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ABSTRACT 

A number of 7xx aluminum casting alloys are based on the ternary Al-Zn-Mg system. These alloys age 
naturally to high strength at room temperature. A high temperature solution and aging treatment is not 
required. Consequently, these alloys have the potential to deliver properties nearly equivalent to 
conventional A356-T6 (Al-Si-Mg) castings, with a significant cost saving.  An energy savings is also 
possible.  In spite of these advantages, the 7xx casting alloys are seldom used, primarily because of their 
reputation for poor castibility. This paper describes the results obtained in a DOE-funded research study 
of these alloys, which is part of the DOE-OIT “Cast Metals Industries of the Future” Program. Suggestions 
for possible commercial use are also given. 
 
 
INTRODUCTION 
 
A number of aluminum casting alloys are based on the ternary Al-Zn-Mg system.  These alloys age 
naturally to high strength at room temperature.  A high temperature solution and aging treatment is not 
required.  Consequently, the Al-Zn-Mg casting alloys have the potential to deliver properties nearly 
equivalent to conventional 3xx (Al-Si-Mg) casting alloys brought to the T6 temper, with a cost saving as 
large as $ 0.20 per pound – the cost of the heat treatment. Castings from these alloys may also be 
welded or brazed immediately after casting, and the assemblies will age to high strength at room 
temperature.  This combination of properties makes these alloys promising candidates for a number of 
applications.   
 
In spite of their excellent properties, the 7xx casting alloys are seldom used, mainly because of their 
propensity for hot cracking.  It has long been well known that grain refinement reduces the tendency for 
hot cracking in net shaped castings.  The study which shows this most clearly is the 1970 paper by 
Davies [1], who found that the total length of hot tears in a ring test casting was proportional to the cast 
grain size.   
 
In the early 1930’s Ti was first added to grain refine aluminum casting alloys [2].  The improvement in 
castability was considerable.  Foundrymen found that the best (smallest) grain sizes occurred at relatively 
high concentrations of Ti, and this became the accepted procedure.  As a consequence, the chemical 
composition limits established by the Aluminum Association for Ti in the 7xx alloys have relatively high 
upper limits, and in three alloys (712, 771 and 772) a minimum Ti content (0.10 or 0.15%) is specified.   
 
More recently, Sigworth [3] studied the grain refinement of several different casting alloys.  In the 2xx (Al-
Cu) and 7xx (Al-Zn-Mg) alloy systems an improved (smaller) as-cast grain size was obtained by 
maintaining a low dissolved Ti level, often below the minimum specified for the alloy.  A significant 
improvement in resistance to hot cracking was also noted [4], especially at slower cooling rates.  This 
discovery suggested that it is time to reconsider the use of the high strength, natural aging casting alloys.  
Consequently, this experimental program was undertaken.   
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EXPERIMENTS 
 
The first phase of casting trials was conducted at Thyssen-Krupp Stahl Company in Kingsville, Missouri.  
Alloys were prepared in a gas-fired crucible furnace, having approximately 500 pound molten metal 
capacity.  A filter crucible was placed in the center of the furnace.  In this way, all metal taken from the 
furnace was filtered.  Two degassing lances were placed along the sides of the furnace crucible, and the 
melt was degassed with nitrogen gas.  A thermocouple was placed in the furnace, just outside the filter 
crucible.  During all casting trials the furnace temperature was set at 1450 F  (788 C).  Gas samples were 
taken at the beginning and end of every heat.  Gas samples were allowed to freeze under a reduced 
pressure (28” of mercury), cut in half, and polished on the cut face to reveal porosity.  The highest gas 
observed was a No. 2, and most samples were zero or No. 1, according to the standard Stahl rating 
system.  From our past experience, and comparing these readings with other methods of gas 
determination, we can say that the dissolved hydrogen in the melt was maintained at a level less than 
about 0.14 cc/100 grams. 
 
Table I presents the chemistry of the 19 heats made during the Phase One trials.  A concerted effort was 
made to mix every heat, but the heavier elements (Zn and Cr) tended to segregate towards the bottom of 
the furnace.  As a consequence, there sometimes was a small variation in metal chemistry from the 
beginning to end of the heat.  Consequently, the chemistry presented in Table I represents an average of 
two measurements, taken at the beginning and the end of every cast.  The minor impurity elements not 
shown in Table I were typically 0.09% Cu, 0.08% Fe, 0.07% Si and 0.015% Mn. 
 
Three test castings were poured during these trials: Alcan Hot Crack Test Casting, Aluminum Association 
Step Mold, and ASTM B-108 test bars.  The results obtained with each of the castings are presented 
below.   
 

HOT CRACK TESTS 
 
Two test molds were supplied by the Research and Development Laboratories of Alcan International, in 
Kingston Ontario.  These molds have a large central cylindrical section, which acts as a feeder and riser 
to several smaller diameter ‘arms’.  Each of the arms has a ‘lollypop’ section at the end.  Because the 
arms have a small diameter (c. 3/8 inch or 9 mm) they freeze first.  As the arms cool in the mold, they 
shrink and pull on the ends, which are held in place by the ‘lollypop’ and central riser.  Stresses build up 
in the arms, and these stresses are roughly in proportion to the length of each arm.  The total length of 
arms cast without cracking is therefore a measure of the resistance of an alloy to hot tearing. Castings 
made from the Alcan molds are shown in Figure 1. 
 
After some preliminary tests, the following procedure was established for all hot crack tests.  A few shots 
were poured to preheat the mold.  When the mold temperature reached 250 F  (121 C), four shots were 
poured in each of the preheated molds.  The mold temperature at the end of the fourth shot was 
approximately 450 F  (232 C).  The four castings poured at a mold temperature of 250-450 F were 
examined for cracks and rated as described below.  It should be noted that the low mold temperatures 
employed in these tests represent a very severe condition for hot cracking.    
 
The first (smaller) test mold had arms that were between 1” and 5” long; the second (larger) mold had 
arms that were between 5.5” and 9.5” long.  In theory, one would expect a certain length of arm to be cast 
without flaws, and longer arms would be cracked.  In practice, it did not work this way.  It was a frequent 
occurrence for a shorter arm to be cracked, while longer arms in the same casting were crack free.  As a 
consequence, the following procedure was established to provide a numerical rating for each alloy.  Each 
arm was examined, and assigned a numerical value according to the following scheme: 

 -No crack present –  1.0 -Large crack       – 0.25 
 -Micro crack         – 0.75 -Broken arm       – 0.0 
 -Medium crack     – 0.50 
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This number was averaged for each arm of the four castings, and multiplied by the length of the arm.  The 
numerical total for each casting gives a representation of the resistance of the alloy to hot cracking.  In 
addition to the tests with the natural aging alloys, we evaluated 356 and 319 alloys.   Tests in 319 alloy 
with the Alcan molds had a hot crack rating of 13.25”, and A356 alloy had a hot crack rating of 29.9” (out 
of a total possible of 35”).   
 
Before considering the results of hot crack tests in the natural aging alloys, it is necessary to describe the 
grain refining practice employed.   All heats were made from high purity ingot supplied by Alcan, so the 
base alloys produced at Stahl for these trials contained low levels of dissolved Ti (c. 20 ppm).  At the 
beginning of each heat, four six inch sticks of 5%Ti-1%B rod were added to the inside of the filter crucible.  
This represented a Ti addition of c. 80 ppm, and a B addition of c. 16 ppm.  Another stick of grain refiner 
was added after pouring 6-8 shots, to ‘refresh’ the grain refinement.  This was more than enough to 
maintain the level of grain refinement, so the Ti content tended to drift upwards with time.  In a few heats 
small amounts of Al-6%Ti rod were added, to see the effect of increasing the dissolved Ti level.  We 
found that a small amount of soluble Ti resulted in a significant increase in hot crack resistance.  From 
these results, it appears that it is advantageous to have 0.02 to 0.04 % dissolved Ti in the melt before 
adding Ti-B grain refiner. 
 

Table I.      Composition of Alloys Studied in Phase One Trials  
 

        Alloy     % Zn  % Mg   % Cr     % Ti 
 C-1 2.47 2.74 0 0.013   
 C-2 2.25 3.23 0 0.021 
 C-3 2.67 3.51 0 0.027 
 C-4 3.03 2.77  0.25 0.042  

 B-1 2.90 1.50 0 0.018  
 B-2 2.98 1.85 0 0.020  
 B-3 3.00 1.88  0.27 0.020  
 B-4 2.91 2.51  0.32 0.021 
 B-5 3.55 1.52  0.30 0.012  
 B-6 3.57 1.45  0.31 0.034   
 B-7 3.78 1.80  0.30 0.023  
 B-8 3.34 2.33  0.28 0.033  
 B-9 4.36 1.92  0.35 0.022 
 B-10 4.31 1.82  0.35 0.023  

 A1 5.26 0.60  0.39 0.006 
 A2 5.35 0.60  0.39 0.035 
 A3 5.55 0.57  0.42 0.014  
 A4 5.05 0.61  0.39 0.013  
 A5 4.93 0.58  0.38 0.035 

 
A detailed statistical analysis of the hot crack test data was made.  Contour plots of the hot crack ratings 
are shown in Figure 2 as a function of alloy composition, together with composition limits proposed for 
some of the Al-Zn-Mg casting alloys.  
 
