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Precipitation Hardening in the First Aerospace 
Aluminum Alloy: The Wright Flyer Crankcase 

Frank W. Gayle and Martha Goodway 

Aluminum has had an essential part in aerospace history from its very inception: An 
aluminum copper alloy (with a copper composition of 8 percent by weight) was used in 
the engine that powered the historic first flight of the Wright brothers in 1903. Examination 
of this alloy shows that it is precipitation-hardened by Guinier-Preston zones in a bimodal 
distribution, with larger zones (1 0 to 22 nanometers) originating in the casting practice and 
finer ones (3 nanometers) resulting from ambient aging over the last 90 years. The 
precipitation hardening in the Wright Flyer crankcase occurred earlier than the experi- 
ments of Wilm in 1909, when such hardening was first discovered, and predates the 
accepted first aerospace application of precipitation-hardened aluminum in 191 0. 

Progress in the aerospace industry, from the 
development of commercial airliners to the 
space shuttle, has been dependent on the 
great strength and fracture toughness pro- 
vided by precipitation hardening (1 ), espe- 
cially in aluminum-based alloys. In the his- 
toric first flight of 17 December 1903, Wil- 
bur and Orville Wright used an Al-8% 
copper alloy (with about 1.0% iron and 
0.4% silicon as impurities) (2) for the crank- 
case of their self-desimed internal combus- 
tion engine because i f  the alloy's strength 
and the weight requirements of the aircraft. 
This alloy represented the state of the art in 
casting alloys at the turn of the century, 
primarily because of its good casting quali- 
ties (3). The crankcase of the original en- 
gine has recently been identified (4, 5); 
because it was the only A1 part on the 
Wright Flyer, it thus became the first aero- 
space Al. Our study here reports the micro- 
structure and strengthening mechanisms op- 
erating in this crankcase alloy. 

Small samples of the Flyer crankcase 
were taken from three locations in the 
crankcase wall (6) ,  which was approximate- 
ly 4 to 5 mm thick. The microstructure (Fig. 
1) consists of a typical solidification struc- 
ture of a-A1 dendrites (7) Iface-centered- , , -  

cubic (fcc) crystal structure] with interden- 
dritic blocky 0-A1,Cu and needlelike 
o-A17Cu2Fe phases. Dendrite arm spacings 
ranged from 40 to 80 um. which sueeests 

content across the dendrites, or coring, is 
expected in AI-Cu solidification structures 
and was analyzed by electron microprobe 
(9). The concentration of Cu was about 
2.25% near the dendrite centers and approx- 
imately 4.75% near the surface of the den- 
drites (10). Most of the Cu in the alloy is 
thus present in the interdendritic interme- 
tallic phases A12Cu and A17CuzFe. 

A higher spatial resolution than that at- 
tainable with optical microscopy is required 
to detect precipitates formed in the solid 
state in A1 alloys. Transmission electron mi- 
croscopy (TEM) (Fig. 2) revealed a remark- 

tha; the local solidification time wgap-  
proximately 2 min (8). A gradient of cu Fig. 1. Typical microstructure of the Wright Ryer 

crankcase (light odical microaraoh), showing 
dendrites [area 1) of fcc AI[Cu) and'the interden- 
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sonian Institution, MRC 534, Washington, DC 20560, mately 2.25% CU, increasing to 4.75% CU at the 
USA. edge of the dendrite. 

ably well developed Guinier-Preston (GP) 
zone structure (1, 1 1, 12). These metastable 
GP zones consist of disks of Cu, a single 
atomic layer in thickness, lying on the three 
equivalent {loo] planes within the fcc A1 
matrix. GP zones are readily imaged in TEM 
because of the large strain field associated 
with the zone, resulting in images several 
atomic layers in apparent thickness. Two 
mutually perpendicular variants, viewed 
edge-on, are apparent in this specimen ori- 
entation, viewed down a cube orientation of 
the matrix, or B = [OOl]. The zones are 
predominantly 10 to 20 nm in diameter. An 
occasional precipitate of 8'-AlzCu with a 
neighboring region free of GP zones (a result 
of solute depletion) was also observed, but 
occurs with a statistically unknown number 
density because of the small volume exam- 
ined by TEM. 

Coring, or microsegregation of Cu dur- 
ing solidification, had a pronounced effect 
on GP zone size and distribution. The re- 
gions richest in Cu, near the edges of the 
dendrites, contained a very dense zone 
structure, with individual zones about 10 
nm in diameter (Fig. 2A). Intermediate Cu 
levels resulted in a somewhat lower density 
of zones, although the zones were signifi- 
cantly larger (up to 20 nm in diameter) 
(Fig. 2B). The Cu-poor regions, near the 
dendrite centers, contained a low density of 
GP zones, with diameters from 18 to 22 nm. 
Close inspection of this region revealed a 
second distribution of GP zones, consisting 
of a large number of very fine zones, typi- 
cally 3 nm in diameter (Fig. 2C). 

