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High-Strength and Heat-Resistant Aluminum Alloys
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Abstract: Soon after aluminum came into existence as a lightweight material, high-strength
aluminum alloys were developed in concert with the rapid evolution of aircraft in which supe-
rior specific strength is always demanded. In this paper, the history of high-strength and heat-
resistant aluminum alloys and their applications to aircraft will be presented. Metallographic com-
ments on the general as well as specific aging phenomena of high-strength aluminum alloys will
also be included, since age hardening is essential for strength enhancement in aluminum alloys.
Moreover, efforts to prevent delayed fracture and rapid crack propagation, which constitute a

problem especially in high-strength aluminum alloy materials, will be presented.
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Fig.1 The relief of Alfred Wilm (1869 to 1937) .
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Fig.2 Room-temperature age-hardening behavior of
duralumin (Al-3.5%Cu-0.5%Mg) .
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Table 1 Catalog of duralumin products of DM company.

(mass%)
B2 Cu | Mg | Mn | Si Ni | Fe
25 | 0.2 — 0.2 — —
Duralumin ~55|~20[~1.2|~1.0
(4.0) | (0.5) | (0.5)
Duralumin 681 A, B| 4.5 05 | 0.6 — - -
Duralumin 681 ZB 45 05 | 08 | 0.6 — —
Duralumin 681 H 2.5 0.5 - — - -
Duralumin 681 K — 0.2 — — — —
Duralumin DM31 4.0 1.0 | 06 | 0.6 - —
. - 0.5 0.3 - -
Duralumin K — |~20l~15/~15
. 3.5 1.0 - - 1.8 —
Duralumin W ~45 ~18 ~20

Ta T3y EER (J-4) 251917412, k%
¥ (F13) 2819194F 12 K 4 7 @ H. Junkers |2 & o TEAE
ENFze F7z, 19204E121F, RATHEOEAILIZE L Hw
KRB OEER T VI = 2 E5E% w7270 xT )55
HEINZ, TOLXHIZ, BHEET VI =y A58 R
KTHV 27NV ViE, HEIEE o - RATHROREEH
MEE L TETETEEYR SN, ZOFEIMWRI T
720

72E 72 F, 1917 4R (23 E R A b o0 LA H RS- IR g 4 TF
PR EOANTEEE Sz = v X)) YRI5
BrATL, REE Z0V25V yOls%EDR
FEATO NI L REHFKICFL SN TN 560, HRIZEBITS
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Table 2 Super-duralumin and similar aluminum alloys.

(mass%)

B0 Cu | Mg | Si | Mn | Ni | Fe | Ti
248 36 125 — | 03 | — - -
(K. 7)aT74)| ~47 |~1.75) — | ~09
DM31 35 | 09 | 02 |09 | — Fe+Tl
(3%, DM#1) ~45|~15|~09|~15 ~05
RR56 15 | 04 - | 05 08
(& 0-VAOMZ#)| ~25 | ~1.0| ~1.0 ~15|~13|~0.12
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Table 4 List of heat-resistant aluminum alloys.
(mass%)

&Z¥ | Cu|Mg | Si | Ni | Fe | Ti finE
4 |15 | — 2 — | — |% Rosenhain

RR50 [1.30/0.10|2.20(1.30/1.00|0.18 |{#&, 41 HX bH
RR53 |2.25/1.60|1.25/1.30|1.40|0.10 | ¥4 A#Z PA(EZX +>)
RR56 |2.00/0.80|0.70|1.30|1.40|0.10 $&:&H

RR59 | 2.25/1.60/0.50|1.30[1.40|0.10 |$&&F (EX k)