The 7xx alloy compositions in Figure 2 were taken from Aluminum Association specifications for 
commercially listed aluminum casting alloys.  Alloy 53760 was proposed by Alcan researchers as suitable 
for permanent mold castings [5];  Koike [6] and Nowack [7] have also proposed alloys in their patents; but 
none of these high Mg alloys have found commercial use. 
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Figure 1.     Hot Crack Test Castings Made With the Alcan Molds 
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Figure 2.      Contour Plot of Hot Crack Index Measured With Alcan Mold 
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From the above results it appears that the high Mg alloys, proposed by Alcan and by Nowack and Koike, 
have a hot crack resistance approximately equal to 319 alloy.  The high Zn alloys (like 712, 711, 771, 
772) have a very poor resistance, and are not suitable for the permanent mold casting process.  Alloys 
705 and 707 alloy are intermediate in hot crack resistance, as determined by the Alcan test.   
 

TENSILE TESTS 
 

Tensile tests were made on samples taken from two castings.  One was a separately cast ASTM B108 
test bar casting.  This casting was poured at a mold temperature of 850-880 F, which is the normal 
practice for other casting alloys with this mold.  An analysis of the literature conducted in the first part of 
this study suggested that the cooling rate of the casting after solidification has an important influence on 
mechanical properties.  Early patents by Bonsack [8] and Fairweather [9] suggested that quenching the 
casting would give significantly better elongation and tensile strength, when compared to an air cooled 
casting.  For this reason, in almost all heats half of the tensile bars were air cooled, and the other half 
were water quenched.   
 
Initially the test bar castings were removed from the mold and placed immediately into water, but it was 
quickly discovered during subsequent tensile tests that this practice had cracked the bars.  The quench 
practice was then modified to let the castings air cool for about two minutes, before water quenching.  
This practice did not crack the bars.   
 
In addition to ASTM B108 test bars, the Aluminum Association ‘step-wedge’ casting was also poured.  
This casting (Figure 3) contains five areas, each having a different solidification rate and section 
thickness.  Section No. 4 has the fastest solidification rate, and produces a dendritic structure (DAS) 
which is equivalent to a separately cast (ASTM B-108) test bars.  The AA ‘step-wedge’ casting has been 
well characterized, and mechanical property data for six different alloys cast with this mold is available in 
a report published by the Aluminum Association [10].   Castings produced from this mold had a mold 
temperature greater than 650 F.  The maximum mold temperature was generally less than 750 F.  All of 
these castings were allowed to air cool.    
  

 
 

Figure 3.  The Aluminum Association ‘Step-Wedge’ Casting 
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The composition of heats B-2 and B-3 (Table 1) were low Mn versions of alloy AA705.  Heat B-2 had no 
Cr, and B-3 had 0.27 % Cr.  The results of tensile tests on separately cast B-108 test bars for the two 
heats are shown below.  The “W” samples were water quenched; the “A” samples were air cooled.   
 
 

Table 2.    Heat B-2:  B108 Tensile Properties 

days NA Sample Yield (ksi) UTS (ksi) Elongation 
5 B2-A n.a. n.a. n.a. 
5 B2-W 17.04 35.2 13.94 

18 B2-A 19.54 34.6 9.45 
18 B2-W 19.5 37.5 13.27 
30 B2-A 20.6 34.3 7.91 
30 B2-W 20.7 38.2 13.7 
90 B2-A 22.5 34.9 6.74 
90 B2-W 23.7 40.8 12.9 

 

 

Table 3.     Heat B-3:  B108 Tensile Properties 

days NA Sample Yield (ksi) UTS (ksi) % Elongation 
5 B3-A 18.55 34.2 10.4 
5 B3-W 18.56 36.2 13.43 

18 B3-A 21.1 36.5 9.57 
18 B3-W 21.6 38.3 11.74 
30 B3-A 21.7 36.7 9.31 
30 B3-W 22.1 38.4 11.0 
90 B3-A 24.3 39.1 8.27 
90 B3-W 24.5 40.3 9.4 

 
 
The Cr addition in Heat B-3 increased the yield strength by about 1,000 psi.  The elongation decreased 
somewhat, but the UTS was more consistent and usually higher with the Cr addition.  The Cr reduces the 
quench sensitivity found in this alloy:  With Cr present, there is little difference in properties between the 
air cooled and water quenched samples.  The effect of Cr on eliminating quench sensitivity in 7xxx alloys 
has been well documented [11].  Cr has also been reported to have a beneficial effect on the resistance 
of Al-Zn-Mg alloys to stress corrosion [12].  For all of these reasons, the composition range of 0.2 to 0.4% 
Cr called for in the AA specifications 705 and 707 alloys is well advised.   

 
Heat B-7 contained 3.78% Zn, 1.80% Mg, and 0.3% Cr, and has a composition that lies between 705 and 
707 alloys.  The tensile strength of separately cast test bars, and samples cut from the Aluminum 
Association casting, are shown below.   
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Table 4.     Heat B-7:  B108 Tensile Properties 

days NA Sample Yield (ksi) UTS (ksi) % Elongation 
3 B7-A 20.6 34.4 8.1 
3 B7-W 19.76 33 7.5 

16 B7-A 23 34.1 5.62 
16 B7-W 23.2 35.8 7.07 
32 B7-A 24.1 35.1 5.4 
32 B7-W 23.8 36 6.84 
93 B7-A 26.4 34.1 3.57 
93 B7-W 25.5 36.5 5.47 

 

 

Table 5.    Heat B-7:  AA Casting Tensile Properties 

days NA Sample Yield (ksi) UTS (ksi) % Elongation 
38 AA-1 24.1 28.1 2.8 
38 AA-2 22.7 37.4 9.5 
38 AA-3 24.3 40.3 9.8 
38 AA-4 23.6 41.7 11.0 
38 AA-5 25.7 41.1 9.2 
100 AA-1 26.4 28.6 2.2 
100 AA-2 24.8 38.9 8.2 
100 AA-3 26.6 42.6 9.5 
100 AA-4 27.0 45.7 12.4 
100 AA-5 28.8 43.5 8.1 

 
 
Except for section 1, which exhibited a good deal of shrinkage porosity, the mechanical properties from 
the Aluminum Association ‘step wedge’ castings are significantly higher than those found for separately 
cast test bars.  It should also be noted that the UTS and elongation in the AA casting samples are larger 
than for heat treated A356 alloy (See Table 8 below). 
 
Samples from the separately cast ASTM B108 bars made with this heat were removed, cut in half 
longitudinally, and polished to reveal the structure.  The samples contained a great deal of porosity, which 
appeared in thin layers.  This is probably an ‘incipient’ hot tearing, which occurs at the microstructural 
level.  This defect might also be called layer porosity.  (This term has been used in the past for Al-Mg 
casting alloys.)  It would seem that the test bar develops significant shrinkage stresses during 
solidification, and that the center of the test bar is not well fed in this alloy.  The figures below show the 
incipient hot tearing observed in the B108 castings for this heat.   
 
The fracture surfaces of pulled test bars were also examined.  There were two characteristic structures.  
Both are shown below in Figure 5.  The one on the top is associated with mechanical failure of sound, 
defect-free material.  The other is associated with the presence of layer porosity or incipient hot cracking; 
and is characterized by rounded dendrite arms, which hang on the surface like a bunch of grapes.   
 
Incipient hot tearing was also observed on a number of the other Al-Zn-Mg alloy samples, which had low 
elongation to fracture in the separately cast test bars.   
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Figure 4.   Incipient Hot Tears Observed in Heat B-7 (75 x) 

 
Heats B-9 and B-10 are equivalent to AA707 alloy, with heat B-9 being a Mn-free version of AA707 alloy.  
Only air cooled bars were produced in both heats.  The elongation of the ASTM B108 bars was poor, 
because the castings had a great deal of layer porosity or incipient cracking.  The Mn addition in heat B-
10 does not appear to be beneficial.  (Tables 6 and 7 below.)  The yield strength is unchanged by the Mn 
addition, and the elongation and UTS of the test bars are lower.  Metallographic examination of the heat 
B-10 established that the Mn was present in the form of large, primary MnAl6 particles.    
 
The AA composition limits for 705 and 707 alloys call for a relatively high Mn content.  In both alloys a 
minimum of 0.4% Mn is specified, and the maximum is 0.6%.  This appears to be a mistake.  And as we 
shall see later, the high Mn content makes these alloys more susceptible to hot cracking.  It would be 
advisable, therefore, to lower the Mn specification in these alloys.   
 
