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A comparative study of the mechanical properties
of 20 experimental alloys has been carried out.
The effect of different contents of Si, Cu, Mg, Fe
and Mn, as well as solidification rate, has been
assessed using a strength-ductility chart and a
quality index-strength chart developed for the
alloys.

The charts show that the strength generally
mcreases and the ductlhty decreases with an

Fe/Mn ratio 0 5) dramatlcally lowers the ductlhty

and hot cracking.'~® Another important consequence of
including Cu in the composition is to enable the use of
secondary alloys, although, by necessity, the latter leads
to increased levels of Fe and other impurities with con-
comitant effects on the casting and mechanical behaviour.

Numerous works have been published dealing with the
formation of the as-cast microstructure’>*~7 as well as
with the effect of solution heat treatment®™'!' and

agmg411 3 on the microstructure and mechanical
eve e to the

!

w1de latltude in the nommal chenncal compos1t1on of

and strength of Iow Si alloys. Increased Si content
generally increases the strength and the ductility.
The increase in ductility with increased Si is
particularly significant when the Fe content is
high. The charts are used to show that the

these alloys a correspondingly wide range of properties in
both the as-cast and heat treated conditions are possible,
and much more systematic work is needed to fully
characterise the alloy family.

In this work a comparison of the room temperature
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content (at %), which determmes the
precipitation strengthening and the volume
fraction of Cu-rich and Mg-rich intermetallics,
can be used to select the alloys for given strength
and ductility, provided the Fe content stays below
the Si-dependent critical level for the formation
of pre-eutectic a-phase particles or S-phase
plates.

Keywords: Al-Si-Cu-Mg casting alloys; alloy A356; alloy A319; tensile
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Introduction

The alloys of the Al-7Si-Mg system, such as A356 alloy,
have good castability and high ductility and strength.
This, combined with a very low tendency to form casting
defects, has made them the most commonly used alumi-
nium alloys for structural castings. However, in appli-
cations where ductility is not of prime importance, such as
cylinder heads, Cu-containing variants of these alloys
have the distinct advantage of increased strength at high
temperatures and therefore are becoming increasingly
popular. This is despite their tendency to develop porosity
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Fe contents (at Mn/Fe ratio of 0.5 for the hlgher Fe
levels). A total of 21 alloys have been compared,
including an Al-7Si-0.3Mg alloy (A356) used as a refer-
ence. Goals set for the work were, on the one hand, to
assess the effect of varying the alloy content on the tensile
strength and ductility of the alloys and, on the other, to
develop a systematic method of alloy selection based on
the observed upper and lower bounds to the mechanical
behaviour. Two studies of the same group of alloys on the
development of porosity and a preliminary metallo-
graphic study on the phases formed have been published
elsewhere >4

Materials and experimental methods

Castings were made at Comalco Research and Technical
Support. Details of the alloys and casting procedure have
already been published.>'* Briefly, a binary Al-Si alloy
was melted in an electric resistance furnace and Si, Mg
and Fe-containing and Mn-containing master alloys were
added to obtain the desired compositions. The melt was
modified with an Sr-containing master alloy and com-
mercial Ti-B grain refiner was added. The melt was
poured at 720 °C after degassing. The measured chemical
composition of the alloys is shown in Appendix A, Table
A-1. The target alloy compositions, shown in Table A-2,
were designed to cover the extremes of the Si, Cu and Mg
composition of the Al-Si-Cu-Mg alloy family. The Fe
targets of 0.2 and 0.5 wt.% represent typical primary and
secondary sourced alloys, respectively, while the addition
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Table 1 Fe-, Cu- and Mg-rich phases identified in the
solution heat treated alloys'®

T
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Alloy Nominal composition Main phases present
1 4,5Si-1Cu-0.1Mg-0.2Fe-0.0Mn B-AlsFeSi
2 4.5Si-1Cu-0.1Mg-0.5Fe-0.25Mn B-AlsFeSi

3 4.5Si-1Cu-0.5Mg-0.2Fe-0.0Mn w-AlgMgsFeSis
B-AlsFeSi
5 4.5Si-4Cu-0.1Mg-0.2Fe-0.0Mn B-AlFeSi
6-Al,Cu
8 4.5Si-4Cu-0.5Mg-0.5Fe-0.25Mn B-AlgFeSi
(Q) A|5CU2Mggsi6
20 9Si-4Cu-0.5Mg-0.5Fe-0.25Mn 6-Al,Cu
a-Aljs(Fe, Mn)3Si,
21 7Si-0.3Mg-0.15Fe B-AlsFeSi
w-AlgMg3FeSi5

a—A|15(Fe, Mn)3Si2

of Mn to the alloys with higher Fe content was to effect
the transformation of the dominant 8-AlsFeSi phase in
Mn-free alloys to the preferred a-Al;s(Fe, Mn)3812

Influence of silicon
The level of Si primarily controls the amount of Al-Si
eutectic that forms during solidification. The amount of

eutectlc expected to form in b1nary aluminium alloys with

heavy chill 1ncorporated at one end des1gned to 51mu1ate
the improved low-pressure casting process.'® Bars were
sectioned from some of the plates at two locations, one
close to the chill end of the plate (corresponding to
~ 25 pm secondary dendrite arm spacing, SDAS) and
another closer to the riser end, (corresponding to SDAS
~ 50 pym).

The bars were given a standard® solution heat treatment
at 505 °C for 8 h, quenched in water at 60 °C and subse-
quently aged 8h at 165 °C. Tensile test specimens were
machined out of the heat-treated bars, with a cross-section
of 3 x4 mm? and 15 mm gauge length. Mechanical testing
was carried out in a screw-driven machine at a crosshead
speed of 1 mm/min, with a knife-edge extensometer
attached. At least 4 bars were tested at each composition.
Digital data files of the flow curves were stored for later
analysis.

