
JOURNAL OF MATERIALS SCIENCE 28 (1993) 4704-4712 

Effects of changes in strain path on the 
anisotropy of yield stresses of low-carbon 
steel and 70-30 brass sheets 

JAE HWAN CHUNG,  DONG NYUNG LEE 
Department of Metallurgical Engineering and Center for Advanced Materials Research, Seoul 
National University, Seoul 151 - 742, Korea 

Uniaxial tensile tests in various directions following uniaxial extension, equibiaxial stretching or 
plane strain rolling have been performed to study the effects of changes in strain path on the 
anisotropy of yield stresses of aluminium-killed low-carbon steel and 70-30 brass sheets. The 
anisotropy could be predicted from the specimen textures, if dislocation structure were equiaxed, 
as in the case of equibiaxial stretching. However, elongated dislocation cell structures, developed 
in the steel specimens prestrained in uniaxial tension or plane strain rolling, gave rise to the 
second-stage yield stresses higher than predicted from textures in the directions different from the 
maximum prestrain direction. Planar dislocation structures in the brass specimens prestrained in 
uniaxial tension or plane strain rolling gave the second-stage yield stresses lower than predicted 
from the textures in the directions different from the maximum prestrain direction. The phenomena 
are discussed based on textures and dislocation structures. 

1. I n t r o d u c t i o n  
In sheet-forming processes, sheet metals are formed to 
final products through sequential forming processes. 
It has been found that changes in strain path during 
plastic deformation of the metals give rise to flow 
stresses and strain-hardening rates which differ from 
those expected from monotonic deformation. Changes 
in strain hardening, residual ductility and homogen- 
eity of strain paths are important factors for accurate 
modelling of stamping processes. Ghosh and Back- 
ofen [1] classified the behaviour of materials which 
were subjected to uniaxial tension after biaxial pre- 
straining into ferritic and non-ferritic types. The fer- 
ritic type (as in aluminium-killed steel) shows increases 
in yield stresses and decreases in strain-hardening 
rates in the second-stage extensions. On the other 
hand, the non-ferritic type (as in 70-30 brass) shows 
premature yielding and an increase in the strain-hard- 
ening rate. The transient deformation behaviour tends 
to increase with increasing strain in prestraining. The 
uniaxial tension followed by uniaxial tension in direc- 
tions different from the prestrain direction yields, in 
general, a higher yield stress, lower strain-hardening 
rate and premature strain instability in the ferritic- 
type materials (AK steel) and a lower yield stress and 
higher strain-hardening rate in the non-ferritic-type 
materials (70-30 brass) I2-5]. The second-stage yield 
stresses and strain-hardening rates are known to be 
transient and finally approach those in prestraining 
[6, 7]. Factors affecting the mechanical properties due 
to the strain path changes may be the shape and size of 
grains, second-phase particles, crystallographic 
texture, dislocation structure and others. For commer- 
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cial aluminium-killed low-carbon steel and 70-30 
brass sheets, the effects of the shape and size of the 
grain and second-phase particles on the anisotropy of 
yield stresses are expected to be not very important. 
The effect of textures on the anisotropy of yield stres- 
ses can be evaluated reasonably well [8, 9]. Therefore, 
the relative importance of the dislocation structure 
may be estimated. 

The objective of this study was to investigate effects 
of the texture and dislocation structure on the mech- 
anical properties due to path changes of uniaxial- 
uniaxial extension, equibiaxial stretching-uniaxial 
extension and plane strain-uniaxial extension of the 
AK low-carbon steel and 70-30 brass sheets. 