    Table 6.      Heat B-9:  B108 Tensile Properties 

days NA Sample Yield (ksi) UTS (ksi) Elongation 
2 B-9 21.5 30.4 4.58 
16 B-9 25.1 29.7 2.55 
31 B-9 28.1 33 2.65 
92 B-9 29.9 35.5 2.59 

 

    Table 7.   Heat B-10:  B108 Tensile Properties 

days NA Sample Yield (ksi) UTS (ksi) Elongation 
2 B-10 21.1 28 3.52 
16 B-10 26 30.5 2.26 
31 B-10 27.8 31.7 2.37 
92 B-10 29.9 33.5 1.91 
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Figure 5.  Fracture Surfaces Observed in Heat B-7 (200 x) 
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Aluminum Association ‘step-wedge’ castings were also poured in the high Mn version of 707 alloy.  The 
results are presented below.  The tensile properties published by the Aluminum Association for A356 
alloy in this casting are also shown for comparison.   In the absence of incipient hot tearing, the 
mechanical properties for 707 alloy are truly impressive, especially considering the material has not been 
heat treated.   
 

Table 8.   Heat B-10:  AA Casting Tensile Properties 

days NA Sample Yield (ksi) UTS (ksi) % Elongation 
35 AA-1 28.2 28.3 1.3 
35 AA-2 25.3 41.0 8.6 
35 AA-3 27.2 44.9 10.5 
35 AA-4 27.6 47.5 13.7 
35 AA-5 29.2 46.3 10.3 
96 AA-1 na 25.8 1.1 
96 AA-2 27.2 42.4 8.1 
96 AA-3 28.5 46.2 9.1 
96 AA-4 30.2 49.9 12.9 
96 AA-5 31.0 46.6 8.2 

A356-T6 AA-2 32.1 36.5 3.0 
A356-T6 AA-3 33.4 39.7 4.6 
A356-T6 AA-4 33.8 41.7 6.5 
A356-T6 AA-5 33.2 39.7 4.9 

 
 
 
A statistical analysis was made of all 19 heats, to determine the tensile properties of B108 test bars aged 
for three months.  In heats which had both air-cooled and water quenched samples, the bars which gave 
the best mechanical properties were chosen for the analysis.  Contour plots were made from the 
statistical model.  Figure 6 is a plot of the yield strength, given in ksi.  (Multiply by 6.9 to get MPa.)   The 
lines of constant yield strength follow the solubility curves in the Al-Zn-Mg system, and are similar to 
curves found in wrought alloys.  [11] 

 
On the contour plot of elongation in separately cast ASTM B108 test bars (Figure 7), the compositions for 
three heats are shown.  (C-1, B-7 and B-10)  In these alloys, both B108 and the AA ‘step-wedge’ castings 
were poured.   Elongation in sections 2-5 of the AA casting was more than twice that in B108 bars (as 
indicated in the contour plot).  This observation suggested that the elongation shown in Figure 7 was an 
indication of the susceptibility of the alloy for incipient hot tearing.  Assuming that B108 test bar castings 
with greater than 8% elongation do not exhibit appreciable incipient hot tearing, then the alloy 
compositions indicated by light green, dark green or blue areas should be acceptable for permanent mold 
castings.  This is indicated by the black line on the figure.  (This line runs along 3.5% Zn up to 1.5% Mg; 
from there to 2.4% Zn and 3.2% Mg, and along a composition of 3.2% Mg to lower Zn contents.)   
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Figure 6.    Yield Strength (ksi) in B108 Bars, Aged 90 Days at Room Temperature 
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Figure 7.    Elongation (%) in B108 Bars, Aged 90 Days at Room Temperature 

 
Figure 8 shows a contour plot of the ultimate tensile strength of the B-108 bars.   The composition limits 
of three commercial alloys (705, 707 and 712) and the alloy proposed by Alcan (53769) are also 
indicated, together with the line indicating best elongation.  It can be seen that the area of best elongation 
is also the regime where the highest ultimate tensile strength is found.  The center of this area, where the 
UTS is greater than 37.5 ksi or 40 ksi (blue and dark blue areas, respectively) lies in the composition 
range for 705 alloy.  From this result, it appears of all the 7xx alloys proposed or commercially available, 
only AA705 is suitable for permanent mold castings.  This is an important observation.  From these 
results, permanent mold castings of 705 alloy should have a yield strength of c. 22-24 ksi, an elongation 
of 10-12%, and a UTS of 37-40+ ksi, after three months of natural aging.    
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It would also appear that the upper composition limits for Mg in 705 alloy could be increased (to 2.3 or 2.4 
%) with some benefit to mechanical properties and hot crack resistance.  And as noted earlier, it would 
also be beneficial to change the composition limit for Mn to allow lower Mn contents.  (It is presently 0.4-
0.6% Mn.)  Titanium residuals in the range of 0.02 to 0.04% Ti also give the best resistance to hot 
cracking.   
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Figure 8.   Ultimate Tensile Strength (ksi) in B108 Bars, Aged 90 Days  
 
 
PHASE 2 CASTING TRIALS 
 
The first phase of our casting trials established that a modified version of AA705 should give acceptable 
properties in permanent mold castings.  Consequently, in the next stage of work we selected a trowel 
mount and master cylinder castings as possible candidates for future commercial applications of 705 
alloy.  The trowel mount casting (shown below in Figure 9) contains a runner/riser section in the center, 
and has two trowel mounts: one on the top, and one on the bottom. 
 
The trowel mount was made in two versions of 705 alloy.  One was a relatively high purity, or ‘primary’ 
version of the alloy.  This will be called 705E.  The second version contained higher levels of impurities 
(Fe, Mn, and Si), corresponding more to what would be expected in a ‘secondary’ or recycled version of 
the alloy.  (An exception might be the high Mn level, which is called for in AA 705.  This amount of Mn 
appears to be of dubious value.)  The second alloy was called 705R.  The chemistries of the two alloys 
are given below in Table 9. 
 
 

Table 9.    Chemistry of Phase 2 Alloys 

Alloy % Mg % Zn % Cu % Fe % Cr % Mn % Si % Ti 
705 E 1.68 2.95 0.10 0.124 0.245 0.060 0.070 0.038 
705 R 1.74 2.85 0.10 0.420 0.248 0.490 0.128 0.040 
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Figure 9.   Trowel Mount Casting (705E Alloy) 
 

No cracking was observed in the primary or “E” version of the alloy in this part.  But in the secondary 
version, some of the handles were cracked.  Close examination showed that this cracking was related to 
poor feeding in this part of the casting.  An example of a cracked trowel mount handle is shown below.  
Note that the surface of the metal in the vicinity of the crack has a “dry” surface appearance.  This means 
that liquid metal in the semi-solid part is “sucked” away from the surface towards the end of solidification.  
This is an indication of poor feeding. 

 
 

 
 

Figure 10.   Trowel  Mount Casting with Cracked Handle (705R Alloy) 
 



Final Technical Report                    DE-FC07-02ID14230/DE-FC36-02ID14230                                       page 14 of 32 

  

 
 
The master cylinder was only poured in the secondary or “R” version of the alloy.  Machinability is 
important in this part, and the higher Fe (and Mn) would tend to improve machinability.  This part is shown 
below.  Even though this part has had a history of cracking when produced in 319 alloy, no cracks were 
observed by a visual inspection of the parts.  The quality also appeared to be sound in radiographic 
examinations. 
 

 
Figure 11.  Brake  Master Cylinder Cast with 705R Alloy 

 
These results from the phase two trials were encouraging, and suggest that 705 alloy would be 
commercially viable in a number of permanent mold parts.  Mechanical properties from the castings 
poured in the Phase 2 trials are shown in the following table.   
 

Table 10.    Tensile Properties of Phase 2 Castings 

Part Alloy Days NA UTS (ksi) YS (ksi) % Elongation 
Trowel Mount 705 E 40 35.8 21.1 9.562 
 705E 90 36.6 23.2 7.3 
AA Step Casting      

section 2 705 E 42 34.74 19.98 10.96 
section 3 705 E 42 40.06 21.01 17.64 
section 4 705 E 42 38.78 19.98 16.52 
section 5 705 E 42 38.18 21.92 11.92 
section 2 705 E 92 35.7 22.3 8.5 
section 3 705 E 92 41.8 23.8 14.34 
section 4 705 E 92 43.2 23.6 16.2 
section 5 705 E 92 40.2 24.3 10.5 

B108 bars 705E 2 28.5 13.99 11.671 
 705E 35 35.7 20.3 8.932 
 705E 94 36.6 22.6 7.54 
B108 bars 705R 1 21.6 14.43 3.772 
 705R 33 24.1 21 2.183 
 705R 92 26.9 23.8 2.22 
Master Cylinder 705R 39 34.6 20.3 8.416 
 705R 90 35.6 22.4 7.85 
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Note that the ductility in the AA ‘step wedge’ casting is significantly higher than in the trowel mount and 
the B108 test bar castings.  This difference was caused again by the formation of incipient hot tearing, 
associated with poor feeding to the gage section of the test bars in the ASTM B108 casting.   Similarly, 
the master cylinders (in 705R alloy) had a significantly higher ductility than the test bar castings.  The 
master cylinder has a large cross-section.  It is also fairly easy to promote a directional solidification in this 
casting.  When the tilt rate is slow, the coldest metal arrives at the bottom of the mold (the right hand side 
of the casting in Figure 11).  This is where solidification begins, and then there is a progressive 
solidification towards the riser at the top of the mold.  (The riser is to the left of Figure 11.)  Feeding of 
shrinkage in this casting is therefore very good.   
 