Electron diffraction patterns for the Cu- 
rich and Cu-poor regions confirm the pres- 
ence of GP zones. In a cube orientation, 
Bragg reflections from the fcc matrix planes 
occur as bright spots in a square array. Re- 
flections from the GP zones appear as con- 
tinuous streaks because of the very thin disk 
morphology of the zones (one unit cell in 
thickness). The continuous nature of the 
streaks shows that the zones are mono- 
atomic layers of Cu atoms known as GPI 
zones: streaks from GPII zones, or en, would 
show intensity maxima halfway between 
the fcc Brag reflections (1 3). The streaks 
are very pronounced in regions with dense 
GP zones (Fig. 2A, inset) and are only 
barely visible in the regions with small 
amounts of Cu (Fig. 2C, inset). 

The appearance and bimodal distribution 
of GP zones in the Flyer crankcase can be 
understood in terms of the phase diagram 
(Fig. 3) that describes the metastable equi- 
librium between a-A1 and GP zones as well 
as the equilibrium A1-8(A12Cu) system. The 
requirements for precipitation of a phase 
(whether stable or metastable) are (i) suffi- 
cient supersaturation for nucleation of the 
precipitate or for spinodal decomposition (a 
thermodynamic instability whereby nucle- 
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ation is not necessary) and (ii) adequate 
atomic diffusivity. In the A1-Cu system, GP 
zones are not normally observed to develop 
at room temperature, a fact that can be 
attributed to the low diffusivity of Cu in A1 
(14). 

From this and the observation of a du- 
plex size distribution of the zones in the 
crankcase. we conclude that the laree GP " 
zones, with diameters from 8 to 22 nm, must 
have precipitated during elevated tempera- 
ture exposure. Because the crankcase 
cracked after the four flights on 17 Decem- 
ber 1903, when a gust of wind flipped the 
aircraft over, this elevated temperature ex- 
posure did not occur after the first flight, but 
only through testing of the engine before the 
first flight or during the slow cooling asso- 
ciated with the sand casting. From the phase 
diagram, it is apparent that the GP zone 

Fig. 2. Transmission electron micrographs of re- 
gions within a single cored dendrite that are (A) 
Cu-rich (-4.5% Cu), with 10-nm-diameter GP 
zones; (B) intermediate-Cu, with 20-nm GP 
zones; and (C) Cu-poor (-2.5% Cu), with 20-nm 
and 3-nm GP zones. GP zones are disk-shaped 
layers of pure Cu that are one atomic layer thick 
and appear as lines when viewed edge-on in this 
orientation. Selected area electron diffraction pat- 
terns are given in insets for (A) and (C). 

development must have occurred at temper- 
atures below 200°C for the 4.75% Cu re- 
gions and below 130°C for the 2.25% Cu 
areas, because the zones would not be stable 
above these temperatures. 

In an Al-Cu alloy with significant super- 
saturation, GP zones develop by spinodal 
decomposition. The spacing between zones 
(before coarsening) is determined by the 
fastest growing wavelength during decom- 
position. The favored wavelength is in- 
versely related to the second derivative of 
the free energy versus composition func- 
tion, which is zero at the spinodal line 
(located inside but near the GP zone solvus 
curve) (Fig. 3) and increases (negatively) 
with an increase in Cu or a decrease in 
temperature (15). Thus, the favored wave- 
length in the region with a large amount of 
Cu is smaller than in the reeions with small - 
amounts of Cu, and the resulting spacing 
between zones is smaller. The growth of 
zones is ultimately limited by solute deple- 
tion in the matrix. Despite its high solute 
concentration, the region with a large 
amount .of Cu is depleted of solute by the 
time the zones have grown to about 10 nm. 
With a longer optimal wavelength or spac- 
ing between zones, in the regions with 
smaller amounts of Cu the zones grow to 
about 20 nm in diameter before solute is 
depleted. Thus, the regions with large 
amounts of Cu developed a fine, dense 
structure of GP zones, whereas regions with 
smaller amounts of Cu developed a less 
dense structure with larger zones. 

Such precipitation of GP zones-for 
instance, at 100°C-would deplete the Cu 
content of the matrix to about 1%. As 
seen in the phase diagram, on cooling to 
room temperature the equilibrium solubil- 
ity of Cu is reduced to about 0.2%, and 
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Fig. 3. Phase diagram showing the Al-A,Cu equi- 
librium system [after (2111. Also shown is the meta- 
stable equilibrium between fcc Al and GP zones 
[data from (2211. 

consequently the supersaturation is in- 
creased dramatically. However, room tem- 
perature diffusivity in the Al-Cu binary 
system is so low that zones have not pre- 
viously been observed to develop in the 
regime with small amounts of Cu (that is, 
1% Cu). Nevertheless, for compositions 
within the spinodal regime, the solid so- 
lution is unstable and will decompose, giv- 
en enough time. This "experiment" has 
been undenvav for 3 X lo9 s (90 vears). . , , 
The passage of this time apparently has 
resulted in the precipitation of the very 
fine GP zones (3 nm) observed in the 
regions with small amounts of Cu. On the 
other hand, the areas with large amounts 
of Cu do not contain a distribution of the 
smallest zones because the increased room 
temperature supersaturation can be easily 
depleted by growth of the finely spaced 
zones formed at higher temperatures. 

