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The purpose of this study was to investigate the recrystallization characteristics of rolled, as-cast,
annealed, and homogenized ingots of “ Air-Slip” ™ Direct Chill (ASDC) 6061 and 6069 aluminum alloys.
The % R, for annealed and homogenized 6061 and 6069 ingots is higher than that of as-cast 6061 and
6069 ingots at a given % CW and heat-treatment temperature. There is no significant difference in %
R, between annealed ingots and homogenized ingots of the same composition at a given % CW and
heat-treatment temperature. The % R, for 6069-AC ingot is higher than that of 6061-AC ingot at a
given % CW and heat-treatment temperature, especially at low heat-treatment temperatures. The %
R, of annealed 6069 ingot (6069-A) and homogenized 6069 ingot (6069-H) is slightly higher than that
of corresponding 6061 ingots at a given fraction % CW and heat-treatment temperature. The difference
in the recrystallization behavior may be related to the increased alloy additions, in excess of the
solubility, leadingtorelatively lar ge second-phase particles, particularly MgSi,. Thiscan lead to particle-
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stimulated recrystallization.

Keywords aloy 6061, alloy 6069, aluminum alloys, recrystal-
lization, rolling

1. Introduction

The purpose of this study is to investigate the recrystalliza-
tion characteristics of rolled (1) as-cast, (2) annealed, and (3)
homogenized ingots of “Air Slip” ™ Direct Chill (ASDC) 6061
and 6069 aluminum alloys. The relationships between the frac-
tion recrystallized (% R,) and cold reduction (% CW) of 6061
and 6069 aluminum ingots after heat treatments at various
temperatures 316 to 538 °C for 1 h were determined. The effect
of heat-treatment temperature on the fraction recrystallized, for
afixed rolling reduction, was also investigated. 6069 is a new
aloy™? already used industrially. The recrystallization behay-
ior was characterized to better predict 6069 properties subse-
guent to various thermal and mechanical processing. The
recrystallization features of 6069 were placed in the context of
the recrystallization behavior of 6061. The latter alloy was aso
prepared by ASDC for this study. The recrystallization behavior
was judged to be best compared to 6061, by performing the
recrystallization study of 6061 “identically” cast asthat of 6069
rather than relying on approximately identical recrystallization
trends of 6061 (usually on conventionally cast) aloy based on
the literature.

2. Experimental Procedures

The ingots of 6061 and 6069 auminum aloys used in this
study were provided by Northwest Aluminum Company in
three forms.
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+ Ascast (6061-AC and 6069-AC). These are ASDC ingots
with no thermal treatments subsequent to solidification.

* Anneded (6061-A and 6069-A). These are ASDC ingots
that were annealed subsequent to solidification.

e Homogenized (6061-H and 6069-H). These are ASDC
ingots that were homogenized subsequent to solidification.

Figure 1 shows the annealing and homogenization treatments
for 6061 and 6069 aluminum alloys used in this study. The
chemical compositions and diameters of the aluminum ingots
are listed in Table 1.

The ingots of 6061 and 6069 aluminum alloys were cut
randomly and machined into rectangular samples with 18 mm
width, 12 mm thickness, and 152 mm length. The rolling was
performed at ambient temperature on a New York Loma two-
roller rolling machine at Albany Research Center, Department
of Energy (Albany, OR). The rolling speed was 8.64 m/min.
The initial thickness (To) of ingot samples (before rolling) and
final thickness (Tg) of ingot samples (after rolling) were
measured, and the reduction in thickness (% CW) = (To —
Tg) / To. Reduction in thickness (% CW) was performed in
approximately 10% increments. It was found that edge cracking
occurred when % CW reached 60% for both as-cast 6061 and
6069 ingots (6061-AC and 6069-A C) and 80% for annealed and
homogenized 6061 and 6069 ingots (6061-A, 6069-A, 6061-H,
and 6069-H). This indicates that the rolling properties of 6069
ingots are similar to those of 6061 ingots and annealed and
homogenized ingots have better rolling properties than as-cast
ingots. The maximum % CW used for the study of recrystalliza-
tion was sel ected as 50% for as-cast ingots and 70% for anneal ed
and homogenized ingots. Table 2 lists the various reductions
in thickness for rolled 6061 and 6069 ingots.