 
PHASE 3 CASTING TRIALS 
 
With the exception of 705 alloy, none of the natural aging (7xx) alloys proved to be suitable for the 
permanent mold casting process.  The results suggested that other casting processes may be better for 
these alloys, when they have a slower solidification rate.  For these reasons we decided to pour castings 
in sand and lost foam molds. 
 
In the first of the phase three casting trials, green sand and bonded sand castings were produced at Eck 
Industries in Manitowic, WI.  Four heats were made, to establish the relative castability of different 7xx 
alloys.  The compositions are shown below.  The shaded areas show composition levels that are at 
variance with the AA composition limits.   
 
 

Table 11.      Composition of Sand Castings Poured at Eck Industries 

Heat  Alloy No. % Mg % Zn % Cu % Fe % Si % Mn % Cr % Ti 
700 A 705 1.511 2.794 0.039 0.253 0.102 0.004 0.264 0.031 
700 B 707 1.975 3.554 0.045 0.260 0.099 0.005 0.361 0.033 
700 C 53760 2.848 3.405 0.039 0.246 0.095 0.007 0.296 0.027 
700 D 772 0.815 6.134 0.068 0.239 0.091 0.002 0.126 0.030 

 
Each of these heats was poured in bonded sand hot crack test castings.  (See below.)  The arms were 3 
to 8 inches in length.   
 
  

 

Figure 12.     Hot Crack Test Casting Poured at Eck Industries 
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For these tests, a slightly different numerical rating system was employed.  Each arm was examined and 
assigned a number between zero (no crack) and one (arm broken off), depending on the severity of the 
crack.  The number for each of the six arms was added up.  Thus, the hot crack rating must be between 
zero (no cracks observed) and six (worst case – all arms broken off).  The average of the test results 
found in five castings is given below.   

      Table 12.   Results of Sand Mold Hot Crack Tests   

Alloy Cast Hot Crack Rating 
A206 2.20 
772 1.95 
705 1.40 
707 1.35 

53760 1.35 
319 0.35 

 
 
Note that the hot crack resistance of the natural aging alloys in sand castings are somewhere between 
the crack prone alloy 206, and the relatively crack resistant 319 alloy.  Also, 705 and 707 alloys are easier 
to cast than 771/772.  (771 or 772, or their ‘cousins’ are more commonly used than 705 or 707 alloys.)  
The 3%Zn-3%Mg alloy proposed by Alcan for permanent mold castings does not appear to offer any 
advantage over 705 and 707 alloys in sand molds.   
 
It should be noted that the cracking found in these alloys with this test casting was strongly associated 
with poor feeding, and metal shrinkage.  A large shrink was found in the central feeder of the test casting.  
We could have placed a large riser at this point; to feed the part; and the hot crack rating would have 
decreased considerably.   However, the mold design used was an excellent indicator of relative alloy 
castability.   
 
In addition to the hot crack test castings, two other castings were poured.  These are shown below in 
Figure 13.  The ‘step-wedge’ casting on the left produced samples which solidified at different times.  
Samples were cut from the casting in the middle of the four sections (“A” to “D”) labeled on the left hand 
side of the figure.  The test bar mold produced three bars per shot.   
 
The mechanical properties found in these two castings, for each of the four heats cast, are tabulated in 
Tables 13 and 14.  A number of useful observations can be made from these results: 

 
  - 705 and 707 alloys offer excellent mechanical properties, and better resistance to hot cracking, 

when compared to the higher Zn family of alloys, like 772  
 
  - In all alloys, section “A” of the step casting had poor elongation, presumably because of poor 

feeding through the thin section between “A” and “B” 
 

- In all alloys, better mechanical properties were found in sections “B” and “C” and sometime “D”, of 
the step casting.  This shows that slower solidification rates have little effect on mechanical 
properties in these alloys.   
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Figure 13.     Step-Wedge and Test Bar Castings Poured at Eck Industries 
 
 
 

    Table 13.    Mechanical Properties of Test Bar Castings 

Alloy   Days n.a.      UTS (ksi)       Yield (ksi)     Elong.      BHN 
705          8                  31.0                  15.9            8.8            62 
               32                 33.8                  19.1            8.1            72 
707          7                  34.1                  22.0            4.8            80 
               31                 37.0                  25.8            5.0            86 
53760      6                  31.8                  23.7            3.1            82 
               30                 33.3                  26.5            3.0            86 
772          5                  35.2                  24.8            4.8            76 
               29                 38.3                  29.2            4.3            90         
 

    Table 14.     Mechanical Properties of Step Castings (30 day age) 

Alloy    Location       UTS (ksi)       Yield (ksi)     Elongation 
705            A                   30.4                19.1                7.5 
                  B                   33.7                19.2              11.0 
                  C                   32.9                19.2              10.0  
                  D                   31.6                18.7              10.0 
707            A                   32.5                25.5                3.0 
                  B                   38.9                25.3                8.0 
                  C                   36.5                25.1                6.5  
                  D                   33.3                24.4                5.0 
53760        A                   30.3                25.5                3.0 
                  B                   36.9                25.7                5.5 
                  C                   34.1                25.7                3.5  
                  D                   31.5                24.2                3.5 

772            A                   30.2                27.4                2.0 
                  B                   40.2                28.6                6.0 
                  C                   38.1                28.1                5.5 
                  D                   37.6                28.9                6.0 

     
 

bonded sand 
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During the phase three trials, we also poured lost foam castings at Metal Casting Technology, Inc. in 
Milford, New Hampshire.  The casting selected is shown in Figure 14.  Although 7xx alloys are probably 
not suitable for engine components; because of the service temperatures involved; this engine block is a 
complex casting, capable of giving us an  idea of the suitability of these alloys for the lost foam casting 
process. 

 

 

Figure 14.    Lost Foam Engine Block Casting 

 
Three alloy compositions were chosen for the lost foam castings.  (See Table 15.)  The sand castings 
poured at Eck showed  that 705 and 707 alloys offer the best combination of mechanical strength and 
resistance to hot cracking.  So, these represent the basis for two of the three alloy compositions used.  In 
addition, when these alloys were first developed, nearly 50 years ago, there was a third alloy, having a Zn 
and Mg content between those of 705 and 707 alloys.  Although it is no longer used commercially, and 
therefore not listed by the Aluminum Association, this third composition was also selected for these trials.  
It is called “706E” alloy in the tables below.   
 
Note that all three “E” alloys have a Mn content lower than the limits given in the AA specifications for 705 
and 707 alloys (0.4-0.6% Mn).  Also, we aimed for Mg contents at the high end of the specification limits.  
The results of the earlier trials suggested that it is possible to increase strength, and not affect hot 
cracking significantly, by adding Mg.  On the other hand, adding Zn to increase strength probably 
increases the susceptibility to hot cracking.  For this reason, the Mg content of the 705E and 707E alloys 
was (intentionally) just over the maximum.  (Elements that did not meet the AA specified composition 
limits are shaded in Table 15.)    
   

Table 15.      Composition of Lost Foam Castings Poured at MCT 

Heat Alloy No. % Si % Fe % Cu % Mn % Mg % Zn % Cr % Ti 
A 705E 0.156 0.107 0.113 0.010 1.856 2.801 0.258 0.041 
B 706E 0.160 0.113 0.139 0.011 2.321 3.478 0.265 0.043 
C 707E 0.177 0.119 0.170 0.011 2.460 4.222 0.262 0.044 
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Samples were cut from the columns connecting the bolt boss and bulkhead areas of the block.  The 
mechanical properties found are summarized in Table 16 below.   