To investigate the possibility that the 
GP zone-strengthened structure in the 
Wright alloy was a result of the casting 
practice, we attempted to reproduce the 
microstructure by casting a similar alloy. 
Anecdotal evidence from builders of repli- 
cas of the Flyer emphasizes the difficulty of 
obtaining a sound casting in such a com- 
plex, thin-walled design (1 6), which sug- 
gests that some degree of mold preheat was 
used. We cast an Al-8%Cu-l%Fe0.4%Si 
allov into sand molds to ~roduce the same 4 
to 5'mm wall thickness k the sample loca- 
tions in the crankcase. The molds were 
either at room temperature or preheated to 
100" or 170°C. Figure 4 shows the resulting 
microstructures: with no preheating, there 
was no GP zone formation, but some 0' on 
grain boundaries (Fig. 4A); with preheating 
to 100°C (Fig. 4B), there was an abundance 
of GP zones; and at 170°C (Fig. 4C), 0'- 
A1,Cu was quite abundant, sufficient to 
de~lete the matrix of solute so GP zones did 
not form during the cooldown. For compar- 
ison, Fig. 4D shows a rare precipitate of 0' 
in the Wright crankcase, which generated a 
small GP zone-free area only in its imme- 
diate vicinity. Thus, it appears that mold 
preheating or insulation equivalent to 
somewhat more than a 100°C preheating 
may have been used for the casting of the 
crankcase, generating the conspicuous pre- 
cipitation-hardened microstructure ob- 
served in the Wright alloy. No very fine 
(-3 nm) GP zones were observed in the 
regions with small amounts of Cu of the 
replicated castings, which supports the in- 
terpretation that these zones in the Wright 
alloy resulted from ambient aging that re- 
quired decades to develop. 

Our finding of precipitation hardening 
in the Wright alloy leads to revisions of the 
history of technology and the history of 
flight. At present, it is an accepted fact that 
the first precipitation-hardened alloy in the 
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Fig. 4. TEM micrographs of an AC8%Cu-l%Fe-O,4%Si alloy cast into (A) a sand mold at room 
'temperature (FIT) (showing some 8' on grain boundaries); (B) a 100°C mold (showing GP zones); and (C) 
a 170°C mold (showing abundant 8'-AI,Cu precipitates with no GP zones). (D) Area of the F/yer 
crankcase containing GP zones and a 8' precipitate (arrow) with a surrounding GP zone-free area; this 
represents a microstwture intermediate between that shown in (B) and (C). 

history of technology (18) and the history 
of flight was an Al-Cu-Mg-Mn alloy called 
"duralumin." The development of duralu- 
min was an outcome of the observations by 
Alfred Wilm in 1909 (published in 191 1 ) of 
an Al-Cu-Mg alloy that increased in 
strength with time when held at room tem- 
perature after a high-temperature thermal 
treatment ( 17, 18). Commercial production 
of this alloy began in 1909 in Germany and 
found immediate application in the stmc- 
ture of airships. The first such airship 
crashed in 1911, but a total of 97 zeppelins 
were subsequently produced in Germany for 
use during World War I, each requiring up 
to 8 metric tons of duralumin. 

The conditions under which precipita- 
tion hardening occurred, however, were not 
understood until 1919, when seminal works 
on the theory and practice of precipitation 
hardening in alloys were published by 
Merica and his colleagues (19) at the U.S. 
National Bureau of Standards (now the Na- 
tional Institute of Standards and Technol- 
ogy). This opened an era of phase diagram 
and alloy development (20) and the com- 
mercial application of many age-hardened 
alloys. The practical application of precipi- 
tation hardening, especially in Al-based al- 
loys, with the resulting improvements in 
important properties such as strength and 
fracture toughness. has been essential to the " 
development of the aerospace industry. We 
have shown here that the use of a precipi- 
tation-hardened alloy in the first aerospace 
application occurred 16 years before the 
theory of precipitation hardening was pro- 
posed, and several years before the first 

report of a precipitation-hardened alloy and 
the use of such an alloy (duralumin) in 
airships. The Wright Flyer, the first pow- 
ered heavier-than-air aircraft, can now be 
recognized as the first application in the 
aerospace world of technologically vital 
precipitation-hardened alloys. 
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