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Effect of solution heat treatment and additives
on the hardness, tensile properties and fracture
behaviour of Al-Si (A413.1) automotive alloys
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A study was carried out to determine the role of Mg, Cu, Be, Ag, Ni, and Zn additives during
the solution heat treatment of grain refined, Sr-modified eutectic A413.1 (Al-11.7% Si) alloy,
and their consequent effect on mechanical properties. For comparison purposes, some of
the alloys were also studied in the non-modified condition. The alloys were cast in the form
of test bars using a steel permanent mold preheated at 425°C that provided a
microstructure with an average dendrite arm spacing (DAS) of ~22 um. The test bars were
solution heat treated at 500 + 2°C for times up to 24 h, followed by artificial aging at 155°C
for 5 h (T6 treatment). Tensile and hardness tests were carried out on the heat-treated test
bars. Details of the microstructural evaluation are reported in a previous article [1].

With respect to the mechanical properties, it is found that the hardness and strength (YS,

UTS) of Mg-containing alloys decrease with the addition of Sr due to the sluggish
dissolution of the AlsCu,MgsSis phase during solution treatment, and a delay in the
precipitation of Mg,Si or Al,MgCu phases during artificial aging thereafter. The properties
of the Cu-containing alloys, however, remain unaffected by the addition of Sr. With the
exception of Ni, all alloying elements used improve hardness and strength, particularly
after heat treatment. In the case of Ni, addition of up to 1.41% Ni is observed to decrease

the mechanical properties in the T6 condition.

Fracture of non-modified alloys takes place through crack initiation within the brittle
acicular Si particles without the crack passing through the ductile Al matrix. In the
Sr-modified alloys, the fracture is of ductile type, as evidenced by the pinpoint nature of the
a-Al dendrites on the fracture surface. The number of cracked Si particles and intermetallics
beneath the fracture surface increases in proportion to the increase in alloy strength.

© 2003 Kluwer Academic Publishers

1. Introduction

The primary advantages of using aluminum alloys for
automotive components include their lightweight, re-
duced fuel energy consumption and low recycling costs.
Environmental concerns have put the onus on automo-
tive manufacturers to develop still lighter and more fuel-
efficient vehicles. In this regard, the development of
new alloys (and new techniques) has been an ongoing
process, where investigations carried out worldwide by
aluminum suppliers, R&D organizations, and by the
automotive industry have led to the use of these newly
developed materials in the production of autobody pan-
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els, spaceframes, cylinder heads of turbo-charged diesel
engines, brake rotors, suspension parts and other appli-
cations [2—6]. Miller et al. [7] have provided a pertinent
review of the recent developments in aluminum alloys
for the automotive industry.

Aluminum-silicon (Al-Si) alloys, in particular, are
well known for their excellent castability and strength.
The addition of Mg, Cu and Zn makes them heat-
treatable, providing the means to enhance the properties
using appropriate heat treatments [8, 9]. As the me-
chanical properties are largely determined by the cast
microstructure (characteristics and constituents), the
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changes produced in the latter after heat treatment [10,
11] will likewise also affect the properties. In the case of
aluminum sheet materials (i.e., wrought alloys), in ad-
dition to the microstructure, the alloy properties are also
controlled by the crystallographic texture [12, 13]. In
such applications, the most important material charac-
teristic is the alloy formability. Hayashi and Nakagawa
[14] have reviewed recent trends in sheet metals used
in the manufacture of automotive panels.

In the first part of this work [1], the authors re-
ported on the changes in the microstructure (i.e., with
respect to intermetallics and silicon particle character-
istics) with the addition of Mg, Cu, Be, Ag, Ni and
Zn to A413.1 alloy following solution heat treatment
at different times at 500°C. Phase identification of the
intermetallics observed was carried out using electron
probe microanalysis (EPMA). The results showed that
0.42 wt% Mg addition produced large Si particles com-
pared to the base A413.1 alloy; their size was not af-
fected by an increase in solution treatment time or
Mg content. Among intermetallics, both Mg,Si and
Al,Cu dissolved after 8 h, while the g-AlsFeSi phase
underwent partial dissolution and AlsCu;MggSis and
a-Al;s(Mn,Fe);Si; (or «-Fe) phases persisted after 24 h
solution time. The presence of Ni and Cu (dissolved)
in the a-Fe phase stabilized the phase during solution
treatment. The effect of Sr on the B-AlsFeSi platelets
intensified in the presence of Zn.