2. Experimental procedure 
2.1. Measurements of mechanical properties 
Temper-rolled aluminium-killed low-carbon steel 
sheet (0.8 mm thick and 14 lam grain size) and 70-30 
brass sheet (0.7 mm, 20 lain) specimens whose chemical 
compositions are given in Table I were subjected to 
tensile tests at 0 ~ 22.5 ~ 45 ~ 67.5 ~ and 90 ~ to the 
rolling direction at a crosshead speed of 5 mm min- 1 
The strain-rate sensitivities were measured by chang- 
ing the crosshead speed from 5 mmmi n  -1 to 
50 mmmin-1  at 15% strain. The plastic strain ratios 
(the ratio of plastic width strain to thickness strain) 
were also measured at 15% strain. The measured 
tensile properties of the steel and brass specimens are 
given in Table II. Three types of strain path changes 
were carried out. They are three types of prestraining 
(uniaxial extension, equibiaxial stretching and plane 
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TABLE I Chemical compositions of materials in the steel and the brass (%) 

Steel Brass 
C Si Mn P S Ni Cr AI Cu AI Fe Pb Zn 

0.062 0.035 0.210 0.011 0.011 0.015 0.040 0.040 69.8 0.003 0.011 0.012 30.1 

T A B LE I I Tensile properties of as-received steel and brass sheet specimens (25 mm gauge length) 

Angle YS UTS Uniform Total n" n(n') a m b R 

(deg) (MPa) (MPa) elong. (%) elong. (%) 

Steel 0 153.9 287.3 28.8 50.4 0.250 0.0141 
22.5 157.1 191.9 28.2 50.0 0.245 0.0138 
45 163.4 294.7 28.2 49.6 0.241 0.0142 
67.5 158.5 289.6 28.4 50.8 0.243 0.0140 
90 152.0 282.9 29.0 52.0 0.250 0.0143 

3~ 158.0 290.3 28.4 50.4 0.245 0.0141 

0 118.5 335.7 57.2 65.2 
22.5 117.3 331.9 56.0 66.4 
45 116.1 329.1 58.8 70.8 
67.5 119.4 331.3 57.6 67.2 
90 118.9 333.6 59.2 71.6 

)~a 117.9 332.7 57.7 68.7 

Brass 0.550(0.478) 
0.545(0.480) 
0.560(0.488) 
0.533(0.475) 
0.563(0.491) 

0.554(0.482) 

1.964 
1.837 
1.491 
2.052 
2.661 

1.924 

0.939 
1.047 
1.057 
1.027 
1.024 

1.028 

an and n' are hardening exponents obtained from all the data and those around strain 0.4, respectively. 
b Strain-rate sensitivity. 
~ Strain ratio. 

1 
d)~ = _(X ~ + 2X22.5 q_ 2X4s + 2X67.5 -I- Xgo ). 
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s t ra in  rolling) fol lowed by uniaxia l  extension,  and  will 
be referred to as un iax ia l -un iax ia l  extension,  
equibiaxia l  s t r e tch ing-un iax ia l  extension and plane 
s t r a in -un iax ia l  extension.  The d imens ion  of specimens 
for pres t ra in ing  in uniaxia l  tension is shown in Fig. 1. 
The specimens were tensile s t ra ined in the rol l ing 
d i rec t ion  by 5%, 10%, 15%, 20% and 25%, from 
which the second-s tage  tensile specimens were cut at 
0 ~ 22.5 ~ 67.5 ~ and  90 ~ to the pres t ra i  n direction.  
Equib iax ia l  s t re tching of sheets was ob ta ined  using 
the equ ipment  shown in Fig. 2. F r o m  the s t re tched 
sheet, tensile specimens were cut at 0 ~ 22.5 ~ 45 ~ 67.5 ~ 
and 90 ~ to the rol l ing direction.  The plane strain 
de fo rmat ion  was achieved by rol l ing by 5%, 10% and 
15% in the rol l ing direction.  In  o rder  to ob ta in  homo-  
geneous de fo rmat ion  dur ing rolling, sufficient lubri-  
ca t ion  and small  reduct ion  per  pass were applied.  
F r o m  the rol led sheets, the tensile specimens used in 
the second-s tage  de fo rmat ion  were machined  at 0 ~ 
22.5 ~ 45 ~ 67.5 ~ and 90 ~ to the rol l ing direction.  The 
second-s tage  tensile specimens were subjected to ten- 
sile tests. 

Figure 2 Punch and die set for equibiaxial stretching. 

0 

I 
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Figure l Dimensions of the tensile specimen for prestraining in 
uniaxial tension. 