=3 Bel1500I%840—8
Table 3 Extra-super-duralumin and the other high-strength aluminum alloys.
(mass%)
E4 Zn Mg Cu Cr Zr Mn Ti Si Fe Sn -E3 FEEAE
3.0 1 1 0.1 — 0.1 - - - — -
ESD FET
N ~20 | ~10 ~3 ~2 - ~2 — - - - = 1936
Ed 135036
4222 80) | 15 | 20 | 02 | — | (05 | — — - — -
SSD 6.0 1.0 1.5 - — 0.5 — - - 0.1 S5 1938
(MZeRRZEF) ~10.0| ~3.0 | ~45 - - ~15 - ~08 | ~0.8 | ~1.0 1371175
4 0.5 0.5 - 0.05 0.1 — 0.4 - - -
SSD 455
. ~10.0| ~3.0 ~4 - ~1 ~1.5 ~1.0| ~0.7 - 1938
AEL 1475253
EABD | 60| 20 | 48 | - |02 0| - | - | — | = =
755 5.1 2.1 1.2 0.15 - - - - - -
~6.1 | ~29 | ~2.0 | ~0.40 — ~03 | ~02 | ~05 | ~0.7 - - 1943
(7a7)
(5.6) | (25) | (1.6) | (0.3) - - - - - -
HD 55 | 15 - 0.1 - 0.3 - - - - e N
(#4iFE®Bs | ~58 | ~20 | ~08 | ~04 | — |~08| — |~05|~06| — mm%;g;ggn -
E184AIEER) | (5.4) | (2.0) - (0.25) — (0.6) - - - -
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Fig.3 Effect of Si and (Ni, Fe) addition on the age
hardening behavior of Al-Cu-Mg alloys.
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Fig.4 Historic changes in the chemical composition of
high-strength and heat-resistant aluminum alloys.
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L5 [BRATE 0 222 % F BT H QAR Z DRt & %
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RFEE S 57000 R G081, BHREFRHNZ L6, il
22tk EIZER ER O £ OFiisRbr, FEEBEK
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Fig.5 Reexamination of the chemical composition of high-
strength 7000-series aluminum alloys.
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Table 5 List of standard chemical compositions of heat-resistant and high-strength 2000-series aluminum alloys.

(mass%)

AEZ] Cu | Mg | si CuMg | AAERE
35 | 12 | -
2218 | 45| ~18 | ~09 2.67
19 | 13 | 040
618 | 57| ~18 | ~025 1.48
58 | — -
2219 | 68 | ~0.02 | ~0.20 -
39 | 020 | 050
20141 50 | ~08 | ~12 8.90
35 | 040 | 0.20
2017 1 45 | ~08 | ~08 6.67
38 | 12 | -
2024 1 _49 | ~18 | ~050| ~09 | — | ~050 — | ~010| ~0.25 | ~0.15 | 2.90
oioa | 38 | 12 | — | 030 | - — - - - -
~49 | ~18 | ~020| ~09 | — | ~030 — | ~010| ~0.25 | ~0.15 | 2.90
38 | 12 | — | 030 | - - - - - -
2224 | 44| ~18 | ~012| ~09 | — |~0.15 — | ~010| ~0.25 | ~0.15 | 2.73
38 | 12 | — | 030 | - = - - - -
2324 | 44| ~18 | ~010| ~09 | — |~0.12 — | ~010| ~025 | ~0.15 | 273
38 | 12 | — | 030 | - - - - - -
2424 | 44| ~16 | ~010| ~06 | — | ~0.12 - — | ~020| ~010| 293
2524 | 40 | 12 | — | 045 | — - - - - -
(C188) | ~45 | ~16 | ~006| ~07 | — | ~0.12 — | ~005| ~0.15 | ~0.10 | 3.04
37 | 12 | — | 015 | - - - - - -
2024A 1 _45 | ~15 | ~045| ~08 | — | ~020 — | ~010| ~025  ~015| 304 | 1998UN
39 | 10 | — | os0 | - - - - -
2027 1 49 | ~15 | ~012| ~12 | — | ~o015 -~o.05 ~020 | ~008 | 352 | 2001UN
o1a | 15 | 08 | 06 - - — | o004 | - -
~20 | ~12 | ~10 | ~025| — | ~04 — | ~035| ~025 | ~015| 175
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Table 6 List of standard chemical compositions of high-strength 7000-series aluminum alloys.
(mass%)
AAEE | Zn Mg Cu Cr Zr Mn Ti Si Fe | Zn/Mg | Cu/Mg |Cu+Mg| AAZESRE
— 5.1 2.1 1.2 0.18 - - - - -
~61 | ~29 | ~2.0 | ~0.28 - ~0.30 | ~0.20 | ~0.40 | ~0.50 | 224 | 064 | 4.10
2178 6.3 2.4 1.6 - - - - -
~73 | ~31 | ~2.4 | ~0.04 ~0.30 | ~0.20 | ~0.40 | ~0.50 | 247 | 073 | 4.75
7049 7.2 2.0 1.2 0.10 - - - - -
~82 | ~29 | ~1.9 | ~0.22 - ~0.20 | ~0.10 | ~0.25 | ~0.35 | 3.14 | 0.63 | 4.00
- 5.2 1.9 1.2 0.18 - - - - -
~62 | ~26 | ~1.9 | ~0.25 - ~0.06 | ~0.06 | ~0.10 | ~0.12 | 276 | 0.69 | 3.80
050 5.7 1.9 2.0 - - - - -
~67 | ~26 | ~2.6 | ~0.04 ~0.10 | ~0.06 | ~0.12 | ~0.15 | 276 | 1.02 | 455
7150 5.9 2.0 1.9 - - - - -
~B9 | ~27 | ~25 | ~0.04 ~0.10 | ~0.06 | ~012 | ~0.15 | 272 | 094 | 455
— 7.6 1.8 2 - - - - -
~84 | ~23 | ~26 | ~0.04 ~0.05 | ~0.06 | ~0.10 | ~0.15 | 3.90 112 | 435
75 1.8 1.4 - - Ti+2Zr - -
7449 | g7 | ~27 | ~21 | - ~020 | ~025 | ~012 | ~0.15 | 360 | 078 | 400 | 19940UA)
7040 | 57 1.7 1.5 - - - - . 1996 (14)
~B7 | ~24 | ~23 | ~0.04 ~0.04 | ~0.06 | ~0.10 | ~0.13 | 3.02 | 093 | 3.95
— 7.0 1.2 1.3 - - - - -
~80 | ~1.8 | ~2.0 | ~0.04 ~0.04 | ~0.06 | ~0.06 | ~0.08 | 5.00 110 | 3.15
8.5 1.5 1.2 - - N - -
7056 | 97 | ~23 | ~19 | - ~020| ~006 | 010 | ~012| 479 | 082 | 345 | 20040A)
005 8.6 1.4 2.0 - - - — -
~98 | ~20 | ~238 - ~0.05 | ~0.06 | ~0.10 | ~0.12 | 5.41 1.41 410
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Fig.6 High-strength aluminum alloys adopted in the
developed airplanes.
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Fig.7 High-temperature strength of various aluminum alloys.
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Fig.8 High-strength aluminum alloys adopted in the Airbus
A380.
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Fig.9 Schematic atom placement of a G.P. zone in
Al-Cu alloy.
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Fig.10 Aluminum corner of the aluminum-copper diagram.
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Fig.12 Age hardening behavior of Al-4%Cu alloy.
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Fig.13 Aluminum corner of the aluminum-copper-
magnesium diagram at various temperatures.
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Fig.17 Phase diagram at 460°C of 90% Al-Zn-Mg-Cu
series alloy.
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Table 7 List of standard chemical compositions of high-strength Al-Li series alloys.

