tested materials is 1.05 mm.

The strength of core resins 38 of prime importance. Therefore, a general trend was first
examined using various core resins with different strength levels. A detailed examination was made
by varving only elastic modules and ductility with other physical properties, of these polypropylene
{P.P.) based core resins scarcely changed. The mechanical properties of the vanous resins used in

the experiment are shown in table .1.

Table 1. Mechanical Properties of vanous Core Material used at R T,

w0 Stesghluaeees
Core laver and symbol Polyester (PE.) Polvpropviene (P P.) Nvlon {NY)
Yield strength (MPa) 1.8 13.0 12.0
U. Tensile strength 9.0 300 36.0
(MPa) | ]
Elongation (%) 200 F 240 160

Bonding strength ( 1 ) 4.7 238 18.0

(MPa)

The test specimen for measuring bonding strength and the relationship between bonding strength

under shear and formability of laminated stec) sheet is shown in Fig. 2, [20-2}].
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Fig.2 Relationship between bonding strength under shear and formability
of laminated steel sheets [20,21}

The results of a uniaxial tension test of laminated tested materials at room temperature

(RT) were shown in table 2.

Table 2. Mechanical properties of investigated materals,

Sampfe . { _ EL % a v
Steel/P P /Stecl 139 477 0250 | 139
Stecl/P.E./Steel 135 252 | 47,1 0.246 [ .58
StesUNY/Steel | 148 267 | 481 | 0243 | L3
Cold rofled steel | 145 262 47.5J 0252 | 155

SKIN (Steel) at:s [
Core resi N 05
r AT A .S —
SKIN (Steel) 0345
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in resin ductility, steel sheets are scnsitive to plane strains, while the decrease in formability due to
the deterioration in the ductility of the resin is especially remarkable on the umaxial strain side.
This is due to the horizontal strain n the resin acting in the direction of the sheet plan is very
smailer, due to much lower Young's modules of the resin , than that of the steel sheets under the
previcusly specified conditions, where the skin steel sheets meet Mohr's vield conditions.[22], with
the result that effect of the detenoration in the ductility of the resin is small in the plan strain case.
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Photos. 1 and 2. The specimens before and after deformation.
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The deep drawing test machine is capable of controtling ram displacements. The machine
has a maximum upward speed of 120 mm/min. and a maximum capacity of 130 KN,
The used deep drawing too! is composed of a die diameter of 50 mm with a shoulder radius of 8.0
mm and a punch diameter of 46 mm with a shoulder radius of 10 mm. A speciallv designed wrinkle
measuring instrument with an electric micrometer is used for measuring wrinkle height, where
wrinkle is residual in drawn skirt,

Results and Discussion

Effects observed when core resins is different of ductility vaiues: it was found, in the
preceding section, that increasing the resin strength sufficiently is a perquisite for ensuring good
formability. However, if strength is increased too much, ductility decrease as will steel sheets and
formability may be deteriorated. Therefore, the effect of changing the ductility of the core resin is
investigated on the formability changes when decrease.

Ductility was decreased by adding 0% to 40 % filler to the resin, and the results are shown in

Fig3.The samples before and after deformation are shown in photographs 1.2. Due to the decrease
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Fig.3 Effect of elongation of core resin on FLD of damping laminated steels.
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On the other hand, the fracture in the resin is considered to be a controlling factor under the
condittions where high tensile forces act { for example, in walls of a deep drawn part } even in the
case of uniaxial, biaxial and plane strains and stresses concentration occurs in the skin steel sheets,

In this case, necking occurs resulting in ruptures.

The relationship between punch load and blank helding force at different current drawing
ratios;
The relationship between punch load and blank holding force at a constant value of drawing ratic
{DR=2.3} is shown in Fig. 4. The figure, shows that the punch load, of the same current drawing
ratios, increases proportionally with increasing blank holding force and then reaches the fracture
load of blank material. For example, when CDR = 1.8 the blank holding force reaches its maximum
value (57.3 KN).

