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Magnesium Content Effect

on Properties of Binary
Aluminum-=-Magnesium Alloys

In both normal purity and high purity cast aluminum-magnesium alloy there
is a critical magnesium content below which the tensile properties of sepa-
rately cast test bars of the Dow type show a marked decrease in ductility.

by W. A. Pollard, Sr. Scientific Officer
Non-Ferrous Metals Section
Dept. of Mines and Tech. Surveys
Ottawa, Canada

Abstract

In spite of many years of experience in casting
the aluminum-10 per cent Mg alloy G10, diffi-
culties owing to inconsistent properties were still
encountered from time to time, In particular, G10
made using normal purity materials sometimes
gave properties (in separately cast-to-shape test
bars) which, although usually above minimum
specified values, were considerably lower than
those obtainable by apparently identical foundry
practice. Thus, the higher level of properties
would be about 50,000 psi ultimate tensile strength
and 30 per cent elongation, whereas the lower
level would be about 46,000 psi ultimate tensile
strength and 10 to 16 per cent elongation.

In aluminum-10 per cent Mg alloy made up
from super purity aluminum, however, the prop-
erties obtained were consistently high. They usual-
ly equalled or exceeded the higher values; as
mentioned for normal purity alloys.

It was shown that, at least in some cases, the
10W. properties obtained on test bars of normal
purity could be connected with the presence of
layer porosity in the gage length. This phenom-
enon has been shown by Jay and Cibulal to occur
In these alloys when the magnesium content falls
below a certain critical value. Thus, although
several other possibilities were recognized and

were shown to be important in certain cases, the
main part of the work to be reported was a
comparison between the effects of varying mag-
nesium content and casting shape (cast-to-shape
test bars and test bars cast from heavily chilled
sand cast plates) on binary aluminum-magnesi-
um alloys made from normal and high purity
materials.

Previous Work

PROBLEMS CONNECTED with foundry technology

of the aluminum-10 per cent Mg type alloy
have been frequently mentioned in the literature.
In general, G10 has the reputation of being diffi-
cult in the foundry. Many authors%3 have com-
mented on the precautions necessary with the al-
loy such as proper degassing, grain refinement,
melt purity, etc., which are necessary in order
to obtain optimum properties. A useful, detailed
manual on the general foundry technology of the
alloy has been prepared by the Battelle Memo-
rial Institute.4 -

Meier and Couture’ have shown that high melt
temperatures cause serious reduction in strength.
This deterioration could not be entirely explained
by the accompanying increase in grain size or
gas content, or a combination of these but ap-
peared to be related to another factor that was
not determined in their work. They found that
the temperature of a G10 melt should not exceed
720 C (1330 F). :

Pollard and Meier® have shown the effects of
a number of variables on the properties of G10,
as determined on various types of test bars. This
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never allowed to exceed this value by more than
about 5C (9F).

From each melt six Dow* type molds with four
cast-to-size test bars in each and two one in.x
4 in.x 6 in. end chilled flat plates were cast. The
design of the Dow mold is shown in Fig. 1, and
that of the plate casting in Fig. 2. Synthetic sand,
consisting of no. 70 AFS washed silica sand, 3
per cent water, 4 per cent bentonite and 2 per
cent boric acid, was used for all molds.

Cooling Conditions in Molds

Thermocouples were placed at various points
on the center line of a test bar, and at various
distances from the chilled face of a plate. The
positions of the couples and the cooling curves
obtained are shown in Figs. 3 and 4. It will be
seen that the cooling rate at the center of the
test bar was similar to that near the chill in the
plate casting. Also, the temperature gradient in
the gage length of the test bar was about the
same as that between couples 2 and 4 in the
chilled plate. However, the influence of cooling
in transverse directions was probably much more
pronounced in the test bar than in the plate
casting.

The plate castings were radiographed, but al-
though they were all apparently sound, subse-
quent metallographic examination showed con-
siderable layer porosity in some sections. Thus
radiography is not thought to be a useful indica-
tion of this defect in aluminum-magnesium al-
loys. One separately cast test bar from each
mold (six in all) was tested immediately after
heat treatment.

