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Abstract: Strain hardening. strain rate strengthening and thermal softening data of C5191 phosphor bronze at high-
speed blanking are not easy to be obtained with a general measure method, therefore, it is quite difficult to estab-
lish the dynamic constitutive model. To solve this problem, the tensile properties at a strain rate of 1 s~ ' by
GLEEBLE-3500, and dynamic tensile conditions at strain rates of 500, 1 000 and 1 500 s~ ' by split Hopkinson ten-
sile bar (SHTB) apparatus are studied. According to these test data, the classic Johnson-Cook equation is modi-
fied. Furthermore, the modified Johnson-Cook equation is validated in the physical simulation model of high-speed
blanking. The results show that the strength of C5191 phosphor bronze maintains a certain degree of increase as
the strain rate increasing and presents a clear sensitivity to strain rate. The modified Johnson-Cook equation, which
has better description accuracy than the classical Johnson-Cook equation, can provide important material parame-
ters for physical simulation models of its high-speed blanking process.

Key words: C5191 phosphor bronze; split Hopkinson tensile bar (SHTB) ; Johnson-Cook equation; dynamic con-

Vol. 35 No. 6

stitutive model; high-speed blanking

CLC number: TG386 Document code: A

0 Introduction

Phosphor bronze presents many advantages
including good mechanical performance, favorable
corrosion resistance, and good wear resistance, as
well as little possibility of producing impulse
sparks. It is usually applied in wear-resistant
parts and elastic elements™ in fields such as aero-
nautical and aerospace engineering, electrical ma-
chines and equipment, and electronic information
components. It is particularly used in connector
terminals, and lead frames of integrated circuits
in part manufacturing based on information tech-
communications,

nology including computers,

and resource consumption. Moreover, metal

parts, including electrical connectors and plugs in
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aeronautical and aerospace engineering, and data
transmission connectors in high-speed vehicles in
the era of big data, are manufactured by conduc-
ting high-speed precision progressive stamping
(HSPPS) on phosphor bronze. HSPPS is a press-
ing manufacturing technology which is realized by
installing precise and complex progressive press
dies consisting of multiple processes including
blanking, bending, drawing, and forming by
high-speed stamping. Such press is equipped with
automatic material feeding and receiving mecha-
nisms, thus realizing automatic and efficient mass
production. Its stamping speed can range from
800 strokes per minute to several thousands of
minute

strokes per during mass-production.
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HSPPS is considered as an advanced manufactur-
ing technology with high efficiency and precision
as it integrates precision manufacturing, comput-
er technology, automatic control, and green man-
ufacturing. It is a developing technology and
leads the trend in precision stamping-2®.
Blanking is a basic process that accounts for a
large proportion of the work in HSPPS. Because
the behavior of metals in high-speed blanking is
highly non-linear, the plastic deformation and
fracture of the materials are confined to a narrow
area around the cutting edge. This leads to signif-
icant vertical and lateral pressure on the cutting
edge, which tends to cause rapid friction heat-

“%) Meanwhile, during high-speed blanking,

ing
there is a small gap. and given the high speed and
long processing time, the increased temperature
of the materials is therefore quite obvious. Be-
sides, the constitutive model of the materials in
the process of high-speed blanking becomes more
complex due to the enhancing effect of strain rate
and strain hardening under large strain at high
speed. Existing results indicate that the time
taken to undertake high-speed blanking is short as
the process can be over within several microse-
conds. As the partial temperature of the blanking
section reaches 400°C, metals are subjected to
large strain (1—3 mm/mm) and ultra-high strain
rates (10°—10" s )% On this basis, it is diffi-
cult to measure data including temperature,
strain, and strain rate, as well as the flow stress
induced by high-speed blanking due to the limita-
tions of the measuring instruments and methods,
and the gaps between measurements. Therefore,
it is a great challenge to establish a dynamic con-
stitutive model that can identify the high-speed
Refs. [ 9, 10] obtained the

strain and stress curves of QSn6. 5-0. 1 phosphor

blanking process.

