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A Study on Deformation Characteristics of the Plane 
Strain Punch Stretching Test 

Youngsuk Kim* and Dongwon Jung** 
(Received July 21, 1997) 

Recently, a new simple test method called plane strain stretching (PSS) test has been 

developed to evaluate the stamping formability of sheet materials. From the previous studies, the 

PSS test has been proved to have a good reproducibility and Io show good correlation with the 

press performance. In order to clarify the deformation characteristic of the PSS test and to 

investigate the effect of material and process variables on the performance of the PSS test, 3- 

dimensional finite element simulations for the PSS test were performed and its results are 

compared with those of experiments. 
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1. Introduction 

The stamping process plays an important role 

in the automotive industry. Various deformation 

modes such as stretching, drawing, bending, or a 

combination of these occur during the stamping 

process. Currently, there are several kinds of 

experimental and simulative tests that duplicate 

well each deformation mode occurring in the 

stamping process, as discussed in (Ghosh. et. al., 

1984). Among these simulative tests, the Erichsen 

cup test, Swift cup drawing test, and the hemis- 

pherical punch stretching test (LDH report, 1990) 

are frequently used to evaluate the material for- 

inability. However, these test methods sometimes 

produce poor data reproducibility and unrealistic 

evaluation, especially for the zinc-coated steel 

sheets which are widely used in car bodies for 

their excellent anticorrosion property, in order lo 

successfully obtain the desired shape of a panel, it 

is necessary to avoid forming failures such as 

local necking and shape inaccuracy and to assure 

the stamping formability of sheet material. 
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Recently, two simple and effective test methods 

have been developed to evaluate the stamping 

formability of sheet materials. One is the new 

Ohio State University Formability test(Saunders 

and Wagoner, 1993 ; Sub and Wagoner) and the 

other is the Kim's plane strain stretching test 

(Kim, et al., 1993 ; Kim and Park, 1994a ; Kim 

and Park 1994b), In the OSU formability test a 

long rectangular specimen is uniformly stretched 

under the action of a long, small radius of cylin- 

derical punch until the failure of the specimen 

occurs in plane strain deformation mode. Some 

finite element simulations were performed to 

investigate the effect of the tool geometry and the 

specimen size on the deformation characteristic. 

Therein, the optimum condition of these parame- 

ters is ascertained(Saunders and Wagoner, 1993 ; 

Sub and Wagoner, 1993). 

However, in the PSS test, a specially designed 

cylindrical punch is used to assure a plane strain 

stretching deformation at overall area of the rec- 

tangular specimen with a proper width. In the 

PSS test the specimen width of 126ram, critical 

width, for punch geometry of 70ram in width and 

70mm in length with punch corner radius of 5ram 

yields a plane strain deformation of the specimen 

for various automotive sheet materials including 

high strength steel sheet and aluminum sheet 
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(Kim, et al., 1993). The limiting punch height 

(LPH) value measured at plane strain fl-acture is 

used as a measure of material formability. The 

PSS test showed good reproducibility for various 

automotive sheet materials and good correlation 

with press performances. 

The characteristic of the PSS test can be clar- 

ified by investigating the effect of the material and 

process variables on the results of the PSS test. 

However, due to the limitation on the arbitrary 

assignment of the material and process variables 

in the: real experiments the numerical virtual test 

with properly designed variables should be fie- 

quently referred. The finite element method 

(FEM) with robust calculation procedures and 

extensive verification of the results could be suit- 

ed for this purpose (Saunders and Wagoner, 

1993 ; Sub and Wagoner, 1993 ; Park and Lee, 

1994 ; Yoshida et al., 1993). Due to significant 

advances in the simulation of sheet metal forming 

processes using FEM it is now possible to make 

realistic analyses of sheet metal forming opera- 

tions that taking the material and process vari- 

ables into account. 

In this paper, the detailed characteristics of the 

PSS test are studied by using the commercially 

available 3 dimensional stamping simulation 

FEM code, namely the explicit dynamic code 

PAM--STAMP version 2.1 (PAM-STAMP,  

1992). The effect of material variables (material 

anisotropy parameter and work hardening expo- 

nent) and process variables (specimen width and 

coefficient of friction) on the strain distributions 

and the LPH values would be simulated, and then 

the numerical results will be compared with 

experimental ones. 

