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A new wrought aluminum alloy has been designed having high room temperature strength (e.g., 
0.2 pet P.S. 520 MPa) combined with improved creep resistance at temperatures in the range 150 ° 
to 220 °C. The alloy is A1-6.3 pct Cu-0.5 pct Mg-0.5 pct Ag-0.5 pct Mn-0.2 pct Zr and it is hard- 
ened by a new precipitate which forms on the {111} planes and appears to be highly stable at ele- 
vated temperatures. Details are given of the principles underlying the development of the alloy and 
of the preliminary assessment that has been made of mechanical properties. The alloy, or composi- 
tions close to it, also has potential for welded applications. 

I. INTRODUCTION 

AGED aluminum alloys have the highest specific strengths 
of all commercially available engineering alloys at tem- 
peratures up to 100 °C. Between 100 and 200 °C, however, 
mechanical properties decline rapidly due mainly to coars- 
ening of the fine precipitates on which the alloys depend 
for their strength. 

One approach to improve the elevated temperature per- 
formance of aluminum alloys has been the use of rapid 
solidification technology to produce powders or foils con- 
taining high supersaturations of elements such as iron or 
chromium that diffuse slowly in solid aluminum. In this 
regard, several experimental materials are now available 
which have promising creep properties up to 350 °C. 
Clearly, techniques of this kind will be needed if aluminum 
alloys are required to operate in such temperature regimes. 

Alloys produced by rapid solidification processing tend 
to be relatively costly and more difficult to prepare than 
wrought materials fabricated from ingots. Accordingly, an 
attempt has been made to design a new wrought alloy that 
might combine the high strength at ambient temperatures 
with good creep performance in the range 150 to 200 °C. 
This paper outlines the scientific basis for this design and 
presents results of a preliminary evaluation of the micro- 
structure and properties of the alloy in the form of ex- 
truded bar. 

II. EXISTING HIGH-STRENGTH 
ALUMINUM ALLOYS 

The 7000 series of age hardenable alloys that are based 
on the A1-Zn-Mg-Cu system develop the highest room 
temperature tensile properties of any aluminum alloys pro- 
duced from conventionally cast ingots. Values of 0.2 pct 
proof stress and tensile strength normally exceed 500 MPa 
and 550 MPa if the alloys are aged to the T6 condition. 
However, the strength of these alloys declines rapidly if 
they are exposed to temperatures exceeding 100 to 120 °C 
(Figure 1)." Alloys of the 2000 series such as 2014 (AI- 
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4.3 pct Cu-0.5 pct Mg-0.8 pct Si-0.6 pet Mn)* and 2024 

* Unless stated otherwise, alloy compositions and additions are ex- 
pressed in percentages by weight. 

(A1-4.3 pct Cu-1.5 pct Mg-0.6 pct Mn) perform better 
above these temperatures but are not normally used for ele- 
vated temperature applications. 

One wrought aluminum alloy commonly favored for ele- 
vated temperature applications is 2618 (A1-2.4 pct Cu-l.5 
pct Mg-1 pct Fe-1 pct Ni-0.2 pct Si) and it has particular 
application in forgings. Typical room temperature tensile 
properties of 2618 in the T6 condition are 0.2 pct proof 
stress: 380 MPa, tensile strength: 440 MPa. The mechani- 
cal properties of 2618 become superior to the 7000 alloys 
above 120 °C (Figure 1). For temperatures exceeding ap- 
proximately 220 °C, however, another 2000 series alloy 
2219 (A1-6.3 pet Cu-0.3 pct Mn-0.18 pct Zr-0.1 pct V) 
displays greater mechanical strength although its room tem- 
perature properties (0.2 pct proof stress: 290 MPa, tensile 
strength: 415 MPa for T6 condition) are significantly lower 
than 2618. 2219 has the advantage of being weldable. 