 
Table 16.    Tensile Properties of Phase 2 Castings 

Heat Alloy Days NA UTS (ksi) 
Ave. (Max/Min) YS (ksi) % Elongation 

Ave. (Max/Min) 
No. of  

Test Bars  
A 705E 160 30.0 (33.0/24.5) 20.37 5.7  (8.7/2.0) 9 

B 706E 160 36.8 (38.2/34.7) 24.4 6.9 (8.3/5.1) 4 

C 707E 160 35.1  (40.7/28.5) 27.7 3.3 (8.1/0.7) 16 
 

The mechanical properties of the samples cut from the lost foam block were variable.  A close 
examination of the results and the test samples suggested that there was poor feeding, and a good deal 
of incipient hot tearing, in some of the samples.  For example, if we consider the results of “C” alloy 
castings (where a total of 16 samples were cut from castings), the best tensile strength observed was 
40,740 psi (281 MPa) with an elongation of 8.1% to failure.  The weakest sample had a tensile strength of 
28,500 psi (196 MPa) and 0.7% elongation.  Because of this variability, the maximum and minimum 
values of UTS and elongation are shown along with the averages in Table 16.   
 
The use of high pressures during solidification would significantly reduce incipient hot tearing in lost foam 
castings of 7xx alloys.  The variability in mechanical properties associated with this defect would also 
decrease.  The average elongation and tensile strength of the casting should also increase significantly.   
 
Three blocks from each of the heats were also examined for defects on the surface of the castings.  The 
results of this examination are summarized in Table 17.  Most of the surface defects found were small, 
having a length less than about 25 mm (one inch), and they were not open cracks.  In other words, they 
appeared to be oxide “folds”.   
 

Table 17.    Surface Defects Found in Lost Foam Castings 

Alloy Block No. No. of Defects Total Length (mm) Average Length (mm) sigma 
A  1 12 416 34.67 14.74 
A 2 11 312 28.36 15.32 
A 3 12 326 27.17 12.62 
B 1 17 393 23.1 10.8 
B 2 3 28 9.33 1.15 
B 3 10 244 24.4 16.22 
C 1 7 133 19 11.79 
C 2 7 181 25.86 14.18 
C 3 7 67 9.57 5.35 

 

Oxide  “folds” are commonly observed in other aluminum casting alloys, but the high Mg content of the 
7xx alloys probably makes the natural aging alloys more susceptible to this type of defect.  To establish 
this with greater certainty, the following test was conducted.  One each of the castings from each heat 
poured in these trials was cut into manageable pieces, and then crushed.  The fracture surfaces were 
examined, and the total area of “fold” defects in the casting was measured.  The results of these trials are 
shown below, together with the results normally expected in this part for 319 alloy.  It can be seen that the 
tendency to form folds is about 50% greater with these high magnesium casting alloys.   
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Figure 15.    Fold Analysis of Naturally Aging Alloys
(Sample of One Block per Alloy)

133.3
257.3

491

365

437

381.3

0 100 200 300 400 500 600

Normal Production

Alloy A

Alloy B

Alloy C

Fold Area per Casting (square mm)

+1 sigma

average fold area / cstg

-1 sigma

 
 
HEAT TREATMENT STUDIES 
 
In our discussion with foundrymen and potential customers of these alloys, it became apparent that the 
ability to age at room temperature is a major advantage, and also a major disadvantage, of the material.  
On the plus side, there are potential cost savings and the elimination of problems associated with 
distortion that occurs during quenching from a high temperature solution treatment.  But there are also 
serious drawbacks.   These are probably best considered by example. 
 
In phase 2 of this study we produced trowel mount castings in 705E alloy.  The customer who buys these 
castings expressed an interest in switching this part to 705 alloy, until they realized that a waiting period 
of 2-3 months was required for the castings to develop the strength level required.  This represented an 
unacceptable increase in their working inventory, and in associated costs.   
 
Another problem surfaced during discussions with Dave Weiss at Eck Industries, in our phase three trials.  
Dave has proposed these alloys to many of his customers over the years, but they were not comfortable 
with the fact that alloy properties change continually with time.  The aging process in Al-Zn-Mg alloys 
appears to continue indefinitely, even after many years.  For example, a ten-year study of  a 4.4%Zn-
2%Mg alloy by Russian researchers [13] showed that hardening was still occurring after ten years.  In this 
case, what properties should a design engineer use?  The strength and hardness developed after three 
months of aging?  Nine months?  Two years?  And what are the properties after long periods of use?  Do 
these alloys become brittle (loss of elongation) or susceptible to stress corrosion failure?  A failure of a 
safety critical casting can easily result in a multi-million dollar lawsuit; so these design concerns are not 
trivial.   
 
For these reasons, we began a detailed study of the heat treatment of these alloys.  Our objective was to 
find an artificial aging process that could be used to develop strength rapidly, while at the same time 
producing a structure that would be stable over long time periods.   
 
We first conducted a detailed literature survey.  Polmear has published a number of fundamental studies 
of the aging of Al-Zn-Mg alloys. In [14] isothermal aging studies were conducted on high purity 4% Zn, 6% 
Zn and 8% Zn alloys, which contained between 0.08 % and 3 % Mg.  The samples were solution treated 
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and quenched directly to temperatures ranging from –20ºC to 240ºC.  Aging was conducted for periods 
as long as two years.  The results for an Al-4%Zn-2%Mg alloy are summarized below in Figure 16.   
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Figure 16.     Aging Characteristics of a High Purity Al-4%Zn-2%Mg Alloy [14] 
 
The two “C” shaped curves at the left of the figure show incubation times for precipitation, as determined 
by the first increase of hardness.  The time needed to reach maximum hardness is also indicated in the 
figure, by the blue line to the right of the “C” curves.  From the plots of incubation time, it is clear that two 
separate aging mechanisms are operating.  At temperatures less than the transition temperature (c. 
125ºC), strengthening occurs by the formation of GP zones.  At higher temperatures, a metastable η' 
phase forms.  Polmear’s results also showed that the maximum strength obtainable is significantly greater 
when aging occurs at lower temperatures.  For an Al-4%Zn-2%Mg alloy aged at 90-100ºC, the maximum 
Vickers Pyramid Hardness was about 140.  The maximum hardness fell to 60-70 VPH as the  aging 
temperature increased to 240ºC.  
 
The mechanisms of aging in Al-Zn-Mg alloys were shown in elegant experiments conducted by Nicholson 
and co-workers.  In [15] the alloys were artificially aged immediately after quenching from solution 
temperatures between 400 and 510ºC.  In this study they were able to show that vacancies are important 
for nucleation of the η' phase, and that a critical concentration of vacancies is needed to form precipitates.  
Because grain boundaries act as sinks for vacancies, a precipitate free zone (PFZ) forms along the grain 
boundary.  Their theory is important, because it predicts the size of the PFZ, which correlates to the 
stress corrosion behavior of the alloy [11].   
 
In [16] quenched samples were held at room temperature for various times, before artificial aging at 
temperatures of 135-180ºC.  When GP zones form at room temperature and are allowed to grow to a 
certain size, they serve as nucleation sites for the higher temperature η' phase.  The density of the 
resulting precipitates is larger by one or two orders of magnitude, and the size of the PFZ is very much 
smaller.  This study shows clearly the value of using a two-step aging cycle, which incorporates a low 
temperature age as the first stage.   
 
Elagin and co-workers studied a number of two-step and three-step aging cycles [13, 17, 18].  The best 
results were obtained with an aging cycle, which consisted of the following three steps: 
 

1. A room temperature age of at least 5 days after casting.  Longer natural aging times may be 
employed, if convenient, but they will not offer any significant improvement in the hardness 
obtained.  The room temperature natural age is followed by: 
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2. An artificial age of five hours at 90-100 C, and finally 
 
3. An artificial age of 4 to 30 hours at 140 to 160 C. 

 
In our heat treatment studies, conducted at the University of Florida, a number of aging temperatures and 
combinations of aging temperatures were studied.1  Our results showed, in agreement with the earlier 
Russian studies, that the above three step aging cycle produced the highest strength.  As a 
consequence, this process was studied in detail.   
 
The following procedure was used.  The materials were given a brief solution treatment, of 15-30 minutes 
at 400 C.  All samples were air cooled and allowed to age one week (i.e. step one).  Following the natural 
age, the samples were subjected to a treatment at 90 C of varying times (step two) and immediately 
treated at 140 C for varying time periods (step three).  After the final (140 C) step, the samples were 
water-quenched and hardness were measured.  The results of the hardness measurements are plotted in 
the following figure for an aging temperature of 140 C. 
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Figure 17.   Aging Curves for Three Step Aging Process  

(After 1 week natural age and 0, 5, 10 or 20 hours at 90 C) 
 
The samples which were aged directly at 140 C after natural aging (0 hours at 90 C) showed a minimum 
in the hardness curve.  This shows that many of the precipitates that formed during the natural age 
dissolved at 140 C.  This resulted in a softer material.  Later, a high temperature precipitate forms, and 
the material becomes strong again.  However, all samples which received the second aging step at 90 C 
did not show a minimum in hardness.  This shows that the second (or intermediate) 90 C age stabilizes 

                                                 
1 A complete description of the heat treatment studies conducted at the Univeristy of Florida has been presented in 
Appendix D, a copy of which accompanies the electronic version of this final report.  Appendices A, B and C are 
also supplied in electronic format.  These describe respectively the phase one, two and three trials made at 
participating foundries.  In addition to the appendices, on the CR-ROM provided with the electronic version of the 
final report there are also a number of other data files, pictures and micrographs that may be of interest to the serious 
researcher in these alloys.   
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the lower temperature GP zones.  Longer holding times at 90 C produced stronger material at first, but 
after four hours of aging at 140 C there was little difference between materials held 5, 10 and 20 hours at 
90 C.  The best practice therefore appears to be the use of a five hour hold at 90 C. 
 