Four test bars (0.505 in. diameter, 2 in. gage
length) were machined frem each plate after

. heat treatment. The bars were taken parallel to,
and at 0.5, 1.5, 2.5 and 3.5 in. from the chilled
face,

It is known10 that aluminum-10 per cent Mg

*U.S. Federal Specification QQ-M-56 (1950) p. 6 Fig. 1A
(called in this report “Dow"” because it was introduced by
the Dow Chemical Co.).
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Fig. 3. Cooling curves taken at various points along the
cenfer fine of a Dow test bar. :

alloys containing more than about 10.2 per cent
Mg age harden at room temperature. Therefore,
as a considerable time elapsed between quench-
ing the plates and testing the machined bars,
extra separately cast test bars were tested on

the same day as the machined bars of the same

melt. In this way it was hoped to minimize the
effect of property changes due to aging, but, as
will be discussed later, this was not altogether
successful owing, apparently, to the effect of cast-
ing size on aging rate.

Chemical Analysis and Tensile Tests

Samples for chemical analysis were taken from
the gage lengths of separately cast test bars from
each melt. The results obtained are shown in Ta-
bles 1 and 2. It will be seen that the magnesium
content of the test bars exceeded the nominal
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Fig. 4. Cooling curves taken af various
dls‘fances from the chilled face of an end
chilled plate casting.
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TABLE 1. Chemlical Analysis Results — Normal Purity Melts

m
N%v;nal Dow Bars, Wt. %, Bars From Plates** Mg Wt. 9,
% Mg Mg *Diff. Si Fe Be } *Diff. 2 *Diff. 3 *Diff. 4 *Diff.
12.2 13.1 0.9 009 - 014 0.005
.4 12.1 0.7 .11 0.12 0.005 1.9 +0.5 1.6 +0.2 1.4 0.0 1.3 —0.1
10.9 1.6 0.7 0.10 0.12 0.005 11.5 +0.6 11.5 +0.6 10.9 0.0 10.9 0.0
104 - 112 08 .11 0.12 0.005 1.0 +0.6 10.8 404 104 0.0 105 +0.1
9.9 10.8 0.9 0.12 0.12 0.005 10.8 +0.9 10.6 +0.7 10.4 +05 10.2 +03
9.4 10.2 08 (R 0.12 0.005
8.9 9.7 0.8 0.12 0.13 0.005 9.5 +0.6 9.4 +0.5 91 +0.2 9.1 +0.2
8.4 9.0 0.6 0.10 0.12 ° 0.005
7.9 8.5 0.6 0.10 0.12 0.005 8.4 +05 83 _ 404 8.2 +0.3 8.0 +0.1
74 8.3 09 0.09 0.14 0.004
- 69 75 0.6 0.10 0.15 0.003 7.2 403
6.4 6.9 0.5 0.09 0.14 0.002
59 6.1 0.2 0.09 0.15 0.002 6.2 +03

*Differences — indicated analysis over "nominal."
**No. one near chill, No. 4 near riser.

melt content by approximately 0.8 per cent for
the higher magnesium melts. This is due to in-
verse segregation of magnesium along the test
bar and has been noted elsewhere.1: ¢
In order to obtain an indication of the extent
of segregation in the chilled plates, samples were
taken from the gage lengths of plate bars from
some of the higher magnesium content melts.
The results obtained are also shown in Tables 1
and 2, and it will be seen that inverse segrega-
tion of magnesium occurred towards the chilled
ends of the plates. In general, the degree of segre-
gation was similar for all alloys in the range 8 to
12 per cent Mg.
The tensile test data are summarized in Figs.
5 to 14. In plotting these figures each point for
the separately cast bars represents the average
of six test values, and for the bars taken from
plates, two test values (i.e., one bar from each
of the two plates cast in each melt). Exceptions
to these were when some individual results were
discarded owing to the presence of visible flaws
in the fractures, etc.
In Figs. 5, 6, 7, 10, 11 and 12, in which the
"Dow bar results are compared with those of bars

taken from plates, the actual, ie., gage length,
magnesium content is plotted against tensile prop-’
erties, Values for the magnesium content of some
of the intermediate bars, taken from plates for
which chemical analyses were not available, were
estimated by interpolation.

