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Influence of cold-rolling and annealing 
conditions on formability of aluminium 
alloy sheet 

H. TAKUDA, N. YAMAZAKI ,  N. HATTA 
Department of Mineral Science and Technology, Kyoto University, Kyoto 606-01, Japan 

S. KIKUCHI 
Department of Metal Science and Technology, Kyoto University, Kyoto 606-01, Japan 

Using an AI-Mg-Cu alloy developed for auto body panels, strip sheets are experimentally 
produced by various cold-rolling and annealing procedures. Tensile and metallographic 
properties of the sheets and their relations are examined to attain high formability. The 
elongation is closely related to the grain size, and increases with the final annealing 
temperature. The rolling texture influences the plastic anisotropy, the Lankford value of the 
sheets. The comparatively high Lankford values are obtained under the condition that both 
the intermediate and the final annealing temperatures are higher and the reduction ratio 
after the intermediate annealing is smaller. 

1. Introduction 
The use of aluminium to reduce car weight is drawing 
much attention from the viewpoint of environmental 
preservation [1-3]. Specifically, the use of aluminium 
alloy sheet in auto body panels will bring great im- 
provement in weight reduction. However, the alumi- 
nium alloy sheets developed for auto body panels are, 
normally, much inferior to steel sheets in formability 
so far [3, 4]. Therefore, investigations on alloy design 
are being carried out to obtain aluminium alloy sheets 
with high formability as well as high strength [2-6]. 
On the other hand, the formability and the strength of 
materials depend greatly upon the production pro- 
cesses, and it is necessary to investigate the optimum 
rolling and annealing conditions for the aluminium 
alloy sheets for auto body panels. 

In this study, therefore, using an A1-Mg-Cu alloy 
developed for auto body panels [5], strip sheets are 
experimentally produced under various cold-rolling 
and annealing conditions. Then the tensile tests and 
the metallographic observations are carried out for 
the strip sheets, and the influences of reduction sched- 
ule, annealing temperature, stage for intermediate an- 
nealing, etc. on the mechanical and metallographic 
propertiesof the sheets are examined. From the results 
so obtained the possibility of improvement in forma- 
bility of the aluminium alloy sheets by optimizing the 
production processes is discussed. 

2. Experimental procedure 
The material used in this study is an A1-Mg-Cu alloy, 
and the chemical composition of the material is given 
in Table I. 

The material was hot-rolled by an actual mill in 
operation, and provided for the experiments. The test 
pieces were cut from the hot-rolled coil with a thickness 
of 5.2 mm, and cold-rolled in the laboratory to a final 
thickness of 1.2 mm. Two pairs of rolls with diameters, 
d, of 70 mm and 400 mm were used as the Working 
rolls. The reduction of a rolling pass, At, was set to be 
a constant value of 0.25 mm, 0.5 mm or 1.0 mm. The 
test pieces were rolled repeatedly and reversely until the 
final thickness was reached by the same pair of rolls. 

The annealing procedures examined in this study 
are divided roughly into four cases (A to D) by the 
annealing times and the reduction stage for the inter- 
mediate annealing, as is indicated in Table II. In case 
A, only the final annealing was performed without the 
intermediate annealing. In cases B and C, the inter- 
mediate annealings were performed at the stages of 
sheet thickness of 2.2 mm and 3.2 mm, respectively. In 
case D, the initial annealing was performed before 
cold-rolling for 2 h at a temperature of 800 K, in 
addition to the intermediate and the final annealings 
in case B. The intermediate annealing was performed 
for 2 h at two temperatures, 600 K and 800 K, and the 
final annealing was done for 1 h at three temperatures, 
600 K, 700 K and 800 K. (In the subsequent descrip- 
tion we use the following abbreviations. B68 stands for 
the specimens which were annealed intermediately at 
600 K and finally at 800 K in case B (see Table II).) 

As well as the above procedures indicated in 
Table II the stage for the intermediate annealing and 
the final annealing time were further varied in the 
additional experiments. 

From the strip sheets of 1.2 mm in thickness so 
obtained the tensile specimens were cut in such a way 
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TABLE I Chemical composition of test material (wt.%) 

Si Fe Cu Mn Mg Cr Zn Ti Al 
0.05 0.05 0.33 0.03 5.55 0.01 tr. 0.01 bal. 

tr., trace 
bal., balance 

as to be parallel  to the roll ing direction. The width and  
the gauge length of the tensile specimens were set to be 
12.5 m m  and  50.0 mm, respectively. The tensile tests 
were carried out  at room temperature.  