We also examined the effect of increasing the temperature of the third step to 160 C, to see if shorter 
aging times could be used.  The results are presented below in Figure 18.  For convenience, the 
corresponding hardness curve obtained above (when using an aging temperature of 140 C) is also shown 
for comparison.  It can be seen that increasing the temperature of the third step to 160 C gives greater 
strength at short times, although the maximum strength obtained at longer holding times decreases 
slightly.  Considering the economics of the aging process, the use of the shorter aging times possible at 
160 C is  preferred.  In practice, if higher strengths were needed, it would be easier (and cheaper) to add 
a little extra Mg or Zn to the alloy before casting, instead of using longer aging times.   
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Figure 18.   Hardness Curves for Two Three Step Aging Processes  

(1 week natural age, 5 hours at 90 C, followed by aging at 140 or 160 C) 
 

The results of these aging studies establish that the optimum artificial aging practice is: 

 1.   Holding at room temperature for a minimum of five days, followed by 
 2.   5 hours at 90-100 C, and 
 3.   4 to 15 hours at 160 C, depending on strength desired.   

These results are in agreement with the findings of Elagin and his co-workers.    
 
A number of ASTM B108 test bars were subjected to this aging cycle.  The tensile properties obtained are 
shown below, together with the results found from the same naturally aged castings.  The quality index as 
proposed by French foundrymen has also been calculated.  (Q = UTS + 150 log E%, in MPa)  As 
expected, this value is nearly constant, and independent of the aging treatment used.   
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Table 18.    Tensile Properties of 705E Alloy B108 Bars After Three Step Age 

Aging Cycle Used  UTS, psi (MPa) YS, psi (MPa)  Elong. 
Q  

(MPa) 
5 days NA, 5 hr at 90 C + 6 hr at 160 C 39,220  (271) 29,500  (203) 6.34 % 391 

5 days NA, 10 hr at 90 C + 6 hr at 160 C 39,920  (275) 30,820  (212) 5.96 % 392 

5 days NA, 5 hr at 90 C + 14 hr at 160 C 40,240  (278) 31,680  (219) 5.08 % 384 

5 days NA, 10 hr at 90 C + 14 hr at 160 C 41,000  (283) 32,700  (226) 5.0 % 385 

94 days at 20 C 36,600  (253) 22,600  (156) 7.5 % 384 
 
 

CORROSION STUDIES 
 
A number of alloys were tested for corrosion resistance at the Alcan Research Laboratories, in Kingston, 
Ontario.  The test procedure employed is described in ASTM specification G67-99, “Standard Test 
Method for Determining the Susceptibility to Intergranular Corrosion of 5XXX Series Aluminum Alloys by 
Mass Loss After Exposure to Nitric Acid”  (NAMLT Test).   Although designed to test for susceptibility to 
corrosion in the 5xxx series wrought alloys, these materials are similar in chemistry to the casting alloys 
studied in this project.  The 5xxx wrought alloys usually contain between 4 and 6 percent Mg.  Most of the 
alloys are low in Zn, but some have high Zn levels.  5180, for example, has 3.5 to 4.5 % Mg and 1.7 to 
2.8% Zn.  Consequently, this test should be a reasonable indicator of corrosion resistance in these alloys.  
The results of the tests made at Alcan are shown below.   
 
 

Table 19.   Corrosion Resistance as Measured by NAMLT Test 

Alloy/Temper Attack in mg/cm2 

 Cr in alloy No Cr in Alloy 

771–F 16.6     10.2 

771-T71 2.3     2.1 

705E-F 4.7  5.3 

705E-T5 (3 step age) 5.5      6.8 

AA 535-F --- 9.01 

5Mg-3Zn-F --- 19.9 

5Mg-3Zn-T5 --- 43.3 

 
The “F” temper designation refers to materials in the as cast condition, without high temperature aging.  
But of course, some aging did occur in the 7xx alloys at room temperature.  The T7 temper indicates the 
overaged condition, and in this case the material has also received a high temperature solution treatment.  
The T5 temper is for material which has received an artificial (high temperature) age, but no solution 
treatment.   
 
The 705 alloy can be seen to give excellent corrosion resistance, even better than 535 alloy.  This result 
is somewhat surprising, and worthy of note.  535 alloy is used a good deal where corrosion resistance is 
needed; for example, in marine fittings.  705 alloy would be much easier to melt and cast, it can be 
artrificially aged to higher strength, and it has better corrosion resistance (in this particular test).   
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DISCUSSION OF RESULTS 
 
The 7xx alloys have always had a reputation for poor castability.  During the course of this study, it 
became obvious that the single biggest problem is shrinkage, and poor feeding of that shrinkage.  It will 
be useful to consider in detail the causes of this problem, and to discuss what may be done to counteract 
it.   The problem is more easily understood if we consider the segregation of Zn and Mg, and how this 
affects the solidification process.   
 
Micro-segregation during solidification has been studied in great detail, and well characterized [19].    
Segregation occurs because the solute elements present (Zn and Mg) prefer to remain in the liquid metal.  
This may be seen from equilibrium phase diagrams for the Al-Zn and Al-Mg systems.  For example, in a 
semi-solid Al-Zn alloy, held at a temperature 10-50 degrees C below the melting point of pure Al, the 
equilibrium concentration of Zn in the solid is only half that of the liquid phase.  This difference in 
concentration is called the distribution coefficient, k .  In other words: 

 5.0
%
%

≅=
liquid

solid
Zn Znwt

Znwt
k  

A distribution coefficient is defined for Mg in a similar fashion in the Al-Mg system, and is numerically 
equal to 0.32.   
 
Phase relationships have also been studied in the ternary Al-Zn-Mg system.  The liquidus surface in the 
region of interest is shown below.  This diagram was taken from a German compilation [20].   
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Figure 19.    Phase Relationships in the Ternary Al-Zn-Mg System 

 
We now consider the segregation path taken by Al-Zn-Mg alloys during solidification.  The most common 
method employed is the Scheil equation.  This assumes that there is no diffusion in the solid and 
complete diffusion (or mixing) in the liquid.  Since the diffusion coefficient of solute elements in the liquid 
are usually 2-3 orders of magnitude (100- 1000x) greater than in the solid, this assumption is usually a 
reasonable approximation.  The Scheil equation is: 

 ( )1−= k
lol fCC  
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where Co is the original composition of the solute element in the alloy (before solidification begins); Cl is 
the composition of the liquid during freezing; fl is the fraction of liquid in the semi-solid alloy, and k  is the 
distribution coefficient as defined above.  It is often more convenient to describe this equation by using 
the fraction solidified, fs (where fs  = 1 - fl).  These calculations have been made for four alloys, and the 
results are plotted in the figure shown in Figure 20.  The four curves shown give the composition of the 
liquid phase during solidification, and are for alloys having the following compositions: 6Zn-0.6Mg, 4Zn-
1Mg, 4Zn-1.8Mg, and 3Zn-3Mg.  The Zn/Mg ratios for these alloys are respectively 10, 4, 2.2 and 1.   
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Figure 20.    Calculated Segregation Paths for Four Al-Zn-Mg Casting Alloys 
  
 
The fraction solid corresponding to each composition is shown in red in the above figure.  Note that an 
alloy with a Zn:Mg ratio of 4 arrives at the saddle point on the diagram, at 489oC.   Alloys higher in Mg, 
and located to the left of this line, will ‘turn to the left’ and will reach the ternary eutectic point, which 
freezes at 447oC.   Alloys higher in zinc will ‘turn to the right’ and follow a solidification path that takes 
them into the zinc rich corner of the diagram.   They would eventually reach a ternary eutectic at 91% Zn, 
3% Mg and 6%Al, which solidifies at 365oC.    
 
The practical implication of this segregation path, as far as castability is concerned, may be illustrated by 
considering the plot of temperature versus fraction solidified, shown in Figure 21.  Towards the end of 
solidification there is a precipitous drop in temperature, as Zn and Mg accumulate in the liquid.  There will 
be considerable shrinkage (or contraction) of the solid as it cools through this large freezing range, and 
the solidifying grains will be surrounded by a thin film of liquid.  This is a perfect recipe for hot cracking, or 
for incipient hot tearing, when feeding is inadequate.   
 