In Figs. 8, 9, 13 and 14, the properties of bars
cut from plates are plotted agamst nominal mag-
nesium contents.

Normal Purity Melts

Figures 5 to 7 show the variation of tensile
. properties with magnesium content for separately
cast test bars and bars from chilled plates. For
this comparison the properties of the bar taken
approximately 1.5 in. from the chilled end were
used, because in most cases this bar had approx-
imately the same grain size as the corresponding
Dow bar. Above about 10 per cent Mg the two
curves for the separately cast test bars show the
effect of age hardening that occurred in the time
(about 40 days) which elapsed between solution
treatment and testing of the machined bars. The
machined bar properties, however, show. less
age hardening than the separately cast bars.

TABLE 2. Chemical Analysis Results — High Purity Melts

Novrv:al Dow Bars, Wt. %, _ Bars From Plates,** Mg Wt. %,

%Mag Mg *Diff. Fe Si Ti Be ! *Diff. 2 *Diff. 3 *Diff. 4 *Diff.
12.0 12.8 +o0.8 0.02 0.01 0.08 0.005 124 +0.4 124 +0.4 11.8 —0.2 11.8 —02
115 12.3 +0.8 0.0! 0.007 0.09 0.005
1.0 11.8 +0.8 0.02 0.0! 0.07 0.005 1.5 +0.5 .3 +0.3 1.2 +0.2 1.0 0.0
10.5 .6 +1.1 0.02 0.0t 0.08 0.005
10.0 10.9 +0.9 0.02 0.01 0.09 0.005 10.6 +0.6 105 +05 10.4 +0.4 10.0 0.0

9.5 10.4 +0.9 0.02 0.01 0.11 0.005

9.0 9.9 +0.9 0.02 0.01 0.t1 0.004 9.6 +0.6 95 +05 9.3 +0.3 9.0 0.0
8.5 9.2 +0.7 0.02 0.0 0.10 0.005

8.0 89 409 002 002 008 0005 85 405 85 +05 &l +o1 78 —02
75 83 08 002 00l 012  0.005

7.0 76 406 002 002 009 0003 73 +03

65 67 402 003 002 ol 0002

6.0 65 405 00z 002 009  0.003 62  +02

5.0 5.4 +04 0.01 001! 0.12 0.002 5.2 +0.2

4.0 43 +0.3 0.01 0.01 0.11 0.003 42 +0.2

3.0 ‘3.2 +0.2 0.0l 0.01 0.12 0.004 3.0 0.0

1.0 0.96 -—0.04 0.0 0.01 0.12 0.003 092 —0.08

*Differences — indicated analysis over "nominal.”
**No. one near chill, No. 4 near riser.
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Fig. 5. Variation of ultimate fensile strength with mag-
nesivm content for Dow bars and lest bars cut from end
chilled plates (1.5 in. from chill), of normal purity alloys.
The magnesium confents are gauge length valves (Table 1).

From Fig. 5 it will be seen that for both Dow
bars and plates the ultimate tensile strength in-
creases with increasing magnesium content. How-
ever, at about 10.5 per cent Mg there is a break
in the curve for the separately cast bars, which
is not shown in the plate results. A more pro-
nounced break is apparent in the elongation
curves (Fig. 6) for separately cast test bars,
whereas the elongation of the bars taken from
plates does not vary with magnesium content.

At higher magnesium contents there is also
some indication of a fall in elongation, although
the results are confused by the effects of age
hardening. The 0.2 per cent yield strength (Fig.
7) is approximately proportional to magnesium
content for freshly solution treated material, but
at higher magnesium contents (above 10 per
cent) there is a deviation from linearity caused
by age hardening.

Figures 8 and 9 show that although the tensile
properties of the plate castings decrease in going
from the chilled end to the riser end, as would
be expected, there was no indication of a sudden

reduction in properties as the magnesium content
decreased.