The microstructures  of the specimens were observed 
by optical microscopy, and  the grain sizes were meas- 

ured by the l inear  intercept  method  [7]. 
Fur thermore ,  texture analyses by X-ray diffraction 

were p.erformed on an  au tomat ic  texture goniometer ,  
using MoK~ radiat ion.  Fo r  each texture two incom- 
plete pole figures, (1 00) and  (1 1 1), were recorded by 
the Schulz back-reflection method  [8]. 
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Figure 1 Effect of roll diameter, d, on elongation. �9 d = 70 ram; O, 
d = 400 ram. At = 0.5 mm. 

3 .  R e s u l t s  a n d  d i s c u s s i o n  

Fig. 1 shows the e longat ions  of various specimens, as 
an example of the effects of the roll diameter,  d, on the 
tensile properties. In  this figure the open and  solid 

circles indicate the values for d =  7 0 m m  and  
d = 400 mm, respectively. While the e longat ion  de- 
pends greatly u p o n  the annea l ing  procedure,  no  signif- 
icant  difference due to the roll d iameter  can be seen in 
each procedure. Inc luding  other properties, the roll 
d iameter  has almost  no influence on the tensile prop-  
erties of the sheets. 

Similarly, the difference depending  on the reduct ion 
of a roll ing pass, At, can hardly be recognized in any 

TABLE II Procedures of cold-rolling and annealing 

tensile property.  However,  in some cases, the elonga- 
t ions for At = 1.0 m m  are fairly small in compar i son  
with those for At = 0.5 m m  and  for At = 0.25 mm, as 
shown in Fig. 2. This suggests that  the reduct ion At 
should not  be too large. The experimental  results 
for At = 1.0 m m  are accordingly excluded from the 

following figures. 
Fig. 3 shows the relat ion between the in termediate  

and  the final annea l ing  temperatures  and  the elonga- 
tion. The results in cases where the intermediate  an-  
neal ing temperatures  are 600 K and  800 K are in- 
dicated in Fig. 3(a) and  (b), respectively, in groups of 
the same final annea l ing  temperatures.  In  Fig. 3(b) the 
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Figure 2 Effect of reduction of a rolling pass, At, on elongation. 
d = 400 mm. ©, B68; A, B66; D, B86. 
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Figure 4 Relation between annealing temperatures and, vork-hard- 
ening exponent, n. 

pressed with the work-hardening exponent, n, as 

CY = F 8  n 
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Relation between annealing temperatures and elongation. 

results for the case without intermediate annealing, 
i.e., for case A, are additionally shown by the solid 
circles. For  both the intermediate annealing temper- 
atures of 600 K and 800 K the elongation increases 
with a rise in the final annealing temperature, and the 
elongations beyond 30% are attained at the final 
annealing temperature of 800 K. 

The true stress-true strain ( ~ -  e) relation ob- 
tained from the tensile test can be approximately ex- 

where F is a constant. Fig. 4 shows the relation between 
the annealing temperatures and the n-value, in the same 
way as Fig. 3. There is a similarity between the rela- 
tions shown in Figs3 and 4, and it is considered that 
the n-value and the elongation are correlated. 

Figs 5 and 6 show the relations of the annealing 
temperatures to the proof stress and the tensile 
strength, respectively. The proof stress and the tensile 
strength decrease with a rise in the final annealing 
temperature, almost independent of the intermediate 
annealing temperature. However, the decrease in the 
tensile strength is not so remarkable. The tensile 
strengths for the final annealing temperature of 800 K 
are about 280 MPa and smaller than those for 600 K 
by only 10% or so. 

Fig. 7 shows the relation between the annealing 
temperatures and the average grain diameter of the 
microstructure. The grain size increases with the final 
annealing temperature. It is considered that the 
above-mentioned tensile properties are closely related 
to the grain size. In some cases where the final anneal- 
ing temperature is 600 K the non-recrystallized micro- 
structures are also observed. 

Fig. 8 shows the effects of the final annealing time 
on the grain size and on the elongation, in the case of 
B88, obtained from the additional experiments. The 
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Figure5 Relation between annealing temperatures and proof stress. 
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Figure 6 Relation between annealing temperatures and tensile strength. 

9 6 0  

B66 
C66 
D66 

B67 
C67 
D67 

B68 
C68 
D68 

~g 

Average grain diameter (gm) 

r o 
o o 

r I . . . .  I 

O 

O 

0 

0 

0 

, , , I , , ,,I 

c.n 
o 
0 

i 

O 

O 

0 
! 

A06 
B86 
C86 
D86 

A07 
B87 
C87 
D87 

A08 
B88 
CB8 

D88 

O 

Average grain diameter (gm) 

O O 

' I . . . .  I 

0 

0 

0 

, , , I . . . .  I 

O 

o 

O 
i I 

Lln 
O 
O 

i 

Figure 7 Relation between annealing temperatures and average 
grain diameter. (Note that samples D66, B86, C86 and D86 are 
non-recrystallized.) 
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Figure 8 Effect of final annealing time on average grain diameter 
and elongation. �9 average grain diameter; e ,  elongation. 

grain size and the elongation increase with the anneal- 
ing time, but their changes become smaller after 30 rain. 

