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(7) ABSTRACT

A process is described for producing an aluminum alloy
sheet having excellent bendability for use in forming panels
for automobiles. An aluminum alloy is used containing
0.5-0.75% by weight Mg, 0.7-0.85% by weight Si, 0.15-
0.35% by weight Mn and 0.1-0.3% by weight Fe and the
remainder Al and incidental impurities. The alloy is formed
into ingot by semi-continuous casting and the cast alloy
ingot is subjected to hot rolling and cold rolling, followed by
solution heat treatment of the formed sheet. The sheet
material is pre-aged by rapidly cooling from an initial
pre-aging temperature of at least 80° C. to room temperature

3, 2001. at a cooling rate of more than 5° C./hour.
350
. N
400 - (a) 105°CIT4P
(b) 125°C/T4P
250 (c) 150°C/T4P
nﬂ_i (d) 175°C/T4P
= .
- 200 (e) 105°C/T8:
=
() 125°C/T8!
150 4
(g) 150°C/T8
100 - (h) 175°CIT8
50 ; ; ;
0.1 1 10 100

Cooling Rate, °C/h



Patent Application Publication Jan. 23,2003 Sheet 1 of 2 US 2003/0015261 A1

350
400 (a) 105°CIT4P
(b) 125°CIT4P
250 - (c) 150°C/T4P
o (d) 175°CIT4P
f}. 200 1 (e) 105°CIT8:
>
(f 125°C/T8!
150 -
(g) 150°C/T8
100 1 (h) 175°CIT8
50 ' - ;
0.1 1 10 ) 100

Cooling Rate, °%Cth

FIG. 1



Patent Application Publication

Jan. 23,2003 Sheet 2 of 2 US 2003/0015261 Al
(a) 105C

£ (b) 125°C

= 2 4

z (c) 150°C

E N (d) 175°C

[ ~4

@ c)

s 17

£

2 b)

@ (a)

[« ]

-l o -

e b ; —
9 10 100
Cooling Rate, °C/h

(a) 105°C
(b) 125C

E— *] (c) 150°C

>

3 (d) 175°C

X s

c

[+

[an]

B 1

g d)

2

ot

- 1

<%
0 -1 ~ . v -

Cooling Rate, °C/h

FIG. 3

1000



US 2003/0015261 Al

PROCESS FOR PREPARING AN ALUMINUM
ALLOY SHEET WITH IMPROVED BENDABILITY
AND ALUMINUM ALLOY SHEET PRODUCED
THEREFROM

CROSS-REFERENCE TO RELATED
APPLICATION

[0001] This application claims the benefit of U.S. Provi-
sional Application Ser. No. 60/288,381, filed May 3, 2001.

BACKGROUND OF THE INVENTION
[0002] 1. Field of the Invention

[0003] The present invention is directed to a process for
preparing an aluminum alloy sheet having improved bend-
ability and paint bake response. The invention is also
directed to an aluminum alloy sheet obtained by the process.

[0004] 2. Description of the Prior Art

[0005] There is a continuing and growing need for
improved aluminum alloys with improved properties par-
ticularly for use in the automotive industry. To be useful to
the automotive industry, an aluminum alloy sheet product
must possess good forming characteristics in the as-supplied
temper so that it can be shaped and bent as desired. At the
same time, the alloy product after shaping, painting and
baking must have sufficient strength to resist dents and other
impacts.

[0006] Aluminum alloys of the AA (Aluminum Associa-
tion) 6000 series are desired to have low yield strength in the
as-supplied temper and high yield strength in the finished
product. The low yield strength in the as-supplied temper is
desirable to obtain excellent formability and reduced spring-
back, while high yield strength in the finished product is
required for adequate dent resistance at the lowest possible
gauge for maximum weight savings.