This article discusses the mechanical properties re-
sulting from the addition of Mg, Cu, Be, Ag, Ni and
Zn to A413.1 alloy following solution heat treatment
at different times at 500°C. The mechanical properties
(hardness and tensile properties) observed have been
explained in terms of the dissolution and changes in
morphology and volume fractions of the alloy micro-
constituents that take place, following specific solution
treatment times at S00°C.

2. Experimental procedure
All experiments were conducted on A413.1 alloy
(coded MO), received in the form of 12.5 kg ingots.

TABLE I Chemical compositions of the alloys used in the present work

The chemical composition is shown in Table I. The ex-
perimental procedure involved the preparation of 40 kg
melts using a SiC crucible heated in an electric re-
sistance furnace. The melting temperature was kept at
725 £ 5°C. Measured amounts of Cu, Mg, Ag, Ni, Zn
and Be alloying elements were added to the base alloy
(MO melt) in the form of master alloys. Only Mg was
added in the form of pure metal. All alloys were grain
refined with TiB, and modified with Sr. In certain cases,
for comparison purposes, the alloys were grain-refined
but not modified, viz., M2N, M3N, M4N and 1NN al-
loys in Table I. All melts were degassed using argon
injected into the melt by means of a rotating graphite
degassing impeller (30 min at 125 rpm).

The alloys listed in Table I are grouped into three
categories to facilitate discussion of the results: (i) the
base A413.1 alloy, MO, (ii) alloys M1 through M3N,
with M1 (viz., Sr-modified MO alloy) representing the
base or reference alloy for this group, and (iii) al-
loys M4 through ZN, having M4 as their reference
alloy.

Tensile test bars (gauge length 50 mm; cross-section
diameter 12.7 mm) were produced by pouring the de-
gassed molten metal into a preheated steel permanent
mold (type ASTM B-108) at 425°C. Each mold cast-
ing provided two tensile test bars. Thirty-six to forty
test bars were obtained for each composition. The test
bars were divided into seven sets: one set was directly
aged at 155 &+ 2°C for 5 h followed by air cooling (i.e.,
T5 treatment), the other six sets were solution heat-
treated at 500 % 2°C for times up to 24 h (at intervals
of 4 h), then quenched into warm water at 65°C, fol-
lowed by artificial aging at 155 + 2°C for 5 h (i.e.,
T6-tempered). The heat-treated test bars were pulled
to fracture at room temperature at a strain rate of 4 x
10~*/s using an Instron Universal testing machine. A
strain gauge extensometer was attached to the test bar to
measure percentage elongation as the load was applied.
The yield strength (YS) was calculated according to the
standard 0.2% offset strain, and the elongation was cal-
culated as the percent elongation (%El) over a 50 mm

Chemical composition (wt%)

Alloy code Si Fe Cu Mn Mg Cr Ni Zn B Be Sr Ag Ti

Mo? 11.90 .88 875 210 082 017 .017 .340 .008 .000 .002 .000 052
M1P 11.74 793 .875 211 .086 .026 .020 338 .008 .000 .030 .000 051
M2 11.79 789 .867 .206 411 018 .019 .343 .007 .000 026 .000 .050
M2N 11.46 749 .878 199 422 017 .023 334 .007 .000 .000 .000 .050
M2B 11.72 761 .867 .196 446 018 .024 324 .007 .018 025 .000 051
M3 11.74 .800 2.64 .193 .070 .040 .022 321 .008 .000 .039 .000 051
M3N 11.76 798 2.66 195 067 .040 .022 331 .008 .000 .000 .000 051
M4¢ 11.28 751 2.61 184 379 .033 .027 313 .007 .000 041 .000 .052
M4N 11.28 751 2.61 184 379 .033 .027 313 .007 .000 .000 .000 .052
A 11.65 722 2.70 182 .366 016 .030 .031 .009 .000 025 715 .050
AB 11.48 720 2.73 182 .396 017 .032 309 .009 .016 034 710 .050
INN 11.86 .678 2.46 .200 314 018 .627 241 .002 .000 .000 .000 .050
IN 11.86 .678 2.46 .200 314 018 627 241 .002 .000 021 .000 .050
2N 11.88 .673 2.43 192 378 .020 1.41 .240 .002 .000 .026 .000 .050
4 11.95 .706 2.81 198 378 019 .029 2.74 .002 .000 .020 .000 .046
ZN 11.89 .677 2.66 192 444 .019 .634 2.25 .002 .000 021 .000 .053

“Base A413.1 alloy.
b.¢cReference alloys.
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gauge length. The ultimate tensile strength (UTS) was
also measured.

