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Abstract. Hydrodynamic deep drawing (HDD) is an innovative production process particularly
suited to forming flat blanks. HDD can be subdivided into a pre-bulging, flatting and hydrody-
namic forming. In this study by HDD with pre-bulging, the forming of cylindrical cup is investi-
gated. Bulging parts, flatting parts and cylindrical cups of Dual phase steel (DP340/590) are
obtained and some features of these parts, including equivalent effective strain distributions,
wall thickness distributions and equivalent effective strain difference, etc., are discussed in
details. The results of the investigation show that when relative pre-bulging height is 30%, the
flatting part has reverse folding and the cylindrical cup is fractured. The thickness at 0.40d from
center increases using HDD with pre-bulging. By relative pre-bulging height of 20%, the thick-
ness increases 0.14 mm, and relative thickness increases 7%.

1. INTRODUCTION

Many car parts, such as door panels, engine hoods
and roofs latter, are strictly required with better
shapes, dimensional accuracy and improved dent
resistance. But they normally can only be stretched
by less than 5%. Therefore train hardening effects
of material processing are not able to be fully devel-
oped. As a result, partsprocessed through conven-
tional deep-drawing are of weaker dent resistance,
rigidity, strength, and less dimensional accuracy.

Unlike conventional deep-drawing, hydrodynamic
deep drawing [1,2] is a special method of drawing a
lower die filled with a fluid medium replaces the fe-
male die. There are significant advantages in using
this method, such as high attainable drawing ra-
tios, lower tool costs, better shape and dimensional
accuracy and improved dent resistance [3,4]. Fur-
ther essential advantages of this process are the
ability to use different qualities and thicknesses of
the sheet material in one die [5].

The advantages of pre-bulging using fluid pres-
sure before hydrodynamic deep drawing lie in the
introduction of higher strains into the formed com-
ponents [6]. Two processes, i.e. pre-bulging and
deep drawing in conventional deep drawing, are
implemented in hydrodynamic deep drawing using
one tool. Experiments demonstrated a 4% increase
of the buckling resistance, and around 3% increase
of the thickness reduction in hydrodynamic deep
drawing.

The main objective of this study is to investigate
the influence of pre-bulging on subsequence hydro-
dynamic deep drawing. Hydrodynamic deep draw-
ing of cylinder cups, using the materials of DP340/
590, has been researched experimentally, and the
characteristics of bulging parts, flatting parts and
cylindrical cups have been obtained with different
relative pre-bulging height. Furthermore, thickness
distributions and equivalent effective strain distribu-
tions of those parts are given.
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2. PROCESS AND TOOLS

2.1. Process fundamentals

The forming process in hydrodynamic deep draw-
ing can be subdivided into these three main phases:
pre-bulging, flatting and hydrodynamic forming (see
Fig. 1). this process, after loading the blank into the
press and applying the blank holder force, F

Q
, the

blank is then preformed from below with hydraulic
fluid of p1. Then the punch meets the blank and
forms the final shape against the hydraulic pres-
sure of p2.

Deformation amount of the pre-bulging is a key
process parameter in hydrodynamic deep drawing.
The deformation amount of the pre-bulging is repre-
sented by the relative pre-bulging height, h

R
, which

is the pre-bulging height divided by diameter of formed
part (see Fig. 1),

R

h
h

d
.  (1)

Parameters Values

Punch diameter, mm 50
Punch nose radius, mm 5
Inside die diameter, mm 55.2
Die entrance radius, mm 18.6
Inside diameter of blank holder, mm 58
Blank holder entrance radius, mm 5

Table 1. Dimensions of tools.

YS (MPa) UTS (MPa) Total EL (%) Terminal n r
00

r
45

r
90

430 690 31 0.19 0.95 1.10 0.90

Table 2. Mechanical properties of DP340/590.

2.2. Tools and materials

The hydrodynamic deep drawing in a single-acting
press is shown in Fig. 2. The 2000 kN press is used
and the maximum blankholder force is 1000 kN.
The pre-bulging function can be realized and the
maximum pre-bulging pressure can reach 100 MPa.