Alloy 2618 is based on the A1-Cu-Mg system and it de- 
rives its mechanical properties from a combination of precipi- 
tation and dispersion strengthening. The main precipitates 
are GP(Cu, Mg) zones (also known as GPB zones) 2 which 
form rapidly when the alloy is aged at room temperature, 
and almost immediately at temperatures up to at least 
200 °C, 3 together with the semi-coherent phase S' which is 
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Fig. 1 --Values of 0.2 pet proof stress of aluminum alloys after exposure 
for 1000 h at temperatures between 0 and 350 °C. 
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orthorhombic. The S' phase forms on the {210} matrix planes 
and it may be dispersed uniformly as rods parallel to the (100) 
directions of the matrix, or as corrugated laths or sheets that 
nucleate on dislocation lines. The presence of stable parti- 
cles of the phase A19FeNi serves to control grain size. 4 

2219 is essentially an A1-Cu alloy hardened on artificial 
aging at 190 °C by the partly coherent phase 0' which is 
tetragonal and forms on the {100} matrix p lanes :  Some 
dispersion strengthening will occur through the forma- 
tion of compounds containing manganese and zirconium 
that control grain structure whereas the role of vanadium 
seems uncertain. The fact that 2219 displays superior me- 
chanical properties to 2618 at the upper end of the elevated 
temperature range implies that the precipitate 0' is more 
stable than S' ,  and mechanical property data reported by 
Chellman 6 support this conclusion. 

I lL TRACE ELEMENT EFFECTS 
OF SILVER IN 2000 SERIES A L L O Y S  

It has been shown that small amounts ( -0 .1  at. pct) of 
silver may modify precipitation processes in aluminum al- 
loys that contain magnesium. 3'7 Thus, although silver has 
no significant effect in artificially aged A1-Cu alloys, 3 it 
may completely change the precipitation ~rocesses that 
normally occur in aged A1-Cu-Mg alloys. 3'7- 5 

For most compositions in the A1-Cu-Mg system that are 
aged in the temperature range of 100 ° to 250 °C, silver both 
increases the component of hardening derived from the 
formation of GP (Cu, Mg) zones and stimulates precipita- 
tion of a finely dispersed, cubic T phase (A16(Cu, Ag)Mg4) 
rather than S'.8'gJ°In this regard, the T phase appears to 
form despite the fact that the alloys lie in the a + S region 
of the ternary phase diagram at the aging temperature 
(Figure 2). The silver-containing alloys show an enhanced 
response to age hardening with a consequent improvement 
in both room and elevated temperature tensile properties. 
However, the T phase was found to be metastable, and 
prolonged aging (e.g., 100 days at 200 °C) leads to its reso- 
lution and replacement by S'  (or S) so that the properties 
revert to those of the silver-free alloys. 9 

For ternary alloys with high Cu: Mg ratios such that they 
lie in the ~ + 0 + S and possibly o~ + 0 regions of the 
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Fig. 2 - -Phases  present in the AI-Cu-Mg system at 500 °C (solid line) 
and 190 °C (dotted line). 

A1-Cu-Mg phase diagram, aging normally leads to precipi- 
tation Ofgphases that form in both the A1-Cu and A1-Cu-Mg 
systems. However, if silver is added to these alloys, there 
is still a marked increase in age hardening 9 and it has been 
shown that a new phase becomes the dominant precipitate 
on aging above 100 °C. 1]-~8 This phase, which has been 
designated fl ,  forms on the {111} matrix planes as a uni- 
form dispersion of large, but very thin hexagonal-shaped 
plates and its appearance is shown in Figure 3. There is 
strong evidence that [ l  is coherent with the matrix at the 
ends of the plates (Figure 4). There is debate as to whether 
fI is a monoclinic, 16 hexagonal,~7 or orthorhombic ~s form of 
the phase CuAI2, which is itself body-centered tetragonal. 
Moreover, no explanation has so far been proposed to ac- 
count for the way that small amounts of magnesium and 
silver can be incorporated into the structure. 

