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A single crystal of aluminum, prestrained at low temperature, exhibits a yield drop when 
it is deformed at a sufficiently higher temperature and this phenomenon has been termed 
the work softening. In this study, three types of aluminum single crystals with various 
tensile orientations were stretched at 77 K and 293 K, to clarify the effect of orientation 
on this work softening phenomenon. The single crystal orientated for single slip shows 
work softening when deformed at 293 K after prestraining satisfactorily at 77 K. In the 
deformation of this crystal at 293 K, a coarse slip accompanied by an intimate cross slip, 
was observed. The single crystal orientated along ( 1 00 )  also shows work softening at 
293 K after giving moderate elongation at 77 K and a clustered slip accompanied by a 
prominent cross slip was observed in the deformation at 293 K. However, in the 
deformation of the single crystal orientated along ( 1 1 1 ) at 293 K, only a fine triple slip 
was observed and work softening was not observed even when prestrained to a large strain 
at 77 K. It is thought that the work softening found at 293 K after prestrain at 77 K is 
associated with the occurrence and propagation of coarse slip accompanied by cross slip. 

1. Introduction 
Stokes and Cottrell [1,2] pointed out that a drop 
of yield stress was observed with a decrease of 
flow stress when an aluminum single crystal was 
deformed at a sufficiently higher temperature 
after elongation of several per cent at low tempera- 
ture. The yield drop is generally associated with 
the interaction between dislocations and impurities 
or vacancies. However, they demonstrated that 
this phenomenon did not originate from the 
common mechanism of the yield drop, and that it 
could be explained as a result of work softening. 

Work softening of the same kind has also been 
observed in aluminum single crystals and mag- 
nesium single crystals when deformed at a low 
strain rate after impact deformation [3 -5] .  In both 
above cases, it is thought that this work softening 
is caused by the collapse of the metastable struc- 
ture of dislocations formed at the first defer- 
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mation, or by the cross slip avoiding obstacles 
formed at the first deformation. 

It is well known that the dislocation structures 
formed during work hardening or the ease of  
cross-slip are greatly influenced by the crystal 
orientation. Therefore, it is supposed that the 
work softening may be greatly influenced by 
the crystal orientation. 

However, this effect has been studied scarcely 
at all, save for the work of Kashihara et al. [6], 
using aluminum single crystals deformed at high 
strain rate. 

In the present study, three types of aluminum 
single crystals, a crystal with (1 0 0) tensile orien- 
tation (for which cross slip can most easily occur), 
a crystal with (1 1 1) tensile orientation (for 
which the occurrence of cross slip is most dif- 
ficult) and a common single crystal for single 
glide, are prepared. In order to clarify the effect 
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of  orientation on work softening and to discuss 
the relation between the cross slip and work 
softening, these single crystals are prestrained 
at 77 K and continuously strained at room tem- 
perature. 

2.  E x p e r i m e n t a l  p r o c e d u r e  
The material used in this experiment was 99.99% 
pure aluminum. Single crystal plates, having an 
orientation controlled by seeding, were grown by 
the Bridgman method in a vacuum. Specimens 
with a gauge dimension of  2 m m  x 5 m m  x 1 5 m m  
were cut from the single crystal plates by spark 
cutting and then annealed at 823 K for 3h.  All 
specimens were polished mechanically and electro- 

40 lytically before a tensile test. 
The orientation of  these single crystal specimens 

are shown in Fig. la ,  b and c. One of  these single A 

crystals is deformed by single slip at the early '~E30 
Z 

stage of  plastic deformation (Fig. la).  The others 
have an (1 0 0 > and an < 1 1 1 > tensile orientation, b 
the former deformed by quadruple slip, the latter ~2o 
by triple slip (Fig. lb  and c). ~o 

In this paper, the single crystals shown in Fig. Io 

la,  b and c are termed single-slip-orientated single 
crystals, (1 00> orientated single crystals and 
(1 1 1 > orientated single crystals, respectively. 
The accuracy of  orientation of  the single crystals 
could be controlled to within -+ 1 ~ Tensile tests 
were carried out with a strain rate of  4 x 10 -s 8o 
sec -1 at 77 K (in liquid nitrogen) and at 293 -+ 1 K. 
Slip line observation was made at each stage of  
deformation. 

3. Results and discussion 
3.1. Work softening and slip line observation 
3. 1.1. Single-slip-orientated single crystal 
The stress-strain curve of  the single-slip-orientated 
single crystals, stretched by 5.5% strain at 7 7 K  
and continuously at 293 K, is shown in Fig. 2a. 
The flow stress increased rapidly after showing a 
short Stage I at 77K,  but scarcely increased as 
deformation proceeds after the yield drop of  
0 . 7 5 M N m  -2 (about 3% of  whole flow stress) 
at 293K.  