One half of each tensile-tested bar was machined to
obtain flat surfaces parallel to the loading axis. Hard-
ness measurements were carried out on these surfaces
using a Brinell hardness tester with a steel ball diameter
of 10 mm (under 50 kgf for 30 s). The average of six
readings was taken as the hardness value in each case.
The longitudinal sections beneath the fracture surfaces
of some of the tensile-tested specimens (M1, M2N,
M4, and 2N alloys) were also examined using optical
microscopy.

3. Hardness

3.1. Effect of Sr addition

To study the effect of Sr-addition and solution time at
500°C on alloy hardness, the unmodified MO, M2N,
M3N and M4N alloys were compared with the Sr-
modified M1, M2, M3 and M4 alloys, as shown in Fig. 1
(broken lines vs. solid lines). Strontium additions were
made in the range of 260—400 ppm. The results show
that in the TS5 condition, the decrease in the alloy hard-
ness with Sr addition is less than 13%, due mainly to
the change in the morphology of the eutectic Si parti-
cles (from brittle, acicular platelets to a rounded fibrous
form). Also, Sr leads to a depression in the eutectic tem-
perature causing a shift of the eutectic point to a higher
Si content, resulting in an increase in the amount of
soft, a-Al formed [1].

After T6 treatment, the hardness values of the Sr-
containing M1 (base alloy + 300 ppm Sr) and M3
(2.64% Cu + 390 ppm Sr) alloys overlap with those ob-
tained from the unmodified MO and M3N alloys. This
observation may indicate that neither prolonged solu-
tion time nor Sr modification has a marked effect on the
precipitation mechanism of Cu phases during ageing at
155°C, after quenching from 500°C. In other words,
the Cu phases could have easily dissolved in the matrix
after only 4 h of solution treatment at 500°C and repre-

150

cipitated thereafter during the ageing process, without
being affected by the presence of Sr [15].

However, in the case of the M2 and M4 alloys
(containing 0.411% Mg + 260 ppm Sr and 0.379%
Mg + 2.61% Cu+ 410 ppm Sr, respectively), the ef-
fect of Sr addition is significant in lowering the alloy
hardness for all solution treatment times. The drop in
hardness value of M2 alloy after 8§ h solution time
is ~6.5% and increases to ~14% after 24 h solu-
tion treatment. This can be explained in terms of the
coarsening of the Si particles and a consequent de-
crease in their density (particles/mm?). In the case of
the M4 alloy, the decrease in hardness compared to
M4N alloy was approximately constant (~11%), re-
gardless of the solution time. This leads to the conclu-
sion that the hardening effect, caused by precipitation of
Mg-containing phases (mainly Mg,Si and Al,CuMg)
during ageing, was compromised by the softening ef-
fect due to the coarsening of the Si particles as well
as the increase in the amount of the soft aluminum
matrix [1].

Another point of view is that the dissolution of
AlsCu;MggSig phase during solution treatment is fairly
slow (regardless of the Sr concentration). This, in turn,
decreases the amounts of free Mg and Cu available
for further hardening during the ageing process, as dis-
cussed previously [10]. As Fig. 1 shows, the optimum
solution time lies close to 8 h for all investigated alloys.

The observations in the present study, of the Sr-
modified M2 and M4 alloys exhibiting lower hardness
levels compared to the unmodified M2N and M4N al-
loys, are in contrast to those reported by Shivkumar
et al. [16] on A356.2 alloys, who found that Sr had
no effect on the hardness for alloys solutionized at
540°C for about 27 h. This could be accounted for by
the relatively higher solutionizing temperature used in
their work compared to that used in the present study
(500°C), which would accelerate the decomposition of
the as-cast Mg,Si and its dissolution during solution
treatment [17].
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Figure 1 Effect of Mg and Cu additions on the hardness of unmodified and Sr-modified A413.1 alloys treated at different solution times.
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TABLE II Hardness and tensile properties of M1 and M4 reference
alloys (T6 condition)

TABLE III Differential changes in the mechanical properties of M2,
M3 and M4 alloys compared to M1 alloy (T6 condition)