Development of microstructure

The microstructures of Al-Si-Cu-Mg castings alloys are
essentially made up of three components, the proportions
of which are governed by the alloy composition and
solidification conditions. The two main components are
primary o-aluminium solid solution phase and Al-Si
eutectic. The third component of the microstructure can
be broadly termed ‘‘other intermetallics’’ and these arise
from excess amounts of Mg, Cu, Fe and Mn that cannot be
contained in the «-Al solid solution phase. The
intermetallics adopt various morphologies and form at
various times, prior to, during or after the Al-Si eutectic
formation period, and can significantly affect the
mechanical properties of the alloys.

The phases observed in the alloys of this study!®
listed in Table 1. Details are given for only one alloy with
high Si content since the Si content did not affect the
phases present.
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and 9 Owt % Sl is 27 50 and 68 vol %, respectlvely The
fraction of eutectic in the microstructure has several
effects on properties. As the Si content increases, the
volumetric shrinkage of the alloy upon solidification
decreases, reducing the amount of feeding necessary.!’
It also affects solidification reactions involving Fe.'®

Influence of copper

Copper is partially soluble in «-Al solid solution with
a maximum equilibrium solubility of 5.65wt.%,"
although the typical dissolved Cu levels found in as-cast
Al-Si-Cu alloys is around 1%. Therefore, for alloys with 1
to 4% copper, Cu-rich intermetallic phases typically form
in the microstructure. The main phase is 8 (Al,Cu). The
as-cast AL,Cu solidifies in two forms: one massive or
blocky and the other a fine eutectic form. The respective
amounts of the two types formed depend on the level of
Cu, Fe and Sr in the alloy.”?*~?> The other copper-
containing phase that forms in the presence of Mg
st AlsCu,MggSig, often called Q phase, although
this usually appears in much smaller amounts than
Al,Cu. Both phases form after the main Al-Si eutectic
reaction. Increased copper content appears to result in
increased porosity in castings,’ although the effects above
1% Cu may reach a plateau.24

Influence of magnesium

Magnesium is soluble in aluminium up to a maximum of
17.4wt.% at 450C,19 however even at the low amounts
typically added to Al-Si based foundry alloys, i.e. 0.3 to
0.7 wt.%, some Mg will precipitate as Mg,Si as a con-
stituent of the Al-Si-Mg,Si ternary eutectic. The Mg,Si
phase forms with a Chinese script morphology, and upon
solution treatment readily dissolves such that Mg enters
the solid solution.”® This Mg can be re-precipitated as
highly effective strengthening (MgSi) precipitates
during a T6 age-hardening treatment.
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The Mg in the alloys under consideration is also
capable of forming other phases, such as Q in presence
of Cu (mentioned above) and as w-AlgMgsFeSig in the
presence of Fe.'” The phase is more resistant to solution
treatment than Mg,Si especially at high Mg contents
(0.5-0.7%) and as.such can result in some Mg remaining
unavailable for precipitation hardening®’ = as well as
reduced ductility.>® There are also suggestions that Mg
may reduce dimensional stability in Al-Si-Cu alloys
during solution treatment.!’

Influence of iron and manganese

The solubility of iron is very low in aluminium alloys and
tends to form intermetallics phases, e.g. 8-AlsFeSi plate-
lets, and, since these are brittle, this tends to decrease the
ductility of the as-cast material 32 In the presence of
Mg, the w-phase can form with either a script or blocky
morphology, often in close association with §8 plates,
possibly as the result of a peritectic reaction.'® These
morphologres are also detrimental to the duct111ty, but less

able to partrally transform to ﬁne scale [3 partlcles dunng
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Al-Cu-Mg and Al-Cu-Mg-Si alloys**~*® which, depend-
ing on the Cu and Mg content and ageing temperature,'?
may lead to a greatly increased strength relative to alloy
A356. When the alloys are over aged, unlike the (MgSi)
precipitates* that strengthen Al-Mg-Si alloys and which
are easily cut by dislocations even when the alloy is
overaged,*** Cu-rich precipitates become increasingly
resistant to cutting by dislocations, leading to increased
strain hardening rates due to Orowan looping.***°

Results

The analysis of the mechanical behaviour is based on
material with SDAS 25 um due to its higher ductility and
low porosity content. Stress-strain flow curves of the
alloys studied are presented in Figs 1 to 5. Plotted flow
curves correspond to the most ductile specimen of each
composition. The flow curve of alloy 21 (A356) has been
included in all figures to serve as a common reference. It
is important to bear in mind that the applied solution heat
treatment of the present experrments is not standard for

for selected alloys has been mdrcated on_some of the

solution treatment in low Mg content alloys (0.3-0.5%)
but is resistant to change at higher Mg contents.'®?® The
B platelets do not change substantially with solution
treatment.'® The B-phase has also been shown to strongly
influence porosity formation®*=3> in AI-Si-Cu alloys,
especially in regions of marginal casting conditions and
at iron levels high enough to promote 8 formation prior to
the Al-Si eutectic.

‘When Mn is present with iron, there is an increased
tendency for the a-Al; 5(Fe, Mn);Si, Chinese script phase
to form.>'® The presence of a-phase particles rather than
B-platelets improves mechanical properties, particularly
ductility.>® This may in part be due to the reduction in
shrinkage porosity that o promotes.>® In general, Mn:Fe
ratios of ~0.5 are considered sufficient to promote
complete o for 8 substitution during typical commercial
casting conditions, however overall volume fractions of
intermetallic phase are increased in this event. The level
of Fe at which pre-eutectic a-Al;s(Fe, Mn);Si, phase
particles or B-AlsFeSi plates form depends on the Si
content.'® This relationship is crucial for understanding
the influence of Fe on the ductility when the Si content is a
variable, as in these experiments. This is discussed in
more detail in relation to Figs 7 and 8.

Influence of the solidification rate
(SDAS)

The finer dendrite arm spacings observed at high solidi-
fication rates result in more uniform microstructures with
the potential for more closely distributed and finer,
smaller particles (eutectic silicon and intermetallics).'’
Defect sizes, e.g. porosity, are also reduced as SDAS
decreases.>7 The overall effect is an improvement of
ductility with reduced SDAS.