The dimensions for the tools are given in
Table 1. The material used in this experiment is 1.6
mm dual phase steel (DP340/590). Its material prop-
erties (Table 2) were obtained by a tensile test.

3. EXPERIMENT RESULTS

As described above, the blank of 107.5 mm were
formed by hydrodynamic deep drawing with 7 differ-
ent pre-bulging, and the relative pre-bulging height
is 0%, 5%, 10%, 15%, 20%, 25%, and 30%.

Fig. 1. Functional principle of HDD with pre-bulging. (a) Closing tool; (b) Pre-bulging; (c) flatting; (d) hydro-
dynamic forming.

Fig. 2. Schematic representation for HDD in a single-
acting press.
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Fig. 3. The formed cups using HDD without pre-
bulging.

Fig. 4. The formed parts using HDD with h
R 
= 20%. (a) Pre-bulging part; (b) Flatting part; (c) Cylindrical cup.

Fig. 5. The formed parts using HDD with h
R 
= 30%. (a) Pre-bulging part;(b) Flatting part; (c) Cylindrical cup.

Fig. 3 shows that the formed parts using hydro-
dynamic deep drawing without pre-bulging. Fig. 4
shows that the pre-bulging part, flatting part and
formed cup when the relative pre-bulging height is
20%. Fig. 5 shows that the pre-bulging part, flatting
part, and formed cup when the relative pre-bulging
height is 30%. From the experiment it was found
that the surface quality of part is good, which is
formed by hydrodynamic deep drawing with the rela-
tive pre-bulging height of 0% and 20%. Reverse fold-
ing in the die entrance occurs when the relative pre-
bulging height is 30%, and the fracture of the formed

cup occurs. The main reason is that, with larger
sheet area and bigger deformation amount of pre-
bulging, in the flatting material will not totally flow,
which could lead to wrinkles.

4. RESULTS AND DISCUSSIONS

4.1. Wall thickness distributions

Fig. 6a shows the measuring points, and Fig. 6b
shows that the wall thickness distribution of pre-
bulging part, flatting part and formed part using the
relative pre-bulging height of 20%. These figures in-
dicate that the wall thickness in the central point of
pre-bulging part is the smallest, just 1.42 mm; the
wall thickness of measured point 8 is smaller, 1.49
mm; the wall thickness of flange is 1.60 mm (is
equal to initial thickness); the thickness in the cen-
tral area of flatting part (1-5 points) is basically iden-
tical to pre-bulging part, the thickness of measured
point 6 and 7 are 1.65 mm and 1.72 mm, respec-
tively, exceeding initial thickness of blank. The wall
thickness of flange is 1.60 mm (is equal to initial
thickness); the wall thickness at the bottom of cup
is basically identical to pre-bulging part, the thick-
ness of the 6th measured point is 1.65 mm, which
exceeds panel initial thickness, the thickness of
the 8th is smallest, just 1.38 mm, the thickness of
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straight-wall part (point 9-20) gradually increases,
up to 1.88 mm. The distance from the 6th point to
center is 16.67 mm (0.40d), the thickness increases
0.14 mm after flatting. This is because the pre-bulg-
ing part compresses during flatting, leading to the
materials stacking and the thickness increasing.

Fig. 7 shows the wall thickness distribution us-
ing different relative pre bulging height. It can be
seen that without pre-bulging, the wall thickness of
1-5th points at bottom of cylindrical cups is equal to
initial wall thickness, the thickness of the 8th point
is the smallest, 1.37 mm, and the thickness of the
9-20th points on the straight-wall of cylindrical cups
increases gradually. The rule of thickness distribu-
tion is the same as the relative pre bulging height
5%-20%. The above analysis proves that by HDD
with pre-bulging, the thickness at the center from
the symmetry 0.40d at bottom of cylindrical cup is
greater than the surroundings. The minimum thick-
ness is at the corner punch and prone to form rup-
ture defects.

(a)

(b)

Fig. 6. Wall thickness distributions of formed parts
by HDD with h

R 
= 20%.(a) Measured points; (b) Wall

thickness distributions.

Fig. 7. Wall thickness distributions of cups by HDD
with different h

R
.

Fig. 8. Relative thickening vs. relative pre-bulging
height of measure point 6.