Alloy Solution HBN YS UTS El 0 Alloy Solution AHBN AYS AUTS AFEl AQ
code time (h) (MPa) (MPa) (MPa) (%) (MPa) code time (h) (MPa) (MPa) (MPa) (%) (MPa)
M1 0 (T5) 63.8 130.2 228.9 3.00 300.5 M2 0 (T5) 20.2 252 12.6 —-0.90 —10.6
4 77.9 135.8 238.7 4.20 3322 4 30.1 163.8 105.7 —-2.90 29.3
8 73.5 124.6 234.5 5.90 350.1 8 425 169.4 111.3 —4.30 26.3
12 74.1 131.6 238.7 5.50 349.8 12 37.9 158.9 102.9 —4.00 18.3
16 72.0 124.6 238.0 5.30 346.6 16 38.0 165.9 112.0 —3.60 37.9
20 73.6 128.1 242.2 5.20 349.6 20 334 161.0 102.9 —3.50 30.1
24 73.0 128.8 238.7 5.30 3473 24 35.0 158.2 105.7 —3.80 23.5
M4 0(T5) 96.3 175.0 2359 1.30 253.0 M3 0 (T5) 18.2 13.3 2.1 —0.40 -7.2
4 118.0 290.5 3304 1.24 3444 4 28.1 102.9 56.0 =270 —11.1
8 122.0 290.0 336.4 1.23 349.9 8 345 102.2 65.1 —3.70 0.8
12 121.0 290.0 345.0 1.31 362.6 12 34.9 93.8 67.2 —3.40 4.5
16 121.0 293.0 352.0 1.35 371.6 16 33.0 104.3 72.8 —3.10 15.5
20 121.0 295.0 352.0 1.37 372.5 20 31.4 95.2 55.3 —3.00 -0.7
24 122.0 295.0 352.0 1.35 371.6 24 33.0 96.6 74.9 —3.30 114
M4 0 (T5) 32.5 44.8 7.0 —-1.70 —475
T5 = as-cast followed by ageing at 155°C for 5 h. 4 40.1 154.7 91.7 —2.96 12.2
8 48.5 165.4 101.9 —4.67 -0.3
12 46.9 158.3 106.3 —4.19 12.8
.. 16 49.0 168.4 114.0 —3.95 24.9
3.2. Effect of Mg and Cu addition 20 474 1670 1098  —383 229
The effects of adding of Mg and Cu—individually or 24 49.0 1662 1133 395 242

combined—on the hardness of both unmodified and
Sr-modified 413.1 alloys were also investigated. The
Brinell hardness values for the corresponding M2, M3
and M4 alloys as a function of solution treatment time
at 500°C are shown in Fig. 1 (solid lines). It is found that
increasing the Cu-content in M1 alloy from 0.88% to
2.64% Cu (i.e., M3 alloy) increases the alloy hardness
by about 29% in the TS condition and by 45% in the
T6 condition for all solution times up to 24 h, due to
the precipitation of CuAl, from the supersaturated Al
matrix.

Magnesium addition (0.41%) to M1 alloy (viz., M2
alloy) exhibited a tendency similar to that of Cu, but
gave slightly higher hardness values (the scattering in
the results was about &+ 4%) than those obtained for the
M3 alloy, indicating that the hardening due to Mg,Si
precipitation is more effective than that due to CuAl,.
This is also evident from a comparison of the amounts
of Cu and Mg present in the two alloys: ~0.9% Cu and
~0.4% Mg in M2 alloy vs. ~2.6% Cu and ~0.1% Mg
in M3 alloy. Compared to M1 alloy, the hardness of
M2 alloy increased by ~32% after TS treatment, and
by ~50% after T6 treatment.

In M4 alloy (containing ~2.6% Cu and ~0.45 Mg),
the hardness value is seen to increase markedly—by
51% after TS5 treatment, and by 65% after T6 treat-
ment, compared to M1 alloy, as shown in Tables II and
III. However, as reported in a previous study [18], the
presence of both high Cu and high Mg levels in the
alloy is associated with a lower hardness value than
would be expected from the sum of their individual ad-
ditions (i.e., M3 + M2). This may be interpreted in
terms of the formation of complex insoluble phases
such as AlsMggSigCu, [1].

3.3. Effect of Be addition

When Be was added to M2 alloy in small amounts
(~0.02% Be) to prevent Mg oxidation (i.e., MgO and
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AHBN = HBNy; — HBNyjjoy (alloy: M2, M3, M4).