The characteristics of the 1) phase have been studied 
in detail for the alloy AI-4 pct Cu-0.3 pct Mg-0.4 pct 
Ag. ~3'~4J5 Nucleation is an energetically easy process and 
the mechanism appears to be fundamentally different from 
that involved with the phases 0', 0, and S. f l  may be an 
equilibrium precipitate and there are several observations 
which suggest that it is inherently more stable and resistant 
to coarsening than 0'. For example, comparisons of the 
creep performance of sheet specimens of the above alloy 
with other A1-Cu-Mg alloys have supported this conclu- 
sion. ~8 It has also been found that 1) may coexist with 
other precipitates such as 0'.15 

(b) 

(a) 

Fig. 3 - -Th in ,  hexagonal shaped plates of the 12 phase precipitated on 
the {111} planes in the alloy AI-4 pct Cu-0.3 pct Mg-0.4 pet Ag aged to 
peak hardness at 200 °C. (Courtesy (a) R. Chester and (b) B. Muddle) 
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Fig. 4--Lat t ice  image of end of an fl  plate showing apparent coherency 
with matrix planes. (Courtesy K. Knowles) 

It should be noted that there is a commercial A1-Cu-Mg- 
Ag casting alloy containing a somewhat larger amount of 
silver. This has been designated A201 and it has the nomi- 
nal composition A1-4.3 pct Cu-0.35 pct Mg-0.7 pct Ag- 
0.45 pct Mn. It was developed in the United States 2° and 
there is a similar alloy available in France which is known 
as Avior and has, in addition, 1.3 pct zinc. 21 As premium 
quality castings, these alloys are quoted as giving guaran- 
teed minimum properties of 0.2 pct proof stress: 350 MPa, 
tensile strength: 415 MPa in the T6 temper (commonly 
16 hours at 155 °C), although significantly higher values 
have been recorded. Misra and Oswalt 22 have attributed 
the high properties of A201 to the effect of silver in stimu- 
lating the aging process that normally occurs in A1-Cu al- 
loys (i.e., GP (Cu) zones ---> 0" ---> O' ---> 0). However, it is 
clear that this is not so as 12 is the dominant precipitate in 
this 23 and similar compositions. H-~8 

IV. DESIGN OF A NEW CREEP-RESISTANT 
WROUGHT ALUMINUM ALLOY 

The foregoing discussion, together with certain practical 
requirements, suggests that the following criteria are rele- 
vant in attempting to predict a new alloy which may com- 
bine high strength at room temperature with improved 
creep resistance at temperatures in the range 150 °C to 
200 °C: 

1. The alloy should be based on the A1-Cu system. 2219 is 
one such alloy but its tensile properties at room tempera- 
ture are far too low. 
2. The alloy should contain small additions of silver and 
magnesium so that artificial aging promotes formation of 
the relatively stable phase 12. This phase may coexist with 
0' which also has good elevated temperature stability. The 
silver content should be as low as possible because of the 
cost of this addition. 
3. It will be necessary to add elements that promote the 
formation of fine, stable intermetallic compounds that con- 
trol grain structure. 

4. In common with other wrought alloys, the new alloy 
must show adequate ductility at room and elevated temper- 
atures (e.g., >5 pct in a standard tensile test). 
5. It would be desirable if the alloy could be capable of 
being quenched into boiling water after solution treatment 
so as to minimize residual stresses. 

Selection of Alloy Composition 

1. The alloy A1-4 pct Cu-0.3 pct Mg-0.4 pct Ag, which 
has already been studied, meets the first two criteria al- 
though it has inadequate mechanical strength in its present 
composition. It was therefore decided to raise the copper 
content to the level present in alloy 2219 (6.3 pct) and that 
proportionate increases be made in the levels of magne- 
sium and silver. Thus it was proposed that the age harden- 
ing component of the new alloy be A1-6.3 pct Cu-0.5 pct 
Mg-0.5 pct Ag. 

