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Abstract
This paper is concerned with Nakajima test and forming limit curve (FLC) of stainless 304 ultra-thin sheet
metal in relation to the strain rate effect. The mechanical properties related to the micro structure of
specimens are studied based on quasi static tension test. The forming limit curves are constructed by
Nakajima tests with two different strain rates, quasi-static and high speed strain rate. Compared with the
quasi-static FLC, the high speed FLC of the 304 ultra-thin metal sheet for all specimens with different
thickness is lower through the entire region. The results con�rm that the strain rates have a noticeably
in�uence on the formability of ultra-thin sheet metal. The deformation and fracture behavior for high
speed forming is discussed based on the previous study. The forming limit curves should be considered
in the design in high speed ultra-thin sheet metal forming processes.

Introduction
The rapid development of micro-electronics industry has led to the tremendous demands of parts with
dimensions in submilimeter range. Metal forming through plastic deformation is one of the most e�cient
and economical manufacturing process for producing products at micro scales. To assist manufacturers
for increase in parts productivity and reduction in the processing time, researchers are actively engaged in
improving the forming speed. High strain rate forming is gradually applied to the forming techniques.

Since Clark and Wood(1950) �rstly reported the strain rate sensitivity of certain materials in terms of an
increased forming limit under high strain rate forming, high-speed forming process appears as a suitable
approach to extend the forming limits[1].Many researchers have investigated the effect of strain rate
under high-speed deformation on the sheet metal formability. Balanethiram and Daehn(1992) presented
an increase of forming limit in the biaxial stretch region for steel[2]. Similar high strain rate increase
forming limits results had been reported by Balanethiram and Dehn(1994)[3]. Hu(2014) indicated that
strain rate could in�uence the forming limits of TRIP450/800[4]. Kim(2011) presented the high-speed FLC
of CQ was higher than the static in the tension region but lower than the static result in biaxial stretch
forming region[5]. Kiliclar(2014) investigated the forming limits for aluminium alloy sheet metal with the
specimen thickness of 1mm, results showed increased formability at a punch speed of 21m/s than at a
punch 1mm/s[6]. However, it had been shown that an actual extension of forming limits requires a
careful adjustment of the parameters(Taebi,2012)[7]. Nathalie(2017) presented the quasi static and
dynamic Nakajima tests of the tested DC01. In the area of biaxial stretching, the forming limit in quasi-
static was much higher than the dynamic case, while the result was contrary in the area of uniaxial
stretching. As reviews above, the effects of high strain rates to the forming process mainly focus on
dimension under meter scales. Up to now, no satisfactory test methods to determine forming limit at high
strain rates according to industrial level.

As the dimensions of parts scale down from macro to micro level, the traditional forming theories are
rendered ine�cient in the analysis of micro deformation behaviors due to the so-called size effect[8].
Both the experiment and numerical simulations shows a signi�cant in�uence of the size effect on the
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cracking character as the dimensions down to micro level. The forming limit curve shifts downwards with
the decreasing thickness grain size ratio[9, 10]. However, the deformation properties of ultra-thin sheet
metal at high strain rate are different from that at quasi static strain rate. Malik(2019) presented dynamic
compression under high strain rate is more uniform in comparison of quasi-static test[11]. Zhu(2021)
indicated the fracture mode of pure titanium foil exhibits a sensitivity to high strain rate, which transform
from mixed fracture of ductile fracture and cleavage fracture to thorough ductile fracture when tension
strain rate from quasi-static to high strain rate[12]. Investigation on the size effects at high strain rate is
still in discussion.

For this study, stainless 304 ultra-thin sheet metal with different kinds of thickness is selected for the
purpose of investigation how the strain rate affects the forming limit. First, uniaxial tensile test is
conducted to see the mechanical properties for the thickness in submilimeter range and the size effect.
Secondly, a high speed crash testing device is designed so that we could abstain the forming limit curves
under high speed Nakajima test. Finally the forming limit curves under high speed forming and quasi-
static forming are compared and studied.

Mechanical Properties And Microstructure Analysis

1.1. Tension test
Recrystallized stainless 304 with the thicknesses of 30 µm, 60µm, 100µm is used in the study. The
chemical composition is listed in Tab.1.The �rst subject in investigations is determination of the
mechanical properties for the ultra-thin specimens. For this purpose the tensile test is employed, focus on
the stress, the strain and the ductility. The test specimens are prepared in the loading directions: the
rolling direction(RD), the diagonal direction(DD), and the transverse direction(TD). Fig. 1 shows a tensile
specimen with the parallel region 30mm, the width of 10 and the �llet radius of 30. Tensile test procedure
is conducted with the testing machine MTS at tensile speed 0.08mm/s.