MgAl,Oy4 (spinel) formation) during melting, the hard-
ness increased slightly, as shown in Fig. 2. Maximum
hardness was attained after 8 h solution treatment, and
the improvement in hardness varied between 2.1% and
8.4%, over the range of solution treatment times stud-
ied. In another study [19], it was found that addition
of Be reduced the alloy sensitivity for hot cracking.
Thus, while Be addition may be useful in these respects,
however, it does not contribute to the alloy hardness.
The other alloy to which Be was added is AB alloy.
As Ag, Ni and Zn additions were also made (classi-
fying it under the M4 reference alloy group), the ef-
fect of Be for this alloy will be discussed in the next
section.

3.4. Effect of Ag, Ni, and Zn addition
Addition of 0.7% Ag to M4 alloy (i.e., A alloy) had no
significant effect on the alloy hardness. However, when
Be was added together with Ag, AHBN became more
positive and peak hardness was achieved after only 4 h
solution treatment (AHBN = 8.8 MPa), as shown in
Table IV. Addition of nickel up to 1.41% (2N alloy) to
M4 alloy improved the alloy hardness in the TS5 condi-
tion. However, this was not the case after T6 treatment,
where the hardness decreased markedly compared to
that obtained from M4 alloy under similar heat treat-
ment conditions, as shown in Table V. On the other
hand, with Zn and Zn + Ni additions (i.e., Z and ZN
alloys, respectively), a better hardness was obtained in
both T5 and T6 conditions, for solution treatment times
less than 20 h, Table V (a difference of ~2 MPa is con-
sidered as data scatter).

Hardening with addition of Zn is more pronounced
in alloys containing high Mg levels, due to the precip-
itation of Mg;ZnsAl, phase, provided the Mg content
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Figure 2 Effect of Be addition on the hardness of M2 alloy as a function of solution time.

is sufficiently high, as in the case of 7XXX alloys [20],
which contain Mg in the order of 2%. In the M4 al-
loy, while a Mg content of ~0.4% may not be high
enough to show a significant increase in hardness, some
improvement is nevertheless observed with the addition
of Zn (in the Z alloy). Another possibility can be the
precipitation of CuzZnAl; [20]. It has been reported
[21] that Zn up to 3% has no pronounced effect on the
properties of Al-Si alloys. The role of Zn in cast Al-Si
alloys is not well understood, except for its effect in
improving the alloy machinability [22].

Addition of up to 2.5% Ni is known to increase the
ability of an alloy to resist the effects of exposure to el-
evated temperatures. For example, additions of 1 to 2%
Ni to 2xxx and 3xxx alloys imparts high tensile proper-
ties to these alloys at elevated temperatures [20]. Thus,
the combined precipitation of Mg;Zn3Al,, CuzZnAlj,
and Cu3NiAlg may explain the better hardness ob-
served in the ZN alloy compared to the M4 reference

4. Tensile properties

4.1. Effect of Sr addition

Fig. 3 shows the variation in tensile properties, (i.e.,
YS, UTS, and % El) and quality index (Q) of the un-
modified M2N alloy (containing 0.422% Mg) and the
modified M2 alloy (containing 0.411% Mg + 260 pm
Sr) as a function of solution time. The concept of the
quality index (Q) was developed by Drouzy et al. [23]

TABLE V Differential changes in the mechanical properties of 1N,
2N, ZN and Z alloys compared to M4 alloy (T6 condition)

alloy.

TABLE 1V Differential changes in the mechanical properties of A

and AB alloys compared to M4 alloy (T6 condition)

Alloy  Solution AHBN AYS AUTS  AElL AQ
code time (h) (MPa) (MPa) (MPa) (%) (MPa)
A 0 (TS) —-0.3 16.1 29.4 0.2 38.7
4 1.5 46.9 37.1 —0.09 32.2
8 2.0 14.5 —-1.7 —-023 —152
12 1.0 16.0 —-7.6 —0.31 —-252
16 0.0 24.1 —-34 -025 -—16.7
20 1.0 4.5 —17.4 -0.37 =379
24 0.0 1.8 —27.2 —035 —46.8
AB 0 (T5) 2.7 7.7 5.6 0.05 8.1
4 8.8 19.6 11.2 —0.11 5.1
8 3 18.0 14.4 —0.08 10.0
12 2.5 20.2 0.1 —0.11 —5.6
16 2 31.1 14.8 —0.07 11.4
20 2 16.5 -9.0 —-027 —-233
24 1.6 8.1 —-9.0 —0.25 224