2.2. Measurements of texture and TEM 
structures 

The (l 1 0), (200)  and (2 1 l) pole  figures for the A K  
steel sheets and  the (1 1 1), (2 0 0) and (2 2 0) pole  figures 
for 70-30 brass  sheets were measured.  The pole figure 
da t a  were used to calculate  the or ien ta t ion  dis t r ibu-  
t ion functions.  The T E M  structures  of specimens were 
observed under  200 kV Jeol TEM.  
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3 .  R e s u l t s  
3.1. M e c h a n i c a l  p roper t ies  
3. 1.1. Uniaxia/-uniaxia/ extension 
Fig. 3 shows uniaxial flow curves of the AK low- 
carbon steel specimens tested at 45 ~ and 90 ~ to the 
prestrain direction after prestraining in uniaxial ten- 
sion in the rolling direction (RD). Relative to the flow 
strengths attained at equivalent strains in mono ton ic  
deformation,  the changes in strain path were accom- 
pained by substantial increases in the initial flow 
stress. The increase was more prominent  in the 45 ~ 
test, as shown in Fig. 4. Tensile behaviour  of the 70-30 
brass was different from that  of the AK steel, as shown 
in Fig. 5. The strain path change following a small 
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Figure 3 Flow curves of the AK steel specimens tested at (- -) 45 ~ 
and ( ) 90 ~ to the prestrain direction after prestraining in 
uniaxial tension in the rolling direction (RD). 

500 

400 

o._ 
300 

t3 

200 

1 O0 

0 
0.0 

~176 4 5 ~  ~ 

0.1 0.2 0.3 
i 

0,4 0.5 

Figure 5 Flow curves of the 71~30 brass specimens tested at 45 ~ 
and ( . . . .  ) 90 ~ to the prestrain direction after prestraining in 
uniaxial tension in the RD. The 90 o curves are shortened to avoid 
complication, but they are almost parallel to the 45 ~ curves. Pre- 
strain at 45~ ( - - )  0.049, (-- .  ~ 0.095, ( - - . , )  0.140, 
( . . . . .  ) o.]82. 

prestraining in uniaxial tension in the RD caused an 
increase in the 45 ~ second-stage yield stress. However,  
the second-stage yield stresses decreased with increas- 
ing prestrain with higher values at 45 ~ to the RD 
(Fig. 6). 

~o 

1.1 

1.0 

I I I 
0.0 22.5 45 67.5 90 

Angle to prestrain direction (deg) 

Figure 4 Anisotropy of the second-stage yield stresses of the AK 
steel specimens tested after prestraining in uniaxial tension in the 
RD. Prestrain: (0) 0, ( I )  0.049, (D) 0.095, (A) 0.140, (0) 0.182. 
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3. 1.2. Equibiaxial stretching-uniaxial 
extension 

Plastic behaviour  of the AK steel specimens tested in 
the RD after prestraining in equibiaxial tension is 
shown in Fig. 7. In order for compar ison with mono-  
tonic flow behaviour,  it is necessary to introduce an 
appropria te  effective strain. The Hosford yield equa- 
tion [10] for anisotropic materials yields the following 
effective strain [11] 

= (1 + R)I/"[1 + Ic{I ~ + N i l  - {~la] (a-1)/a 

I I1 -' I + R ( I _ ~ ) j  8, (1) 

where R is the plastic strain ratio (the ratio of  width to 
thickness strain), ~ is the ratio of transverse stress to 
longitudinal stress (o2/~t),  a is a constant  (6 for b c c, 
8 for fcc)  and 81 is the longitudinal strain (~ = 1). For  
equibiaxial streching, the effective strain reduces to 

= 2 ("- 1)/a(l -t- R)l/ae 1 (2) 

