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The effects of a change in s t r a i n  path on the deformat ion  cha rac t e r i s t i c s  of a l umi num-  
kil led s tee l  and 2036-T4 a luminum sheets  have been studied.  These  sheets  were pre-  
s t r a ined  var ious  amounts  in balanced b iaxia l  tens ion  and the r e su l t ing  uniaxial  p rope r -  
t ies  and fo rming  l imi ts  for  other loading paths were de te rmined .  In compar i son  to uni-  
axia l  p r e s t r a i n  the s tee l  was found to suffer  a more  rapid loss in un i form s t r a in  upon the 
s t r a i n  path change f rom biaxia l  to uniaxia l .  In contras t ,  the un i form s t r a i n  in a luminum 
does not drop as rapidly  af ter  the same change. In keeping with this behavior ,  the fo rm-  
ing l imi t  d i ag r am of s tee l  is found to dec rea se  with p r e s t r a i n  at a much fa s t e r  r a t e  than 
that of a luminum.  Such effects can be explained in t e r m s  of the t r ans i t i on  flow behavior  of 
the meta ls  occu r r ing  upon the path change. Thus,  the path change produces  s t r a in  soften- 
ing and p r e m a t u r e  fa i lure  in steel ,  while causing addi t ional  s t r a i n  hardening and consequent  
flow s tab i l iza t ion  in a luminum.  

F ORMTNG l imi t  d i ag rams  (FLD), 1'2 which define 
max imum allowable s t r a i n  levels  dur ing  sheet meta l  
forming,  have found inc reased  usage in sheet  s tamp-  
ing ana lys i s ,  These  d i ag rams  show the magnitude 
of major  s t r a i n  before the onset  of a local ized neck 
as a function of m ino r  s t r a in  in the sheet  sur face  
(Fig. 1). Usual ly,  s t r a i n  paths dur ing  one step fo rm-  
ing operat ions  a re  near ly  propor t ional ,  i .e. they 
main ta in  a near ly  constant  rat io of major  to minor  
s t r a in  as indicated in Fig.  1. Labora to ry  punch 
s t re tch ing  tes t s  also produce such nea r ly  l inear  
s t r a i n  paths, 3 and consequent ly  l abora to ry  FLDs 
match the p rac t i ca l  ones quite well .  

In pract ice ,  the s tamping  of sheet  meta l  components  
often involves mult iple opera t ions .  Such operat ions  
may vary  f rom a draw- type  (extens ion-cont rac t ion)  to 
a s t r e t ch - type  (extens ion-extens ion)  deformat ion  in 
the sheet  plane.  Dur ing  s tamping,  ce r ta in  m a t e r i a l  
locat ions in a par t  may exper ience  a change f rom one 
type of deformat ion  to the other.  In a single opera t ion 
such changes a re  genera l ly  gradual;  however,  in a 
mult iple opera t ion abrupt  changes can take place.  

The re  is evidence in the l i t e r a tu re  %5 that changes 
in the mode of deformat ion  can a l t e r  the fo rmabi l i ty  
of sheet  s teel .  Biaxial  p r e s t r a i n i n g  has been found to 
reduce the uniaxia l  duct i l i ty  of low carbon s tee l  when 
compared with its duct i l i ty  in continuous uniaxia l  ten- 
s i le  deformat ion .  4 It was shown that such effects might 
a r i s e  f rom inc reased  hardening  under  b iax ia l  tension,  
r e su l t ing  in a p r ema tu re  loss of s tab i l i ty  when the 
deformat ion  mode is  changed f rom b iax ia l  to uniaxia l  
t ens ion .  The fo rming  l imit  d i ag rams  presen ted  by 
Kobayashi,  Ishigaki  and Abe 5 provide fur ther  support  
to this effect.  In addition, they show that p r io r  s t r a i n -  
ing along a uniaxial  t ens i le  path enhances  the subse -  
quent b iaxia l  duct i l i ty  as measu red  f rom forming  l imit  
d i ag r ams .  

These  effects appear  to be impor tant  in sheet  meta l  
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forming  prac t ice ,  pa r t i cu l a r ly  in the design of dies 
intended for mul t ip le - s t age  s tamping.  Unfor tunate ly ,  
the foregoing r e f e rences  do not provide suff icient  
charac te r i za t ion  of the useful  fo rmabi l i ty  p a r a m e -  
t e r s .  The p resen t  study was under taken,  in part ,  to 
meet  this goal, as well as to invest igate  poss ib le  
d i f ferences  in behavior  between ma t e r i a l s  belonging 
to different  c rys ta l lographic  c l a s ses .  Such a poss i -  
bi l i ty  was prompted by the e a r l i e r  observa t ion  of in-  
c reased  s t r a in  hardening  under  b iaxia l  tens ion  (in 
compar i son  to the uniaxia l  case) occu r r ing  in f e r rous  
ma te r i a l s ,  and a r e v e r s e  behavior  for nonfer rous  ma-  
ter ia ls .4  