Alloy  Solution AHBN AYS AUTS  AEl AQ
code time (h) (MPa) (MPa)  (MPa) (%) (MPa)
IN 0 (T5) 22 49 —-63 —0.1 —11.5
4 1 -315 —-280 —-0.14 358
8 -3.5 —282 437 —-0.16 —52.8
12 -5 —253 —440 -023 -565
16 -5 —-312 —46.1 —-0.25 594
20 —6 —333 454 —-0.17 —54.0
24 -8 —332 —412 —0.1 —46.2
2N 0 (T5) 3.7 154 -2.1 —-0.2 —-13.0
4 —6 —-28.7 =231 -0.25 378
8 -5 =247 =375 -0.29 -55.0
12 -3 -239 =370 -031 546
16 -3 —-27.0 426 —-0.29 583
20 —4 —28.0 —39.8 -0.22 512
24 —4 —-27.6 —384 -0.22  -50.0
ZN 0 (T5) 0 294 —-140 03 —31.1
4 1 63 259 —-0.38  —49.7
8 6.8 20.1 -94 —-0.38 335
12 5.4 18.1 —-223 —-041 —46.7
16 1 —6.0 —40.5 —-0.35 —60.0
20 0 —-214 384 —-0.17 —47.0
24 -2 —-234 =377 —0.15 —454
z 0 (T5) 3 13.3 10.5 0.1 153
4 1 6.3 70  —0.04 4.9
8 3 24.3 11.6 —0.08 7.2
12 4 21.6 —6.9 -0.21 —18.2
16 0 —-25 =335 —-0.25 —46.8
20 —1 —-172 =356 —-0.27 —499
24 -3 —-164 =360 —025 —493
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as a means of simplifying the influence of the many
variables involved during casting on the tensile proper-
ties. From a consideration of the relationship between
the tensile parameters of Al-Si-Mg alloys, they defined
the quality index (Q) as:

Q0 (MPa) = UTS (MPa) + 150 log (%EI)

where the coefficient 150 corresponds to that obtained
for heat-treated 356 (Al-6%Si-0.35%Mg) alloys.

In the present study, the M2N alloy displayed higher
YS and UTS values than the M2 alloy (Fig. 3a and b), in
general, and lower percentage elongation (%El) and Q
values (Fig. 3c and d). As expected, the yield strength of
M2N alloy in the TS5 condition is higher than that of M2
alloy due to the changes in the Si particle characteristics
caused by Sr modification.

The difference in YS values after solution treatment
decreased to a minimum in the 4-8 h solution time
range. This can be explained in terms of the mech-
anism of transformation of the Si particle morphol-

325

ogy from acicular or fibrous form (depending on the
solidification rate) to globular form through the frag-
mentation, spheroidization and coarsening processes
occurring during solution treatment, as discussed previ-
ously. Therefore, it is expected that the spheroidization
process in M2N alloy is still not completed after 8 h
(due to the relatively low solutionizing temperature),
while in the M2 (modified) alloy the fragmentation and
spheroidization stages are completed, with the com-
mencement of the coarsening stage.

After 16 h solution treatment, the gap between YS
curves for M2N and M2 alloys increased, when the
second stage (Si coarsening) in M2N alloy started,
as shown in Fig. 3a. Li et al. [24] reported that the
spheroidization of modified A356.0 alloys is essen-
tially complete after 1 h of solution treatment at 540°C,
while in unmodified alloys, complete spheroidization
is not achieved even after 12 h. The data of Parker et al.
[25] also indicates that in the modified samples, a high
degree of spheroidization occurs only after 10 min at
540°C.
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Figure 3 Dependence of the mechanical properties of M2N and M2 alloys on solution time at 500°C: (a) YS, (b) UTS, (c) %El, and (d) Q-factor.
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Figure 3 (Continued).

The difference in UTS and %El between M2N and
M2 alloys is much more obvious than that observed for
YS. In other words, the yield strength is less sensitive
to the changes in the microstructure or the presence of
Sr. Saigal and Berry [26] have shown that the stress
required for localized yielding varies marginally with
the Si particle size or the aspect ratio. For example,
increasing the aspect ratio or particle size by a factor of
four reduces the yield stress by about 5%.

