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[ Abstract] Viscous pressure forming ( VPF), is suitable for forming difficult-to-form sheet metal parts. An investiga-

tion in the effect of blank holder pressure (BHP) on VPF aluminum alloy ladder parts was conducted. Based on experr
mental and numerical simulation results of the effect of BHP on dimensional accuracy, wallthickness reduction, forming

pressure, material flow and defects ( such as wrinkling and fracture) of specimens, the effect patterns of BHP load path on

VPF ladder parts were explained. The limits of BHP corresponding to specimens with no defect and with wrinkling or
fracture defect were determined. In the limits of formable BHP, the variable load path of BHP was beneficial to drawing
blank into the die and decreasing wallthickness reduction of specimens. The experimental results show that the ladder
parts of good surface fineness and high dimensional accuracy can be obtained by variable load paths of BHP.
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1 INTRODUCTION

Sheet metal forming technology plays an impor
tant role in the modern industry, especially in elec

) . ; 1,2
tronics, automobiles, and aerospace fields! 2!

Since
the requirements for surface configuration, sheet met-
al properties, wallthickness uniformity, dimensional
accuracy and surface fineness of sheet metal parts are
becoming increasingly higher, a series of new ques
tions appear, such as serious wallthickness reduction
and low dimensional accuracy of sheet metal parts
with complicated shape and difficult-to-form sheet
metal. Conventional forming methods can not meet
the needs of these mentioned above. So it is high time
to develop new sheet metal forming technologies, the
viscous pressure forming ( VPF) is a viscous flexible
punch forming method among other things!>* .

The main difference between VPFEF and other
sheet metal flexible-die forming technology is that a
semrsolid, flowable, viscous and rate sensitive mate-
rial ( called as viscous medium) is used as carrying
pressure medium. The schematic diagram of VPF is
shown in Fig. 1. In forming process, viscous medium
is pumped into the medium chamber by pumped
medium cylinder and applied to sheet blank. By con-
trolling the relationship between the viscous medium
pressure and blank holder pressure ( BHP), sheet
metal deformation is conducted, and the sheet metal
formability can be improved.

Because of using viscous carry-pressure medium,
VPF has unique advantages: firstly, standing high

pressure and good filling property, so that parts
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Fig.1 Schematic diagram of VPF

1 —Pumped medium cylinder; 2 —Medium chamber;
3 —Viscous medium; 4 —Blank holder; 5 —Sheet blank;
6 —Die; 7 —Blank hold hydraulic cylinder

formed can fit die well and have high dimensional ac-
curacy; secondly, no harmful to sheet metal surface
so that parts retain the original surface fineness; and
finally, the semrsolid property so that viscous medi-
um is sealed easily to the benefit of controlling viscous
medium pressure and BHP. Before now, the studies
of VPF were concentrated on numerical simulations
on formability of aluminum alloy and
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superal-

To improve walkthickness uniformity of forming
ladder parts, it is required to control sheet metal flow
reasonably, and the multroperation forming is needed
for steel punch forming. With VPF, parts can be
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formed by one-operation through controlling the rela-
tionship between viscous medium pressure and BHP
to adjust sheet blank flow ing-in die and decrease wall
thickness reduction, and the parts got have high dr

. y 12,13
mensional accuracy and good surface fineness!'> "

2 MAIN DIMENSIONS AND SHEET METAL OF
LADDER PART

The main dimensions of the aluminum alloy lad-
der part are shown in Fig.2. The diameter of the
center ladder convex ( marked by A) is 20mm and
the depth is 4. 8mm, and the maximum depth of the
lateral ladder convex (marked by B) is 8.3 mm. The
diameter ratio of these two ladders is 0. 18, and the
relative thickness is 0. 71. If the ladder part is formed
with steel punch forming, the multroperation form-
ing is needed' !, and the forming parts fracture easi-
ly at corner segment of A area because of serious walk
thickness reduction.
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Fig.2 Main dimensions of ladder part

LF5M is used as experimental sheet metal,
whose property parameters are shown in Table 1
Sheet blank diameter D= 150mm and thickness ¢=
1. 05 mm.

Table 1 LF5M property parameters

Yield Elongation Young S Poisson’ s Stralp T hickness
stress /% modulus ratio hardening -

/ MPa / GPa exponent ) Py
145 16 71 0.3 0.2 0.61

3 EXPERIMENTAL

3.1 Experimental VPF die setting

A set of VPF die setting has been built and in-
stalled in 1000kN hydraulic Minster press, and is
show in Fig.3. BHP F is controlled by upper slide
(1). The viscous medium is pushed into viscous
chamber by piston (6) and generates pressure within
it, which acts on sheet blank surface. Viscous medr
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Fig. 3 Sketch of VPF die setting
1 —Upper slide; 2 —Die; 3 —Sheet;
4 —Viscous medium; 5 —Viscous medium chamber;

6 —Piston; 7 —Position sensor; 8 —Worktable
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um pressure is called as forming pressure. BHP and
forming pressure (or piston stroke) are controlled
during forming process.