bronze through conducting uniaxial tensile tests
and introduced the results into an finite element
analytical model of blanking-induced deformation

in HSPPS. Ref.[11] constructed a model consti-

tutive relationship for thin plates under the influ-

ence of size effect, and provided a reliable basis of
material performance for studies of the mecha-
nism of micro-blanking in HSPPS. Refs. [12-13]
conducted a tensile test to explore the size effect
on the micro-scale plastic deformation of phos-
phor-bronze thin plates, and constructed a consti-
tutive model of the size effect based on the thick-
ness of the materials. Falconnet et al.™ per-
formed a uniaxial tensile test to obtain stress-
strain curves of copper alloy thin plates, and built
an elastoplastic constitutive equation to simulate
blanking. Refs. [ 15-17 ] revealed that the me-
chanical performance and deformation behavior of
such materials under dynamic load were signifi-
cantly different from those under static and quasi-
static loads. The elastic modulus, strength, and
toughness of materials vary as the strain rate in-
crease. Deformation behaviors of metals mainly
focus on the locality and non-isothermal of de-
formation, as well as the intense effects of shock
wave. According to previous research, the me-
chanical performance measured in tensile tests
under quasi-static load fails to represent the dy-
namic response of materials during high-speed
blanking. Hence it is necessary to study the dy-
namic deformation behavior of materials to under-
stand their mechanical performance under harsh
environments. This is considered to be the key to
the application of phosphorus bronze components
formed by high-speed blanking.

In this paper. split Hopkinson tensile bar
(SHTB) tests are performed to acquire the me-
chanical performance of C5191 phosphor bronze
under high strain rates at high temperatures. By
combining the data with numerical simulation
output, the dynamic constitutive relationship for
the physical simulation of high-speed blanking is
established.

1 Experiment

1.1 Material

The experimental material used in the paper
is C519-H phosphor bronze. Its chemical compo-

sitions (in weight) are as follows: Zn (5. 5%—
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7.0%), P (0.11%—0.13%), Fe (< 0.02%),
Pb (< 0.05%), Zn (< 0. 20%), and Cu(bal-
ance). Under the process of blanking, the anisot-
ropy of the thickness direction of the sheet mate-
rial is not considered. Therefore, it can be used
to obtain the stress-strain relationship of the ma-
terials by using isotropic bar tensile experiments.
In order to achieve the strain concentration in the
center of each specimen, the bars are machined
into tensile specimens for tensile test. The di-
mension of the tensile specimens under low strain
rates is shown in Fig. 1 (a) and that under high
strain rates is shown in Fig. 1(b). The specimens
formed by mechanical processing need to be pol-
ished with metallographic sand papers to reduce
the stress concentration induced by partial micro-
cracks, and the residual stress caused by mechan-
ical processing. The surfaces of the specimens are

then cleaned by ethanol.
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Fig. 1  Geometries of tensile specimens at

different strain rates

1.2 Method

The dynamic constitutive equation of the ma-
terials must be established by taking lower strain
rate data as references. Fig. 2 (a) shows a
GLEEBLE-3500 thermal simulator for measuring
stress-strain curve of C5191 phosphor bronze un-
der lower strain rate (1 s™') at room tempera-
ture. HSTB is adopted in this dynamic tensile
test (Fig. 2(b)). In order to match the test envi-

ronment with the field application conditions of

high-speed blanking, the strain rates of 500, 1 000

(b) High strain rate

(a) Low strain rate

Fig. 2 Experimental apparatus of tensile test at dif-

ferent strain rates

and 1 500 s ! are adopted in the temperature

range of 20 ‘C and 100—400 °C, respectively.

2 Results and Discussion

2.1 Strain-stress curves obtained from dynamic

tensile tests at room temperature

The strain-stress curves of C5191 phosphor
bronze from dynamic tensile tests at room tem-
perature are shown in Fig. 3(a).

The increase of strain rate causes the flow
stress on the specimens to increase. This demon-
strates that the influence of strain rate on the
strength of the material in the stage of plastic de-
formation is more prominent. The strain rate
sensitivity m is given byt

dln o

QY]

m= -
dln e

where ¢ is the stress corresponding to the same
tensile strain produced at a constant strain rate,
and ¢ is the strain rate.