The strain hardening coe�cient(n), the ratio of yield stress(YS) to ultimate tensile strength(UTS),the
elongation at fracture(El) and the anisotropy Coe�cient(r) are obtained from the true stress-strain curves
as shown in Tab.2. The tangent modulus is �tted by the least square method for the linear change of
material in plastic stage. The test results indicate the strong in�uence of the size of specimen. The
YS/UTS value approximates the value of 0.5 for both cases. The specimen with thickness of 10µm
shows higher hardening coe�cient than the other ones. The specimen with thickness of 100µm shows
the highest elongation at fracture for about 200% more than the other ones, which implies that it has the
best formability performance compared to others. The anisotropy is observed from both cases. However,
the anisotropy r does not seem to change signi�cantly with the specimen dimensions.

1.2. Metallographic experiment and discusson
For characterization of ultra-thin sheet metal, a micro-structural investigation is performed with optical
microscopy. For metallography purpose, specimens are polished with colloidal silica before etching with



Page 4/16

solution (30mL concentrated hydrochloric acid [HCI], 10mL concentrated nitric acid [HNO3]).

The microstructures of the plane for the specimens are shown in Fig. 2, the average grain size d of 20µm
for different thickness of the specimens. The deformation character is signi�cantly related to the micro
structure of specimens. With the different grain numbers through the thickness section, the mechanical
properties show a certain size effect. Many previous researches have reported that when the ratio of
specimen thickness to grain size decreases to a critical value, not only the �ow stress and ductility of the
material but also the fracture mode and the surface roughness of the deformed samples will change a
lot. For the thickness of 30µm specimen, there are almost one or two grains across the section, the �ow
stress shows the tendency “The thinner the weaker”. For the thickness of 60µm specimen and 100µm
specimen, there are several grains across the section. There are more grains for the thickness of 60µm
specimen than the thickness of 100µm specimen with thickness effect “thinner is stronger”. Geiger and
Engel proposed the widely accepted surface layer model that can explained “The thinner the weaker”. The
grains in deformation zone are divided into surface grains and internal grains and it is considered that
surface grains have lower �ow stress than internal grains because of enduring less restrictions and lower
dislocations pile up ability in this model.

Table.1 Chemical composition of 304

C Si Mn P S Cr Ni

0.05 0.32 1.1 0.026 0.002 18.01 8.02

Tab.2 Mechanical properties 

Thickness

(µm)

Loading

direction

YS(MPa) UTS(MPa) El(%) r n

30 RD

DD

TD

343

320

321

700

680

682

5.07

5.01

4.98

1.021

1.015

1.016

0.293

0.287

0.289

60 RD

DD

TD

750

720

701

1214

1198

1180

5.4

5.3

5.1

1.622

1.619

1.612

0.122

0.119

0.117

100 RD

DD

TD

450

430

420

848

830

821

13.2

12.5

12.1

1.251

1.223

1.212

0.207

0.206

0.205

Quasi-static Nakajima Test
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2.1. Test procedure
The test rigs for quasi-static Nakajima test are shown in Fig. 3. The diameter hemispherical punch is
10mm. To obtain the various strain ratios of the deformed specimen, different specimen geometries with
widths of middle section of 10mm, 20mm, 30mm and 40mm are used as shown in Fig. 5. Here, the strain
ratios of the deformed patterns range between the simple tension region to the biaxial stretch region. The
width of 40mm specimen is used to obtain biaxial tension mode and The width of 30mm specimen is
used to obtain stretching mode. Plane strain mode is obtained from the width of 20mm specimen size
and uniaxial tension mode is obtained from the width of 10mm specimen size. The rigs are performed on
the MTS to record the punching speed and the punching force as shown in Fig. 4. Lubrication condition
with lubricating grease is applied between the specimen and the punch.