[0007] U.S. Pat. No. 5,266,130 Uchida et al., issued Nov.
30, 1993 describes a process for manufacturing an alumi-
num alloy sheet material having good shape fixability and
bake hardenability by regulating the heat pattern in the step
of cooling after the solution heat treatment. The sheet is first
rapidly cooled to a quench temperature of 60 to 250° C. and
then further cooled at a rate based on the specific quench
temperature. One aluminum alloy containing 0.8% Si, 0.7%
Mg, 0.20% Mn and 0.15% Fe included a pre-aging treatment
incorporating a cooling rate of 4° C./min from 150 to 50° C.
Another alloy containing 0.8% Si, 0.7% Mg, 0.30% Cu,
0.10% Mn, 0.15% Fe, 0.02% Ti and 20 ppm B was subjected
to the same pre-aging treatment.

[0008] U.S. Pat. No. 5,616,189 Jin et al., issued Apr. 1,
1997 describes an aluminum alloy containing magnesium,
silicon and optionally copper in amounts suitable for the
preparation of a sheet for use in the automotive industry. The
patent also describes a process for preparing an aluminum
alloy sheet with suitable properties for use in the automotive
industry. Among aluminum alloys tested were an alloy
containing 0.30% Cu, 0.50% Mg, 0.70% Si, 0.05% Mn and
0.22% Fe and another alloy containing 0.29% Cu, 0.52%
Mg, 0.68% Si, 0.07% Mn and 0.21% Fe. A sheet produced
from these alloys was subjected to a 5 hour pre-aging
treatment at 85° C. The patent also states that sheet can be
coiled at 85° C. and allowed to cool slowly to ambient at a
rate less than 10° C./hour.
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[0009] It is an object of the present invention to provide an
improved processing technique whereby an aluminum alloy
sheet is formed which has excellent bendability and paint
bake response.

[0010] The paint bake response of conventional AA (Alu-
minum Association) 6000 series aluminum alloys is com-
plex. These alloys in the as-supplied condition contain a
large number of fine clusters and zones uniformly distrib-
uted throughout the matrix. During a paint cure step, some
fine unstable clusters and zones re-dissolve in the matrix,
while others grow in size to improve strength during hard-
ening. The exact mechanism explaining how the bendability
and paint bake response are improved is not entirely under-
stood. It is believed that the process of the present invention
slows the formation of clusters and zones and produces
mostly those that do not re-dissolve during the paint cure
step. Therefore, a large number of fine clusters and zones
become available for nucleation of the hardening particles
and hence improve aging response.

SUMMARY OF THE INVENTION

[0011] The alloys of the present invention are automotive
aluminum alloys of AA6000 series containing (in percent-
ages by weight) 0.50-0.75% Mg, 0.7-0.85% Si, 0.15-0.35%
Mn, 0.1-0.3% Fe and the balance being aluminum and
incidental impurities. Preferably, the alloy also contains
0.2-0.4% Cu.

[0012] The alloy is cast into ingots by semi-continuous
casting, e.g. direct chill (DC) casting. The ingots are homog-
enized and hot rolled to reroll gauge, then cold rolled and
solution heat treated. The heat treated sheet may be
quenched to a desired initial pre-aging temperature. The
sheet product thus obtained is subjected to the pre-aging
procedure of this invention and this pre-aging can be either
the final step of the solution heat treatment stage or it can be
part of a separate reheating step.

[0013] For the pre-aging, the sheet material starts with an
initial pre-aging temperature which is at least 80° C. and
may be as high as 175° C. or more. A preferred initial
pre-aging temperature is in the range of 95 to 200° C., more
preferably 95 to 185° C. Starting from this pre-aging tem-
perature, the sheet material is rapidly cooled to ambient, e.g.
25° C., at a rate of more than 5° C./hour. This cooling rate
is preferably in the range of 10 to 600° C./hour.

[0014] The combination of excellent bendability and paint
bake response is achieved by (a) the specific composition of
the alloy and (b) the appropriate pre-aging procedure. This
slows the natural aging, stabilizes yield strength at lower
values and significantly improves the paint bake response in
the sheet compared with conventionally produced counter-
parts.