Response to ageing

Precipitation hardening of Al-Si-Cu-Mg alloys involves a
mixture of phases normally found in Al-Mg-Si, Al-Cu,
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flow curves as an example of the scatter observed in the
tensile testing. Mean experimental values for all tested

true stress (MPa)
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Fig. 1 True stress — true plastic strain curves of
selected alloys showing that increased Si
content generally increases the flow strength
but may or may not increase the ductility.
The arrows (1—13), (3—16) and (56— 17)
indicate the effect at low Mg and Cu; low Cu,
high Mg; and high Cu, low Mg, respectively.
Comparison of alloys 7, 12 and 19 shows
decreasing ductility at high levels of Cu and
Mg while the arrow {2— 14) shows
decreasing ductility at high Fe, low Cu and
Mg content, with increased Si. A similar
increase in ductility in alloys with high Fe can
be seen in Fig. 4, alloys (4— 15) and (6— 18).
The flow curve of alloy 201-T6 has been
replotted from ref. 44 (see Discussion)
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Fig. 2 True stress - true plastic strain curves of
selected alloys showing that increased Cu
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Fig. 4 True stress — true plastic strain curves of
selected alloys showing the deleterious

systematically increases the strength and

effects of |ncreased Fe content on the flow

hal

decreases the ductility. Arrows indicate the
effect in alloys with low Si and low Mg and Fe
(1—5); high Mg, low Fe (3— 7); high Mg and
Fe (2—6) and high Si and Mg, low Fe

(16— 19) alloys. A similar effect can be seen
in Fig. 1, alloys (13— 17) and in Fig. 4, alloys
(14— 18). The symbols indicate the point of
failure of individual specimens in alloys 2, 6
and 16
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Fig. 3 True stress — true plastic strain curves of
selected alloys showing that increased Mg
systematically increases the strength and
decreases the ductility. The arrows indicate
the effect in alloys with low Si and Cu and
low Fe (1— 3) or high Fe (2— 4); low Si and Fe
and high Cu (56— 7); and high Si, low Cu and
Fe (13— 16). The symbols indicate the point of
failure of individual specimens in alloys 4, 5
and 7
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Si aIons W|th Iow Cu and Mg (1—2); low Cu,
high Mg (3—4); low Mg, high Cu (5— 6); high
Cu and Mg (7— 8); high Si alloys with low Cu
and Mg (13— 14); low Cu, high Mg (16— 15);
high Cu, low Mg (17— 18) and high Cu and
Mg (19— 20)

specimens and calculated parameters have been con-
densed in Appendix A, Table A-3. The details of the
analysis are in the captions to Figs 1 to 5, with only the
main conclusions stated in the text. Not all of the alloys

400 — ~

true stress (MPa)

0 0.02 0.04 0.06 0.08 0.1 0.12
true plastic strain

Fig.5 True stress - true plastic strain curves of
alloys 1, 16 and 21, showing that increasing
the SDAS decreases the ductility. The solid
and dashed flow curves correspond to
specimens with SDAS 25 and 50 um,
respectively. The point of failure of all of the
specimens tested has been indicated for each
alloy
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studied are included in Figs 1 to 5. A more comprehensive
analysis is presented later in the text.

The flow curves of Fig. 1 show that increasing the
(nominal) Si content from 4.5 to 7 or 9%, generally
increases the flow stress, and tends to increase the
ductility. Note the particularly high increase in ductility
of the high Fe alloy 14 in comparison with alloy 2. There
are two exceptions: the low Cu, Mg and Fe alloy 13
becomes less ductile than alloy 1, and the high strength
alloys 7, 12 and 19 (i.e., with high contents of Mg and Cu),
in which increasing Si from 4.5 to 7 to 9% progressively
reduces the ductility and the tensile strength.

Fig. 2 shows that increased Cu generally results in a
large increase in flow stress and decrease in ductility, at
both low and high contents of Si.

The flow curves in Fig. 3 show that increased Mg
increases the flow stress and decreases the ductility in all
alloys, similarly to Cu in Fig. 2. The simultaneous
increase of Mg and Cu magnifies the effects, as can be
seen in F1g 1 by companng alloys (1 — 7) and (13 — 19)

Strength-Ductility Behaviour of Al-Si-Cu-Mg Casting Alloys

form of Eq. B1 were determined for each of the alloys.
The K and n values for each alloy are given in Table
A-3. The ductility of alloys 6, 8 and 20 was too low for
a meaningful determination of K and n values. By
comparison with more ductile alloys of comparable
strength, a K-value of 560 MPa was assigned to them
(asterisked values in Table A-3). The K-values range
between about 400 and 560 MPa, so, for convenience, a
mean value for K=490MPa was adopted to produce
the chart of Fig. 6 using Eqs. B2 and B4. Note that the
y-intersection of any given flow curve represents the
(0.2%) proof stress of specimens whose data points lie
on that line.

The chart of Fig. 6 includes experimental points repre-
senting the mean values of the tensile strength and
ductility observed for each of the alloys studied, for
small and large SDAS. Within the material with SDAS
25 pm, alloy 21 stands out as the material with highest Q
and g-values, while the bulk of the Cu-containing alloys
hes around the 11ne q 0.25, Q 399 MPa with alloys 9,

_ and the streggth2 glthough the ffEQIJS_ICSS clear in th stress tenslle strength and duct111tv The pomts corre-

alloys with high content of Si.

Fig. 5 shows the effect of changing the solidification
rate, as measured by the SDAS, for alloys 1, 16 and 21.
The yield strength and strain-hardening rate are only
slightly affected, whilst the ductility experiences a
dramatic decrease at large SDAS.