2.2. FLC test result
The forming limit diagram(FLD) is providing a graphical description to the maximum deformation a
material can withstand prior to failure. Within the FLD the forming limit curve(FLC) depicts the maximum
deformation to failure for different states of in-plane strains, where ε1 is the major strain and ε2 is the
minor strain. The strain can be obtained from grids marked on the surface of the specimen. The circle
grids(each diameter is 100μm)are printed by Photolithography method as shown in Fig.6(1), which
become elliptical during deformation. The deformed grids in the �rst row next to fracture curve are
considered as necking and the grids in the second row are safe. The deformation of grids near the
fracture is measured with a microscope so that the major strain and the minor strain could be determined
as shown in Fig.6(2).

Figure 7 shows fractured specimens after testing at quasi-static Nakajima test. The localized fracture of
the specimens took place in the center of the specimen which indicates a lower sensitivity to the friction
conditions. The schematic diagrams of each specimen for the quasi-static test are used to construct the
FLC as shown in Fig. 8. The forming limits are the result of maximum of interpolated bell-shaped curves.
For the tested thin sheet metal, no complete shift up or downwards of the FLC.

High Speed Nakajima Test
3.1. Test procedure

A high speed crash testing device is designed to evaluate the forming limit of the ultra-thin sheet metals.
As shown in Fig. 9, the device has six parts: compressed air bottle, pressure regulator, pressure storage,
pressure check valve, Cylinder and punching jigs. The Nakajima test parameters in high speed test are
same as quasi-static test. Maximum air pressure in pressure storage is adjustable from 0.8Mpa to
5.0Mpa under the pressure regulator. The schematic design of high speed punching device is shown in
Fig. 10. The punch can be accelerated by the pneumatic system at maximum velocities up to 20m/s. As
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shown in Fig. 11, high speed camera is mounted in front of the forming device.The camera records the
velocities of punch with frequencies up to 2000Hz.

In contrast to the quasi-static Nakajima test, the high speed Nakajima test cannot stopped precisely at
the onset of a fracture in a specimen because the punch speed is too fast for the fracture moment. A lot
of dry runs are carried out to �nd the optimal dome height by adjusting the distance between the support
frame and the forming device. The fracture moment is obtained by regulating the distance through repeat
experiment.

3.2. Experimental result

The fracture depth is abstained from the high-speed Nakajima test as shown in Tab.3. The fracture depth
with punch speed at 12m/s for ultra-thin sheet metal with thickness of 30µm is about 2mm, thickness of
60µm is about 3mm, thickness of 100µm is about 4mm. However, The fracture depth for specimen in
quasi-static Nakajima test at 0.08mm/s punch speed with thickness of 30µm is about 3mm, thickness of
60µm is about 5mm, thickness of 100mm is about 7mm. Obviously the fracture depth in high-speed
Nakajima test decreases comparing with the quasi-static Nakajima test result for both cases shown as
Tab.3. The specimens with thickness of 30µm shows the lowest fracture depth value in both high-speed
Nakajima test and quasi-static Nakajima test. Fig. 12 shows fractured specimens after testing at high
speed Nakajima test. The fracture of the specimens mainly takes place near the center of the specimen,
which is different with the quasi-static Nakajima test result. It indicates the specimen under high speed
punch is more sensitive to the friction conditions.

Tab.3 Fracture depth 
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Thickness(µm) Loading direction Fracture depth(mm)

Quastic test High-speed test

30 10

20

30

40

3.3

3.2

3.1

3

2.5

2.3

2.2

2

60 10

20

30

40

5.4

5.2

5.2

5

3.4

3.3

3.1

3

100 10

20

30

40

7.2

7.1

7.1

7

4.2

4.1

4

3.9

Based on the speed measurements, the strain rates are estimated by dividing the evaluated major strains
by time needed for a full stroke. The mean strain strain rates for quasi-static test with punch speed at
0.08mm/s is 0.0027s-1 and for high-speed test speed at 12m/s is 2.4×103s-1. Forming limit curves
comparison at 12m/s punch speed and 0.08mm/s punch speed is shown in Fig. 13. There is a distinct
difference in the strain states between specimens tested at quasi-static test and at high-speed test.
Punching speed drastically affects the formability of the test metal. The high speed punching leads to a
lower FLC both in the right side of biaxial stretching and the left side of uniaxial stretching. The averaged
decrease in major strain ranged from 20–30% for tension area, and from 30–50% in the plane strain
regime. In all the cases, the forming limit curves shift downward is observed in all cases of the specimen
with different thickness. Both sides of FLC for all cases specimen at high speeds is shorter than the
quasi-static curves. However, the left side of FLC for 30µm thickness specimen at high speed goes close
to the FLC at quasi static speed. The reason for this phenomenon might be the increase of uniform
elongation during dynamic deformation. However, the right hand side of FLC at high speed goes lower
than that at quasi static speed.