BRIEF DESCRIPTION OF THE DRAWINGS

[0015]

[0016] FIG. 1 shows the effect of cooling rate on yield
strength (YS) for different pre-aging temperatures;

[0017] FIG. 2 shows the effect of cooling rate on longi-
tudinal bendability for different pre-aging temperatures; and

[0018] FIG. 3 shows the effect of cooling rate on trans-
verse bendability for different pre-aging temperatures.

In the drawings which illustrate this invention:
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DESCRIPTION OF THE PREFERRED
EMBODIMENTS

[0019] Ttis a specific objective of this invention to provide
a sheet material having a low T4P yield strength and a high
T8 yield strength. The low T4P yield strength promotes
improved formability, particularly hemming performance
without cracking. The high T8 yield strength indicates a
good paint bake response, i.e. after painting and baking the
sheet has sufficient strength to resist dents and withstand
other impacts. For this purpose the target physical properties
for the sheet products of this invention are as follows:

T4P, YS 90-120 MPa

T4P, UTS >200 MPa

T4P, E1 >28% ASTM, >30% (Using JIS Specimen)
BEND, 1/t <05

T8 (0% strain), YS >210 MPa

T8 (2% strain), YS >220 MPa

[0020] The alloy used in this invention is cast by direct
chill (DC) casting. The ingots are homogenized for more
than 5 hours at a temperature of more than 550° C. The ingot
is hot rolled to a reroll exit gauge of about 2.5-6 mm at an
exit temperature of about 300-380° C. The cold roll is to
about 1mm gauge and the solution heat treatment is typically
at a temperature of about 530-570° C.

[0021] When the procedure includes an interannealing
step, the reroll sheet is cold rolled to an intermediate gauge
of about 2.0-3.0 mm. This intermediate sheet is batch
annealed at a temperature of about 345-410° C. and then
further cold rolled to about 1.0 mm.

EXAMPLE 1

[0022] Alloys containing 0.6% Mg, 0.8% Si, 0.25% Fe
and 0.20% Mn and with or without 0.25% Cu were cast as
95 mmx228 mm ingots to carry out the experiments. The
ingots were scalped, homogenized at 560° C. for 6 hours, hot
rolled to 3.5 mm gauge, cold rolled to 2.1 mm in one pass,
batch annealed at 360° C. for one hour and cold rolled to
0.93 mm gauge. This sheet material was solution heat treated
at 560° C. for 5 minutes.

[0023] The solution heat treated sheet material was pre-
aged by cooling from different pre-aging temperatures,
including 105° C., 125° C., 150° C. and 175° C. Different
cooling rates were used ranging from 1.25° C./hour to 600°
C./hour. YS (yield strength), UTS (tensile strength), El (total
elongation), n (strain hardening index) and Bendability (r/t)
were measured. This r/t ratio was determined from triplicate
specimens according to the ASTM E 290C standard wrap
bend test method. The minimum r/t value was obtained by
dividing with the sheet thickness, the minimum radius of the
mandrel that produced a crack free bend. The radius of the
mandrels used for the measurements were 0.001", 0.002",
0.003", 0.004", 0.006", 0.008", 0.010", 0.012", 0.016",
0.020", 0.024", 00.28", 0.032", 0.040", 0.048", 0.056" and
SO on.

[0024] The measurements were made based on T4P tem-
per with natural aging of two and four weeks. The term “P”
means that the sheet material has been pre-aged. T8 repre-
sents the YS after a simulated paint bake of 2% strain and
30 minutes at 177° C.
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[0025] Tables 1 and 2 show the mechanical properties for
a sheet formed from an alloy containing 0.6% Mg, 0.8% Si,
0.25% Fe, 0.20% Mn and the balance Al and incidental
impurities. From Table 1 (two weeks of natural aging) it can
be seen that good combinations of low T4P yield strengths
and high T8 yield strengths were obtained for a number of
combinations of pre-aging temperatures between 105° C.
and 175° C. and cooling rates between 20 and 600° C./hour.
Particularly good results were obtained by cooling from
125° C. at 20° C./hour, 150° C. at 60° C./hour and 175° C.
at 600° C./hour. Also shown in Tables 1 and 2 are results
without a pre-age. The T8 properties are significantly
reduced compared to the pre-age practice.