By processing the experimental stress-strain
data based on Eq. (1), the varying trend of the
sensitivity index m with the variation of strain
rate is given in Fig. 3(b). As strain rate increa-
ses, m also increases significantly. However, m
tends to decrease gradually at high strain rates
(> 10° s '). The strain hardening index =,
which is more sensitive to uniform plastic deform-
ation, increases in the dynamic tensile test (Fig. 3
(¢)). n is considered as an important index for
the measurement of the capability of metals in

terms of their uniform plastic deformation (n =

J T
(72). Its values reflect the possibility that one ma-
O
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terial may undergo micro-plastic deformation
[2021) " Hence, the C5191 phosphor bronze exhib-
its an apparent strain hardening and an increasing
strain rate. The dynamic mechanical response of
the material under high strain rates (10°—
10" s7') in high-speed blanking needs to be inves-
tigated further.
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Fig. 3 Tensile mechanical properties of C5191 phosphor
bronze under different strain rates at room tem-

perature

2.2 Strain-stress curves obtained under high

strain rate at different temperatures

To explore the effect of different tempera-
tures on C5191 phosphor bronze under high strain
rate, SHTB tests are conducted to get strain-
stress curves (Fig. 4). With the increasing tem-
perature, the material is subjected to decreased
flow stress and undergoes thermal softening.

This suggests that the thermal effect affected the

rheological properties of the material. Studying
the dynamic flow stress changes of materials un-
der high strain rates is helpful to analyze the de-
formation caused by high-speed blanking at the

maximum local temperature of 400 °C.
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Fig. 4  True stress-strain curve at different tempera-

tures under strain rate of 1 500 s

2.3 Dynamic constitutive model and its modifica-
tion

Johnson-Cook constitutive model and its
modified version are usually adopted in the analy-
sis of the dynamic mechanical properties of mate-
rials under high strain rates at high temperatures.
Johnson-Cook model can describe flow stress as a
product of three items, i. e., strain hardening,
strain rate, and softening temperature, by con-
sidering the effect of temperature and strain rate

on materials'**’

o(e, e, T) :(A+Be;>(1+cln( jj

£
€o

(h(L*Tfjj'" 2
T, — T,
where ¢ is the flow stress; €, .¢, T are the strain,
strain rate and temperature, respectively; A is
the initial yield stress at room temperature by re-
ferring to strain rate¢, and the reference tempera-
ture T,; B and n are the strain hardening modulus
and the hardening exponent of the material; C is
the strengthening strain rate; m denotes the ther-
mal softening index of the material; T, and T,
are the room temperature and melting tempera-
ture.

Based on the physical concept of the Johnson-

Cook model, and the stress-strain curves obtained
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from tensile tests at room temperature at the ref-
erence strain rate (1 s*') and reference tempera-
ture shown in Fig. 3(a), the initial yield stress A
can be obtained. Thereafter, Origin software is
used to perform regression of the stress-strain
curve, thus obtaining the values of B and n, re-
spectively. The values of C and m can be obtained
from SHPB tensile tests at room temperature and
other different temperatures, and the detailed da-
ta processing are given in Refs. [ 23-24 ]. The fit-
ting parameters of the Johnson-Cook model are
listed in Table 1.

Table 1 Fitting parameters of Johnson-Cook model for
C5191 phosphor bronze
A B n C m
449. 42 195.57 0.494 7 0.031 1.53

Johnson-Cook model in the existing research
can describe the mechanical performance of met-
als under the deformation induced by high strain
rates at high temperatures. However, the de-
formation process of the material and the deform-
ation history of the metal material have not been
taken into account**), Given the strain in the
blanking process can reach 1—3 mm/mm,howev-
er, the strain in a tensile test is far less than that.
The Johnson-Cook model needs to be constructed
by modifying the strain hardening behavior based
on SHPB test data. As a standard material for
dynamic tensile test, the dynamic Johnson-Cook
constitutive model of oxygen-free copper must be
built by adding a strain hardening index. In this
way, the effect of the process of tensile deforma-
tion on the mechanical performance of the materi-

als can be precisely described as™"

O — (A+ Be} +Bie %) (1 + Clne) -

(-G=5)) @

Based on the parameters of typical Johnson-
Cook constitutive model, the modified model in
this research adds two parameters, B, and n;. In
order to obtain the values of the two parameters,
Origin software is used to fit the dynamic tensile

stress-strain curves under different strain rates.