The specimen for thickness of 100µm at high speed forming shows higher strain range than the other
ones. The result is similar with the quasi static test. The result implies the higher thickness specimen with
more grains across the section have better formability both in high speed forming and quasi static
forming .

3.3. Result discussion
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From the macro level to describe the deforming process, sheet metal forming involves large plastic
strains that may induce ductile damage, concluding initiation, growth and coalescence of microvoids and
microcranks and degradation of material properties[13].The deformation behavior and fracture depend
on the mechanism for the deformation twinning and dislocation slip. In macro level similar result is
obtained that the high-speed FLCS are lower than the static FLCS in the biaxial stretch region due to the
shear fracture[5]. The shear fracture decreases the ductility of sheet metals. Study also shows that
fracture mode is mainly caused by ductile fracture at high strain rate[12]. As strain rate increases, the twin
density will increase signi�cantly. This is mainly because the �ow stress increases dramatically with the
increasing of strain rate and higher �ow stress makes it easier for twinning to nucleate and evolve. Then
transformation from mixed fracture mode of ductile fracture and cleavage fracture to thorough ductile
fracture when tensile strain rate increases from quasi-static to very high strain rate.

Previous arts reported that the tooling-workpiece interfacial friction increases with the decrease of
specimen size[14]. This size effect can be explained by the increase of the proportion of real contact area
while interfacial friction will decrease with the increase of grain size due to the decrease of grain
boundary strengthening effect and the increase of surface grain fraction. The localized fracture of
specimens for the quasi-static test took place in the center of the specimen which is lower sensitivity to
the friction conditions comparing with the fracture near the center of the specimen for high speed test. It
indicates the interfacial friction in high speed test is more sensitive comparing with the quasi-static case.

For this study when the specimen thickness get to the micron level, there are several grains across the
thickness. The number of grains would be small and each grain’s crystallographic property would play
crucial role in the plastic behavior of the material. The surface grain and inner grains play different roles
in the slipping-twinning transition. Especially the deforming process varies with high strain rate in high
speed deformation. So This should give impetus to further work on exploring how the forming speed
affect the formability in micro level.

Conclusion
With this paper, high speed Nakajima tests and quasi-static Nakajima tests with the ultra-thin 304 sheet
metal have been presented. The developed high-speed Nakajima testing device and quasi-static testing
device has developed for the deformation at high speed and quastic-static forming. The punching speed
is recorded by high-speed camera. The de�ning FLC under different strain rate is illustrated by measuring
deformation of grids near the fracture.

(1)The results of tensile test are used to evaluate the formability of 304 ultra-thin metal sheet at quasi
static test speed. The tension character is signi�cantly related to the micro structure of specimens. The
specimen with higher thickness shows higher hardening coe�cient and elongation than the thinner ones.
This result implies the higher thickness specimen with more grains across the section have better
formability.
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(2) Forming speed drastically affects the formability of the test metal. The presented high-speed FLC(at
10m/s punch speed) both in the right side and the left side is lower than quasi-static speed FLC(at
0.08mm/s punch speed) for 304 ultra-thin metal sheet with thickness 0.01mm, 0.03mm, 0.1mm. Both
sides of FLC for all cases specimen at high speeds is shorter than the quasi-static curves. The left side of
FLC for thinner specimen at high speed goes close to the FLC at quasi static speed. However, the right
hand side of FLC at high speed goes lower away than that at quasi static speed.
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Figures

Figure 1

Testing specimen
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Figure 2

Microstructures of the material through the thickness section

Figure 3

Sketch of Punching rigs for the quasi-static test        
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Figure 4

The quasi-static test setup

Figure 5

Geometry of tested specimens
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Figure 6

Grids and testing

Figure 7

Fracture specimens for quasi-static test

Figure 8
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Forming limit curve for quasi-static test

Figure 9

Schematic design of high speed crash testing device design

Figure 10

Schematic design of high speed punching device
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1. Cover І 2. Maganet  3. Piston  4. Cylinder barrel  5. Piston rod  6. Cover  7. Connecting bolt 8.
Punch 9. Support frame  10. Specimen

Figure 11

High speed crash testing device

Figure 12

Fracture specimens for high speed test
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Figure 13

Forming limit curves for high-speed test