Thus,  the choice of a low carbon s tee l  as a tes t  
m a t e r i a l  was na tu ra l .  A luminum was se lec ted  as a 
r ep resen ta t ive  of the nonfer rous  group. The alloy 
chosen ( commerc ia l  des ignat ion 2036-T4) pos se s se s  
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Table I. Composition of Aluminum-Killed Steel 

Pct C 0.047 
Pct S 0.023 
Pct P 0.002 
Pct Mn 0.27 
Pct Si 0.011 
Pct AI 0.037 
Pct N 59 ppm 
Pct Fe Balance 

Table 11. Composition of 2036-T4 Aluminum 

Pct Cu 2.63 
Pct Mn 0.27 
Pct Mg 0.28 
Pct Fe 0.22 
Pct Si 0.33 
Pct A1 Balance 

a flow stress and strain hardening characteristics 
similar to those of low carbon steels. In contrast to 
steel which has a positive value of strain-rate hard- 
ening index, the rate sensitivity index of this alumi- 
num is slightly negative. In addition, as shown by 
Hecker, 3 its FLD level is about half that of steel. 
Finally, its plastic anisotropy parameter, r, is less 
than unity while that of steel is greater. 

EXPERIMENTAL 

Material 

The m a t e r i a l s  used in this study a r e :  1) a c o l d - r o l l e d  
and annealed,  a l uminum-k i l l ed  (A-K) s t ee l  sheet ,  0.89 
mm thick and 2) a p rec ip i t a t ion  hardenable  a l u m i n u m -  
2.6 pct copper  a l loy (2036-T4), 0.97 mm thick sheet  in 

Fig. 2--Details of the prestraining operation: (a) Diagram of 
punch and die set, (b) a prestrained blank. 

a solution treated and naturally aged condition. The 
chemical composition of the A-K steel is given in 
Table I while that of the 2036-T4 aluminum is given 
in Table If. 

The P r e s t r a i n i n g  Opera t ion  

The tes t  m a t e r i a l s  were  b iaxia l ly  p r e s t r a i n e d  on a 
445 kN (50 tonne) hydrau l ic  p r e s s  using a punch and 
die set  of c i r c u l a r  s y m m e t r y .  The meta l  blank for  
p r e s t r a i n i n g  was a 305 mm diam, roughly c i r c u l a r  
d isc  photoprinted with a 1.92 mm diam c i r c l e  gr id  
pattern. A schematic diagram of the punch and die 
set with the metal blank in position is shown in Fig. 
2(a). The blank was firmly clamped with a holding 
force of about 25 tonnes over a 6.4 mm radii draw- 
bead and was stretched, generally to failure, over the 
end of a 192 mm diam right-circular cylindrical 
punch at a punch displacement rate of approximately 
I0 ram/rain (also the rate for subsequent uniaxial 
t e s t s ) .  

A typical  p r e s t r a i n e d  blank is shown in F ig .  2(b). 
The useful  par t  of the blank is the cen t r a l  c i r c u l a r  
port ion about 180 mm in d iam showing ba lanced bi-  
ax ia l  de fo rma t ion .  The magnitude of p r e s t r a i n  was 
d e t e r m i n e d  f r o m  the photogrid along both the ro i l ing  
and t r a n s v e r s e  d i r ec t i ons .  Use  of d i f ferent  lubr i -  
cants and va r i a t i ons  in the co rne r  radius  of the punch 
with appropr ia te  i n se r t s  produced the d i f ferent  amounts  
of p r e s t r a i n  l i s ted  in Table  III. Sets of p r e s t r a i n e d  
blanks were  thus p r e p a r e d  for  subsequent  t ens i l e  and 
fo rmab i l i t y  s tud ies .  

Tensile Tests 

Standard E-8 (ASTM) specimens with a gage length 
of 50.8 mm and a width of 12.7 mm were cut at 0, 45, 
and 90 deg to the sheet rolling direction for the as- 
received steel and aluminum and for each of their pre- 
strained states. These were subsequently tested on 
an Instron machine at a crosshead speed of 10 ram/ 
rain (strain rate ~3 • 10 -3 s -x) using a 50.8 mm gage 
length LVDT extensometer, and a continuous load- 
elongation record was maintained during the test. The 
load-elongation plots were used to determine true 
stress ((r) as a function of true strain (r The strain 
hardening exponent, n, and strength coefficient, K, 
that fit the empirical hardening law ~ = KE n, were 
determined from log r us log c plots. 

Tensile specimens photogridded prior to testing 
were used in the measurement of plastic anisotropy. 