Final Technical Report                    DE-FC07-02ID14230/DE-FC36-02ID14230                                       page 27 of 32 

  

 
 

700

600

500

400
0 0.2 0.4 0.6 0.8 1

fraction solidified

te
m

pe
ra

tu
re

 (
C

)

 
 

Figure 21.    Calculated Solidification Path For 4%Zn-1.8%Mg Alloy Using Scheil Equation 
 
 
In spite of this situation, it is possible to make high quality castings in these alloys, by following a few 
simple guidelines: 
 

1. Directional Solidification: Although it probably seems obvious, it is absolutely necessary to 
maintain thermal gradients in the casting, and a directional solidification.  There are a number of 
ways to do this.  The most important is probably: 

2. Adequate Risers:  Risers need to be larger in 7xx alloys than in the 3xx casting alloys.  Larger 
risers promote better feeding, as well as a directional solidification, by supplying heat to the 
casting. 

3. Pressure:  In some casting processes pressure is applied to the freezing metal.  This pressure 
will assist feeding, and should tend to reduce hot cracking and incipient hot tearing in these 
alloys.  It is also possible that 705 alloy, or a similar alloy, could be used successfully in squeeze 
casting or high pressure die casting.   

4. Grain Refinement:  Proper grain refinement helps feeding and reduces the tendency for cracking 
or tearing of the casting.   

 

All aluminum alloys form oxides in the liquid state, but the high magnesium content in the 7xx casting 
alloys results in more oxidation, especially at high metal temperatures.  Thus, good melt treatment and 
runner design will be needed for best quality with these alloys.  In these trials Sr was added to see if this 
would have an effect on hot cracking.  While there was no effect on cracking, the level of surface 
oxidation in the melt was reduced.  Beryllium additions of 20-40 ppm could also be used for the same 
purpose, but most customers are reluctant to take this route.  It is also possible to reduce oxidation by 
keeping metal temperatures low.  This is probably the preferred solution. 
 
The potential for the 7xx alloys is perhaps most clearly illustrated by considering the best tensile 
properties obtained.  These were found in the Aluminum Association ‘Step-Wedge’ permanent mold 
casting, whose design promoted excellent feeding in section four of the casting.  The Table below shows 
the mechanical properties obtained.  In addition, the quality index as defined by our French colleagues (Q 
= UTS + 150 log Ef  ) is also tabulated.  With 356 alloy castings heat treated to the T6 temper, the best 
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quality index (Q) obtained is about 470 MPa. [21]  It can be seen that this level of tensile strength, or a 
slightly better quality, can be obtained in 7xx alloys without heat treatment.   
 
 

Table 19.    Best Tensile Properties Obtained in 7xx Alloy Castings 

Heat Alloy Days NA UTS, ksi (MPa) YS, ksi  (MPa) % Elongation Q-index (Mpa) 
-- 705E 92 43.2 (298) 23.6  (163) 16.2 479 

B-7 706E 100 45.7  (315) 27.0  (186) 12.4 479 
B-10 707E 96 49.9 (344) 30.2  (208) 12.9 510 

 
 
Of course, excellent feeding must be present in the casting, as noted above.  In the ASTM B108 test bar 
castings, and in the trowel mounts poured; where feeding was less than optimum; 50-80% of the 
elongation was lost (depending on alloy composition).  Somewhat better and more consistent results 
were found in the permanent mold master cylinder casting, and in the sand castings poured.  The lost 
foam castings were highly variable.  Some lost foam casting samples had only 5-10% of the possible 
elongation, because of poor feeding and incipient hot tearing.   
 
Still, in spite of these limitations, 7xx alloys can be cost effective for certain castings, especially when the 
mold is designed carefully.  Also, certain casting processes appear to be especially suitable for these 
alloys.  The high pressure lost foam casting process is one that seems especially suitable.    
 
 
CONCLUSIONS 
 
A number of important technical conclusions can be drawn from this study: 

1. 705 alloy appears to be a good candidate for permanent mold castings.  The other 7xx alloy 
compositions are not suitable for permanent mold parts.  The upper limit for Mg in 705 alloy could be 
increased, with some benefit, and the relatively high minimum now established for Mn (0.4%) should 
be eliminated.  Lower Mn contents improves feedability, hot crack resistance and elongation in this 
alloy.   

2. 705, 706 and 707 alloys appear to be good candidates for sand and lost foam castings.  They offer 
improved castability over the ‘traditionally’ used 7xx alloys, like 772.  The minimum limit for Mn is too 
high for both 705 and 707 alloys.  They also have excellent corrosion resistance. 

3. Cr in the 7xx alloys improves strength, and reduces quench sensitivity.  There is also evidence from 
the literature that Cr improves stress corrosion resistance.  Thus, the 0.2-0.4% range for Cr in 705 
and 707 alloys appears to be well founded. 

4. Careful casting and mold design will be necessary for good quality, crack free parts.  Especially 
important is good feeding.  Although the process was not evaluated in these trials, it is likely that the 
high pressure lost foam casting process would be especially suitable for the 7xx alloys.  Casting 
processes which naturally produce high thermal gradients, like some semi-permanent mold casting 
processes, are also good candidates for these alloys. 

5. Because of their high Mg contents, the 7xx alloys oxidize readily.  Thus, good melt treatment and 
runner design will be needed for best quality.   

6. A residual (dissolved) Ti level of 0.02-0.04% is recommended for best grain refinement.  Grain 
refinement is accomplished best by an addition of Ti-B grain refiner, a few minutes to ½ hour before 
casting.  The recommended addition level is 10-20 ppm of boron. 

7. The 53760 alloy proposed by Alcan has less elongation and tensile strength than 707 alloy in sand 
castings.  It is not suitable for permanent mold castings. 
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8. For some reason, the mechanical properties of natural aging alloys are relatively insensitive to 
cooling rate.  (Sometimes slow cooling is better!)  This makes them good candidates for sand, lost 
foam, or investment casting.   

 
 
 
RECOMMENDATIONS FOR FUTURE WORK  
 
This study has successfully removed a number of technical barriers to the use of natural aging alloys, but 
there still are useful studies that could be made, to further their technological development.   The 
following three areas appear to deserve additional future work. 
 
1. High Pressure Casting Trials 

Applying gas pressure to the mold; after it has been filled with liquid metal, but before solidification is 
complete; will significantly improve the feeding (and shrinkage/cracking) of 7xx casting alloys.  The 
pressure will also significantly improve mechanical properties.  During the course of this two-year study 
we were in contact with two foundries that have a high pressure lost foam casting process.  They 
expressed interest in the natural aging alloys, and we are hopeful that one of them will eventually conduct 
casting trials with 705/706/707 alloys.  Of course, high (or a moderate) pressure could also be used in 
sand or permanent mold casting, but this is not yet a commercial process.   
 
2. Corrosion Tests 

With the resources available to this project, only limited corrosion tests were possible.  Additional studies 
would be useful, especially for the 705/706/707 alloys in the T5 temper (3 step age).  Tests in sea water 
under oxidizing conditions would be desirable, to see of these alloys can substitute for 535 or other Al-
Mag alloys in Marine fittings.  Alternate immersion stress corrosion tests would also be very helpful.   
 
3. Long Term Stability 

What is the long term stability of the 705/706/707 alloys after they have received the 3 step aging cycle?  
According to the information in the Russian studies [13] the material will continue to age slightly for 3-4 
months after the artificial age, and then mechanical properties will not change.  The mechanical 
properties reported in Table 18 are for castings which were tested 1-2 weeks after the artificial T5 aging 
treatment.  With longer holding times, further strengthening will occur.   For example, for 705E alloy aged 
5 days at room temperature, 5 hours at 90 C and 6 hours at 160 C, the hardness was 73 (Rockwell E) 
immediately after treatment.  Ten days later the hardness was unchanged.  Thirty days later the hardness 
was 76 RE,  and after 90 days it was 77 RE.  This is an increase of about 5 percent in hardness.  This 
suggests that the yield strength (and UTS) reported above in Table 18 would increase by about 600 psi (4 
MPa) after three months.  This is a relatively small increase.  Does the material harden more after longer 
times?  It would be nice to know if it does or not, but we could not do this long term study in the time 
available.   
 
 
THE COMMERCIAL SITUATION    
 
It will be useful to conclude by discussing the present commercial situation.   
 
One of the parts cast at Stahl Specialty in our Phase Two Trials was a trowel mount.  This part is 
presently made in A356 alloy, heat treated to the T6 condition.  For this part, the maximum potential cost 
saving is on the order of 20 cents a pound.  This saving can be realized by eliminating the T6 heat 
treatment.  Our first discussions with the user of this casting did not get very far.  The customer did not 
want to wait several months for the needed strength to develop (at room temperature) in this alloy.  Now 
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that a suitable artificial aging cycle has been developed, however, this objection has been taken care of.  
The situation now appears to be mainly a question of economics, and material availability.    
 