3.2 Process parameters and deformation status
Load paths of BHP used in experiments are
shown in Fig. 4. Path a and c¢ stand for constant
BHP, path a for smaller BHP P; and path c for larger
BHP P4, and path b stands for variable BHP, a
smaller pressure P, at initial stage and a larger BHP
P3 at final stage respectively. Four typical forming

parameters and deformation status are shown in T able

2.

E Py Path ¢
M P, Path b
P,
P, Path a
Time

Fig. 4 Load paths of BHP used in experiments
4 RESULTS AND ANALYSES

4.1 Effect of BHP on forming of ladder convexes
The forming process of ladder parts was simulat-
ed by numerical simulation software DEFORM''
and the numerical simulation model is shown in
Fig. 5. The viscous medium used is a kind of macro-
molecule polymer, the relationship between stress and
strain are shown in Fig. 6. Sheet metal deformation
flow velocity fields of ladder convex corner ( marked
by A) during forming process are shown in Fig. 7.
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Table 2 Experimental parameters and
forming results

Substep 1 Substep 2
Specimen Max Ma.x Deformation
Specimen  forming  BHP forming BHP SEAS
pressure /MPa pressure /MPa
/MPa /MPa
1 5.4 0.8 - - Wrinkling
2 21.2 10.5 - - Fracture
No wrinkling,
not touching
= ek L=t - - die surfa(:eo
entirely
4 9.2 1.8 2.2 105 0O
defect
1
2 3 \
A
FEFHTH 4
1 & 5
; T 6

Fig. 5 FEM model used in
VPF process numerical simulation
1 —Die; 2 —Sheet blank; 3 —Viscous medium;
4 —Blank holder; 5 —Guiding device; 6 —Piston
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Fig. 6 Relationship between stress and
strain of viscous medium used by experiments

Filling with viscous medium and increasing viscous
medium pressure, sheet blank was stretched to ladder
corner (r= 3mm) of die gradually, wallFthickness in
ladder convex corner thinned. The walkthickness and
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Fig. 7 Deformation velocity fields in

ladder convex during forming process
(a) —Stroke= 15mm; (b) —Stroke= 16 mm;
(¢) —Stroke= 16.3mm; (d) —Final state

dimensional accuracy of ladder corner became the key
effect factors to forming. Specimens formed by load
paths of BHP (Fig.4) are shown in Fig. 8 and the
ladder dimensions are shown in Fig. 9 respectively.
The specimen formed with load path a is shown in
Fig. 8(b). Because of too small BHP, sheet blank
flange wrinkled due to tangential compression stress
so that viscous medium leaked and the ladder diame
ter was far less than 20 mm (Fig.9(a)). Even BHP
reached 0. 8 M Pa, ladder diameter was still very small
(Fig. 9(b)). When BHP was too large (load Path ¢
in Fig. 4), radial stress exceeded tensile stress limit of
sheet metal at the die entrance ( danger section) and
sheet blank fractured (Fig. 8 (c¢)), the ladder convex
diameter was smaller than 20mm yet. BHP load
curve was optimized by variable load path of BHP
(Path b in Fig. 4). At first, sheet blank was applied
by smaller BHP (about 1. 8 MPa) and drawn into die
without flange wrinkling and local wallthickness
thinning, the hemispherical specimen was formed in
this stage; then the two ladders were formed under
higher BHP (about 10. 8 M Pa) from the hemispheri-
cal shape specimen, and the specimen was obtained
with the requirements of dimensional accuracy finally
(Fig. 8(a) and Fig.9(d)).

specimens reaches 1T 9 10.

The surface fineness of

4.2 Effect of BHP on forming pressure

In the first stage of variable load path of BHP
(Path b), BHP was 1.8MPa,
drawn into die easily, and forming pressure varied
slowly. When piston stroke reached 14. 5mm, sheet

sheet blank was

blank became hemispherical shape and began to form
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Fig. 8 Ladder specimens obtained by VPF
(a) —No defect (Path b, BHP= 1.8, 10.5MPa);
(b) —Wrinkling (Path a, BHP= 0. 6 MPa);
(¢) —Fracture (Path ¢, BHP= 10. 5 M Pa)

the two ladder convexes so that the forming pressure
and BHP was
10. 5MPa also in this stage. At the same piston

increased quickly, increased to

stroke, sheet blank flange wrinkled with path a
(BHP= 0.8MPa) or sheet flange corner fractured
with path ¢ (BHP= 10. 5MPa). The relationship be-
tween forming pressure and piston stroke obtained by
experiments and simulations under different load
paths of BHP are shown in Fig. 10.

Corresponding to experiments under load path a
and ¢, forming pressure in simulations still increased
even though wrinkling or fracture occurred ( see
Fig. 10). The reason is that the viscous medium leak-
age was not taken into consideration in the numerical

simulation model. As to variable load path of BHP
(path b), the relationship between forming pressure
and BHP was chosen well and wrinkling and fracture
could be avoided. Simulation data were in good agree-
ment with experimental results. The optimum load
path of BHP and BHP range were predicted well by
numerical simulation, and forming pressure range un-

der formable BHP was also predicted.