The thickness of measured point 6 is greater
than pre bulging part, which is called the relative
thickening. Relative thickening t

R
 is defined as (t

C
 -

t
P
) /t

P
, where t

P
 is the thickness of cylindrical cup

and t
C
 is the thickness of pre-bulging part. Fig. 8

shows the relation of relative thickening and relative
pre bulging height. It is clear that when relative pre-
bulging height is 20%, relative thickening reaches
the largest amount of 7%; while relative pre bulging
height is 0%-20%, relative thickening increasing with
the pre bulging height increase; while the relative
height is 25%, and the relative thickening is 3%.

4.2. Effective plastic strain
distributions

Fig. 9 shows the equivalent strain nephogram of
formed parts using the relative pre-bulging height of
20%. Fig. 10 is the equivalent strain of measured
point on formed parts, measured points show in Fig.
8a. It is shown that equivalent strain on the center
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Fig. 9. Effective plastic strain distributions of formed parts by HDD with h
R
=20%.(a) Pre-bulging part;

(b) flatting part; (c) formed cup.

Fig. 10. Effective plastic strain distributions of mea-
sured points in formed parts using h

R
=20%.

Fig. 11. Effective plastic strain difference vs. rela-
tive pre-bulging height.

of pre-bulging part reaches 0.10, and that of the
flange reaches the minimum, close to 0; the equiva-
lent strain on the center of flatting part is the maxi-
mum amount of 0.08, the 6th point is smaller, which
is 0.017, the 8th point is 0.055; cylindrical cup bot-
tom 1-5th points strain reaches the minimum amount
of 0.10, 8th point gets a larger amount of 0.31, the
strain on straight-wall of cup increases gradually,
the 20th point reaches the greatest amount of 0.60.
When pre-bulging and flatting, the panel is hold by
blank holder and lower die, and deformation occurs
in the central region, the materials in the flange are
almost steady, thus the strain in flange is 0. In hy-
drodynamic forming, the bottom material is com-
pressed, and material of flange flows into the lower
die, so equivalent strain of straight-wall on cylindri-
cal cup is relatively large.

4.3. Effective plastic straindifference

Uniformity can be described as effective plastic
strain difference (

i
), where 

max
 is the maximum

effective plastic strain of cylindrical cup and 
min

 is
the minimum effective plastic strain of cylindrical
cup. Larger effective plastic strain difference is, more

inhomogeneous the parts deform; the same as the
contrary. Fig. 10 shows that when relative pre-bulg-
ing height reaches 20%, effective plastic strain dif-
ference of cylindrical cup is 0.50. Fig. 11 shows the
relationship between effective plastic strain differ-
ence and relative pre bulging height. It shows that
relative pre-bulging height is larger, effective plastic
strain difference is smaller. Using HDD without pre-
bulging, effective plastic strain difference is 0.60,
and when relative pre bulging height reaches 25%,
effective plastic strain difference is 0.40, leading to
effective plastic strain difference decreased by 31%.
So, for HDD, increasing pre-bulging height increases
equivalent strain at the bottom of cylindrical cup,
leading to effective plastic strain difference de-
creased, and the overall deformation distribution will
be more uniform.

5. CONCLUSIONS

(1) When relative pre-bulging height is 0-25%, cy-
lindrical cups can be deformed, and when relative
pre-bulging height reaches 30%, reverse folding
occurs in the female die circle corner, fracturing in
the subsequent HDD.
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(2) In HDD, pre-bulging can increase the deforma-
tion of cylindrical cup bottom; when relative pre-bulg-
ing height reaches 20%, the wall thickness of cylin-
drical cup bottom decreased by 0.18 mm, thinning
rate increased 11%, equivalent strain increased
0.10.
(3)The wall thickness distribution of cylindrical cups
using HDD with pre-bulging is the same: the thick-
ness at the center of bottom is almost the same,
the region apart the center 0.40d thicken, and that
of lower die is the smallest.
(4) HDD with pre-bulging can make deformation of
the formed part uniform, and when relative pre bulg-
ing height is less than 25%, the greater the relative
pre-bulging height, the smaller the effective plastic
strain difference, and it enhances 50% than HDD
without pre-bulging.
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