The effective strains give rise to higher yield stresses 
than expected from the monoton ic  flow curve. The 
Hosford yield criterion was obtained based on 
Taylor 's  minimum energy [12] for yielding of crystal- 
Iine materials. The equihiaxial stretching also reduced 
variat ion in the second-stage yield stress with tensile 
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Figure 6 Anisotropy of the second-stage yield stresses of the 70-30 
brass specimens after" prestraining in uniaxial tension in the RD. 
Prestrain: (@) 0, (111) 0.049, (C]) 0.095, (%) 0.140, (�9 0.182. 
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Figure 8 Anisotropy of the second-stage yield stresses of the AK 
steel specimens tested after prestraining in equibiaxial tension. Ef- 
fective prestrain: (O) 0, (m) 0.125, (c]) 0.184, (A) 0.252, (0) 0.345, 
( , )  0.434. 
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Figure 9 The second-stage flow curves of the 70-30 brass tested in 
the RD after prestraining in equibiaxial tension. The effective strains 
were calculated based on the Hosford yield criterion: (a) 0, (b) 0.I 17, 
(c) 0.172, (d) 0.218, (e) 0.280, (f) 0.323, (g) 0.365, (h) 0.406. 

Figure 7 Plastic behaviour of the AK steel tested at the RD after 
prestraining in equib]axial tension. The effective strain, ~., was cal- 
culated based on the Hosford yield criterion. 

direction as shown in Fig. 8. Fig. 9 shows the second- 
stage flow curves of 70-30 brass specimens tested in 
the RD after prestraining in equibiaxial tension. The 
effective strain was calculated using Equation 2. The 
agreement between the monotonic and second-stage 
flow curves indicates that the effective strain defined in 
Equation 1 is satisfactory in the brass specimens. 
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3. 1.3. P l a n e  s t r a i n - u n i a x i a l  e x t e n s i o n  
Fig. l0  shows the second-s tage  flow curves of A K  steel 
spec imens  tensi le  tested after p l ane  s t ra in  ro l l ing  in 
which the m a x i m u m  pr inc ipa l  s t ra in  d i rec t ion  was 

Figure 10 The second-stage flow curves of the AK steel tested after 
plane strain prestraining in which the maximum principal strain 
direction is parallel to RD. The effective strain was calculated based 
on the Hosford yield criterion. ( - - - )  0 ~ to maximum prestrain 
direction, ( ) 90 ~ to maximum prestrain direction. 
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paral le l  to the rol l ing direction.  The effective s train in 
pres t ra in ing  was calcula ted based on Equa t ion  1. F o r  
plane strain 

dsz Icz}"(l - o0 - R}I - ~I~ 
P=de~ 0 ~ ( l - c z + R t l - c z l "  ) = 0  (3) 

Subst i tu t ion  of Equa t ion  3 into Equa t ion  1 gives 

{ [ R,,,o 
= ( 1  + R )  ~/" 1 + 1 + R t/{"-t) Sl (4) 

The yield stresses ob ta ined  in the second-s tage 
flow curves are higher  than  expected from the mono-  
tonic  extensions. On  the o ther  hand,  the second-s tage 
flow curves of 70-30 brass  are not  very different from 
that  expected from the mono ton i c  extensions,  but  
indicate  slightly higher  flow stresses at  low prestrains  
and lower flow stresses at  higher  pres t ra in ing  (Fig. 11). 

3.2.  C r y s t a l l o g r a p h i c  t e x t u r e s  
Fig. 12a shows the (1 1 0) pole  figure and  O D F  for the 
A K  steel sheet in the as-received state. The sheet had  
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Figure 11 The second-stage flow curves of the 70-30 brass tested 
after plane strain prestraining. Effective prestrain; ( ) 0, (- - -) 
0.063 (0~ (--. --) 0.104 (0~ (---- --) 0.152 (0~ (...) 90 ~ "0 ~ 
indicates that the maximum principal strain direction in prestrain- 
ing is parallel to the RD. The effective strains were calculated based 
on the Hosford yield criterion. 