Discussion

Strength-ductility behaviour
The following analysis is based on a strength-ductility
chart built following Appendix B. Power functions of the

{ %
400 24, @ o =
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n
© - ® 1 0.03
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=3 Jo.08
£ &, 0.12
o
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elongation to fracture

Fig. 6 A quality index chart for the alloys studied,
obtained as described in Appendix B, with
K =490 MPa and given n-values. The circles
and squares represent alloys with SDAS
25 um (data from Table A3) and 50 um,
respectively. Alloys 6, 8 and 20 failed before
the reaching the 0.2% proof stress. Of the
alloys with SDAS 50 um, only the most ductile
have been plotted
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sponding to SDAS 50 um (squares) are located near the
bottomn left corner of the chart, due to their coarser
microstructures and a higher porosity content. As the
strength of the alloys is increased, the data points for
both SDAS shift toward the upper left corner of the chart,
with a continued decrease in Q and g-values. The ten-
dency is more marked in the material with SDAS 50 pm.
These trends closely agree with the predictions of Fig. C-2
of Appendix C, supporting the assumption that particle
cracking is the main ductility-controlling factor in these
materials.

A graphical depiction of the effect of the individual
alloy components is presented in Fig. 7. In general terms,
alloy additions that increase the strength, i.e., Cu and Mg,
do so at the expense of ductility, and the overall effect is a
loss in both Q and g-value. On the other hand, increased
Fe or a larger SDAS shift the data points along single flow
lines, causing a decrease in Q and g at constant proof
stress. This is a common observation in quality index
charts of alloy A356.46

A most interesting observation, pointed out with
reference to alloys 2 and 14 in Fig. 1, is that of the
increased ductility of the alloys with 9%Si content
and high content of Fe, in comparison with the
equivalent alloys at 4.5%Si. For example, increased
Fe at low Si (1 —2), lowers the strength and ductility,
but increased Si at high Fe (2— 14) restores most of
the ductility. Similar sequences are presented by
alloys (3—4-—15) and (5—6—18). The flow
curves of these alloys can be seen in Fig. 4. The
increased ductility in high Fe alloys is indicated in
Fig. 7 by dashed arrows.

This effect can be understood in terms of the relative
tendency to form pre-eutectic a-Al;s(Mn, Fe)sSi, parti-
cles and 3-AlsFeSi plates of alloys with different Si
contents. Following Backerud'® and others,>>* the pro-
cess is illustrated in Fig. 8, where the Al-Si-Fe phase
diagram is shown schematically for two alloys with
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Fig. 7 The quality index chart of Fig. 6, with the
) effect of increasing the content of different
elements or the SDAS indicated by arrows.
For clarity, only alloys with SDAS 25 yum have
i rrows
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2 T ' T ' ] ' I l
0.3%Mn |

Al FeSi

Si (wt.%)

Fig. 8 A simplified Al-Si-Fe phase diagram (after
Backerud et al.'®) for alloys with 0.3%Mn. The
dashed line arrows are the segregation lines
(schematic) for two alloys with 0.5%Fe and 4.5

" and 9%Si initial concentrations, respectively

indicate the effect of increased Si on the low

h-hich e-can-be-see Lo W1 10

Si, high Fe-content alloys 2, 4 and 6

0.3%Mn.* The dashed lines (a) indicate the increase in Fe
and Si concentration as the dendritic structure develops in
the primary a-Al field, calculated according to Scheil’s
equation, for a starting 0.5%Fe content and 4.5%Si and
9%Si. The vertical arrows (b) indicate schematically the
formation of Al;5(Mn, Fe);Si,, which occurs until the
trough between the Al;s(Mn,Fe);Si; and AlsFeSi
phases is reached. The reaction continues involving
both o and B along the dashed line (c) until the ternary
eutectic composition (e) is reached, whereupon Al, Si and
B-phase particles crystallise together. It is seen that for
high Fe alloys with 4.5%Si (alloys 2, 4, 6 and 8) the
period of formation of pre-eutectic Fe-rich intermetallics
(and hence their size) is much larger than for the alloys
with 9%Si (alloys 14, 15, 18 and 20). Pre-eutectic inter-
metallics also tend to be much larger than those that grow
in the tight interdendritic channels during the ternary
eutectic reaction and, therefore, are much more detrimen-
tal to the ductility. Metallographic evidence of the phases
formed has been published elsewhere.'

In the same context, note that increased Si does not
restore the ductility to alloy 20 in the sequence
(7—8—20). There may be two concurrent effects in
this case, one stemming from the level of Fe in alloy 20
being above target (0.7%, Tables Al and A2). The other
stems from the high strength of alloy 20 resulting from its
high Cu and Mg contents. Strength effects on the ductility
are considered later in the text.

It was noted in Fig. 1 that Si tends to increase the
ductility of all of the alloys. In fact, although in a less
dramatic fashion, the sequences noted above for the alloys

* It should be noted that the formation of intermetallics
during solidification is complex and the model of Fig. 8
is only one method of analysing the process. Modelling
of the alloys using current solidification software
packages indicates somewhat different outcomes. This
Is an area worthy of further study.
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Fe and low Cu and Mg, (1—13); low Cu, high Mg,
(1—3—16); or low Mg, high Cu, (1—5—17). The
effect seems to be stronger in the latter case, i.e., high Cu
alloys. As for the high Fe alloys, the sequence breaks down
when both Cu and Mg are increased simultaneously, i.e.,
(1—-7—12—19). It is speculated that at high Si content
the morphology or the balance of the phases forming are
slightly altered in the sense of improving the ductility. This
seems to be an area worthy of a closer look.

Upper bound to the strength

The model described at the end of Appendix C allows for
a more comprehensive analysis of the data by means of
the quality index-strength chart of Fig. 9. Using Eq. B2,
the scale of the top x-axis in Fig. 9 has been expressed as
the (0.2%) proof stress, Y, for n=0.1, so the chart can be
read in terms of Q, g and Y. Similarly to Fig. 6, the line
labelled ¢ =1 indicates the onset of necking.

The solid lines of Fig. 9 indicate the expected trends in Q
as the strength (as given by either X or Y) is increased, for
three n-values. A maximum in Q is predicted for K = 400—
500 MPa, depending on n. As explained in Appendix-C, the
solid lines of Fig. 9 indicate the expected trends when the
ductility of the material is controlled by particle cracking.