[0026] Table 2 is similar to Table 1 except that the samples
were naturally aged for four weeks. The results are not
significantly different from those of Table 1. The stability of
properties over time is a particularly desirable feature.

[0027] FIGS. 1, 2 and 3 show the effects of cooling rates
from different start of cooling temperatures on the yield
strength and bendability. FIG. 1 shows that the use of slower
cooling rates from high temperatures increases the yield
strength in the T4P and T8 tempers due to artificial aging and
affects bendability adversely. The best combination of prop-
erties is obtained with faster cooling rates from high start of
cooling temperatures as seen in Table 1.

TABLE 1

Mechanical Properties of Al-0.6% Mg-0.8% Si-0.25% Fe-0.20%
Mn Alloy Pre-aged in Different Conditions and Naturally Aged

for 2 Weeks
Pre-
aging Cooling
Temp  rate YS UTsS Bendability

(°C) (°C/h) Temper (MPa) (MPa) %El n L T

No — T4 1152 2348 281 0.28 021 021

Pre- T8 1737 2489 220 020 — —
age

105 1.25 T4P 1316 2438 239 0.26 033 028

T8 2420 2996 191 015 @ — —

20 T4P 1058 2227 230 0.29 0.08 0.05

T8 2147 2803 201 017 — —

60 T4P 1086 2260 213 0.29 0.08 0.08

T8 2166 2818 19.7 016 — —

125 1.25 T4P 1711 2684 21.8 0.21 0.64 043

T8 2642 3107 176 012 — —

20 T4P 1052 2207 231 0.29 0.03 0.03

T8 2340 2927 184 015 — —

60 T4P 1071 2250 235 0.29 0.08 0.03

T8 2231 2874 187 016 — —

150 1.25 T4P 2469 3049 158 012 154 155

T8 296.8 3220 132 0.08 — —

60 T4P 106.7 2200 231 0.28 0.06 0.03

T8 2495 3006 16.6 013 — —

240 T4P 112.5 2233 224 0.28 0.08 0.08

T8 2323 2931 182 015 — —

175 1.25 T4P 2980 3255 106 0.06 267 229

T8 3123 3240 85 005 — —

120 T4P 1131 2225 225 0.27 018 0.03

T8 2493 2970 164 013 — —

600 T4P 1062 2201 249 0.28 0.03 0.03

T8 2459 2959 171 013 — —
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[0028]

TABLE 2

Mechanical Properties of Al-0.6% Mg-0.8% Si-0.25% Fe-0.2%
Mn Alloy Pre-aged in Different Conditions and Naturally Aged