As a measure of the sheet formability, especially the 
drawability, the Lankford value, r (which shows the 
plastic anisotropy of a sheet), is commonly used for 
the steel sheets. It is uncertain whether the r-value 
can measure the formability of the aluminium alloy 
sheets or not. However, it is reported that there is also 
a positive correlation between the r-value and the 
drawability of the aluminium alloy sheets (for the 
same kind of alloy) [3]. 
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Fig. 9 shows the relation between the annealing 
temperatures and the Lankford value, r. The inter- 
mediate annealing temperature has a notable influ- 
ence on the r-value, while it has no remarkable influ- 
ence on the above-mentioned tensile properties such 
as elongation and strength. For the case where the 
intermediate annealing temperature is 600 K, the r- 
value remains at low values of 0.6 or so, independent 
of the final annealing temperature. On the other hand, 

for the case where the intermediate annealing temper- 
ature is 800 K, the r-value increases with the final 
annealing temperature. 

It has been found that the specimens which are 
annealed at the highest temperature in the present 
experimental conditions both in the intermediate and 
the final annealings have the highest properties not 
only in the elongation but also in the r-value. For this 
group of specimens, again, the influence of the reduc- 
tion stage for the intermediate annealing on the 
r-value are examined. Fig. 10 shows the relation 
between the reduction ratio after the intermediate 
annealing and the r-value, including the results of the 
additional experiments. Only for the case of A08 with- 
out the intermediate annealing, the abscissa excep- 
tionally indicates the total reduction ratio. It proves to 
be necessary to lower the reduction ratio after the 
intermediate annealing in order to obtain the high 
r-value, as is commonly accepted for aluminium 
sheets. The r-value of D88 annealed initially before the 
cold-rolling is lower than that of B88, and this shows 
that the initial annealing is unnecessary, or rather has 
a bad influence on the r-value. 

The plastic anisotropy is generally caused by the 
crystallographic anisotropy in texture. Fig. 11 shows 
the cold-rolling textures of A08, B88, C88 and D88 
before the final annealing. It is observed that the 
texture of B88 which indicated the highest r-value in 
Figs 9 and 10 differs qualitatively from those of other 
specimens. The pole figures of A08, C88 and D88 
(Figs 1 l(a), (c) and (d)) show qualitatively the same 
rolling texture typical for f.c.c, metals, which is com- 
posed mainly of (123) [74i2], (146) [211], (1 10) 
[1 12], (1 1 0) [00 1] and (1 1 2) [11 1] orientations. 
Also the specimens for the intermediate annealing 
temperature of 600 K show the similar and clearer 
rolling texture. On the other hand, it is observed in the 
pole figure of B88 (Fig. 1 l(b)) that the rolling texture is 
not yet completely formed and the annealing texture 
at the intermediate annealing remains. As a result, in 
the annealing texture of B88 after the final annealing, 
the growth of the component (100) [00 1] which is 
regarded as disadvantageous to the r-value is compar- 
atively small (Fig. 12). Such a textural characteristic of 
B88 may cause the improvement in the r-value. How- 
ever, in the annealing texture after the final annealing, 
the (1 00) plane is mainly oriented parallel to the sheet 
plane also for B88 similarly for other specimens, though 
the difference in the degree of clearness of texture exists. 
Therefore, the highest r-value obtained in the present 
experiments is only about 0.9, and the drastic improve- 
ment in the r-value might be difficult to attain. 

4. C o n c l u s i o n s  
In order to examine the optimum conditions of cold- 
rolling and annealing for the improvement in forma- 
bility of the aluminium alloy sheets for auto body 
panels, the strip sheets of an A1-Mg-Cu alloy were 
experimentally produced by various cold-rolling and 
annealing procedures, and the tensile tests and the 
metallographic observations were carried out. The 
results so obtained are summarized as follows: 
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(1) The elongation of the aluminium alloy sheet 
increases with the final annealing temperature, and 
exceeds 30% at the annealing temperature of 800 K. 

(2) Though the proof stress and the tensile strength 
decrease with a rise in the final annealing temperature, 
the decrease of the tensile strength is comparatively 
small. 

(3) The above tensile properties are closely related 
to the grain size. 

(4) The roll diameter and the reduction in a rolling 
pass have almost no influence on the tensile proper- 
ties. 

(5) Under the condition that both the intermediate 
and the final annealing temperatures are higher and 
the reduction ratio after the intermediate annealing is 
smaller, the growth of the (10 0) [0 01] component in 
the final annealing texture is small, and the compara- 
tively high Lankford value is obtained. 
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