The samples of the rolled ingots of 6061 and 6069 were cut
into 12.7 mm lengths along the rolling direction and typically
10 to 15 mm widths and placed into a resistance furnace at
316, 343, 371, 399, 427, 454, 482, 510, and 538 °C maintained
within an accuracy of =1 °C for 1 h (plus 10 min heatup)

Journal of Materials Engineering and Performance



Tablel Chemical composition of 6061 and 6069 Al alloys used in this study, wt.%

Si Fe Cu Mn Mg Cr Zn Ti \% P Ga Sn
6061 as cast ingot 109 mm 0.76 0.20 0.34 1.10 0.07 0.024 0.01
6069 as cast ingot 89 mm 0.81 0.30 0.60 0.01 1.28 0.22 0.052 0.12 0.02
6061 annealed ingot 109 mm 0.78 0.21 0.35 1.08 0.06 0.02 0.01 0.01
6069 annealed ingot 89 mm 0.87 0.30 0.71 0.03 1.36 0.22 0.02 0.048 0.12 0.02
6061 homogenized ingot 89 mm 0.71 0.26 0.26 0.02 0.95 0.05 0.017 0.01 0.01
6069 annealed ingot 89 mm 0.81 0.30 0.60 0.01 1.28 0.22 0.052 0.12 0.02

5.5 hours

1.5 hours 260°C

Fan Cool
Ambient Temperature Ambient Temperature

Annealing Treatment of 6061-A and 6069-A Before Rolling
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550°C+15°C
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Homogenization Treatment of 6061-H Before Rolling
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560°C+15°C
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Ambient Temperature Ambient Temperature

Homogenization Treatment of 6069-H Before Rolling

Fig.1 The annedling treatment and homogenization treatment of
6061 and 6069 ingots before rolling

followed by awater quench at 21 °C. After heat treatment, the
samples were polished and etched for microstructural analysis.
Figure 2 shows the position of the surface used for the micro-
structural analysis of rolled ingots. Keller’s reagent [2 mL HF
(48%), 3 mL HCI (conc.), 5 mL HNOs (conc.), and 190 mL
H,0] was used as the etchant. Each (200X) micrograph was
marked to indicate recrystallized grains. The micrographs were
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Table2 Percent reduction (% CW) of rolled 6061 and
6069 aluminum alloys

Alloy, % CW
condition
6061 as-cast 99 210 304 397 498
6061 annealed 106 221 324 404 504 605 704
6061 homogenized 104 202 313 402 502 605 703
6069 as-cast 98 203 299 397 494
6069 annealed 104 202 304 401 504 605 704

6069 homogenized 104 201 303 402 500 598 702

Rolling Direction

Surface of Microstructure Analysis

Fig.2 Position of the surface used for microstructure analysis of
rolled ingots of 6061 and 6069 auminum aloys

scanned into acomputer using an HP ScanJet 3P scanner (Hew-
lett-Packard Company, Colorado Springs, CO) for image analy-
sis to determine the fraction recrystallized (% R,) measured as
an area of recrystallized grains calculated by using NIH Image
1.60 software.

3. Results and Discussion

As expected, it was observed that the % R, at a given heat-
treatment temperature increases as the thickness reduction (%
CW) increases for al rolled 6061 and 6069 ingots. Also, for
agiven % CW, the fraction recrystallized increases as the heat-
treatment temperature increases for al rolled 6061 and 6069
specimens. The results are listed in Tables 3 to 8 and in Fig.
3 to 9. The effects of heat-treatment temperature on fraction
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Table3 Thefraction (%) recrystallized of rolled 6061 as-cast ingot (thickness reduction 10 to 50%) after 1 h heat
treatment at various temperatures (316 to 538 °C)

Thickness Annealing temperature

reduction
(%) 316 °C 343°C 371°C 399 °C 427 °C 454 °C 482 °C 510 °C 538 °C

9.9 0.0 0.0 0.0 12 31 44 52 6.3 6.5

21.0 0.0 0.0 13 31 6.0 10.2 12.7 19.7 24.2
304 0.0 0.0 34 5.2 10.1 217 26.3 35.7 489
39.7 0.0 12 6.9 11.0 215 36.5 50.9 70.7 83.2
49.8 13 32 85 194 33.0 51.3 68.1 84.5 91.2

Table4 Thefraction (%) recrystallized of rolled 6069 as-cast ingot (thickness reduction 10 to 50%) after 1 h heat
treatment at various temperatures (316 to 538 °C)

Thickness Annealing temperature

reduction
(%) 316 °C 343°C 371°C 399 °C 427 °C 454 °C 482 °C 510 °C 538 °C

9.8 0.0 0.0 0.0 3.0 52 6.2 6.8 74 7.9

20.3 0.0 11 42 115 18.9 24.0 26.1 28.2 28.7
29.9 0.0 8.8 17.2 295 388 422 60.2 711 80.5
39.7 10 116 349 495 56.8 67.8 82.7 90.3 94.3
494 23 26.3 1.7 52.2 72.3 79.6 90.1 95.6 98.7