2. Several transition metals combine with aluminum 
to give stable dispersoids which cause both dispersion 
strengthening and grain refinement. By analogy with 2618, 
it could be suggested that additions of 1 pct iron and 1 pct 
nickel be made to the experimental alloy since balanced 
amounts of these two elements can lead to formation of 
the compound A19FeNi. However, in view of the high 
copper content, iron may tend to interact with at least 
some of this solute forming the compound A17Cu2Fe, 
thereby reducing the amount of copper available to con- 
tribute to precipitation hardening. Instead, it was proposed 
to limit the iron content to a maximum of 0.15 pct and to 
omit nickel. Manganese in the range of 0.4 to 0.8 pct is 
another transition metal commonly added to aluminum al- 
loys and it has the additional advantage of combining with 
iron to form the compound A16(Mn, Fe). Zirconium (0.10 
to 0.25 pct) is also now added to many high-strength alu- 
minum alloys because it may be precipitated as finely 
dispersed, stable particles of AI3Zr. It was proposed, there- 
fore, that the alloy should contain 0.5 pct manganese and 
0.2 pct zirconium. 

3. Silicon may combine preferentially with magnesium 
to form Mg2Si, thereby reducing the interaction of this ele- 
ment with silver. Moreover, silicon combines with other 
elements to form eutectics which lower the temperature at 
which liquation occurs during solution treatment. Accord- 
ingly, it was proposed to limit silicon to a maximum of 
0.10 pct. 

4. Titanium (0.05 pct) was added to promote grain re- 
finement. Thus the complete composition proposed for the 
experimental alloy was as follows: A1-6.3 pct Cu-0.5 pct 
Mg-0.5 pct Ag-0.5 pct Mn-0.2 pct Zr-0.05 pct Ti with 
iron and silicon a maximum of 0.15 pct and 0.10 pct, re- 
spectively.* It may be noted that, as with 2219, it was ex- 

* Alloys based on this composition have been the subject of patent 
applications. 

pected that the experimental alloy would be weldable. 

V. PRELIMINARY EVALUATION 

A small ingot of the proposed alloy was chill cast and 
homogenized for 24 hours at 480 °C (designated Alloy A). 
This had the composition A1-6.7 pct Cu-0.46 pct Mg-0.50 
pct Ag-0.48 pct Mn-0.18 pct Zr-0.07 pct Si-0.12 pct Fe- 
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0.06 pct Ti. Although the copper content was higher than 
planned, cylinders 36 mm diameter were machined from 
the ingot and successfully extruded at 420 °C to produce 
9 mm diameter bar (extrusion ratio 13: 1). Part of the bar 
was used to establish the optimum heat treatment cycle and 
for studying the precipitation process by electron micro- 
scopy and differential thermal analysis. The remainder 
provided specimens for measuring tensile properties at 
ambient and elevated temperatures and for determining 
stress-rupture data from creep tests conducted at 180 °C 
and 220 °C. 

A. Heat Treatment Cycle 

Solution Treatment. Because of the high content of al- 
loying elements, especially copper, it seemed necessary 
that the solution treatment temperature be as high as pos- 
sible. Sections of the extruded bar were exposed for 6 hours 
at temperatures in the range 520 to 540 °C and microscopic 
examination revealed that the first sign of liquation (over- 
heating) occurred at 530 °C. Consequently, a temperature 
of 525 °C was selected for solution treatment. 

Quenching. Results were obtained for specimens that 
were quenched in either cold water or boiling water prior 
to aging. In the latter case, the specimens were immersed 
for a standard time of 60 seconds. 

Aging. The optimum aging conditions were determined 
by preparing a series of hardness/time curves for speci- 
mens aged at 175 °C, 185 °C, 195 °C, and 205 °C 
(Figure 5). The peak hardness was similar in each case 
(165 to 167 HB), which is not commonly observed for such 
a wide range of temperatures. The curves were characteris- 
tically rather flat in this region. Aging times to achieve 
maximum hardening ranged from 20 to 50 hours at 175 °C 
to 1.5-2.5 hours at 205 °C. 