for 4 Weeks
Pre-
aging Cooling
Temp  rate YS UTsS Bendability

(°C) (°C/h) Temper (MPa) (MPa) %El n L T

No — T4 116.7 2355 258 0.28 0.21 0.6

Pre- T8 1722 2481 201 020 — —
age

105 1.25 T4P 1332 2462 23.6 026 027 022

T8 2445 3024 188 015 — —

20 T4P 1140 2317 239 028 011 0.05

T8 2152 2814 201 017 — —

60 T4P 1147 2334 249 028 011 0.08

T8 213.0 2814 195 017 — —

125 1.25 T4P 1722 2689 22.8 0.21 0.54 0.44

T8 268.0 3139 172 012 — —

20 T4P 1145 230.8 243 0.28 0.05 0.02

T8 2356 2963 183 015 — —

60 T4P 1153 2332 249 0.28 0.08 0.03

T8 2231 2877 189 016 — —

150 1.25 T4P 2511 3122 173 012 152 152

T8 2983 3236 134 008 — —

60 T4P 1145 2276 23.6 0.28 0.05 0.03

T8 2481 3009 166 013 — —

240 T4P 118.5 2349 243 028 0.21 0.08

T8 230.5 2904 183 016 — —

175 1.25 T4P 3011 3269 9.3 005 262 230

T8P 3104 3223 83 005 — —

120 T4P 120.3 2258 22.7 0.26 011 0.03

T8 2539 3015 166 012 — —

600 T4P 119.0  227.8 239 0.27 021 0.03

T8 2474 2081 173 013 — —

[0029] Tables 3 and 4 summarize the average tensile
properties of the 0.25% Cu containing alloy after two and
four weeks of natural aging. The trends obtained from this
alloy are very similar to the Cu free alloy. Generally, the
artificial aging response of the alloy is better and this
translates into a higher yield strength, especially in situa-
tions where cooling is carried out from high temperatures. In
general, the paint bake response and bendability following
cooling from 125° C. at 20° C./hour are excellent after two
weeks of natural aging, although there is a slight deteriora-
tion after four weeks of natural aging.

TABLE 3

Mechanical Properties of Al-0.6% Mg-0.8% Si-0.3% Cu-0.25%
Fe-0.20% Mn Alloy Pre-aged in Different Conditions and Naturally
Aged for 2 Weeks

Pre-
aging Cooling
Temp  rate YS UTsS Bendability

(°C) (°C/h) Temper (MPa) (MPa) %El n L T

No — T4 122.5 2528 258 0.29 027 0.16

Pre- T8 189.9 2714 229 020 — —
age

105 1.25 T4P 146.5  270.8 257 026 0.56 0.41

T8 2631 3257 199 015 — —

20 T4P 1109 2393 229 030 0.23 0.03

TS 235.1 305.8 198 016 — —
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TABLE 3-continued

Mechanical Properties of Al-0.6% Mg-0.8% Si-0.3% Cu-0.25%
Fe-0.20% Mn Alloy Pre-aged in Different Conditions and Naturally
Aged for 2 Weeks

Pre-
aging Cooling
Temp  rate YS UTsS Bendability

(°C) (°C/h) Temper (MPa) (MPa) %El n L T

60 T4pP 116.3 2455 259 029 0.28 0.09
T8 2355 3052 195 0.16 — —
125 1.25 T4PpP 216.8 3166 211 049 112 112
T8 290.8 339.3 17.6  0.12 — —
20 T4pP 112.7 242.1 27.0 030 0.06 0.06
T8 253.7 316.6 19.1  0.15 — —
60 T4pP 116.4 246.6 252 029 0.28 0.08
T8 2441 309.8 181 0.15 — —
150 1.25 T4PpP 269.7 340.8 16.0 0.12 236 1.78
T8 3142 3474 142 0.09 — —
60 T4pP 131.6 2537 246 027 034 017
T8 275.5 331.3 17.3 0.13 — —
240 T4pP 121.3 248.1 258 028 0.28 0.08
T8 247.4 3122 191 0.15 — —
175 1.25 T4PpP 306.0 351.3 12.3  0.08 2.67 234
T8 334.0 350.1 10.3  0.06 — —
120 T4pP 163.2 270.8 21.0 023 046 025
T8 292.0 3374 174 011 — —
600 T4pP 142.4 2539 226 025 0.28 0.18
T8 280.4 3317 165 0.12 — —
[0030]
TABLE 4

Mechanical Properties of Al-0.6% Mg-0.8% Si-0.3% Cu-0.25%
Fe-0.20% Mn Alloy Pre-aged in Different Conditions and Naturally
Aged for 4 Weeks