This yield drop is similar to that reported as 
work softening by Stokes and Cottrell [1]. They 
demonstrated that this yield drop is not due to 
the ageing treatment,  since the purity of  material 
used in their experiment is high enough, and 
concluded that it is not a yield point drop caused 
by strain ageing. 

Z 

0 2 4 6 8 I0 
(a) Strain e (%) 

/ 

/ 

0 2 
(b) Strain ~ (%) 

293K 

3 4 

/ z 77 

b 4 0  

2C 

0 I 2 3 4 5 
(c) Strain ~ (%) 

1figure 2 Stress-strain curves for a single crystal at 77 K 
and 293K: (a) single-slip-orientated single crystal; (b) 
<1 0 0> orientated single crystal; (c) (1 I 1> orientated 
single crystal. 

Yield drop has also been observed in single 
crystals of  nickel, aluminum [7] and copper [8] 
when again loaded at the same temperature after 
unloading. This is well known as the Haasen-Kel ly  
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Figure 3 Slip lines observed in single-slip-orientated single crystal: (a) specimen electrolytically polished at zero strain, 
slip lines observed at 77 K at a strain of 5.5%; (b) specimen electrolytically polished after elongation of 5.5%, slip lines 
observed at 293 K at a strain of 6.8%. 

effect [7]. But, in this case, the magnitude of yield 
drop is less than 1% of the whole flow stress and 
the stress-strain curve instantly coincides with 
the extention of the prior stress-strain curve. 
Therefore, it is evident that the yield drop observed 
in our experiment is not the Haasen-Kelly effect. 

Fig. 3a shows the top surface of a single-slip- 
orientated single crystal which was stretched by 
5.5% strain at 77 K. Fig. 3b shows the top surface 
of the same specimen continuously stretched to 
6.8% strain at 293 K subsequent to 5.5% prestrain 
at 77 K. In this study, for the convenience of 
observation, the specimen surface was electrolyti- 
cally polished several times during the experiment. 
It was found that the primary slip: (1 1 ]-) [1 0 1], 
and the conjugate slip: (1 ]-1) [1 101, occurred 
strongly in deformation at 77K, while in the 
deformation at 293 K, the coarse primary slip was 
observed immediately and the coarse conjugate 
slip was also observed. These slips are clearly dif- 
ferent from those observed at deformation at 77 K 
and were accompanied by an intimate cross slip. 

The macroscopic observations of slip lines on a 
single-slip-orientated single crystals deformed at 
293 K are shown in Fig. 4. In the deformation at 
293K, the coarse slip began to appear at either 
end of the specimen and propagated to the central 
region and to the other end of the specimen. 
Therefore, the flow stress of  the single-slip- 
orientated single crystal is not increased in the 
deformation at 293K in a similar way to the 
propagation process of the Liiders band. 

3. 1.2. (1 0 O)orientated single crystal 
When the (1 0 0) orientated single crystal was 
stretched at 293K after a prestrain of 2.4% at 
77 K and unloaded, its flow stress remained almost 
constant after the yield drop of 1.1 MN m -2 (about 
4% of the whole flow stress) (see Fig. 2b). 

In the deformation of this single crystal at 
77 K, only the fine quadruple slip operated (see 
Fig. 5a) and so its flow stress increased rapidly, 
as reported previously by the present authors 
[9]. On the other hand, in order to avoid the 
obstacles formed in the deformation at 77 K, the 
clustered slip, accompanied by the prominent 
cross slip characteristic of  the (1 0 0) orientated 
single crystal [10], was found in the deformation 
at 293 K (see Fig. 5b). As the deformation pro- 
ceeded at 293K, this clustered slip propagated 
from both ends of  the specimen towards the 
central part (see Fig. 6), in a similar way to the 
propagation of the Ltiders band, making the flow 
stress constant similar to that of the single-slip- 
orientated single crystal deformed at 293K 
after prestrain at 77 K. 

3. 1.3. (1 1 1) orientated single crystal 
Fig. 2c is the stress-strain curve of the ( 1 l l ) 
orientated single crystal, which was unloaded and 
stretched continuously at 293K after being 
elongated by 1.8% prestrain at 77 K. Its flow stress 
increased rapidly due to the triple slip, showing 
the characteristic of  (1 1 1) orientated single 
crystal deformed at 77K. However, the stress- 
strain curve of this single crystal at 293 K is totally 
different from that of  the single-slip-orientated 
single crystal or the (1 0 0 )  orientated single 
crystal; the flow stress of the (1 1 1)orientated 
single crystal increased as the deformation pro- 
ceeded at 293 K without showing yield drop. 
Only the triple slip was observed in the (1 1 1) 
orientated single crystal deformed at 77K (see 
Fig. 7a). The slip found in this crystal deformed 
at 293 K is neither the coarse slip, as was observed 
in the single-slip-orientated single crystal, nor the 
(1 0 0 )  orientated single crystal deformed at 
293 K, but was the triple slip (see Fig. 7b). 
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Figure 5 Slip lines observed in <100> orien- 
tated single crystal: (a) specimen electro- 
lyrically polished at zero strain, slip lines 
observed at 77 K at a strain of 2.4% (free 
multiple slip); (b) specimen eleetrolytically 
polished after an elongation of 2.4%, slip 
lines observed at 293 K at a strain of 7.3% 
(coarse slip accompanied by prominent 
cross slip). 