For the present work, a standard aging time of 7 hours 
at 195 °C was selected and complete hardness/time curves 

for cold water and boiling water quenched specimens aged 
at 195 ° are shown in Figure 6. Curves determined in an 
earlier study of the alloy 26189 have been included for 
comparison. It will be noted that the alloy A aged at a 
much faster rate than 2618 and hardening was also signifi- 
cantly greater. 

Experiments also indicated that, unlike some other alu- 
minum alloys, the response of alloy A to artificial aging was 
not affected by delays at room temperature after quench- 
ing, or by the rate of heating to the aging temperature. 

B. Microstructure 

After solution treatment, the extruded bar contained rela- 
tively coarse, elongated grains which themselves com- 
prised well-defined, equiaxed subgrains with an average 
size of 5 /zm. Nonuniform dispersions of undissolved in- 
termetallic compounds were present which are attributed 
mainly to the fact that the copper content was consider- 
ably in excess of the solid solubility of this element. Trans- 
mission electron microscopy revealed that precipitation 
hardening was due to the presence of a fine and uniform 
dispersion of the plates of the f / p h a s e  throughout the 
grains (Figure 7). 

C. Mechanical Properties 

Tensile Properties. The tensile properties for alloy A at 
20 ° and 200 ° are shown in Table I where they may be com- 
pared with typical values for several commercial alloys.' 
Relationships of 0.2 pct proof stress with temperature for 
alloy A and the alloys 7091 and 2618 are also shown in 
Figure 8. It will be noted that the room temperature tensile 
properties of alloy A were greater than those of the other 
wrought alloys including 7075-T6 and that this superiority 
was maintained in tests carried out at 200 °C. It was also 
found that, above 125 °C, alloy A had a higher elevated 
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Fig. 5--Hardness-time curves for alloy A aged at 175, 185, 195, and 205 °C. 
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Fig. 7--Dark-field transmission electron micrograph showing plates of 
f~ phase on {111} planes of alloy A aged 7 h at 195 °C. 

temperature strength than 7091 which is produced by pow- 
der metallurgy techniques. 

Boiling water quenching alloy A prior to aging at 195 °C 
caused reduction of  approximately  5 pct  in values at 0.2 
pct  p roo f  stress as c o m p a r e d  with quenching  into co ld  
water (Table I). As mentioned above,  a delay at room tem- 
perature prior to aging at 195 °C had no significant effect 
on tensile properties. For  example,  the 0.2 pct proof  stress 
of the alloy after a delay of  3 days was 519 MPa which 
compares with the average value of  517 MPa that was re- 
corded from specimens aged immediately after quenching. 

Stress-Rupture Properties. An indicat ion of  the l ikely 
creep behavior  of  a l loy A was obta ined by de te rmin ing  
stress-rupture values at 180 °C and comparing them with 
those repor ted  for the 2000 s e r i e s  a l loys .  As  shown in 
Figure 9, alloy A performed significantly better, particu- 

Table I. Tensile Properties of Commercial Aluminum Alloys and the Experimental Alloy A at 20 and 200 °C 

Test Condition 

20 °C 0.5 Hour, 200 °C (1) 100 Hours, 200 °C (1) 

0.2 Pct P.S. T.S. Pct 0.2 Pct P.S. T.S. Pct 0.2 Pct P.S. T.S. Pct 
Alloy MPa MPa Elong. MPa MPa Elong. MPa MPa Elong. Remarks 

7075-T6 495 565 11 235 285 12 125 140 16 extrus. 
2618-T6 385 445 7.5 310 350 9 270 290 12 extrus. 
2219-T6 295 420 10 235 295 16 225 275 20 extrus. 
2021-T8 435 500 10 275 320 16 240 305 20 plate 

Expt. Alloy A 

(2) T6 517 581 7.5 393 409 11 305 325 18 extrus. 
(3) T64 490 547 7.5 376 381 15.5 - -  - -  - -  extrus. 