140 70
FRACT URE
120 F 60 |
t CORz 20 CALCULATED
z FROM Eq.(6)
104 % 50|
Al
&
a4 E aQq
-
d
&0 230
=
ap z 20
2
o
20 10 |
1] | 1] | 1 1 \I 1 1 L
D W W W A SO &6 70 0v2 14 16 18 2D 22 24 28
BLANK HODER FORCE (KN) CURRENT DRAWING RATIO (CDR)
Fig. 4 The refationship  between punch load and Fig. 5 The redationship between'the BHF
blank holding force at a constant (DR=2.3) andCDR i Theoretically experiment

In other wards, this is the fracture limit of blank holding force over which fracture occurs.
[n the same way, the fracture limit blank holding force 1s obtained for each current drawing ratio
(CDR) and its associated biank holding force curve is determined,

Also. it can be found that for the investigated materials, the deep drawing process
succeeded in the range of blank holding force from about 9.5 KN to 30 KN. This means that the
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fracture limit blank holding forces are predicted from only data in the range of these blank holding
forces.

Figure 3 shows the fracture limit blank helding force curve for drawing ratio (DR=2.2) .
Expenimental resuits agree sufficiently with the theoretical calculated data from equation (6). The
positien of mummum blank holding force when it is variable has to ¢learly concide with one of the
maximum punch load. Flange wrinkles height versus blank holder force are represented in Fig,. (6,
for a stecl-resin-steel laminate and a simple steel sheet with the same thickness, indicates that the
height of flange wrinkies of the laminate is larger than that of the steel sheet over all range of blank
holder force . Thaz is, the laminate requires larger blank holder force to restrain the flange wrinkles
than the steel sheet. Resistance o flange wrinkling is also affected by the strength and the thickness
of steel skin. ln Fig. (7), blank holder force height of flange wrinkles curves are compared among
two Jaminates having steel skins of the same thickness but of different tensile strength of steel sheet,
From this figure it is obvious that reducing the tensile strength of steel skin brings clear decrease in
height of flange wrinkles over all range of blank holder force. It is also noticed that experimental
values of the laminate whose skin's tensile strength is 259 MPa and those of the steel sheet whose
tensile strength is 252 MPa are closelv plotted. In other words, the inferior resistance to flange
wrinkles of the laminates can be recovered to some gxtent bv decreasing the tensile strength of their
steel skins.

04 04
) ® LAMINATED STEEL
one 4 — A~ sTeee /wy/STEEL (Y= 18 MR oas P15 w798 Mpay
\ : [‘
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Fig. 6 Differcnce in height of flange wrinkles benveen Fig, 7 Effect of tensile strength of
steel laminated and single steel sheet steel skin on the BHF and

height of flange wrinkles.
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Fig. 8 shows a comparison of limit drawing ratios (LDR) between constant and variable blank
holding force methodes. From this figure, it can be seen that the variable blank holdiog force is
superior to limit drawing ratio (LDR) if comparicon with traditional method. This is the reason that
this variable blank holder force method processes effect on decreasing the wrinkle lirt. Wrinkle
height of this method is found to be least among the constant biank holding method from the results
of comparison of wrinkle height in Fig. $
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Fig. 8 Comparison of LDR between variable Fig. 9 Companison of wrinkle heights
and constant blank helder foree between vanable and constant
blank holder force
CONCLUSIONS

Press formability of steel -resin-steel laminates for vibration damping has been
investigated in this paper. The results was obtained as follows:

- The mechanical properties of resins have a great effect on the formability of steel/plastic/steel
lanunated sheets. Bending strength of laminated steel sheets has strong effect on the mechanical
properties and the formability's of them raising the bonding strength, the formabilicy's of
steel/plastic laminated sieel shects could be improved.

2- The laminates show higher flange wrinkles than steel sheets under the same blank holder foree.
The smaller the shear strength of resin core of the laminate, the larger blank holder force is
required to restrain the flange wrinkles to an acceptable limit.
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3- The variable blank holder force method improves the limit drawing ratio (LDR). This method is
very useful for any materials of poor drawability as well as for steel/ plastic/ laminate steet
sheets.
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