2. Finite Element Simulation with 
P A M - S T A M P  

2.1 Finite element modelling 
Fit, ure l(a) and (b) show schematics of tool 

set up geometry -punch, blank holder and die- 

under testing and tested specimen of PSS test, 

respectively. 

Figure 2(a) and (b) show the finite element 

model for the PSS test process and the schematic 

(a) 

(b) 

Fig. I Schematics of (a) tool set up geometries and 
(b) the tested specimen of plane strain 
punch stretching test. 

view of the deformed/undeformed specimen, 

respectively. Due to the symmetry of deformation, 

FE simulation was done for one quarter of the 

specimen. The uniform mesh of 2400 quadrilat- 

eral shell elements (40 elements in width direc- 

tion and 60 elements in longitudinal direction) 

with 3 integration points were t, sed in the FE 

simulations. The average element size is about I. 

5ram in width and 1.5mm in length throughout 

this work. In the Fig. 2(b) the numbers 1, ..., 4, 

�9 .., 7 along the longitudinal direction of the 

specimen denotes the area where the strain was 

measured. These areas are located at intervals of 

7.Smm flom the center in the undeformed speci- 

men. 

2.2 Material properties 
Four materials including high strength steel 

and austenitic stainless steel were tested in this 

study, Table 1 shows the mechanical properties of 
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the tested mater ia ls  and  LPH values measured  at 

PSS test. Tensi le  tests were per formed at a con  

s tant  s t r a in ing  speed of  1 0 m m / m i n  with A S T M  E-  

8 s t anda rd  tensi le  specimens.  All values in the 

tab le  are the weighted averages of  the values of  0 ~ 

45 ~ and  90 ~ with respect to the ro l l ing  direct ion.  

The  parameters  charac te r i z ing  the uniaxia l  s tress-  

plast ic  s t ra in  response  of  the mater ia ls  used in FE  

ca lcula t ions ,  are given also in the table  in terms of  

the parameters  in K r u p k o w s k y ' s  (or Swift 's) 

work h a r d e n i n g  law and  are expressed as 

is the  work h a r d e n i n g  exponent ,  o, e and  eo is the 

equ iva len t  stress, equ iva len t  s t ra in  and  offset 

s train,  respectively. 

T h e  proper ty  of  plast ic an i so t ropy  of  the mate- 

rial is assumed to be expressed by the fo l lowing  

Hil l ' s  an i so t ropy  theory  for the case of  no rma l  

an i so t ropy  

2Rn 
~215176 ( l + R n )  O'xO'y O'yp 2 (2) 

~ - - K ( e o + e )  ~ ( I )  

where  K is the work h a r d e n i n g  coefficient and  n 

Fig. 2 

(a) (b) 

Finite element model of the PSS test process (a) and schematic view of the deformed specimen with 
the I, ..., 4, ..., 7 numbers denoting the strain measured element (b). 

Table 1 Mechanical properties of tested materials. 

t YP TS El r n K LPH(oxpa 
Material eo 

(mm) (MPa) (MPa) (%) 15% 10% 20% (MPa) (mm) 

CQ 0.79 186 315 48.2 1.59 0.23 527 0.0035 33.4 

DDQ 0.78 184 285 49.4 1.72 0.24 527 0.0052 34.1 

H135R 0.75 224 348 38.8 1.52 0.22 610 0.0032 30.0 

SUS304 0.78 325 520 50.6 0.72 0.41 1205 0.0027 37.8 

, Tensile specimen : ASTM E-8 standard, t : Thickness, 

E : Young's modulus, YS : Yield strength, TS : Tensile strength, 

El : Total elongation, n : Work hardening exponent, K : Strength coefficient, 

Rn : Normal anisotropy parameter, eo : offset strain, 

kPH~o• : Limiting punch height measured at experiment, 

CQ : Steel sheet for commercial quality 

DDQ : Steel sheet for deep drawing quality 

HI35R : High strength steel sheet with tensile strength of 35 kgf/mm 2 (343 MPa) 

SUS304 : Austenitic (18Cr-8Ni) stainless steel 
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where the normal anisotropy parameter Rn is the 

mean Lankford value given by (R0+2R4s+ Rg0) / 

4 and c'yp is the yield stress obtained from the 

tensile test. 