- 132.59 mm 

~ - - - - - - ~  105.66 "I " 
i 

" 2 : 2  �9 
Fig. 3--The punch test apparatus. 
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Table III. Balanced Biaxial Prestrains 

Effective 
Material Designation Prestrainst 

A-K Steel 

2036-T4 Aluminum 

A* 0.070 
B 0.081 
C O.O94 
D 0.107 
E* 0.152 
F* 0.271 

A 0.019 
B* 0.037 
C 0.046 
D* 0.062 
E* 0.101 
F 0.108 
G 0.119 
H 0.129 
I 0.145 
J* 0.197 
K 0.227 
L 0.244 
M 0.253 
N 0.266 

*Forming limit diagrams were constructed for these states only. For the remain- 
ing states a limited number of samples were prestrained for additional data on the 
biaxial flow curve and r-value measurements. 

"~Corrected for Anisotropy using the formula: 

e e = 2x/(2 + r/1.5(1 + r)) e~ where e e = effective prestrain, and 
e~ = unidirectional prestrain. 

T h e  p l a s t i c  a n i s o t r o p y  p a r a m e t e r ,  r ,  d e f i n e d  b y  r 

= I e~o I / / (Q  - 1 % [  ), w h e r e  e.~ = t r u e  w i d t h  s t r a i n  a n d  
Q = t r u e  l o n g i t u d i n a l  s t r a i n ,  w a s  c a l c u l a t e d  f r o m  

m e a s u r e m e n t s  of  l o n g i t u d i n a l  a n d  w i d t h  s t r a i n s  f r o m  

t h e s e  g r i d s .  S u c h  m e a s u r e m e n t s  w e r e  c o n f i n e d  to  
a r e a s  of  u n i f o r m  d e f o r m a t i o n . *  

*In prestrained specimens showing small amounts of uniform strain, measure- 
ments were made from areas with slight nonuniformity in strain, yet close enough 
to the free surface of the specimens to ensure a uniaxial stress-state. 

T h e  t e n s i l e  p r o p e r t i e s  of  t he  a s - r e c e i v e d  A - K  s t e e l  

a n d  2 0 3 6 - T 4  a l u m i n u m  a r e  r e p o r t e d  in T a b l e  I V  w h i l e  

a v e r a g e  t e n s i l e  p r o p e r t i e s  of  t h e i r  p r e s t r a i n e d  
s t a t e s  a r e  g i v e n  in  T a b l e s  V a n d  V I  r e s p e c t i v e l y .  

Formability Tests 

Forming limit diagrams (FLD) for the as-received 
and prestrained materials were determined accord- 
ing to a procedure reported by Hecker. 3 The pro- 
cedure consists of clamping rectangular sheet blanks 
of various widths (each 152 mm long) over a lockbead 
and stretching to failure over a 101.6 mm diam hemi- 
spherical punch (Fig. 3). Blank widths were 51, 76, 89, 
102, 114, 127, and 152 ram. Three additional square 
blanks (152 x 152 ram) were stretched with three dif- 
ferent lubricants to generate more positive minor 
strains at failure. 

The FLDs were constructed by 1) measuring both 
major and minor strains from regions just outside 
visible necks or fractures, 2) plotting these strain 
combinations on a plot of maior strain vs minor 
strain, and 3) drawing a limiting curve to separate 
the acceptable from the visually unacceptable strain 
combinations. Gridded tensile specimens provided 
additional data points for the FLDs. The FLDs for the 
as-received steel and the various prestrain states 

a r e  s h o w n  in  F i g .  4 w h i l e  t he  c o r r e s p o n d i n g  p l o t s  
f o r  t he  a l u m i n u m  a r e  s h o w n  in  F i g .  5. 

R E S U L T S  A N D  D I S C U S S I O N  

T h e  E f f e c t s  of  P r e s t r a i n  on  F L D s  

I t  s h o u l d  b e  n o t e d  t h a t  F i g s .  4 a n d  5 r e p r e s e n t  a c -  

c u m u l a t e d  s t r a i n s  f r o m  t w o  d e f o r m a t i o n  s t e p s ,  i . e .  
p r e s t r a i n i n g  a n d  s u b s e q u e n t  s t r a i n i n g .  T h e s e  p l o t s  

r e a d i l y  s h o w  if a c e r t a i n  c o m b i n a t i o n  of  m a j o r  a n d  

m i n o r  s t r a i n s  i s  a c h i e v a b l e  b y  e i t h e r  a s i n g l e  o r  a 

d o u b l e  s t r a i n  p a t h .  F o r  e x a m p l e ,  a s  l u t h e r  i l l u s t r a t e d  
in  F i g .  6 f o r  2 0 3 6 - T 4  a l u m i n u m ,  s t r a i n  c o m b i n a t i o n s  
w i t h i n  R e g i o n  ' B '  w e r e  no t  a t t a i n a b l e  in  a s i n g l e - s t e p  

o p e r a t i o n  b u t  a r e  a t t a i n a b l e  a f t e r  a b i a x i a l  p r e s t r a i n  