Table5 Thefraction (%) recrystallized of rolled 6061 annealed ingot (thickness reduction 10 to 50%) after 1 h heat
treatment at various temperatures (316 to 538 °C)

Thickness Annealing Temperature

Reduction
(%) 316 °C 343°C 371°C 399 °C 427 °C 454 °C 482 °C 510 °C 538 °C
10.6 0.0 0.0 0.0 29 43 6.1 6.8 7.6 8.1
225 0.0 0.9 6.9 12.8 14.3 19.8 24.3 305 395
324 0.0 3.7 114 24.9 328 4338 50.0 62.4 80.7
40.4 11.0 14.0 29.4 36.0 57.9 59.3 71.0 89.8 98.1
50.4 22.3 36.2 40.2 493 70.1 73.2 89.2 98.1 100
60.5 40.3 50.3 64.3 75.3 83.4 91.2 95.3 100 100
70.4 61.0 70.3 78.2 824 91.4 96.1 99.1 100 100

Table6 The fraction (%) recrystallized of rolled 6069 annealed ingot (thickness reduction 10 to 50%) after 1 h heat
treatment at various temperatures (316 to 538 °C)

Thickness Annealing Temperature

Reduction
(%) 316 °C 343°C 371°C 399 °C 427 °C 454 °C 482 °C 510 °C 538 °C
104 0.0 0.0 0.0 27 4.0 5.8 6.9 7.2 8.6
20.2 0.0 22 39 11.3 15.9 21.2 253 30.2 34.2
304 13 81 18.7 337 382 475 54.1 60.2 76.3
40.1 10.9 18.1 348 439 71.2 85.1 91.2 92.3 98.9
50.4 26.4 41.3 6.9 85.2 90.1 95.2 96.1 2.1 100
60.5 457 57.2 80.4 93.2 95.9 98.8 99.9 100 100
70.4 66.0 74.1 88.7 95.8 97.7 100 100 100 100

recrystallized for fixed values of % CW areillustrated in Fig. and 6069-H) is higher than that of as-cast 6061 and 6069 ingots

9 to 14 based on the earlier figures. (6061-AC and 6069-AC) at a given % CW and heat-treatment
Itisobserved from Tables 3 to 8 that the % R, of annealed and temperature. Thereis no significant differencein % R, between
homogenized 6061 and 6069 ingots (6061-A, 6061-H, 6069-A, anneal ed ingots and homogeni zed ingotsfor agiven compaction
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Table7 Thefraction (%) recrystallized of rolled 6061 homogenized ingot (thickness reduction 10 to 50%) after 1 h

heat treatment at various temperatures (316 to 538 °C)

Thickness Annealing Temperature

Reduction
(%) 316 °C 343°C 371°C 399 °C 427 °C 454 °C 482 °C 510 °C 538 °C
104 0.0 0.0 0.0 11 24 6.0 7.2 82 8.6
20.2 0.0 0.0 4.3 8.7 11.8 18.4 20.6 24.6 28.7
30.4 0.0 36 10.3 214 28.3 40.0 41.3 56.8 81.2
40.1 15 133 20.5 29.9 47.8 52.9 74.2 85.6 92.3
50.4 134 251 30.6 454 64.8 71.6 80.2 91.4 96.0
60.5 30.2 483 50.2 66.9 79.4 84.2 89.1 95.0 100
704 52.3 60.4 67.6 724 86.3 90.0 94.0 100 100

Table8 The fraction (%) recrystallized of rolled 6069 homogenized ingot (thickness reduction 10 to 50%) after 1 h

heat treatment at various temperatures (316 to 538 °C)

Thickness Annealing Temperature

Reduction
(%) 316 °C 343°C 371°C 399 °C 427 °C 454 °C 482 °C 510 °C 538 °C
104 0.0 0.0 12 38 4.2 59 6.9 7.6 8.7
20.1 0.0 6.8 8.0 12.8 15.8 18.9 224 257 29.6
30.3 13 74 24.2 32.7 381 474 58.0 64.9 70.1
40.2 3.0 19.1 39.9 50.1 70.1 84.1 88.0 90.2 92.7
50.0 241 371 64.2 87.5 90.1 91.2 94.5 97.6 98.8
59.8 439 54.2 79.2 90.2 95.3 96.1 929.1 100 100
70.2 61.5 722 92.3 924 98.1 100 100 100 100

Recrystallization Percentage (%)

00 100 200 300 400 500 60.0 700
Thickness Reduction after rolling of 6061-AC (%)

Fig. 3 The relationship between % CW of rolled 6061 as-cast ingot
and % R, after heat treatment at various temperatures for 1 h

at afixed reduction inthickness and heat-treatment temperature.
It is also observed from Tables 3 and 4 that the % R, of 6069-
AC is higher than that of 6061-AC ingot at a given % CW and
heat-treatment temperature, especially at low heat-treatment
temperatures. The % R, of annealed 6069 ingot (6069-A) and
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Fig. 4 The relationship between % CW of rolled 6069 as-cast ingot
and % R, after heat treatment at various temperatures for 1 h

homogenized 6069 ingot (6069-H) is higher than that of corres-
ponding 6061 ingots at a given thickness reduction and heat-
treatment temperature, but the difference may not be as substan-
tial as that of as-cast ingots.