2.3 Friction modelling 
The friction behaviors of the specimen-die/ 

specimen-holder intert;ace and the specimen- 

punch iaterfaces are modelled by the Coulomb 

friction law. The coefficients of friction ,ud of the 

tested materials at the specimen-die/specimen- 

holder interface are measured by the automatic 

draw bead tester(Kim and Park, 1994a), which 

was designed to simulate the friction state of the 

specimen under drawing deformation mode. The 

tested results showed the coefficients of friction/ze 

at the specimen-die/specimen-holder interface 

were in the range of /zd--0.14~0.18 for a dry 

specimen. However, the coefficient of friction /zp 

at the specimen-punch interface could not be 

measured due to its stretching mode, and thus r 

=0.30 is assumed as used in the literature of 

FEM simulation for OSU formability test(Saun 

ders and Wagoner, 1993). 

2.4 Simulation procedures 
The PSS test is performed in two steps. In the 

first step, the rectangular specimen with a length 

of 180ram and a constant width is placed between 

the lower blank holder and the upper die. A 

lockbead in circumferential direction and a high 

clamping force of 298. 9kN on the lockbead is 

applied to guarantee the pure stretching deforma- 

tion without drawing the specimen into the die 

cavity. In the second step, the specially designed 

cylindrical punch moves in the vertical direction 

at a constant speed to deform the specimen in 

plane strain stretching mode until the fracture of 

the specimen occurs. Therefore, the FE simula- 

tion procedure also follows this test procedure. 

Without any statement in the following content, 

the friction coefficient values of ,u~)=0.30 and /~td 

=0.[8 are used in the FEM simulations and the 

effect of material properties was evaluated for the 

specimen width of 126mm. 

3. R e s u l t s  and D i s c u s s i o n  

Figure 3 (a) and (b) show the deformed shapes 

and the major strain distributions for the DDQ 

material at punch height of h=24mm and 34. 

5ram, respectively. According to punch penetra- 

tion, the specimen deforms naturally to wrap the 

radius of the cylindrical punch corner and thus 

the plane strain stretching deformalion prevails 

due to no lateral draw-in from the tblded flange 

area. As the punch height increases, the deforma- 

tion of the specimen becomes localized into a 

narrow region as shown in Fig. 3(b), which is 

corresponding to the outer boundary of the con- 

tact area of cylindrical punch and specimen. 

Figure 4(a) and (b) show the cornparision of 

calculation and experiment for the major and 

minor strain distributions and the strain path for 

the highly strained element of the DDQ material 

with a speamen of w 126ram. The strain was 

measured by the Circle Grid Analyzer (CGA) 

after a specimen etched with 2.54mm circles was 

tested. From these Figures it is clear that the 

calculated strains along the [ogitudinal direction 

show a good agreement with the experimental 

(a) 

Fig. 3 
(b) 

Deformed shapes and major strain distribu- 
tions for the DDQ material with specimen 
width of 126mm at punch height of (a) h=  
24ram and (b) h--34.5mm. 
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(a) 

(a) 

(b) 

Fig. 4 

(b) 

Comparision of calculation and experiment 
for the major and minor strain distributions 
(a) and the strain path at the highly strained 
element (b) for the DDQ material of w-- 
126ram. 

ones. Moreover, the strain state almost preserves 

almost the plane strain stretching deformation 

within the range of 0<e2(minor s t rain)<2% 

From Fig. 4(b) the strain path of the highly 

strained element can be said to be nearly propor- 

tional. This means that the PSS test is very valu- 

able in evaluation of the intrinsic material for- 

mability to be tested under proportional loading. 

Figure 5(a), (b) and (c) show the deformed 

shapes of the specimen of DDQ materials with 

three different widths of w = 117mm, 126mm, and 

130ram for punch heights of h=35mm, 34mm, 

and 21.8mm, respectively. This different punch 

height almost corresponds to the punch height at 

failure. In the case of the specimen width of 

117mm, some wrinkles are shown at the side edge 

of the formed part due to some lateral draw-in. 