O P .  C o n v e r s e l y ,  s t r a i n  c o m b i n a t i o n s  w i t h i n  r e g i o n  

' C '  w h i c h  w e r e  a t t a i n a b l e  in  a s i n g l e - s t e p  o p e r a t i o n  

Table IV. Tensile Properties of the As-Received Materials 

(a) A-K Steel 

Total 
Strain- 

Yield Uniform Pet 
Direction*, Strengtht, Strain, Over K, 

deg MPa Pet 50.8 mm n MPa r Ar $ 

0 154 27.6 40.8 0.242 501 1.74 
45 165 25.7 38.9 0.229 522 1.79 0.23 
90 156 26.5 42.4 0.234 488 2.29 

Average �82 160 26.4 40.3 0.234 508 1.90 

(b) 2036-T4 Aluminum 

Total 
Strain- 

Yield Uniform Pet 
Direction*, Strengtht, Strain, Over 

deg MPa Pet 50.8mm ?11w KIw n2# K2# r Ar~ 

0 175 17.9 21,0 0~296 689 0.224 591 0.62 
45 182 18.5 22.2 0.277 620 0.225 576 0.61 ~3.03 
90 180 17.8 21,0 0.285 621 0.236 584 0.54 

Average 180 18.1 21.6 0.284 638 0.228 582 0.59 

*Directions are measured relative to the rolling direction of the as-received 
sheet. 

"~Yield strength at 0.2 pet plastic strain. 
:~ r  = r 0 + rgo- 2r4s]2. 
�82 All properties are averaged according to Xavg = Xo + 2x45 + X9o/4. 
w Apphcable to the strain range from 0.06 to 0.15. 
#Applicable to the strain range from 0.15 to 0,20. 

Table V. Average Values �82 of Tensile Properties of Prestrained A-K Steel 

Prestrain 
State*, Yield Uniform Total 

Effective Strengtht, S t ra in ,  Strain w 
Strain MPa Pet Pet n MPa r Ar$ 

A (0.070) 300 13.9 32.5 0.101 431 1.71 0.67 
C(0.094) 356 0.5 15.9 - - 1.12 0.06 
D(0.107) 350 0.3 17.8 - - 1.34 0.02 
E(0.152) 392 0.4 10.2 - - 
F(0.271) 439 0.4 4.9 . . . .  

�82 t, and r Table IV. 
*A limited number of samples were prestrained to state B(0.081) for additional 

data on biaxial hardening and plastic anisotropy. 
w Over 50.8 mm gage length. 
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a r e  n o  l o n g e r  a t t a i n a b l e  a f t e r  t h e  s a m e  p r e s t r a i n .  

F i g u r e s  4 a n d  5 t h u s  i n d i c a t e  t h a t  w h i l e  a l u m i n u m  e x -  

h i b i t s  a b e n e f i c i a l  i n f l u e n c e  o f  p r e s t r a i n  on  t h e  o v e r -  

a l l  F L D  f o r  e2 -> 0, no  s u c h  e f f e c t  i s  e x h i b i t e d  b y  
s t e e l .  In f a c t ,  l a r g e  b i a x i a l  p r e s t r a i n  a p p e a r s  t o  b e  

Table Vl .  Average Values�82 of  Tensile Properties of  
Prestrained .2036-T4 Aluminum 

Prestrain 
State*, Yield Uniform Total 

Effective Strength!', Strain, Strainw 
Strain MPa Pct Pct n# K#, MPa r Ar$ 

A(0.019) 223 17.4 18.8 nl = 0.212 KI = 594 0.61 0 
n2 =0.165 K2=533 

B(0.037) 231 15.2 17.0 0.179 524 0.58 0.14 
C(0.046) 258 13.9 15.0 0.156 539 0.60 0.04 
D(0.062) 284 10.8 12.2 0.129 540 0.55 -0.13 
E(0.10I) 302 8.5 9.8 0.112 535 0.57 -0.02 
J(0.I97) 348 5.5 6.1 0.072 512 0.60 -0.01 
L(0.244) 357 4.3 5.0 0.069 514 0.67 -0A 5 

�82 and $See Table IV. 
*A limited number of samples were prestrained to states F(0.108), G(0.119), 

H(0.129), 1(0.145), K(0.227), M(0.253), and N(0.266) for additional data on bi- 
axial hardening and plastic anisotropy. 