(1) Tests carried out at 200 °C. 
(2) The aging treatment was 7 hours at 195 °C. 
(3) T64 indicates boiling water quenching. 
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range 0 to 0.5 pet. In each case, the response of the alloy 
to age hardening at 195 °C was determined and sections of 
some of the hardness/time curves are shown in Figures 10 
and 11. 

Figure 10 includes the aging curve for the binary alloy 
A1-5.3 pet Cu and it will be seen that the addition of 0.4 
pet silver alone actually caused a slight decrease in the re- 
sponse to hardening. Progressive increases in hardening 
occurred on adding 0.4 pet magnesium and 0.4 pet each of 
this element and silver. Raising the level of magnesium to 
0.5 pet in the presence of 0.4 pet silver caused an addi- 
tional significant increase in the response to aging and the 
peak hardness value at 195 °C changed from 137 to 147. 
Raising the level of copper to 6.3 pet increased the re- 
sponse of comparable alloys to age hardening (Figure 11). 
If a peak hardness of 150 is proposed as a target, then 
alloys containing 6.3 pet Cu-0.45 and 0.5 pet Mg-0.4 pet 
Ag and 6.3 pet Cu-0.5 pet Mg-0.3 to 0.5 pet Ag meet this 
value. The alloy AI-5.3 pet Cu-0.5 pet Mg-0.4 pet Ag 
(peak hardness 147) is close to it. 

4OO 

g. 
:E 3OO - 

t/) u) 
tl.i 
Q: 

2 0 0  - -  

ILl 
Q: 

l--- 
n 

I O O -  n. 

I ! I I 
ALLOY A ,,,,~'~ TESTED AT 180"C 

0 ALLOY A EXTRUSION C.W.Q. 0-2% PS 517MPo. 
• ALLOY A EXTRUSION B.W.Q. , . . . . .  490MPo 
A ALLOY B EXTRUSION C.W.Q. , . . . . .  467MPo 

o I I I I 
Oq t tO tOO tOOO 

TIME TO FAILURE-HOURS 

Fig. 9 - -  Stress-rupture results for creep tests at 180 °C on alloys A and B 
compared with those for 2000 series alloys. 

larly at high stress levels, and average lives were more 
than an order of magnitude longer over most of the stress 
range that was tested. Tests at 220 °C also showed that al- 
loy A was superior to results reported for 2000 series al- 
loys. 

VI.  S E C O N D  S T A G E  E V A L U A T I O N  

A. Optimization of Alloy Composition 

Age Hardening Response. It  was necessary to determine 
whether the predicted alloy composition was in fact the 
one which would give the greatest response to age hard- 
ening. Moreover, since silver is a costly addition, there 
was a need to ascertain the minimum amount required to 
cause the desired changes in microstructure and mechani- 
cal properties. 

These requirements were satisfied by preparing small 
quantities of  14 alloys containing two levels of copper (5.3 
and 6.3 pet) with magnesium and silver levels each in the 
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Fig.  10--Hardness-t ime curves at 195 °C for alloys based on A1-5.3  
pet Cu. 
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So far as the minimum silver content is concerned, it 
seems possible to reduce this to at least 0.3 pct if a peak 
hardness of 150 or more is required (Table II). 

From all these results it is proposed that the composition 
of the alloy with respect to those elements which con- 
tribute to age hardening should lie within the range A1- 
6.0 pct to 6.5 pct Cu-0.45 to 0.5 pct magnesium and 0.3 
to 0.4 pct silver which is, in fact, close to that predicted. 