= (~ RD 

OO TD 0 ~ TD 

45 ~ 

(a) 

J '  hJ' 'LY ' '~  

, ~ -  . )  , ~ i ' ~ <  ~ . ,  

90 ~ 45 ~ 

(c) 

900 

, ' ~ '  / 

0 ~ ~ TD 

45 ~ b~~~"'~ ~ ~ " ~ ~ ~ ~  90~ 

0 o 

45 ~ 

TD 

{b) (d) 

90 ~ 

Figure 12 (1 1 0) pole figures and ODFs for the AK steel sheets (a) in the as-received state, (b) prestrained by 0,182 in uniaxial tension at the 
RD, (c) plane strain rolled by an effective strain = 0.167, and (d) prestrained in equibiaxial tension by an effective strain = 0.299. The numbers 
on the left and right of ODFs indicate ~ values. 
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a relatively well-developed (1 1 1) fibre texture. When 
prcstrained in uniaxial tension in the RD and rolled 
by effective strain of 0.167, the fibre texture was dis- 
turbed as shown in F'ig. 12b and c. However, the 
specimen stretched in equibiaxia[ tension showed 
a very well-developed (1 ! 1) fibre texture as shown in 
Fig. 12d. Fig. 13a shows the (1 I 1) pole figure and 
ODF for the 70.-30 brass sheet in the as-received state, 
which indicate a poorly developed texture. Prestrain- 
ing by 0.182 in uniaxial tension and by rolling by an 
effective strain of 0.152 developed slightly stronger 
textures in the sheets as shown in Fig. 13b and c. 
Equibiaxial stretching gave rise to a weak fibre texture 
as shown in F'ig. 13d. 

3.3. TEM s t r u c t u r e s  
Fig. 14 shows well-developed dislocation cell struc- 
tures in the AK steel specimens, whereas rather homo- 
geneous structures were obtained in the brass speci- 

mens (Fig. 15). The difference in dislocation structures 
of the steel and brass specimens is known to be due to 
a difference in stacking fault energies of the two differ- 
ent materials. The high stacking fault energy tends to 
develop the cell structure, whereas the low stacking 
fault energy develops planar and homogeneous dislo- 
cation structure. It is also noted that, for steel speci- 
mens, elongated cell structures were developed by 
uniaxial tension and roiling, whereas equibiaxial 
stretching gave rise to an equiaxed cell structure. 

4. Discussion 
The anisotropy of yield stresses can be caused by 
texture. The effect of texture on the yield stress can be 
calculated based on Taylor's minimum energy theory 
[8, 9, 12]. Fig. 16 sho~'s the measured second-stage 
yield stresses of low-carbon steel and 70-30 brass 
specimens as a function of angle to the rolling direc- 
tion after cquibiaxial stretching as compared with 
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Figure 13 ( 1 1 1) pole figures and ODFs for the 70 30 brass sheets (a) in the as-received state, (b) prestrained by 0.182 in uniaxial tension at the 
RD, (el plane strain rolled by effective strain O. 152. and (d) prestrained in cquibiaxial tension by effective strain 0.280. The numbers on the left 
and right of ODFs indicate @~ values. 
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Figure 14 TEM structures of the AK steel specimens (a) in the as-received state, (b) after prestraining in uniaxial tension (~ = 0.182), (c) after 
prestraining by rolling (~ = 0.167), and (d) after prestraining in equibiaxial tension (g = 0.126). 

Figure 15 TEM structures of the 70-30 brass specimens (a) in the as-received state, (b) after prestraining in uniaxial tension (e = 0.182), 
(c) after prestraining by rolling (g = 0.152) and (d) after prestraining in equibiaxial tension (g: = 0.28). 
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Figure 16 The second-stage yield stresses of (O) the AK steel and 
(~)  the 70-30 brass specimens tested after prestraining in 
equibiaxial tension (~ = 0.299 for steel and g = 0.28 for brass). The 
curves indicate values calculated based on textures. 

those calculated based on textures. The equibiaxial 
stretching made the dislocation structure more 
equiaxed as shown in Figs 14d and 15d. Therefore, the 
anisotropy of yield stresses in Fig. 16 is expected to be 
caused mainly by the textures of specimens. The excel- 
lent agreement between measured data and values 
calculated using textures reflects that the calculation 
gives us satisfactory texture effects. 