As the lateral draw-in gives the minor strain of 

Fig. 5 

(c) 

Deformed shapes of the specimen of DDQ 
materials with three different widths of {a) 
w--ll7mm, (b) w--126mm, and (c) w= 
130ram for punch height h--35mm, 34ram, 
and 21.8ram respectively. 

the specimen a large negative value, it is impos- 

sible to assure a plane strain deformation in the 

case of the specimen with w = l l 7 m m .  As the 

specimen width becomes narrower the lateral 

draw-in becomes larger so that the deformation 

of the specimen deviates gradually away fiom the 

plane strain deformation (&>0,  c2 0) to draw 

ing deformation (cl >0, e~<0). This lateral draw 

in for the case of w =  l l7mm gives a higher LPH 

value than that for w=126mm. On the other 

hand, a negligible lateral draw-in is shown at w 

=130mm and the specimen exhibits a corner 

fracture at the radius of the punch corner. This 

fracture mode.for w-- 130ram is due to local large 

stretch bending deformation exceeding the mate- 

riM's capacity for stretching deformation and is 
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responsible for drastically lowering the punch 

height value measured at fracture as discussed in 

Kim and Park(1946b). Therefore, it can be said 

that the calculated deformation behaviors well 

simulate the deformation phenomena observed in 

experiments and also the predicted fracture loca- 

tions agree with the experimental ones such as 

Fig. 2 in Re['. 7. 

Figure 6 shows the deformed shapes and the 

major strain distributions for the specimen of 

HI35R material at h=30mm in PSS test simula- 

tion with w--126mm. The middle part between 

the left and right side of the highly strained area 

is responsible for uniform stretching deformation. 

Therefore, the uniform stretchability of the speci- 

men may depend on the magnitude of the area of 

the middle part. Compared with Fig. 3(b) of 

DDQ material, in the case of HI35R material, the 

highly strained area moves to the center of the 

specimen and thus the area of the middle part 

become smaller, more precisely 42mm in H135R 

material and 48mm in DDQ material at the 

original element position. Therefore, it can be 

expected that the HI35R material would show a 

lower LPH value than that in case of DDQ 

material. 

Figure 7(a) and (b) show curves of thickness 

varialion versus punch stroke for the 5 elements 

marked as A, B, C, D, E around the highly 

strained area for DDQ and HI35R materials, 

respectively. The A and B elements are located 

just below the highly strained D element. Also, 

the C and E elements are located just above the D 

element. Generally, as the punch stroke increases, 

the thickness of the elements, near the highly 

strained area, decreases rapidly due to stretching 

deformation. However, after failure occurred the 

stress acted on the area is released, thus there is no 

more thinning of these elements. The point in- 

dicating a drastic change of thickness variation 

corresponds to the calculated LPH value (LPH~) 

in FE simulation. In the case of DDQ material, 

the LPHca~ value is approximately 34.0mm which 

agrees with the experimental resuh of LPHex p 

34. I mm. 

From the comparison of Fig. 7 (a) and (b), the 

difference of the plane strain fraclure mode for 

both materials may be clarified. The plane strain 

fracture of DDQ material having sufficient ductil- 

(a) 

Fig. 6 Deformed shapes and the major strain distri- 
butions for the specimen of HI35R material 
at h 30mm with w--126mm. 

Fig. 7 
(b) 

Curves of thickness variation of the 5 ele- 
ments around the highly strained area versus 
punch stroke for (a) DDQ and (b) HI35R 
materials. 
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ity proceeds with development of large plastic 

deformation of the uniform and local necking at 

elements near the highly strained area. However, 

in the case of HI35R material, the plane strain 

fracture occurs drastically without sufficient plas- 

tic deformation and necking at elements near 

highly strained area. 

Figure 8 shows the calculated punch heights at 

fracture and its comparison with those of experi- 

ments for three different widths of w--117mm, 

I26mm and I30mm. From the Figure it is clear 

that the FE prediction for LPH value agrees with 

the experimental results. As the specimen width 

increases, the punch height at fracture decreases 

gradually. However, the punch height for the 

specimen of 130ram width drops drastically due 

to a corner fracture which occured at the radius of 

Fig. 8 Calculated punch heights at fracture and its 
comparison with experiments for three differ- 
ent widths of w=ll7mm, 126mm and 
130ram. 

the punch corner as discussed in Fig. 5. 