Grain Size Control. Additions of 0.5 pct manganese 
and 0.2 pct zirconium seemed to provide fine grain size 
and caused little removal of copper into intermetallic com- 
pounds in alloy A so it was decided to prepare a second 
alloy (B) with these elements present. As mentioned ear- 
lier, the possibility of adding 1 pct iron and 1 pct nickel 
was considered and it was decided to prepare a second al- 
loy containing these elements (Alloy C). 

Impurities. It was again decided to limit the silicon con- 
tent to a maximum of 0.10 pct. In alloy B a limit of 0.15 
pct was also set on the iron content. 

B. Preparation of Alloys 

Melts of approximately 15 kg of alloys B and C were 
prepared and chill cast as cylinders 60 mm in diameter. 
The castings were then given a multi-stage homogeniza- 
tion treatment comprising heating to 450 °C, heating at 
20 °C/hr to 475 °C, holding for 6 hours, heating 10 °C/h 
to 500 °C, holding for 18 hours, followed by a slow cool 
to room temperature. 

Compositions were as follows: 

Alloy B: A1-6.0 pct Cu-0.45 pct Mg-0.5 pct Ag-0.5 pct 
Mn-0.14 pct Zr 
(Si0.07 pct, Fe0.12 pct) 

Alloy C: A1-6.0 pct Cu-0.45 pct Mg-0.5 pct Ag-1 pct Fe-1 
pct Ni 
(Si0.07 pct) 

Alloy B is similar to alloy A but with a lower copper con- 
tent while alloy C incorporates iron and nickel rather than 
manganese and zirconium for dispersion strengthening and 
grain size control. 

Table II. Peak Hardness Values for 
High-Purity Alloys Aged at 195 °C 

5.3 Pct Cu 

AgOg 0 0.4 Pct 0.5 Pct 

0 115 124 
0.4 pct 110 137 147 

6.3 Pct Cu 

AgOg 0.3 Pct 0.4 Pct 0.45 Pct 0.5 Pct 

0 pct 130 
0.2 pct t46 
0.3 pct 153 
0.4 pct 138 142 150 152 
0.5 pct 153 

Hardness in Brinell units. 

The cylinders were extruded at 440 °C to produce 11 mm 
diameter bar and 7 x 22 mm fiat sections. Heat treatment 
was the same as described previously. 

C. Mechanical Properties 

Tensile Properties. Values determined for alloys B and 
C aged 7 hours at 195 °C are shown in Table III. 

The tensile properties of both alloys fell below those 
recorded for the alloy A produced in the first stage of the 
evaluation (Table I). This is attributed both to the lower 
levels of copper in alloys B and C, and to the unexpected 
loss from the matrix of copper which X-ray energy disper- 
sive microanalysis showed to be combined with manga- 
nese, iron, and nickel in intermetallic compounds. This 
latter effect was particularly apparent in alloy C, indicating 
that large additions of iron and nickel are undesirable and 
this alloy was discarded. The greater loss of copper to in- 
termetallic compounds in alloy B than occurred with alloy 
A seems likely to be due to the more complex homoge- 
nization treatment used for alloy B. 

D. Stress-Rupture Properties 

Results for alloy B have also been included in Figure 9. 
It will be seen that, despite the lower levels of tensile 
properties, this alloy generally performed rather better than 
alloy A. For example, one specimen failed after 1016 hours 
at a stress of 240 MPa which compares with averages of 
450 hours for alloy A and 70 hours for the 2000 series 
alloys. This is attributed to the improved microstructure in 
alloy B, notably the finer dispersion of intermetallic com- 
pounds as compared with alloy A. 