The fitting results of the modified index of strain

hardening are shown in Fig. 5. It reveals that the
strength of the modified strain hardening is
slightly higher than that of the unmodified. The
fitting precision increases from 0. 919 4 to
0.949 8. The modified Johnson-Cook model can
be expressed as

o, = (449,42 +195.57¢, "7 +0.16 2¢ “'%%) »

o 1.538
(1+o0. 0311né>[1— (uj] €D)

T,—T
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Fig.5 Comparison between fitting results and experi-

mental data of strain hardening function for

Johnson-Cook model

3 Verification of the Modified John-
son-Cook Model in Simulation of
High-Speed Blanking

The height of the bright area of the blanking
section is used to characterize the quality of this
section. The proportions of the bright area in the
blanking section can reflect the section quality.
By introducing the obtained Johnson-Cook model
of C5191 phosphor bronze into DEFORM soft-
ware, the process of high-speed blanking is simu-
lated.

In this paper, the grid deletion method is
used to deal with those grids corresponding to the
critical ductile damage values of the materials,
namely the C value for fracture creation., when
the blanking crack occurs. On this basis, the
process of the formation of the blanking section is
simulated and the morphology of the blanking
section is obtained for comparison with the mor-
phologies of the blank sections in real production
at the Jiangsu Engineering Technology Research

Centre of Precision High-Speed Dies. Moreover,
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the precision of the simulated process of high-
speed blanking is further validated by combining
the variation of the blanking forces obtained by
comparing experimental and measured data.

The physical model of the process of high-
speed blanking is illustrated in Fig. 6(a), and the
geometric parameters of blanking process are lis-
ted in Table 2. The punch, die, and stripper
plate are considered to be rigid, whereas the sheet
metal material is considered to be plastic. It is
useful to reduce the number of elements by defi-
ning a different mesh density in different zones of
the sheet. For example, a very dense mesh is de-

fined in the shearing region (relative element size

of about 0. 000 01), whereas a coarse mesh is
used for the outside areas. The total numbers of
elements and nodes are 16 004 and 15 644, re-
spectively. For the finite-element simulation with
an initial temperature of 20 °C, the punch pene-
tration depth is increased by 0. 004 mm for each
step and the calculation is interrupted after every
10 steps. Additional simulation parameters and
boundary conditions are shown in Table 3.
Table 2 Geometric parameters of blanking process

mm

Thickness Dimension Clearance Fillet  Stripper gap

0.12 $0. 5 0. 007 0.01 0.003

Table 3 Object boundary conditions

Heat transfer Thermal softening

Punch Die Stripper plate Sheet metal . .
coefficient coefficient
Rigid body . Rigid body Plastic body
Rigid body . .
V.=0 V.= V.—0 V.= V,=0 (Axisymmetric) 0.95 0.8
V,=1 000 mm/s ! ’ P,=5 MPa V.=0, V,= free

As the fracture of the blanking is found on
the interface between the punch and die, the grids
of the materials surrounding the blanking gap are
locally refined (Fig. 6(b)). The blanking speed is
set to 1 000 mm/s, which is equivalent to 1 200

strokes per minute in practical production.

Binder force-

=S

* Stripper ‘plate )

Sheet

D‘ R, _Die
| A
" D,/2 _J_
e, Axis of symmetry

(a) FEM simulation model of blanking

Die
(b) Different mesh densities in different zones of sheet

Fig. 6 Simulation model of high-speed blanking

The morphology of the blanking section is
shown in Fig. 7(a), and the comparison results of
blanking forces are illustrated in Fig. 7(b). The
ratios of H, and H, to the thickness of the mate-
rials are 53. 392 9% and 53. 719 7%, respective-
ly. While the simulated and actual maximum
blanking forces are 553 and 545 N. The results
show that the modified Johnson-Cook constitutive
model for C5191 phosphor bronze can better pre-
dict the height of the bright areas in its blanking

section and the variation of blanking force.
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Fig. 7 Comparison between simulated and experimental results
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4 Conclusions

(1) The strength of C5191 phosphor bronze
increases to different extents during dynamic ten-
sile test at high strain rate, which shows obvious
sensitivity to strain hardening and strain rate.

(2) The dynamic constitutive relationship for
C5191 phosphor bronze is obtained based on Hop-
The modified Johnson-Cook

equation takes strain hardening into account and

kinson tensile test.

has higher accuracy than the typical form.

(3) The obtained dynamic constitutive equa-
tion can describe the dynamic deformation charac-
teristics of C5191 phosphor bronze under large
strain and high strain rate.

This study provides the technological param-
eters for the FEM numerical simulation of high-

speed blanking of C5191 phosphor bronze.
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