Within the data points with SDAS 25 pum, alloy 21 is
the only one that reaches the theoretical limit imposed by
necking (line ¢ = 1). The closest alloys (alloys 1, 3, 9 and
13 to 16) exhibit decreasing relative ductility, from
q=0.5 to ¢=0.25, as the K-value increases. As for
Fig. 6, for large SDAS (open squares) the mechanical
performance worsens considerably.** The high Fe, low Si

** Note that the charts of Figs 6 and 9 are not completely
consistent (e.g., alloy 21 is above the line g=1 in Fig.
9 but well below the same line in Fig. 6). This is
because the chart of Fig. 6 was produced with a
single K-value (490 MPa) while the position of the data
points in Fig. 9 represent the actual K-value for each
alloy as listed in Table A-3.
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alloys 2, 4, 6 and 8 exhibit the lowest Q values, as
expected from Figs 6 and 7. On the other hand, the
tolerance to higher contents of Fe by the alloys with
high Si is evident from the high Q-values of alloys 14, 15
and 18. Again, note the beneficial effect of increased Si in
the low Fe alloys, especially when the Mg or Cu contents
are increased, e.g., (1—13), (3—16) or (5— 17). The Si
content can thus be considered a very important alloy
selection criterion for all alloys, not just for alloys with
high contents of Fe.

The most significant feature of Fig. 9 is the abrupt fall
of the Q values at K=~ 560 MPa (or in terms of the top
x-axis, at Y = 340 MPa). Note that the drop in Q-value is
in close correspondence with the theoretical lines for
n=0.05 and n=0.1. The fall in Q-value relates to the
rapid loss of ductility of the stronger alloys, which in Fig.
9 is indicated by the decreasing g-values. In practical
terms, Fig. 9 indicates the existence of an upper bound to
the strength of these materials (at about 340 MPa) for the
applied solution heat treatment. The existence of an upper

the rate of partlcle crackmg w1th the strain: (1) the strength
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Damage by particle cracking and tensile

behaviour

The flow behaviour discussed in Figs 1 to 5 can be
rationalised in simple terms considering the alloys as
particulate metal matrix composites,*’ ™ the eutectic Si
and the Cu, Mg and Fe-rich intermetallic particles playing
the role of the dispersed reinforcing phase. When parti-
culate composites are plastically deformed, the reinfor-
cing particles remain elastic while the matrix deforms
plastically. This creates incompatibility stresses in both
particles and matrix,**~>° which lead to a very high strain-
hardening rate at low strains. At strains of the order of
1-2%, plastic relaxation occurs near the tip of the
reinforcing particles, decreasing the strain hardening
rate to that of the unreinforced alloy, giving rise to a
rounded flow curve. This type of rounded flow curve is
absent in the unreinforced matrix*® (i.e., without eutectic
Si particles) and in the wrought®® Al-Mg-Si alloys. When
the flow curves of the alloy with reinforcing particles and
that of the unremforced alloys are plotted together, the

e hv an amount

Proportlonal to the volume fractlon of partlcles 48,5051

of the alloy matrix; (ii) the increased tendency to form
intermetallic particles as the Cu and Mg levels are
increased (Table 1); (iii) particle clustering on the den-
dritic boundaries. Points (i) and (iii) are discussed in the
next two sections.

(0.2%) proof stress (MPa) (n

. =0.1)
i?/;ss
600 I I N N Y |
n 7 "\’

200 232 264 297

400 —

Q (MPa)

300 s

i_--" [13] 6820
200 4%
35 400 450 500 550 600
K (MPa)

Fig. 9 The quality index, Q, as a function of the
matrix strength coefficient, K, for given S*
and n values. The solid lines represent the
upper bound to the Q value imposed by
particle cracking (see Appendix C). The
dashed lines have been calculated with Eq.
B8. The scale of the top x-axis has been
calculated with Eq. B2. Circles and squares as
in Fig. 6. The datum point representing 201-T6
alloy falls off scale at K =640 MPa,
Q=710MPa, on the line g=1 (see §5.4)
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The effect of increased volume fraction of reinforce-
ment is illustrated by the increased flow strength of alloy
13 (9%Si) in comparison with alloy 1 (4.5%5i) in Fig. 1.
Note that both alloy 1 and 13 have low contents of Mg, Cu
and Fe, and the intermetallic phases that form do not
change with the increased Si, so the observed effects can
be ascribed to the difference in Si content.

The increased strength and decreased ductility of alloys
with high Cu and/or Mg described in Figs 2 and 3 can be
understood as follows. The shedding of load onto the
dispersed particles is enhanced and particle cracking
occurs at lower strains, lowering the ductility, when the
alloy matrix is strengthened by precipitation, which
delays the onset of plastic relaxation. >3 The ductility
is also decreased when the reinforcing particles are large
or elongated.>* Alloys with high content of both Cu and
Mg represent a worst-case scenario since both solutes
enhance the precipitation strengthening of the alloy
matrix as well as increase the content of intermetallics
(Table 1).

Table 1 suggests that the decreased ductility of the
alloys with high content of Fe discussed in Fig. 4 can be
ascribed to the formation of brittle a-Al;s(Fe, Mn);Si,
particles in conjunction with $-phase platelets as well as
w-phase particles in the high Mg alloys. Any dispersion
hardening effects due to the increased volume fraction
of Fe-rich intermetallics is likely to be more than offset
by the depletion of Mg from the alloy matrix, as
discussed in the introduction, which explains the
lower flow stress of alloys with high content of Fe.
The same concepts rationalise the effect of large SDAS
in Fig. 5, since low solidification rates result in the
formation of large Fe- and Cu-rich intermetallic parti-
cles.” Large particles are difficult to break up during the
solution heat treatment and lower the ductility.” The
effect of solidification rate is compounded by the
tendency of the alloys to develop higher levels of
porosity at low solidification rates.?>"-14
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Role of particle clustering