E. Stress-Corrosion Resistance 

A semi-quantitative indication of the susceptibility of 
the alloy to stress-corrosion cracking was obtained using 
the "cut-edge" method described by Gruhl and Schippers. 24 
This technique involves shearing off pieces from flat sec- 
tions of alloys which produces internal stresses in the di- 
rection normal to the sample surface, and exposing the pieces 
to corrosive solutions. For the present work, extruded flat 
sections of alloy B, 7 mm thick, were used and the test so- 
lutions were: 

1. 2 pct NaCI + 0.5 pct Na2CrO 4 
(pH3), room temperature 

2. 1 pct NaC1 + 2 pct K2Cr207 
(pH4), 45 °C 

Results are expressed in times taken for the appearance of 
the first crack in the "cut-edge" surface. These are shown 
in Table IV and some comparisons are made with results 
provided for some commercial alloys. 25 

Table IlL Tensile Properties of Alloys B and C 

0.2 Pct P.S. T.S. 
Alloy MPa MPa Pct Elong. 

B-T6 467 507 10.5 
-T64 445 496 10.3 

C-T6 333 386 13.0 
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Table IV. Results of "Cut-Edge" Stress-Corrosion Tests 

0.2 Pct P.S. Time to 
Alloy Condition MPa Failure, Days 

Solution 1 
Alloy B T6 467 60 (1 spec.) 

>60 (8 spec.) 
T64 445 >60 (8 spec.) 

7075 T6 523 0.5 to 3 
T73 462 >50 

2014 T6 348 6 to 20 
2024 T6 367 0.5 to 1 

Note: Gruhl and Schippers 23 consider alloys which do not develop cracks 
in 50 days as being relatively insensitive to stress-corrosion cracking. 

Solution 2 

Alloy B T6 467 10 (1 spec.) 
25 (4 spec.) 

T64 445 15 (1 spec.) 
>15 (7 spec.) 

Note: Failure times exceeding 15 days are considered to indicate a high 
resistance to stress-corrosion cracking in Solution 2. 23 

These results, although preliminary in nature, show that 
alloy B performs significantly better than several com- 
mercial alloys and seems likely to show little sensitivity to 
stress-corrosion cracking. 

F. Weldability 

As mentioned earlier, the commercial alloy 2219, which 
is basically A1-6.3 pct Cu, is weldable and preliminary 
trials with alloy B have shown that it, too, can be welded. 
More work is needed to assess the mechanical properties 
of selected welded joints, but the microstructure suggests 
the welds are of good quality (e.g., hot cracking was not 
observed). 

VII. FURTHER WORK 

The results so far obtained on alloys A and B seem suf- 
ficiently encouraging to justify the production of a larger 
ingot so that a more complete assessment of properties can 
be obtained. For example, creep behavior at temperatures 
in the range 150 ° to 220 °C will need to be determined in 
more detail. Another requirement will be the production 
of larger wrought sections which will allow the fracture 
toughness and weldability of the alloy to be assessed. 

So far as composition is concerned, it would be desir- 
able to produce and test alloys with lower silver contents 
(e.g., 0.25 and 0.3 pct), as it seems likely that the cost 
penalty associated with this addition can be reduced. 

VIII .  CONCLUSIONS 

1. An experimental wrought alloy based on the predicted 
composition A1-6.3 pct Cu-0.5 pct Mg-0.5 pct Ag-0.5 pct 
Mn-0.2 pct Zr has exhibited a combination of tensile 
properties at room temperature and 200 °C that exceed 
those of existing commercial aluminum alloys. 

2. The superior mechanical properties of the new alloy are 
attributed to the presence of a fine and uniform disper- 
sion of the relatively stable precipitate, designated fl,  
that forms over the {111} planes during aging. 

3. The stress/rupture properties of the experimental alloy 
are significantly better than those for the 2000 series of 
alloys at temperatures of 180 °C and 220 °C. 

4. The alloy appears to be relatively insensitive to stress- 
corrosion cracking and is significantly less susceptible 
than several commercial aluminum alloys. 

5. The alloy shows relatively little quench sensitivity and 
offers considerable flexibility in aging conditions. 

6. Room and elevated temperature ductility is adequate. 
7. As with 2219, the experimental alloy is capable of being 

welded. 
8. It is probable that cost savings can be achieved by re- 

ducing the level of silver to around 0.3 pct. 
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