Pre-
aging Cooling
Temp  rate YS UTsS Bendability

(°C) (°C/h) Temper (MPa) (MPa) %El n L T

No — T4 1270 260.0 26,6 028 033 022

Pre- T8 191.8 2709 199 019 — @ —
age

105 1.25 T4P 149.4 2736 259 026 056 028

T8 2647 3279 197 015 — @ —

20 T4P 119.4 2495 265 029 028 008

T8 2331 3051 203 017 — @ —

60 T4P 1217  250.6 255 029 023 008

T8 2000 2912 201 017 — @ —

125 1.25 T4P 2169 3172 216 019 112 112

T8 2041 3426 179 012 — @ —

20 T4P 127.6 2539 256 028 028 003

T8 2553 3198 200 015 — @ —

60 T4P 1240 2534 253 028 028 003

T8 2405 3092 201 016 — @ —

150 1.25 T4P 2703 3425 165 012 229 174

T8 3173 3500 147 009 — @ —

60 T4P 1320 2551 232 027 028 0.8

T8 2719 3268 178 013 — @ —

240 T4P 127.7  255.6 264 028 033 017

T8 2513 3142 183 015 — @ —

175 1.25 T4P 3083 3528 122 008 2.68 235

T8 3359 3516 105 006 — @ —

120 T4P 169.0 2708 203 022 039 028

T8 2950 3382 170 011 — @ —

600 T4P 151.0 2553 215 023 027 016

T8 2925 3370 154 011 — @ —
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[0031] The pre-aged sheet material obtained according to
this invention can be coiled for future use. It is also possible
to have the alloy sheet move directly from solution heat
treatment to a cleaning bath where the rapid cooling pre-
aging takes place.

[0032] Tt is further possible to conduct the pre-aging by
starting with the pre-aging temperature and first naturally
cooling the sheet in still air at a cooling rate of 1-1.5°
C./hour and thereafter continuing with a rapid cooling in
accordance with the pre-aging process described hereinbe-
fore.

1. A process for producing an aluminum alloy sheet
having excellent bendability for use in forming panels for
automobiles, the process comprising the steps of:

semi-continuously casting an aluminum alloy ingot com-
prising 0.5-0.75% by weight Mg, 0.7-0.85% by weight
Si, 0.15-0.35% by weight Mn and 0.1-0.3% by weight
Fe and the remainder Al and incidental impurities,

subjecting the cast alloy ingot to hot rolling and cold
rolling, followed by solution heat treatment of the
formed sheet, and

pre-aging the sheet material by rapidly cooling from an

initial pre-aging temperature of at least 80° C. to room

temperature at a cooling rate of more than 5° C./hour.

2. A process according to claim 1 wherein the alloy also
contains from 0.2-0.4% by weight Cu.

3. A process according to claim 2 wherein the initial

pre-aging temperature is in the range of about 95 to 185° C.
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4. A process according to claim 3 wherein the cooling rate
is in the range of 10 to 600° C./hour.

5. A process according to claim 4 wherein the initial
pre-aging temperature is in the range of about 95 to 200° C.
and the cooling rate is in the range of 10 to 600° C./hour.

6. Aluminum alloy sheet material having improved bend-
ability, produced by a process comprising the steps of:

semi-continuously casting an aluminum alloy comprising
0.50 to 0.75 by weight Mg, 0.7 to 0.85% by weight Si,
0.1 to 0.3% by weight Fe, 0.15 to 0.35% by weight Mn,
and the balance Al and incidental impurities,

subjecting the cast alloy to hot rolling and cold rolling,
followed by solution heat treatment of the formed
sheet, and

pre-aging the sheet material by rapidly cooling from an
initial pre-aging temperature of at least 80° C. to room
temperature at a cooling rate of more than 5° C./hour.

7. An aluminum alloy sheet material according to claim 6
wherein the alloy also contains 0.2 to 0.4% Cu.

8. An aluminum alloy sheet material according to claim 7
obtained by a process wherein the initial pre-aging tempera-
ture is in the range of about 95 to 200° C.

9. An aluminum alloy sheet material according to claim 8
obtained by a process wherein the sheet is cooled at a rate
in the range of 10 to 600° C./hour.

10. An aluminum alloy sheet material according to claim
6 wherein the sheet material has a bendability (1/t) value of
less than 0.05.