tYield strength as per special construction (Fig. 9). 
w Over 50.8 mm gage length. 
#n ~ and KI are applicable for true strains from 0.025 to 0.10 while n2 and K2 

are for strains from 0.1 to 0.16. 
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50 

d e t r i m e n t a l  to  s t e e l ' s  f o r m a b i l i t y  f o r  a l l  s t r a i n  

s t a t e s .  
A n  a d d i t i o n a l  f e a t u r e  o f  p l o t t i n g  a c c u m u l a t e d  

s t r a i n s  ( F i g s .  4 a n d  5) i s  t h a t ,  t h e  F L D  m i n i m a  s h i f t  
i n  t h e  m i n o r  s t r a i n  d i r e c t i o n  b y  a n  a m o u n t  e q u a l  t o  
t h e  m i n o r  s t r a i n  c o m p o n e n t  (e2) of  t h e  p r e s t r a i n .  T h i s  
i s  b e c a u s e  t h e  o r i g i n  f o r  t h e  s u b s e q u e n t  s t r a i n  i s  
n o w  f i x e d  a t  t h e  s t r a i n  c o o r d i n a t e s  of  t h e  p r e s t r a i n e d  
s t a t e .  A m o r e  i m p o r t a n t  o b s e r v a t i o n  i s  h o w e v e r ,  t h a t  
t h e  l e v e l  o f  F L D  m i n i m a  f o r  a l u m i n u m  i s  n e a r l y  u n -  
c h a n g e d  w h i l e  t h a t  f o r  s t e e l  d e c r e a s e s  w i t h  i n c r e a s -  

i n g  p r e s t r a i n .  T h i s  s u p p o r t s  t h e  o b s e r v a t i o n  t h a t  b i -  

a x i a l  p r e s t r a i n  i s  d e t r i m e n t a l  t o  t h e  f o r m a b i l i t y  o f  

s t e e l .  
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0 

Minor Strain 
Fig .  6 - - 2 0 3 6 - T 4  a l u m i n u m ,  s c h e m a t i c  forming l imi t  r e p r e -  
s e n t a t i o n  of i) s t r a i n  s t a t e s  (F ie ld  B) a t t a inab l e  a f t e r  b a l -  
anced  b iax ia l  p r e s t r a i n  (OP) w h i c h  w e r e  not  a t t a inab l e  in a 
s i n g l e - s t e p  o p e r a t i o n ,  and ii) s t r a i n  s t a t e s  (F ie ld  C) not  a t -  
t a inab le  a f t e r  the  b iax ia l  p r e s t r a i n ,  wh ich  w e r e  p r e v i o u s l y  
a t t a i n a b t e .  
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EFFECTIVE PRESTRAI N 
Fig. 7--Uniform and total elongations in a tensile test (over 
a 50.8 mm gage length) after biaxial prestraining, plotted 
as a function of effective prestrain. (a) A-K steel, (b) 
2036-T4 aluminum. (The dashed curves represent the ex- 
pected behavior of uniform strain if prestrain was uniaxial.) 

Res idual  formabi l i ty ,  i . e .  the s t r a i n  difference be-  
tween the p r e s t r a i n  state and the appropr ia te  FIX), 
of both s tee l  and a luminum is always reduced by pre-  
s t r a in .  The reduct ion  is more  rapid for the s tee l  than 
for the a luminum.  Thus,  while the a s - r e c e i v e d  s tee l  
s t a r t s  out be ing about twice as formable  as the a s -  
r ece ived  a luminum,  the difference becomes  p r o g r e s -  
s ively  s m a l l e r  with i nc rea sed  ba lanced  b iaxia l  p re -  
s t r a in .  

Changes in Tens i l e  Elongat ions Caused by 
P r e s t r a i n i n g  

In Fig .  7(a) and (b) t ens i le  elongat ions for r e spe c -  
t ively,  A-K  s tee l  and 2036-T4 a luminum are  plotted 
as a funct ion of ba lanced b iax ia l  p r e s t r a i n i n g .  Sub- 
s tant ia l  d i f fe rences  exis t  in the r e sponse  of the two 
m a t e r i a l s ,  e spec ia l ly  with r ega rd  to un i form elonga-  
t ion.  Fo r  s teel ,  b iax ia l  p r e s t r a i n i n g  causes  the uni-  
form elongat ion to drop to nea r ly  zero  at an effective 
p r e s t r a i n  of about 0.08. Had the p r e s t r a i n  been  uni-  
axial ,  r e s idua l  un i fo rm elongat ion would dec rease  
along the dashed curve in the figure and would not be-  
come zero  unt i l  p r e s t r a i n  was 0.223. Thus,  the loss 
in (subsequent) uniaxia l  flow stabi l i ty  due to b iaxia l  
p r e s t r a i n  is s ignif icant .  The total  e longat ion does not 
drop as rapidly  because  elongation beyond max imum 
load is control led to a large extent by s t r a i n  rate  