These results suggest that the work softening 
observed was closely related to the activation 
and the propagation of coarse slip. 

3.2. Alternate deformations and work 
softening 

The stress-strain curves of  the single -slip-orientated 
single crystal, the (1 0 0} orientated single crystal 
and the (1 1 1 } orientated single crystal, deformed 
alternately at 77 K and 293 K, are shown in Fig. 
8a, b and c. 

In the deformation of  single-slip-orientated 
single crystals, work softening began after being 
prestrained by 3.4% strain and was clearly seen 
after 5.3% prestrain. This means that the work 
softening was caused after there was sufficient 
formation of  obstacles to slip, such as the sessile 
dislocations due to multiple slip. 

The <1 0 0} orientated single crystal clearly 
showed work softening after being prestrained by 
2.7%. It is thought that this ease of  work softening 
in the (1 0 0) orientated single crystal corresponded 
to the easier formation of  obstacles to slip in this 
single crystal; the single-slip-orientated single 
crystal was deformed by single slip at an early 
stage of  deformation, but quadruple slip was 

activated immediately after yielding in this single 
crystal. 

In the (1 1 1) orientated single crystal, work 
softening was not observed even after prestraining 
to a large strain, despite the active operation of  
the triple slip. It is though that work softening 
was involved with not only the activation of  
multiple slip but also the occurrence of  cross slip. 

The ratio of  the flow stress at 77 K and 293 K 
at the same strain has been calculated from Fig. 8 
and the relation of the ratio of  the flow stresses 
and the strain is shown in Fig. 9. In Fig. 9a and b, 
the upper yield stress (before the work softening 
occurs) and the lower yield stress (the constant 
flow stress after work softening) are taken as the 
flow stress at 293 K. The curves of  the single-slip- 
orientated single crystal, the (1 0 0) orientated 
single crystal and the (1 1 1} orientated single 
crystal are in very good agreement with each 
other in Fig. 9a. It is shown that the ratio of  flow 
stress at 77 K and 293 K is sufficiently constant 
that, if the work softening is ignored, it is inde- 
pendent of  the crystal orientation. However, in 
Fig. 9b, the three curves diverge as the defor- 
mation proceeds, and their departure is related 
to the magnitude of  the work softening in the 

2555 



F
ig

ur
e 

6 
M

ac
ro

sc
op

ic
 o

bs
er

va
ti

on
 o

f 
sl

ip
 t

in
es

 i
n 

(I
 0

 0
) 

or
ie

nt
at

ed
 s

in
gl

e 
cr

ys
ta

l:
 (

a)
 s

pe
ci

m
en

 e
le

ct
ro

ly
ti

ca
ll

y 
po

li
sh

ed
 a

t 
ze

ro
 s

tr
ai

n,
 s

li
p 

li
ne

s 
ob

se
rv

ed
 a

t 
77

 K
 a

t 
a 

st
ra

in
 o

f 
2.

4%
; 

(b
-d

) 
sp

ec
im

en
s 

el
ec

tr
ol

yt
ic

al
ly

 p
ol

is
he

d 
at

 a
 s

tr
ai

n 
of

 2
.4

%
, 

sl
ip

 l
in

es
 o

bs
er

ve
d 

at
 2

93
 K

 a
t 

st
ra

in
s 

of
 2

.8
%

, 
4.

1%
 a

nd
 7

,3
%

, 
re

sp
ec

ti
ve

ly
. 



Figure 7 Fine multiple slip lines observed in (1 1 1 ) orientated single crystal: (a) specimen electrolytically polished at 
zero strain, slip lines observed at 77 K at a strain of 1.8%; (b) specimen electrolytically polished at a strain of 1.8%, 
slip lines observed at 293 K at a strain of 5.8%. 

respective single crystals. It is evident that the 
work softening was severely affected by the 
tensile orientation. 
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Figure 8 Stress-strain curves taken alternately at 77 K 
and 293 K. (a) Single-slip-orientated single crystal. (b) 
(1 0 0) orientated single crystal. (c) (1 1 1) orientated 
single crystal. 