The dendritic structure introduces an additional element
in the fracture process of these alloys, which is para-
mount in determining the upper bound to the strength
discussed in relation to Fig. 9. The micrograph of Fig.
10 shows that dendritic boundaries can be considered
clusters of second phase particles that divide the
deforming material in the same way grain boundaries
do.**"55¢ Particle clusters in a deforming composite
present a highly constrained state in which the matrix is
locally shielded from plastic deformation.’’ Stresses
inside the clusters increase rapidly with the strain due
to the lack of local plastic relaxation,”’”® until the
largest intermetallic particles crack, progressively shed-
ding load onto the remaining particles. This creates
microcracks along the dendritic boundaries, which
lead to macroscopic fracture.’> As the strength of the
alloy matrix is increased by precipitation hardening, the
~fracture process becomes increasingly critical and
occurs at increasingly lower strains. In the limit, frac-
ture occurs right after yield, which is what Fig. 9 shows

Cdceres, Svensson and Taylor

10-12% in strain and spreads over the entire gauge
length.52’59_62

It is of interest at this point to explore the conditions
that would allow a high strength alloy to reach higher Q
values, i.e., above the limits imposed by the solid lines of
Fig. 9. From the discussion above, catastrophic cracking
of eutectic Si in the interdendritic clusters imposes the
upper limit to the strength of the alloys. Therefore,
elimination of the eutectic Si should dramatically improve
the strongest alloys’ Q-values. This point can be easily
proved by comparing the alloys of this study with the
(Si-free) high-strength casting alloy 201 (Al-4Cu-Mg-
Ag), whose flow curve** has been included in Fig. 1. It
is seen that this alloy deforms up to necking at very high
stress levels (> 500 MPa). For 201 alloy in T6 temper,**
K=640MPa, Q=710MPa and ¢ =1, which locate this
alloy well above any of the (Si containing) alloys of this
study (see arrow in Fig. 9).

Alloy selection
For a given Fe content, the intensity of precipitation

at K=560MPa.
The damagp

large 3-AlsFeSi plates in low Si, high Fe alloys crack first,
followed by the rest of the intermetallics. The small and
round Sr-modified Si particles are the last ones to crack,
leading to macroscopic fracture. At low contents of Cu
and Mg the constraint in the clusters is limited, and the
cracking of eutectic Si occurs over a strain of several %.
Conversely, at high contents of Cu and Mg, the constraint
in the clusters is at its peak and the cracking of the large
intermetallics is followed right away by the cracking of
the eutectic Si. Indeed, the fracture of the alloys with high
Cu and Mg content is a very localised event which
involves little particle cracking aside from those particles
at or very near the fracture surface (see for instance the
metallographic study by Gauthier et al.'?). This behaviour
is in contrast with the more ductile alloy A356, in which
damage by particle cracking may accumulate over

Fig. 10 Example of the interaction between dendritic
cells and plastic deformation in a
Sr-modified A356-T6 alloy. Photomicrograph
taken under Nomarski interference contrast
on the surface of a specimen polished prior
to tensile straining. SDAS 50 um, applied
strain 3%. The tensile axis is horizontal
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hardening and the type and amount of intermetallic

particles are controlled by the combined contents of Cu
and Mg. On the other hand, deleterious effects on the
ductility caused by a high Fe content can be neutralised
with a high content of Si, which also tends to increase the
ductility in alloys with high contents of Mg or Cu. Thus, it
seems that an alloy selection criterion should involve only
Cu, Mg and Si.

If the alloys are sorted in terms of the (Cu+Mg)
content in at.% (see values in Table A-1), with reference
to the data for SDAS 25um in Fig. 9, alloys with
(Cu+Mg)<1.6 at.% are to the left or at the center of
the chart, while alloys on the vertical line at K =~ 560 MPa
have (Cu+Mg)>1.65 at.%, in monotonic correspon-
dence with decreasing Q and ¢ values. The high Si
alloys 9, 10, 17 and 18, with (Cu+Mg) 1.65 1.95 at.%,
combine the highest Q, ¢ and Y values and thus offer the
best compromise in terms of proof stress (330 340 MPa),
tensile strength (380-395MPa) and ductility 1(1.5-—2%).
Lower (Cu+Mg) values (<1.6 at.%) lead to lower
Y-values at constant Q, while higher (Cu+ Mg) values
(>2 at.%) lead to a rapid drop in Q and g. In practical
terms, for optimal mechanical performance (as given by
Q, g and Y) the alloys should have a high content of Si
(7.5 to 9%) to maintain the ductility at high levels of Fe
(at Mn:Fe ratio 0.5), and the Cu content should be limited
to 3% when the Mg level is above 0.1%. Conversely,
alloys with 4% Cu can only contain 0.1% Mg.

Summary and conclusions
A comparison of 20 experimental Al-Si-Cu-Mg alloys has
been carried out to assess the effect of varying contents
of Si, Cu, Mg and Fe (at Fe/Mn ratio 0.5 for the higher
Fe content), as well as the solidification rate, on the
mechanical properties, in T6 temper.

The strength of the alloys increases with increasing
content of Mg and/or Cu. In all cases the ductility
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decreases as well. A higher content of Fe generally
reduces the strength and ductility.

Strength-ductility and quality index-strength charts
have been developed for the alloys. These charts allow
for a systematic analysis of the effect of different alloy
components or solidification rate on the mechanical
behaviour.

The strength-ductility chart shows that increased Si
systematically increases the strength and the ductility of
most alloys, especially when the Fe content is high. The
latter is due to the reduced tendency of high Si content
alloys to form large pre-eutectic a-Al;s(Mn, Fe);Si,
particles and 3-AlsFeSi plates during solidification.

The quality index-strength chart has been used to show
that the cracking of second phase particles at low strains
imposes a limit on the maximum achievable strength by
severely reducing the ductility of alloys with high con-
tents of Cu and Mg. The maximum proof stress of alloys
exhibiting about 1.5-2% tensile ductility is approxi-
mately 340 MPa.

ductlhty by the combmed (at %) content of Cu and Mz
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8. J. Gauthier, P. R. Louchez and F. H. Samuel, ‘‘Heat
treatment of 319.2 aluminium automotive alloy. Part 1,
Solution heat treatment’’, Cast Metals, 1995, 8, 91-106.
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Metals Res., 1996, 9, 195-211.
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Part II-microstructure and fractography’’, Int. J. Cast
Metals Res., 1996, 9, 213-225.