sens i t iv i ty ,*  which is re la t ive ly  unaffected by p re -  

*A positive strain-rate sensitivity is largely responsible for the substantial post- 
uniform elongation of A-K steel.6 

s t r a i n  .7 
In cont ras t  to the s tee l  behavior ,  the r e s idua l  uni-  

fo rm flow capabil i ty of 2036-T4 a luminum is g rea t e r  
when the p r e s t r a i n  is b iaxia l  (Fig. 7(b)), i . e . ,  more  
uni form elongation can now be obtained in compar i -  
son to the case of uniaxia l  p r e s t r a i n .  The postuni-  
fo rm elongation is very  s m a l l  for this al loy because  
it has a negative s t r a i n - r a t e  sens i t iv i ty  G which again 
is re la t ive ly  unaffected by p r e s t r a i n .  

The changes in un i form elongation just  d i scussed  
a re  fu r the r  supported by a prec ip i tous  drop (after a 
s t r a i n  of 0.07) in n for  p r e s t r a i ne d  s tee l  and a much 
s lower  drop for p r e s t r a i ne d  a luminum (see Tab les  V 
and VI). Note that the parabol ic  hardening  law does 
not desc r ibe  the behavior  of a luminum very  well; dou- 
b l e - n  hardening  behavior  is exhibited by a luminum in 
both a s - r e c e i v e d  and p r e s t r a i n e d  condit ions.  L a r g e r  
p r e s t r a i n s  apparent ly  take the m a t e r i a l  beyond the 
f i r s t  stage of hardening,  which is therefore  absent  
f rom their  s t r e s s - s t r a i n  curves .  

Recons t ruc t ing  Biaxial  Flow Curves  f rom 
Tens i l e  Te s t s  of P r e s t r a i n e d  Mate r i a l s  

The na ture  of the effect of a s t r a i n  path change is 
bes t  unders tood by examining  tens i le  s t r e s s - s t r a i n  
data in some detai l .  This  will  be done in d i scuss ing  
Fig.  8(a) and (b) which respec t ive ly  show both uni-  
axia l  and b iax ia l  hardening curves  for A - K  s tee l  and 
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Fig. 8--The uniaxial and biaxial flow curves of: (a) A-K 
steel, and (b) 2036-T4 aluminum, along with several strain 
path change stress-strain curves for each material (shown 
as dotted lines). 
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2036-T4 a luminum along with two comple te  t ens i l e  
cu rves  of b iaxia l ly  p r e s t r a i n e d  s t a t e s .  

The uniaxia l  cu rves  in F ig .  8 a r e  obtained d i r ec t l y  
f r o m  tens i le  tes t  data of the r e s p e c t i v e  m a t e r i a l s  in 
the i r  a s - r e c e i v e d  s ta te .  The b iax ia l  cu rves  r e p r e s e n t  
the loci  of t ens i l e  yield points  of b iaxia l ly  p r e s t r a i n e d  
m a t e r i a l s .  This  method of ind i rec t  r e c o n s t r u c t i o n  has 
been used to d e t e r m i n e  "ex t ended  s t r e s s - s t r a i n  
c u r v e s "  in me ta l  fo rming  p r o c e s s e s  where  flow s t r e s s  
m e a s u r e m e n t  ts e x t r e m e l y  compl ica ted ,  such as in 
wi re  drawing,  ro l l ing,  ex t rus ion ,  and so for th .  8 The 
impl ic i t  a ssumpt ion  of this method is that the flow 
s t r e s s  be fo re  unloading (here,  f r o m  the b iax ia l ly  p re -  
s t r a ined  state)  would have to be r eached  f i r s t  in 
o r d e r  to r e s u m e  p las t ic  flow. On this bas i s ,  the yield 
point (0.2 pct offset  p las t ic  s t ra in)  of b iaxia l ly  p r e -  
s t r a ined  A - K  s t ee l  was s e l ec t ed  as the flow s t r e s s  on 
the b iax ia l  s t r e s s - s t r a i n  curve ,  and the locus of such 
points gave the b iax ia l  s t r e s s - s t r a i n  curve  in F ig .  
8(a). 

The use of this method to the t ens i l e  r e su l t s  of 
2036-T4 a luminum is compl ica ted  by the p r e s e n c e  of 
the Bansch inge r  effect;  i . e .  a drop in the ini t ia l  y ie ld  
s t r e s s  upon change of s t r e s s  s ta te .  While this effect  
is known to be l a r g e s t  for  a comple te  s t r e s s  r e -  
v e r s a l ,  9 it is  subs tan t ia l  even  when the s t r e s s  s ta te  is 
changed f r o m  biaxia l  to tmiaxial .  Thus,  the above 
method to r e c o n s t r u c t  the b iax ia l  flow curve  of 2036- 
T4 a luminum would be unreasonab le .  