-

High Purity Melts

The effects of magnesium content on the tensile
properties of Dow bars from the higher purity
melts are shown in Figs. 10, 11 and 12. The yield
strength results (Fig. 12) show similar trends to
those of the normal purity material. Again, the
affect of age hardening is apparent at the higher
magnesium contents. In the ultimate tensile
Strength results (Fig. 10) no break is apparent at
any magnesium content (Fig. 5), and the prop-
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Fig. 6. Variation of elongation with magnesium content
for Dow bars and test bars cut from end chilled plates (1.5
in. from chill), of normal purity alloys. The magnesivm
conlents are gage length valves (Table 1).

erties of the separately cast test bars are similar
to those of the bars cut from plates.

The elongation results, however, (Fig. 11) show
a break similar to that of Fig. 6, although the

reduction in elongation is much less. The effects -

of age hardening are marked in these results at

 higher magnesium contents.

Figures 13 and 14 give the ultimate tensile
strength and elongation results for bars cut from

a0 -

Z Bors trom
7 Chilted Plates

0 2% Yield Strangth, kot

o | I | 1 i 1 |
3 8 10 L 4
Mugnesium Content %

Fig. 7. Variation of 0.2 per cent yield strength with mag-
nesium content for Dow bars and fest bars cut from end
chilled plates (1.5 in. from chill), of normal purily alloys.
The magnesium contents are gage length values ( Table 1).
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Fig. 8. Variation of ultimate tensile strength with mag-
‘nesium content for test bars cut from end chilled plates of
‘normal purity alloys. The magnesivm contents are ‘nominal’
valves (Table 1).

the chilled plates. The results are similar to those
for the normal purity materigl (Figs. 8 and 9),
but are generally somewhat higher. At lower
magnesium contents the elongation values tend
to increase.

aoj~

Elongation, %
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Fig. 9. Variation of elongation with magnesivm conterit

for test bars cut from end chilled plates of normal purity
alloys. The magnesivm contents are ‘nominal’ values (Table

1).

Metallography

The djistribution of porosity in the Dow bars
was studied by polishing longitudinal sections of
bars and examining them under oblique lighting.
Figures 15 and 16 show photomacrographs of se-
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ries of bars of each purity. The preparation and
lighting employed tend to exaggerate the porosity,
and Fig. 17, which is a view of the section of the
bar marked by the arrow in Fig. 15 at higher
magnification and by incident light, gives a truer
indication of the degree of porosity present.
However, it is considered that the macrographs
of Figs. 15 and 16 give an accurate picture of the
distribution of the porosity. Examination of the
bars at higher magnification has failed to reveal
significant amounts of macroporosity in regions
shown to be sound by the macro examination.
It will be seen from Fig. 15, that as the mag-

6 8 0 12 2]
Maognesium Content % ’

nesium content decreases, the severe porosity,
which occurs in the characteristic layer form,
gradually spreads from the grips towards the
gage length. The first appearance of layer poros-
ity in'the gage length is coincident with the first
drastic fall in elongation (9.7 per cent Mg, Fig. -
5). At lower magnesium contents the layer poros-
ity extends into the gage length.

As would be expected, of the test bars in
which the porosity first appeared in the gage
length (e of Fig. 15) all 12 broke close to the bot-
tom of the shoulder. At lower magnesium con-
tents the fracture position was less localized. Of

1 T 1 T

40—

Fig. 12. Variation of 0.2
per cent yield strength
with magnesium content
for Dow bars and test
bars cut from end chilled
plates (1.5 in. from
chill), of high purity al-
loys. The magnesivm
confents  are gage
length values (Table 2).
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the test bars containing 10.2 per cent Mg (d of
Fig. 15) 5 out of 12 tested broke near the shoul-
der and these had low properties (Table 3). Ex-
amination of several bars from this melt showed
that in some a trace of layer porosity occurred
at the extreme end of the gage length. It is thus
apparent that this magnesium content is critical
for the casting configuration and solidification
conditions of the present work.

.High Purity Alloys

A similar correlation between porosity distri-
bution and magnesium content occurs in the high-

er purity alloys (Fig. 16), although in this series
the first appearance of layer porosity in the gage
length whs much more severe than in the lower
purity series.