11. P. Ouellet, F. H. Samuel, D. Gloria and S. Valtierra, ‘‘Effect
of Mg content on the dimensional stability and tensile
properties of heat treated Al-Si-Cu (319) type alloys’’,
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12. J. Gauthier, P. R. Louchez and F. H. Samuel, ‘‘Heat
treatment of 319.2 aluminium automotive alloy. Part 2,
Agemg behaviour”’, Cast Metals, 1995 8, 107-114.
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and the Si content. High Si content alloys are likely to
exhibit ductility in excess of 1.5-2% if the (Cu+ Mg)
content is less than 1.95 at.%. This implies a maximum
Cu content of 3% for alloys with Mg contents above
0.1%. Alloys with (Cu+ Mg) contents > 2 at.% are likely
to fail at yield, especially at low Si and high Fe contents.
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Appendix A

Strength-Ductility Behaviour of Al-Si-Cu-Mg Casting Alloys

Table A-1 Measured chemical composition of the alloys (wt.%)

Alloy Si Cu Mg Fe Mn Sr Mn/Fe Cu+ Mg (at.%)
1 4.57 1.02 0.10 0.20 0.01 0.020 0.05 0.55
2 4.47 0.99 0.09 0.52 0.24 0.007 0.46 0.52
3 4.64 1.17 0.47 0.21 0.01 0.018 0.05 1.02
4 4.47 1.02 0.48 0.54 0.36 0.018 0.67 0.97
5 4.47 4.09 0.09 0.21 0.00 0.013 0.00 1.88
6 4.64 4.20 0.13 0.53 0.12*% 0.019 0.23 1.97
7 4.68 3.99 0.48 0.21 0.00 0.018 0.00 2.27
8 4.80 4.40 0.52 0.56 0.28 0.012 0.50 2.49
9 7.39 3.03 0.31 0.17 0.00 0.049 0.00 1.65

10 7.90 3.12 0.53 0.20 0.01 0.023 0.05 1.94

11 7.91 4.08 0.33 0.19 0.01 0.024 0.05 2.14

12 7.66 4.34 0.54 0.19 0.00 0.040 0.00 2.49

13 8.48 1.1 0.15 0.18 0.00 0.024 0.00 0.64

14 8.50 0.96 0.09 0.48 0.46* 0.018 0.96 0.51

15 9.34 1.10 0.50 0.27* 0.01* 0.020 0.04 1.02

16 8.47 1.11 0.56 0.18 0.00 0.024 0.00 1.1

17 8.56 3.92 0.10 0.18 0.00 0.028 0.00 1.81

18 8.81 4.16 0.10 0.52 0.29 0.011 0.56 1.92

19 8.30 4.19 0.45 0.28 0.05 0.017 0.18 2.32

20 ———0:02— =406 -.0.52- pF70* =030 0.016— 0.43.. 2.34

21 6.68 0.00 0.28 0.14 0.00 0.017 0.00 0.31

Note: starred values indicate significant departure from targeted compositions, see Table A-2

Table A-2 Targeted chemical composition of the alloys (wt.%)

Alloy Si Cu Mg Fe Mn Sr Mn/Fe

1 4.5 1.0 0.1 0.2 0 0.02 0

2 45 1.0 0.1 0.5 0.25 0.02 0.5

3 45 1.0 05 0.2 0 0.02 0

4 4.5 1.0 0.5 0.5 0.25 0.02 0.5

5 4.5 4.0 0.1 0.2 0 0.02 0

6 45 4.0 0.1 0.5 0.25 0.02 0.5

7 4.5 4.0 0.5 0.2 0 0.02 0

8 4.5 4.0 0.5 0.5 0.25 0.02 0.5

9 7.5 3.0 0.3 0.2 0 0.02 0
10 7.5 3.0 0.5 0.2 0 0.02 0
1 7.5 4.0 0.3 0.2 0 0.02 0
12 7.5 4.0 0.5 0.2 0 0.02 0
13 9.0 1.0 0.1 0.2 0 0.02 0
14 9.0 1.0 0.1 0.5 0.25 0.02 0.5
15 9.0 1.0 0.5 0.5 0.25 0.02 0.5
16 9.0 1.0 0.5 0.2 0 0.02 0
17 9.0 4.0 0.1 0.2 0 0.02 0
18 9.0 4.0 0.1 0.5 0.25 0.02 0.5
19 9.0 4.0 05 0.2 0 0.02 0
20 9.0 4.0 0.5 0.5 0.25 0.02 0.5
21 7.0 0.0 0.3 0.15 0 0.02 0
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Table A-3 The (average values) tensile strength, TS, the {0.2%)

proof stress, Y, and the plastic strain to fracture, s;, of

the alloys studied (SDAS 25 um). The parameters K and

n as defined in Eq. B1. The quality index Q was

calculated with Eq. B7

Alloy TS Y St K Q
number (MPa) (MPa) (%) (MPa) n (MPa)
1 256.7 169.9 8.32 409 0.16 407
2 192.2 118.9 3.55 415 0.21 284
3 330.2 266.7 3.24 453 0.07 422
4 288.7 250.8 0.74 450 0.08 264
5 356.2 323.0 1.41 548 0.1 388

6 296.3 - 0.07 560* - 200*
7 418.4 405.7 0.41 560 0.05 331
8 261.9 - 0.03 560* - 200*
9 388.7 324.0 2.14 550 0.08 461
10 383.3 336.0 1.50 552 0.08 422
1 383.8 340.3 0.85 550 0.08 368
12 406.0 403.9 0.23 560 0.05 260
13 287.4 208.5 4.85 460 0.13 413
14 243.9 156.8 6.75 420 0.17 376
15 3347 275.6 2.26 430 0.09 402
16 __350.6 279.3 285 480  0.08_ 437
17 387.9 337.6 1.77 550 0.08 442
18 395.4 346.5 1.30 560 0.08 421
19 410.0 410.0 0.21 560 0.05 257
20 325.0 - 0.04 560* - 200*
21 298.8 242.1 9.60 400 0.08 456*