3 .3 .  W o r k  s o f t e n i n g  and  tens i le  o r i e n t a t i o n  
When work softening occurred, a coarse slip, 
accompanied by the intimate cross slip and by the 
prominent cross slip, was found in the single-slip- 
orientated single crystal and in the (1 0 0) orien- 
tated single crystal. However, no coarse slip was 
found, except the fine triple slip, in the (1 1 1 > 
orientated single crystal, which did not show work 
softening. In consequence, it is thought that the 
occurrence of  work softening is due to the acti- 
vation of  the coarse slip avoiding obstacles formed 
in the crystal during deformation at 77 K. 

Miura et  al. [11] studied the orientation 
dependence o f  the stress required to make cross 
slip which indicates the ease of  cross slip, and 
they reported that it depends on the ratio M of  
the shear stress on the cross slip system re~os~ to 
that of  the primary slip system rprirn : M = reross/ 
rp~im. The value of  M is found to be equal to 1 
for (1 0 0 )  orientation and equal to - -1  for 
(1 1 1) orientation, if account is taken of  the 
direction of  resolved shear stress on the cross slip 
plane, and M is zero on the (1 1 0 ) - ( 2  1 1 ) line 
(see Fig. 11 of  [11]). Therefore, the (1 0 0)orien- 
tation is the one where cross slip most easily 
occurs, and it is the most difficult for cross slip 
to occur for the (1 1 1) orientation. 

In the present study, it has been pointed out 
that the presence o f  this work softening is domi- 
nated by the activation of  the cross slip, and that 
the easier the cross slip, the larger the magnitude 
of  work softening. As a result, the work softening 
observed at room temperature after deformation 
at 77 K was dependent on the crystal orientation. 

4 .  C o n c l u s i o n  
The effect o f  crystal orientation on work softening 
in aluminum single crystals, found at room tem- 
perature after deformation at 77K, was studied 

2 5 5 7  
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Figure 9 Ratio of flow stresses at 77 K and 293 K for three sorts of single crystals. Curves (a) and (b) were taken from 
u L at 293 K, respectively. the values of upper and lower yield stress, cr293, o293, 

using single-slip-orientated single crystals, (1 0 0> 
orientated single crystals and (1 1 1 > orientated 
single crystals. The single-slip-orientated single 
crystals and the <1 0 0> orientated single crystals 
exhibited work softening, and the <1 1 1 > orien- 
tated single crystal did not exhibit work softening 
at 293 K after moderate elongation at 77 K. 

When work softening was observed, coarse slip 
accompanied by intimate cross slip and by promi- 
nent cross slip was found in the single-slip-orientated 
single crystals and in the <1 0 0> orientated single 
crystals, respectively, while only fine triple slip 
was observed in the <1 1 1 > oriented single crystals 
at 293 K after the large deformation at 77 K. 

It is thought that work softening found at 
293K for specimens after deformation at 77K 
was caused by the occurrence and propagation of 
coarse slip accompanied by cross slip and that the 
orientation dependence can be explained by the 
ease of cross slip. 

Acknowledgement 
The authors wish to thank the Sumitomo Light 
Metal Industries Ltd., Nagoya, Japan, for supplying 
materials. Thanks are also due to Messrs. K. 
Kitaguchi and A. Oto, students of Doshisha 

University, for their help in the course of the 
experimental work. They acknowledge with 
gratitude the financial support given by the Light 
Metals Educational Foundation of Japan. 

References 
1. R.J. STOKES and A. H. COTTRELL, Acta Met. 

2 (1954) 342. 
2. A.H. COTTRELL and R.J. STOKES, Proc. Roy. 

Soc. A233 (1956) 17. 
3. S. SAKUI, T. MORI and K. SATO, J. Japan Inst. 

Metal 30 (1966) 412. 
4. S. SAKUI, B. KAKUMA, T. MORI and K. SATO, 

J. Japan lnst. Metal 30 (1966) 493. 
5. F.H. HAMMAD, C. H. AHLQUIST and W, D. NIX, 

Metal Trans. 1 (1970) 2179. 
6. S. KASHIHARA, Y. TERASAWA, H. UCHIDA and 

I. YAMADA, Preprint of the 81st Meeting of Japan 
Inst. of Metals, Hiroshima, (1977) p. 329. 

7. P. HAASEN and A. KELLY, Acta Met. 5 (1957) 192. 
8. M. J. MAKIN, PhiL Mag. 3 (1958) 287. 
9. S. MIURA and K. HAMASHIMA, J. Soc. Mater. ScL 

Japan 29 (1980) 57, 
10. y. SAEKI and S. MIURA, Trans. Japan Inst. Metal 

18 (1977) 843. 
11. S. MIURA, J. TAKAMURA and N. NARITA,.Supple- 

ment Trans. Japan Inst. Metal. 9 (1968) 555. 

Received 25 January and accepted 20 March 1980. 

2558 