Figure 15 to 17 are micrographs that illustrate 6061 and
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Fig.5 Therelationship between % CW of rolled 6061 annealed ingot
and % R, after heat treatment at various temperatures for 1 h
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Fig. 6 Therelationship between % CW of rolled 6069 annealed ingot
and % R, after heat treatment at various temperatures for 1 h

20.0

80.0

70.0

80.0

Recrystallization Percentage (%)
8
=4

00

0.0 100 200 300 400 500 80.0 700 80.0
Thickness Reduction after rolling of 6061-H (%)

Fig. 7 Therelationship between % CW of rolled 6061 homogenized
ingot and % R, after heat treatment at various temperatures for 1 h
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Fig.8 The relationship between % CW of rolled 6069 homogenized
ingot and % R, after heat treatment at various temperatures for 1 h
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Fig. 9 The relationship between heat-treatment temperature and %
R, of rolled 6061 as-cast ingot for various % CW for a heat treatment
timeof 1 h
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Fig. 10 The relationship between heat-treatment temperature and %
R, of rolled 6069 as-cast ingot for various % CW for a heat treatment
timeof 1 h
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Fig. 11 The relationship between heat-treatment temperature and %
R, of rolled 6061 annealed ingot for various % CW for a heat treatment
timeof 1 h
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Fig. 13 The relationship between heat-treatment temperature and %
R, of rolled 6061 homogenized ingot for various % CW for a heat-
treatment time of 1 h
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Fig. 12 The relationship between heat-treatment temperature and %
R, of rolled 6069 annealed ingot for various % CW for a heat-treatment
timeof 1 h
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Fig. 14 The relationship between heat-treatment temperature and %
R, of rolled 6069 homogenized ingot for various % CW for a heat-
treatment time of 1 h

(b)
Fig. 15 Microstructure of homogenized (a) 6061-H and (b) 6069-H before rolling
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(b)

Fig. 16 Microstructure of rolled (a) 6061-H (1.5% R,) and (b) 6069-
H (3% R,) with a 40% thickness reduction following heat treatment
at 316 °Cfor 1 h

6069 recrystallization trends. Figure 15 shows the microstruc-
ture of the homogenized ASDC 6061 and 6069 ingots prior
to rolling. The differences in etching are believed to be at
least substantialy structurally and compositionally based.
Figure 15 also shows the differences in particle concentra-
tions, with homogenized 6069 clearly having a higher concen-
tration of larger (and smaller!Y) particles. Figure 16 shows
only a small amount of recrystallization (1 to 3%) after 1 h
at 316 °C for 40% CW. Figure 17 shows recrystallization in
homogenized 6061 and 6069, 40% CW (asin Fig. 16), with
88% recrystallization for 6069, and only 74% in 6061 for
heat treatment at 482 °C for 1 h. The difference in the recrys-
tallization behavior may be related to the increased aloy
additions, in excess of the solubility, leading to relatively
large second-phase particles, particularly MgSi,. This can
lead to particle stimulated recrystallization.l®
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(b)

Fig. 17 Microstructure of rolled (a) 6061-H (74.2% R,) and (b) 6069-
H (88% R,) with a 40% thickness reduction following heat treatment
at 482 °Cfor 1 h

4. Conclusions

* The rolling characteristics (% reduction before cracking)
of 6069 ASDC ingots are similar to those of 6061 ingots.
Annealed and homogenized 6061 and 6069 ingots have
better rolling characteristics than as-cast 6061 and 6069
ingots.

*  Asexpected, the results of microstructural observation and
image analysis indicate that the % R, at a given heat-
treatment temperature increases as the fraction reduction
in thickness (% CW) increases for al rolled ingots of
6061 and 6069. The % R, increases as the heat-treatment
temperature increasesfor all rolled ingots of 6061 and 6069
aloys, as expected.
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*  The % R, for annealed and homogenized 6061 and 6069 inexcessof thesolubility, leading torelatively large second-

ingots is higher than that of as-cast 6061 and 6069 ingots phase particles, particularly MgSi,. This can lead to parti-

at a given % CW and heat-treatment temperature. There cle-stimulated recrystallization.

isno significant differencein % R, between annealed ingots
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