Fig. 17 show anisotropy of yield stresses of the 
as-received AK steel and 70-30 brass specimens as 
a function of angle to the rolling direction. For brass, 
the measured data are in good agreement with values 
calculated based on textures due to is�9 disloca- 
tion structure as shown in Fig. 15a. On the other 
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Figure 17 The yield stresses of (O) the AK steel and (~ )  70-30 
brass specimens in the as-received state. The upper and lower curves 
are values calculated using textures of steel and brass specimens, 
respectively. 

hand, the steel specimens show a little disagreement 
between measured and calculated values, possibly due 
to a slight anisotropic dislocation structure developed 
during temper rolling, even though it cannot be clearly 
seen in Fig. 14a. 

When tested in different strain paths after prestrain- 
ing in uniaxial tension in the rolling direction, the 
yield stress of low-carbon steel specimens deviated 
positively from the values calculated from their 
textures, whereas those of 70-30 brass specimens devi- 
ated negatively from the calculated values, as shown in 
Fig. 18. This behaviour can be attributed to the differ- 
ences in dislocation structures of the two different 
alloys. The steel specimens had elongated dislocation 
cell structures as shown in Fig. 14b. If a strain path 
change takes place, the relatively stable elongated cell 
walls developed during prestraining will become bar- 
riers to dislocation movement due to the new exten- 
sion. Therefore the second-stage yield stress after the 
strain path change must be higher than that in the 
uniaxial prestraining. In this case, a 90 ~ change in 
strain path will give rise to the highest increase. This 
may be the case of steel specimens in Fig. 19, because 
uniaxial tension and rolling of steel specimens caused 
elongated cell structure as shown in Fig. 14c. How- 
ever, for the steel specimen in Fig. 18, the highest 
increase was observed in a 45 ~ change in strain path, 
even though they had elongated cell structures 
(Fig. 14b). The same phenomenon was found in brass 
specimens. 

Brass specimens prestrained in uniaxial tension be- 
have very differently from steel specimens as shown in 
Fig. 18. As mentioned earlier, dislocation structures in 
brass specimens are planar and relatively homogene- 
ous due to their low stacking fault energy. Therefore, 
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Figure 18 The second-stage yield stresses of (O) the AK steel and 
(7 )  70-30 brass specimens tested after prestraining in uniaxial 
tension (z = 0.182). The upper and lower curves are values cal- 
culated using textures of steel and brass specimens, respectively. 
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Figure 19 The yield stesses of(O) the AK steel and ([]) 70-30 brass 
specimens after prestraining by rolling (~ = 0.167 for steel and 

= 0.152 for brass) The upper and lower curves are values cal- 
culated using textures of steel and brass specimens, respectively, 
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Figure 20 Schematic drawing explaining dislocations generated by 
uniaxial extension being moved towards the opposite direction by 
90 ~ extension to the prior uniaxial extension. 

the anisotropic yielding behaviour of brass in Fig. 18 
cannot  be explained as in low-carbon steel. The planar 
dislocation structure may  be approximated by dis- 
location pile ups as shown in Fig. 20. The figure 
indicates that uniaxial extension in the rolling direc- 
tion followed by uniaxial tension in the transverse 
direction is similar to uniaxial extension followed by 
uniaxial compression in the rolling direction which 
causes the Bauschinger effect, unless slip systems in 
the both cases are different. Therefore, the second- 
stage yield stress of the brass specimen tested after 
a 90 ~ change in strain path is lower than that expected 
from its texture. However,  when tested after a 45 ~ 
change in strain path, the dislocations generated dur- 
ing prestraining are in the most  difficult position of 
movement,  which in turn gives rise to the higher yield 
stress as shown in Fig. 18. The decrease in the second- 
stage yield stresses with increasing prestrain is at- 
tributed to increasing back stress due to increasing 
dislocation density with increasing plastic deforma- 
tion (Fig. 6). This explanation could be applied to the 
low-carbon steel specimens which show the 45 ~ yield 
stress higher than that expected. The second-stage 
yield stresses of brass specimens prestrained by rolling 
(Fig. 19) deviate less from those calculated using teg- 
tures than specimens prestrained in uniaxal tension. 
This may be due to the fact that  the number  of active 
slip systems in plane strain deformation (as in rolling) 
is larger than that in uniaxial tension. 
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