Figure 9 shows the comparison between experi- 

mental LPH values (LPHexp) and calculated 

LPHc~ values in FE simulations for various 

materials. From the Figure, it is shown that the 

LPH value of the PSS test ranks the material 

formability well as expected from the mechanical 

properties in Table I. Among the tested materials, 

SUS304 shows a high LPH value as compared 

with other materials. This is due to the high value 

of work hardening exponent n which is respon- 

sible for uniform stretchability. However, HI35R 

shows poor material formability due to its poor 

mechanical properties such as low value of total 

elongation, The calculated LPHca I values are 

estimated slightly lower than the experimental 

ones. However, the FE prediction of the LPH 

value is in agreement with the experimental 

results. The difference between predictions and 

experiments for LPH values may be reduced by 

introducing more realistic friction data and accu- 

rate description of the uniaxial stress-plastic 

strain relation for the tested material. 

Figure 10 shows the effect of the coefficient of 

friction /zp on LPHc~ value for w--126mm. The 

coefficient of friction was chosen to cover a realis- 

tic range of 0.05 to 0,30. As shown in the Figure, 

decreasing the coefficient of friction of the sheet 

material clearly increases the LPH value because 

decreasing it distributes the strain at the punch 

contact region more uniformly and thus lowers 

the strain localization. 

Figure I I shows the effect of/ lp on the strain 

Fig. 9 Comparison between experimental LPH val- 
ues (LPH~• and calculated LPH values 
(LPHoa~) in FE simulations for various 
materials. 

Fig. 10 Effect of coefficient of friction lip on LPHc~ , 
value for w 126mm. 



A Study on Deformation Characteristics of the Plane Strain Punch Stretching Test 551 

Fig. 11 Effect of lip on the strain distributions calcu- 
lated at the elements indicated in Figure 2 
(b). 

Fig. 12 Effect of normal anisotropy parameter R 
n value on LPHc~ value for w=126mm. 

distributions calculated at the elements indicated 

in Fig. 2(b). As indicated in the figure, the 

difference of the strain distributions for two differ- 

ent friction conditions of `up---0.06 and `up--0.30 

is nearly negligible. The strain distributions for 

both cases are nearly a plane strain state. Here, 

the range of the minor strain is 0%<e=< 3% for ,up 

=0.06 and 0%<%< 1% for ~p=0.30. This small 

difference in the strain distribution of the speci- 

men, in spite of the large difference of the friction 

coefficient, is due to the characteristic of the PSS 

test. 

Figure 12 shows the effect of normal anisotropy 

parameter Rn-value on LPHca~ value for w-- 

126ram. The effect of Rn-value on LPHcal value is 

Fig. 13 Effect of R~ value on the strain distribu- 
tions calculated at the elements indicated in 
Figure 2(b). 

not so remarkable in comparison with the effect 

of coefficient.~of friction ùp on LPH value. The 

reason is lhat in the PSS test the specimen is 

almost under a plane strain deformation and thus, 

flom the plasticity theory for plane strain defor- 

mation, the LPH value does not depend on Rn- 

value. 

Figure 13 shows the effect of Rr~-value on the 

strain distributions calculated at the elements 

indicated in Fig. 2(b). As in the case of/.gp in Fig. 

11, the difference of the strain distributions for 

different R,~-value is nearly negligible, as indicat- 

ed in the Figure where the minor strain is under 

0%<ez<4% for Rn=l .22  and 0%<e2< 1% for Rn 

==2.22. 

From the above discussion it can be concluded 

that the PSS test is a robust testing method for 

evaluating a stamping formability, as it is not so 

critically affected by the friction ,condition and 

the plastic anisotropy of the material. 

4. Concluding Remarks 

In this study, the characteristic of the plane 

strain punch stretching test, Kim's PSS test, was 

investigated by numerical and experimental 

methods. The Finite Element simulations using 

the commercially available code (PA.M-STAMP) 

were performed to investigate the effect of mate- 
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rial variables and process variables on the perfor- 

mance of the PSS test. From the comparision of 

the FE simulation results and the experimental 

ones, it is shown that the predictions of the speci- 

men's deformation characteristics and LPH val- 

ues in FE simulations are in agreement with the 

experimental results. Due to its utilization of  the 

specially designed punch shape, the PSS test 

could be described as a robust test method insen- 

sitive to the friction condition and the plastic 

anisotropy of the material. 
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