(mass%)
AAE&| Cu Mg Li Ag Zr Si Mn Cr Zn Ti V AAESRE
2000 | 20 | 0os| <56 | = | ~015| ~010| ~042 | ~005 | ~008 | ~0.10 | ~045 | — | 1984(K)
soo0 | 2P | 2% | 22| I | 06| ~020| ~080 | ~010 | ~010 | ~025 | ~ot0 | — | 1984()
2001 | 175 | Jig | X% | 20% | ~o46 | ~020 | ~080 | ~010 | ~010 | ~0.25 | ~045 | — | 198544
soot | 125 | 2% | s | I | 06| ~030| ~050 | ~010 | ~010 | ~025 | ~ot0| — | 198569
2106 | 205 | 28% | 25 | 265 | Sods | ~042 | ~045 | ~085| — |~08s|~040| — | 2000GK)
200 | 22 | 28% | Ofa | 8% | ot | ~012| ~015 | ~085| — |~o0@s|~010| — | 200068
2050 | 32 | 255 | s | 8% | 2034 | ~008 | ~0.10 | ~580 | ~005 | ~025 | ~0.10 | ~005 | 2004 6K
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Fig.18 Fracture surface of stress corrosion cracking in
Al-Zn-Mg-Cu alloy.
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Fig.19 Effect of over-aging time at 160°C on the yield
strength and smooth-specimen SCC threshold of
7075-T651 and 7178-T651.
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K20 Al-Zn-Mg-CuBd£nDR AL L TR AFEY
Fig.20 Precipitates around the grain boundary of T7
treated Al-Zn-Mg-Cu alloy.
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Fig.21 Relationship between the size of precipitates in
grain boundary and the SCC life of Al-4.3%Zn-
1.7%Mg alloy.
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Fig.22 Factors for improvement of the SCC of high-
strength aluminum alloys.
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Fig.24 Factors for improvement of the fracture toughness
of high-strength aluminum alloys.
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Fig.25 Effect of impurities on the fracture toughness of
high-strength aluminum alloys.
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Fig.26 Effect of grain structure on the fracture
toughness of high-strength aluminum alloys.
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