Longitudinal and transverse sections were tak-
en from the broken test pieces from the plate
castings. The longitudinal sections were selected
so that they were roughly parallel to the horizon-
tal faces of the plates. All sections examined
showed .layer porosity aligned parallel to the
chilled faces of the plates, i.e., along the axis of
the bar. However, sections of bars from near the
chill ends of plates usually had less porosity than
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2).
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mally contain about 10.8 per cent mg (in
the gage length), and this is above the critical
range of from 9.7 to 10.3 per cent Mg. However,
jt is presumed that a slight reduction in the mag-
nesium content of the ingot or variations in tech-
nique sometimes causes a reduction in the mag-
nesium content of the bars, which may result
in the incidence of layer porosity in the gauge
lengths.

In this work the critical magnesium content
appeared to be determined within comparatively
narrow limits. It is probable that wider variations
in foundry conditions, such as mold properties,
pouring temperature, gas content, impurity con-
tent, etc., would cause correspondingly wider var-
iations in the critical magnesium content.

Chilled Plate Bars
The results obtained on bars taken from chilled

' plates show that if the layer porosity is aligned

parallel to the testing direction it has little
effect on the strength and ductility of the alloy.
In the plate of nominal 10.5 per cent Mg (Fig.
14) the bar nearest the riser, which contained se-
vere porosity (Fig. 19) had an elongation of about

. 3L.5 per cent. In the bar nearest the chill, the sig-

nificant reduction in porosity resulted in only a
slight increase in elongation (to 36.5 per cent),
which was probably at least partly attributable
to the finer structure resulting from the higher
freezing rate.

Jay and Cibula! recommend that in order to
avoid layer porosity, the magnesium content of
G10 melts should be kept towards the higher end
of the specification range. However, as these au-
thors mention in the paper! and in the discus-
sion!, the control of magresium content with-
in castings of this alloy is difficult. This is due to
segregation, so that a high magnesium melt con-

"tent will not necessarily ensure a high mag-

nesium content in all parts of a complex casting.
The present work has shown that the effects of
layer porosity can be avoided by suitable casting
design.

This would be difficult in a complex casting. It
would require a detailed knowledge of the stress
distribution in the casting, and the ability to de-
sign the rigging to produce the thermal conditions
necessary to give the required orientation of the
layer porosity.

Conclusions

.In both normal purity and high purity cast alu-
minum-magnesium alloy there is a critical mag-
nesium content below which the tensile properties
of separately cast test bars of the Dow type show
a marked decrease in ductility.

_For normal purity alloys this critical magne-
Stum content is between 9.7 to 10.3 percent. In
addition to a large decrease in elongation (from
a]oout 30 to about 10 per cent), the ultimate ten-
sile strength values, which normally decrease
gradually with decreasing magnesium content,
show a sudden decrease (from about 50,000 psi to
about 40,000 psi) at the critical value.

For higher purity alloys the critical magnesium
content is between 9.2 and 9.9 per cent, and the
elongation falls from about 35 to about 22 per
cent but the ultimate tensile strength values
are not affected. The sudden decrease in proper-
ties of Dow bars was closely associated with the
presence of layer porosity in the gage length,
and the variation of tensile properties with mag-
nesium content was paralleled by a variation of '
layer porosity distribution in the bars.

The ductility of test bars from chilled plate
castings was independent of magnesium content
in both normal purity and high purity alloys (ex-
cept at high and low magnesium values, ie,
above about 12 per cent and below about 6 per
cent). There was no indication, in either series of
alloys, of a critical magnesium content, as noted
in the separately cast bars.

This difference in behavior between bars from
plate castings and separately. cast bars is
thought to be mainly due to the difference
in orientation of the layer porosity in the two
types of castings. The embrittling effect of the .
porosity is marked when, as in the separately
cast bars, the layers are roughly perpendicular
to the bar axis, whereas when the layers are par-
allel to the bar axis, as in the bars taken from
the plate castings, their effect is much less.
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