An ind i rec t  cons t ruc t ion  shown in F i g .  9, is used in 
this case  to obtain the y ie ld  points of p r e s t r a i n e d  
s t a t e s .  The f i r s t  a t ta inment  of pa rabo l ic  hardening 
in the t ens i l e  t e s t  of the p r e s t r a i n e d  s ta te  was a s -  
sumed  to r e p r e s e n t  the c h a r a c t e r i s t i c  of g ro s s  p las -  
t ic  flow. Thus,  a back ex t rapola t ion  of the ini t ia l  
l i nea r  s lope in the log o v s  log e plot in F ig .  9 may be 
r e g a r d e d  as  the s t r e s s - s t r a i n  curve  that  would have 
been obtained if the Bausch inger  effect  was absent .  
The  in t e r sec t ion  of this  l ine with the ~p = 0.002 line 
thus gives  the de s i r ed  b iax ia l  flow s t r e s s  (yield 
s t r e s s )  as shown on Fig .  9. The yield s t r e s s e s  so ob- 
tained a r e  subsequent ly  used to cons t ruc t  the b iax ia l  
flow curve  shown in F ig .  8(b). 

B i a x i a l - n  and K va lues  (for r = K E e  n) for  the two 
m a t e r i a l s  a r e  obtained f rom logar i thmic  plots of the 
b iax ia l  flow curves  in F ig .  8. Such plots a r e  shown 
in Fig .  10 (along with the i r  uniaxial  coun te rpar t s )  and 
the n and K values  obtained t h e r e f r o m  a re  tabulated 
in Table  VII. F r o m  these  it can be seen  that not only 
b iax ia l  s t rength ,  but a lso  biaxia l  n for  s t ee l  is 
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Fig. 9--Logarithmic plot of true stress v s  true strain from 
a tensile test of biaxially prestrained 2036-T4 aluminum 
(s ta te 'B '  (0.037}, sample cut along roiling direction), i l lus- 
trating the construction used to obtain biaxial flow stresses.  
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Fig. 10--Logarithmic plots of effective stress v s  effective 
strain under uniaxial and balanced biaxial tension for: (a) 
A-K steel, (b) 2036-T4 aluminum. 

1.0 

g r e a t e r  than i ts  uniaxia l  va lues .  Converse ly ,  b iaxia l  
s t r eng th  and n for  a luminum a re  less  than its uni- 
ax ia l  values ,  r e s p e c t i v e l y .  F u r t h e r m o r e ,  s t e e l  con- 
t inues  to exhibi t  a s ingle  n behav io r  while a luminum 
shows a double n behav ior  under b iax ia l  tens ion .  

The Stabi l i ty  of T rans i t i on  Flow for  a Change of 
S t ra in  Path  

P robab le  change of s t r a in  path ef fec ts  follow f r o m  
the r e l a t i ve  pos i t ions  of the uniaxial  and b iax ia l  flow 
cu rves  in F ig .  8. The impor tan t  d i f fe rence  to be noted 
is that b iax ia l  p r e s t r a i n i n g  r e n d e r s  the s t ee l  con- 
s ide rab ly  s t r o n g e r  than expected  on the bas i s  of the 
uniaxial  hardening curve,  while the same p r e s t r a i n -  
ing makes  the a luminum weaker .  It can be noted that 
s t r e s s e s  and s t r a in s  a r e  e x p r e s s e d  in t e r m s  of the i r  
e f fec t ive  va lues  using H i l l s '  a n i s o t r o p y - c o r r e c t e d  
fo rmula t ion .  1~ However ,  it should be obse rved  that the 
r e s u l t s  a r e  not s ignif icant ly  a l t e r ed  without this cor -  
re  ction. 

Biax ia l ly  p r e s t r a i n e d  s tee l ,  which exhibi ts  addi t ional  
hardening  on yie ld ing (Fig.  8(a)), undergoes  s t r a in  
softening dur ing subsequent  t ens i l e  de format ion .  This  

Table VI I .  Strain Hardening Exponents (n b) and Strength Coefficients (K b ) 
for A-K Steel and 2036-T4 Aluminum Under Siaxial Tension 

Material Direction, deg n b Kb, MPa 

0 0.288 688 
A-K Steel 45 0.302 738 

90 0.241 646 

0 0.236/0.158* 558/464* 
2036-T4 Aluminum 45 0.208/0.168 505/458 

90 0.218/0.182 522/481 

*The larger n and K values are valid for 0.02 ~< r ~< 0.10. The smaller values 
apply for O. 10 ~< e e ~< 0.20. 
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EFFECTI VE P RESTRA I N 
Fig. ll--Average values of the plastic anisotropy parameter 
as a function of effective prestrain: (a) A-K steel, (b) 
2036-T4 aluminum. 
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Fig. 12--Schematic change in yield surface afer balanced 
biaxial prestraining of A-K steel. 