We had several discussions with Alcan about supplying 705E alloy ingot.  Because this is a new alloy, 
and the composition is different from anything else they now make, the best price they can provide for the 
material represents a premium of 9 cents per pound over A356 alloy.  We also approached Wabash 
alloys.  The best price they gave us was five cents a pound over A356, but only for a larger 50,000 pound 
minimum order.  Smaller quantities would cost more.   
 
Then there is the cost of the artificial age.  Stahl presently charges $ 16 per hour for use of their aging 
ovens.  Two 5,000 lb baskets fit into their oven.  Assuming that a full 5,000 pounds fits into the basket,  
the oven charge for an 11 hour treatment is just under two cents per pound.  There may be other handling 
charges, and a week long natural age is needed.  So, the total charge for the artificial age is probably on 
the order of 2.5 to 3.0 cents per pound.   
 
If a 9 cent premium is needed for the ingot, and another 3 cents for the age, then that leaves us 8 cents 
per pound of potential savings to split between foundry and their customer.  If the ingot is cheaper (a 5 
cent premium) and the aging cost lower, then there will be 12.5 cents per pound of savings.   In either 
case there is an economic incentive.  But the problem is this:  How to convince someone to spend $ 50K 
to buy or make up a 50,000 lb. heat of the still experimental 705E alloy?   
 
The situation reminds me of the old saying: “Which comes first – the chicken or the egg?”  Basically, A356 
alloy is the chicken.  This material is sold worldwide in large quantities, and has become like a 
commodity.  705E alloy, on the other hand, is an egg trying to hatch.  And in the world of aluminum 
castings, eggs are more expensive than chickens.   
 
There is also another problem that should be mentioned briefly.  The past 3-4 years have been brutal for 
aluminum foundries, especially for companies that provide automotive castings.  Auto makers are always 
ruthless in holding down prices, so the profit margin is thin.  In lean years, this pressure on price 
increases and the production volume drops.  But a company’s fixed costs do not decrease, and major 
foundries have gone into the red.2  Stahl Specialty was also hit hard, and their management responded 
last year by cutting back on non-production support personnel.  The engineers who worked with us on 
this project were overworked before the cuts, and now they are in a situation where it would be almost 
impossible for them to find time to do the trials needed to bring a 705E alloy trowel mount into production.   
I suspect that this problem – a shortage of engineering/metallurgical staff in foundries – is endemic to the 
industry.  As a consultant I have been in large foundries that did not have a single metallurgist.   Is there a 
way that DOE or other government funding could help to solve this problem?   It would be worth 
considering.  
 
Discussions with foundrymen and metal suppliers are continuing, and a paper based on this study will be 
presented at the AFS/NADCA conference in Illinois next month.  We hope to generate enough interest to 
eventually produce the first commercial parts in the 705E/706E/707E alloy family.  
 
[This report was submitted May 14, 2004.]  
 
 

                                                 
2 The three largest companies are Intermet, Amcast and Hayes-Lammerz.  These are the companies I am thinking of.   
All have experienced losses in the last three years.  The worst hit was Hayes-Lammerz, which is now in Chapter 11 
proceedings.   



Final Technical Report                    DE-FC07-02ID14230/DE-FC36-02ID14230                                       page 31 of 32 

  

 
 
ACKNOWLEDGEMENTS 
 
The author gratefully acknowledges Alcan International, Eck Industries, Metal Casting Technology, 
Thyssen-Krupp Stahl Company, and the U.S. Department of Energy; whose financial support made this 
study possible.  This work was supported under the US DOE-OIT “Cast Metals Industries of the Future” 
Program (Award No. DE-FC07-02ID14230/DE-FC36-02ID14230).  The views and opinions expressed in 
this paper do not necessarily represent those of the US Department of Energy.  In addition the author 
greatfully acknowledges Frank DeHart and Rich Andriano of Thyssen-Krupp Stahl Company, Dave Weiss 
of Eck Industries, and Herb Doty of Metal Casting Technology; all who assisted during casting trials at 
their foundries.  Dr. Fred Major; at Alcan Research and Development Laboratories in Kingston, Ontario; 
provided metallographic and chemical analyses, corrosion testing, and technical advice during the course 
of this study.  Dr. Joseph Santner, Director of Research at the American Foundry Society, provided 
tireless support of and enthusiasm for this work, and supplied needed advice at several critical points of 
the project.  We also acknowledge the assistance of the members of the 2-C research committee at AFS, 
who served as technical monitors and advisors during this research program.   
 
 
REFERENCES 
 

1. V. de L. Davies, "The Influence of Grain Size on Hot Tearing," The British Foundryman, Vol. 63, 
April 1970, pp. 93-101. 

2. A. Pacz, “Aluminum Alloy Casting and Process of Making the Same,” U.S. Patent, No. 1,860,947, 
31 May, 1932.   

3. G.K. Sigworth: “Grain Refining of Aluminum Casting Alloys,” Sixth International AFS Conference on 
Melt Treatment of Aluminum, Orlando, Florida, Nov. 11-13, 2001, pp. 210-221 (2001). 

4. G.K. Sigworth, H. Koch and P. Krug: “High Strength, Natural Aging Aluminum Casting Alloys for 
Automotive Applications,” pp. 349-357, Light Metals 2001, Métaux Léger, editors M. Sahoo and T.J. 
Lewis, Canadian Inst. Mining, Metallurgy and Petroleum, Montreal, Quebec, © 2001. 

5. B. Chamberlain, S. Wayanabe and V.J. Zabek, “A Natural Aging Aluminum Alloy Designed for 
Permanent Mold Use,”  AFS Transactions, Vol. 85, 1977, pp. 133-142. 

6. K. Koike: “Aluminum Alloy”, U.S. Patent No. 3,993,476, Nov. 23, 1976.   

7. S.P. Nowack, “Composite Aluminum Armor Plate”, U.S. Patent No. 3,539,308, Nov. 10, 1970. 

8. W. Bonsack: U.S. Patents 2,290,016 to 2,290,025 (1941) 

9. H.G.C. Fairweather: U.K. Patent 552,972 (1942). 

10. “Special Report on the Mechanical Properties of Permanent Mold Aluminum Alloy Test Castings,” 
Jobbing Foundry Division of the Aluminum Association, Washington, D.C., © November, 1990. 

11. L.F. Mondolfo: “Structure of the Aluminum-Magnesium-Zinc Alloys,” Metallurgical Reviews, Vol. 16, 
pp. 95-124 (1971). 

12.  H. Bischel: “Influence of Chromium Additions on the Stress Corrosion Behavior of AlZnMg Alloys,” 
Aluminium, Vol. 49 (1973). 

13. V.I. Elagin, V.V. Zakharov and A.A. Petrova: “Change in the Mechanical Properties of Al-Zn-Mg 
Alloys with Time at Rest,” Metal Science and Heat Treatment [Consultant’s Bureau translation of 
Metallovdenie I Termischeskaiia Obrabotka Metallov], Vol. 17 (9-10), pp. 866-868 (1975).   

14. I.J. Polmear: “The Ageing Characteristics of Ternary Aluminum-Zinc-Magnesium Alloys,” J. Inst. 
Metals, Vol. 86, pp. 113-121 (1957-58). 



Final Technical Report                    DE-FC07-02ID14230/DE-FC36-02ID14230                                       page 32 of 32 

  

 

 

15.  J.D. Embury and R.B. Nicholson: “The Nucleation of Precipitates: The System Al-Zn-Mg,” Acta 
Metallurgica, Vol. 13, pp. 403-417 (1965). 

16. G.W. Lorimer and R.B. Nicholson: “Further Results on the Nucleation of Precipitates in the  Al-Zn-
Mg System,” Acta Metallurgica, Vol. 14, pp. 1009-1013 (1966). 

17.  V.V. Zakharov, V.I. Elagin and L.I. Levin: “Influence of Natural Aging on the Subsequent Artificial 
Aging of an Al-Zn-Mg Alloy at Various Temperatures,” Physics of Metals and Metallography, Vol. 
27(1), pp.96-99, 1969.   

18. V.V. Zakharov, I.I. Novikov, V.I. Elagin and L.I. Levin: “Effect of Duration of Intermission Between 
Quenching and Artificial Aging on the Structure and Mechanical Properties of Al-4.2%Zn-1.9%Mg- 
Alloy Sheets with Varying Mn, Cr and Zr Content,”  Structure and Properties of Light Alloys, pp. 82-
87, 1980. 

19. W. Kurz and D.J. Fisher: “Fundamentals of Solidification,” pp. 117-131 and 280-288, TransTech 
Publications, 1989, Switzerland (3rd revised edition).   

20. H. Hanemann and A. Schrader: “Ternäre Legierungen Des Aluminiums,” Verlag Stahleisen, 
Dusseldorf, 1952.   

21. G.K. Sigworth and C.H. Caceres: “Quality Issues in Aluminum Net Shape Castings,” AFS 
Transactions, paper 04-075 (2004). 

 