The ductility of alloys 6, 8 and 20 was too low for a meaningful
determination of K, n and Q, so the values for K (560 MPa) and Q (200 MPa)
were used

(identified by the g-value) is obtained:
P =Ks*e 5, B4
Drouzy et al.*® used their strength — ductility charts to define a

Appendix B. Analytical strength-
ductility charts

Strength-ductility charts for casting alloys, first developed by
Drouzy et al.,* are an efficient tool to compare on a common Y
base the performance of different alloys or to assess the effect of quality index”” parameter, Q, as:

changes to the alloy processing or chemical composition. Charts Q =TS + dlog(100s;), (B3)
for any given material can be created using a simple continuum . i .

mechanics model] 6364 where TS is the tensile strength. The empirical constant d can be

64
Let the deformation curves of the material be described witha ~ ©XPressed as

power law relationship: d = 04K. ‘: (B6)
o=Ke", (B1l)  Combining with Eq. B5 :
where ¢ is the true flow stress, K is the alloy’s strength Q =TS + 0.4K log(100s¢). _ BN
coefficient, ¢ is the true plastic strain and n the strain hardening Combining Eqs. B2, B3 and B7, Q can be approximated b 64
exponent. g Bas. B4 ’ PP Y
The engineering stress-strain curve can be approximated by Q~{1.12 +0.221n(g)]1 K. (B3)

~ n_-—s
Pk ®2 Appendix C. Particle cracking and
quality index
The effects of changing microstructural parameters (i.c., SDAS;
size, shape and content of eutectic Si and Fe-rich intermetallic
particles) on the quality index can be incorporated into the
model of Appendix B using a simple particulate metal matrix
composite approach.5* 1
¢ Finite element analysis has shown® that when the flow curve
9= n (B3) of the alloy matrix can be represented by an equation of the form
of Eq. B, the tensile stress, o, developed in the reinforcing *
particles can be described with a similar equation, i

where P and s are the engineering values of the stress and the
plastic strain, respectively. The flow lines in Fig. 6 (identified by
the n-value) have been generated with Eq. B2.

The Considére criterion® applied to Eq. Bl indicates that
necking starts at a tensile strain € =n. It is convenient to define
the relative ductility parameter, g:

where s¢ is the elongation to fracture. For any specimen
deforming up to necking, g =1. By combining Eq. B3 and Egq.

B2 the following equation for the iso-g contour lines in Fig. 6
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o, = Kpe™, (C1)
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Fig. C-2 A comparison between the predictions of
the continuum mechanics model (solld

lncorporatln d,amﬁage b

and C1, respectively. K, Ky, n and n, as
labelled. Fracture (indicated by the crosses)
occurs when the particle stresses approach
S* (= 875MPa)*

where K, and n,, are polynomial functions of the volume fraction
of reinforcement, f, and the alloy matrix parameters K and n.

Equation C1 can be used to calculate the macroscopic
fracture strength and strain of the alloys assuming that fracture
occurs at a critical value of the applied plastic strain, &, such
that

oy = Kyegt =~ Kpsp? = S* (C2)

where S* is the fracture stress of the reinforcing particles.

For a given S*, Eq. C2 can be solved for the elongation to
fracture, sy, and this value used in Eq. B2 to calculate the tensile
strength of the material. The procedure is schematically shown
in Fig. C-1, where the flow curves of a hypothetical material
with matrix properties given by K=450MPa and given n-
values, are plotted together with the corresponding particle
stresses. When the stress in the particles approaches S* (hor-
izontal line), a critical fraction of particles is assumed to crack
and macroscopic fracture takes place, as indicated by the crosses
in the matrix flow curves.

Application of this approach to describe the fracture beha-
viour of Al-Si-Cu-Mg casting alloys involves several assump-
tions: (i) the cracking of eutectic Si, as well as Fe or Cu-rich
particles, controls the ductility of the material; (ii) fracture
occurs when a critical fraction of particles crack; (iii) the critical
fraction of cracked particles to cause fracture is the same for all
alloys; (iv) the critical fraction of cracked particles is reached

(symbols) for a material with K =450 MPa,
for different S*-values (see text)

whenever the average stress in the particles, op, approaches a
critical value S*, which is of the order of 2-3 times the yield
stIength67 of the alloys (= 900 MPa); (iv) The volume fraction
of reinforcing particles is constant at about 7% for all alloys.

Fig. C-2 shows the ductility and strength of the alloy for a
range of S*-values. The calculated values (symbols) are com-
pared with the iso-q lines obtained with Eq. B5. By making the
particles more susceptible to fracture by stepwise decreasing S*,
sets of symbols are generated which reproduce the pattern of
lines of the quality index chart. Physically, a lower S*can be
understood as equivalent to having larger Si particles or 8-phase
platelets. Notice that the symbols shift to the left of the
corresponding iso-q lines for decreasing S*-values and increas-
ing proof stress. This implies that an increasing loss in quality
index should be expected as the material strength is increased,
e.g., through increased Cu or Mg content. Note that the volume
fraction of reinforcing particles will also increase with increased
Cu or Mg content, so the effect will be magmﬁed Comparison
with actual experimental results is made in Fig. 6.

A similar procedure can be used to incorporate® the matrix
flow properties and the effects of particle cracking into the
equations of the quality index by solving Eq. C2 for sg, and using
this value in Eqgs. B5 and B8 to express Q as a function of the
matrix parameters K and n and the particle fracture strength S*.
The dependence of Q on K is shown by the three solid lines of
Fig. 9 (for S* =875MPa and given n-values). It is seen that Q
goes through a mild maximum for large n, while for decreasing n
the maximum becomes increasingly sharper, the Q-value falling
rapidly at high values of K.
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