r e su l t s  f rom an approach toward the uniaxia l  curve 
which r e p r e s e n t s  the equ i l ib r ium state  dur ing  the 
second deformat ion .  Consequently,  for al l  but the 
lowest p r e s t r a i n  s ta tes ,  the ins tab i l i ty  condition, 
d a / d ~  = a, is  sa t i s f ied  and p r ema tu re  necking occurs .  
It is this s t r a i n  softening dur ing  the t r ans i t i on  flow 
that produces  the prec ip i tous  drop in un i form s t r a i n  
that has been prev ious ly  noted. 

In the case of the a luminum alloy, y ie lding occurs  
at a lower s t r e s s  and there fore  subsequent  de fo rma-  
t ion is marked  by a r i s e  in the s t r a in  hardening ra te .  
Clear ly  such a change gives r i se  to addi t ional  flow 
s tabi l i ty  which in t u rn  gives r i s e  to the prev ious ly  
noted l a rge r  uni form s t r a in .  This  type of behavior  
has been prev ious ly  observed  in 70:30 b r a s s .  4 F o r  
c o m m e r c i a l  pur i ty  a luminum,  however,  only a sma l l  

dependence of s t r a i n  hardening on the imposed s t r e s s -  
state was found, 4 in cont ras t  to the p resen t  r e su l t s  
on 2036-T4.  While p resen t  p las t ic i ty  theor ies  do not 
take such behavior  into account,  there  is addi t ional  
evidence in the l i t e r a tu re  for i ts  support ,  viz, Yoshida 
e t  al ,  ~ Davis,  ~2 and Woodthorpe and P e a r c e J  3 

Changes in Anisotropy with Prestrain 

The increased hardening in biaxial tension for steel 
is simultaneously associated with a drop in plastic 
anisotropy parameter, r, as shown in Fig. ll(a), In 
spite of the large scatter in the data, it appears that 
biaxial prestrain renders steel more isotropic. From 
a microstructural point of view, the "wavy glide" 
nature of slip in steel is known to produce a dense 
dislocation cell structure. Additionally, certain latent 
slip systems are believed to become activated under 
biaxial loading. 11,14 This may explain observed in- 
creased hardening under biaxial stretching. It is also 
possible that a more equiaxed dislocation cell struc- 
ture develops under biaxial stresses, Is and partially 
annihilates the plastic anisotropy causing r to drop 
from near 2.0 toward unity with prestrain. Schematic 
expansion and distortion of the yield surface as shown 
in Fig. 12 illustrate this anisotropy change with in- 
creased hardening in the subsequent uniaxial tensile 
yield (for small offset). While this increased hardening 
does not persist up to larger strains, it certainly acts 
in addition to isotropic hardening. 

Anisotropy change, ff any, in the case of the alumi- 
num is not readily detectable (Fig. ll(b)). 

CONCLUSIONS 

1) The residual formability of both A-K steel and 
2036-T4 aluminum is reduced in proportion to the 
magnitude of balanced blaxial prestrain. 

2) For 2036-T4 aluminum the plane strain level of 
the forming limit diagram remains unchanged by 
balanced biaxial prestrain. The result of this be- 
havior is to make some draw-type strain combina- 
tions which were not attainable in a one step de- 
formation process, become available in a two-step 
process. Conversely, some stretch-type combinations 
which were available to the as-received material be- 
come unattainable for a two step process. 

3) For A-K steel, the biaxial hardening curve ob- 
tained by joining the tensile yield points of pre- 
strained states, shows increased hardening under bi- 
axial loading in comparison to uniaxial deformation. 
It also appears that biaxial n for steel is greater than 
its uniaxial value. Therefore, the strain softening 
which occurs upon a strain path change toward uni- 
axial produces a precipitous loss in ability for uni- 
form deformation for the balanced biaxially pre- 
strained steel. 

4) For 2036-T4 aluminum, the biaxial hardening 
curve, also obtained by joining the tensile yield points 
of prestrained states, shows less hardening under bi- 
axial loading than under uniaxial loading. Also bi- 
axial  n for aluminum appears to be lower than its 
uniaxial value. Therefore, the increased strain hard- 
ening which occurs upon a strain path change toward 
uniaxial produces an increased ability for subsequent 
uniform deformation of the prestrained aluminum. 
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5) For A-K steel, the magnitude of the plastic 
anisotropy parameter, r, drops with prestrain sug- 
gesting a partial annihilation of a preferred grain 
orientation by the strain path change. The same strain 
path change produced no measurable change in r for 
2036-T4 aluminum. 
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