4.3 Effect of BHP on sheet metal formability

The main forming defects of ladder parts are
wrinkling and fracture. Theses two kinds of defects
are related to BHP and the rate of sheet blank flow-
ing-in die, which are mainly affected by tangential
compression stress and radial tensile stress during
forming process. If BHP is too small, flange will
wrinkle due to excessive tangential compression
stress; and if BHP is too large, sheet blank will frac
ture at die entrance because of excessive radial tensile
stress. In a certain range of BHP, sheet blank is
drawn into die fully without wrinkling and fracture.
The limits of BHP corresponding to specimens with
no defect and with wrinkling or fracture defect can be
determined by the relationship between BHP and
sheet blank flange reduction, such as the safe, wrin-
kling and fracture zones, these zones got by experi-
ments and numerical simulations are shown in
Fig. 11.

The BHP range of fracture forming is larger than
10.2MPa, the BHP range of wrinkling forming is
smaller than 0. 8 MPa, and the safe zone is between
these two zones mentioned above. Under the condr
tion of variable load path of BHP, the rate at which
sheet blank drawn into die is larger due to smaller
BHP at the first stage, so that sheet deformation lo-
cates the safe zone still even under larger BHP at the
second stage, which increases dimensional accuracy of
the parts and improves the sheet metal formability.
Simulation data do not show agreement with experi
mental results in wrinkle zone, the reason is that vis-
cous medium leakage is not taken into consideration in
the numerical simulation model so that sheet blank
flange reduction increases with the decreasing of
BHP. The effect of viscous medium leakage on form-
ing process is very important in experiments, once
viscous medium was leaked, forming pressure will
drop quickly and the sheet blank flange will stop re-
ducing.

4.4 Effect of BHP on wall thickness distribution of
specimens

Under the prerequisite of no defects ( wrinkling
and fracture), the wallthickness distribution of spec
imens should be more uniform. The walkthickness
reduction ratio distribution curves of specimens ob-
tained by different load paths of BHP are shown in
Fig. 12.
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Fig. 10 Relationship between forming pressure and
piston stroke obtained by experiments and simulations
O —Simulation ( Path a, BHP= 0.8 MPa);
® —fxperiment (Path a, BHP= 0.8 MPa);

vV —Simulation ( Path ¢, BHP= 10.5MPa);

Y —Experiment ( Path ¢, BHP= 10. 5MPa);

U —Simulation (Path b, BHP= 1.8, 10.5MPa);

B —Experiment (Path b, BHP= 1.8, 10.5MPa)

Ladder convex diameters of specimens obtained with different load paths of BHP
(a) —Path a (BHP= 0. 6MPa); (b) —Path a (BHP= 0.8MPa);
(¢) —Path ¢ (BHP= 10.5MPa); (d) —Path b (BHP= 1.8, 10.5MPa)
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Fig. 11 Safe, wrinkle and fracture zones of
specimens influenced by BHP and sheet
blank flange reduction

BHP of Path a was too small and sheet blank
flange wrinkled so that the ladder convex ( marked by
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Fig. 12 Wallthickness reduction ratio
distribution curves of specimens obtained
by different load paths of BHP
B —Path a, BHP= 0.8 MPa;
® —Path ¢, BHP= 10. 5MPa;

A —Path b (Substep 1), BHP= 1. 8 M Pa;

Y —Path b (Substep 2), BHP= 10. 5MPa

A in Fig. 2) was not formed fully and the walkFthick-
ness reduction of the specimen was small, but wall
thickness increased somew hat at die entrance. BHP of
Path ¢ was too large, sheet blank was bugled nearly,
and the wallthickness of ladder convex corner
(marked by A in Fig. 2) thinned seriously, the speci-
men fractured at die entrance finally due to excessive
radial tensile. With respect to variable load path of
BHP (Path b), wallFthickness reduction ratio of the
second stage was larger than that of the first stage on-
ly at the two ladder convexes. The maximum wall
thickness reduction ratio was less than 20% .

S CONCLUSIONS

1) Ladder parts can be formed by VPF with one
operation to replace multroperation steel punch form-
ing. Optimum process parameters and variable load
paths of BHP avoid forming defects such as wrin
kling, fracture, local serious wallthickness reduction
and dimensional inaccuracy.

2) There are three BHP load ranges correspond-
ing to safe zone, wrinkle zone and fracture zone of
VPF ladder parts respectively, and the parts formed
in safe zone by variable load path of BHP meet the re-
quirement of dimensional accuracy. The variable load
path of BHP can be predicted by numerical simula-
tion.

3) Dimensional accuracy of the aluminum alloy

ladder parts manufactured by VPF can reach 1T 910,
and surface fineness retains the original surface fine-
ness of the sheet metal.
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