The quality index, which summarises the tensile
properties, shows that the modified M2 alloy exhibits
higher QO values than the unmodified M2N alloy for
all solution treatment times, as shown in Fig. 3d. The
improvement in Q values upon modification and so-
lution treatment can be attributed to the increase in
%El. The high values of ductility in modified al-
loys make it possible to maintain Q at a constant
value and alter the aging cycle to increase the UTS
[24].

4.2. Effect of Mg and Cu addition
The tensile data for the M1 and M4 reference alloys at
various solution treatment times are listed in Table II,
while the differential changes in the mechanical prop-
erties of M2, M3, and M4 alloys with respect to M1
alloy are listed in Table III. As all the tensile property
curves obtained resembled those shown in Fig. 3, the
effect of various element additions on the properties of
the reference alloys are discussed directly with respect
to Tables II to V in this and the following section.
From Tables II and III, it can be seen that the YS
and UTS of M1 alloy are approximately constant re-
gardless of the solution treatment time and possess the
lowest values. The average values of YS and UTS are
129 MPa + 4% and 237 MPa + 3%, respectively. The
percentage elongation of M1 alloy, however, increases
from 3% in the TS condition to ~5.5% after 8 h solution
time at 500°C (T6 condition), and levels off thereafter
(Table II). The increase in %El of ~83% can be
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interpreted in terms of the removal of the internal
stresses stored in the alloy during casting. Such an in-
crease would, in turn, noticeably affect the Q value, as
shown in Table II.

When 2.64% Cu was added to the M1 alloy (i.e.,
M3 alloy), the tensile properties improved significantly,
especially when the solution treatment time exceeded
4 h, as can be seen from Table III. The YS of M3 alloy in
the T5 condition was ~10% higher than that of the M 1
alloy (Table IT) and increased further by ~75% in the T6
condition (for solution times of 4 h or more). The same
trend was observed for UTS, with an increase of ~30%
being observed. The percentage elongation, however,
decreased by about 13% in the T5 condition, and by
~60% when the solution time exceeded 8 h (prior to
quenching and aging at 155°C for 5 h), as shown in
Table II1.

The modified M2 alloy (with 0.41% Mg) revealed the
same tendency as that shown by the M3 alloy (compared
to M1 alloy) but exhibited higher values. For example,
after TS5 treatment, the YS and UTS of M2 alloy in-
creased by ~19% and ~6%, respectively, while %El
decreased by ~27%. After 4 h solution time (prior to
quenching and aging), the YS and UTS of M2 alloy
were increased by ~125% and ~45%, respectively,
whereas %El decreased by ~70%. As discussed in
Section 3.2, these results also support the conclusion
that addition of 0.41% Mg improves the tensile strength
more than the addition of 2.64% Cu. The quality index
values shown in Table III also reveal that M2 alloy has
the highest values compared to other alloys in this group
(reference alloy M1) in the T6 condition.

Simultaneous additions of 0.38% Mg and 2.61% Cu
to the M1 alloy (i.e., M4 alloy) produced approximately
the same levels of tensile properties as those obtained
from M2 alloy, as depicted in Table III. This observa-
tion can be attributed to the interaction between Cu and
Mg to form AlsCu,MggSig phase. As mentioned previ-
ously, this phase does not undergo complete dissolution
upon solution treatment, even after 24 h. Also, due to
its formation, not all of the Cu and Mg that were added
to the alloy are available during the artificial aging
process.

However, although the properties of M4 (Mg + Cu-
containing) alloy are still higher than those of M3
(Cu-containing) alloy, the presence of both Mg and Cu
is important as it improves the dimensional stability
(after heat treatment) and bearing characteristics of the
alloy, in addition to the high strength and hardness at
elevated temperatures [20].

4.3. Effect of Ag, Ni, and Zn addition

To study the effect of addition of Ag, Be, Ni, and Zn
on the alloy performance, the Sr-modified M4 alloy
was taken as the reference alloy. The elements were
added individually or in combination in the required
amounts to the M4 alloy, to give the compositions listed
in Table 1. The differential changes in the mechanical
properties and Q values of A and AB alloys (contain-
ing Ag and Ag + Be, respectively) with increase in so-
lution time are given in Table IV. The data shows that
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addition of Ag and Be increases the YS of these al-
loys. The maximum increase (~16%) for A alloy was
achieved after 4 h solution time while that for AB al-
loy (10%) was obtained after 16 h. However, as can be
seen from Table IV, the addition of Ag + Be resulted
in more stable YS values with respect to solution times
beyond 4 h, providing a means to reduce the heat treat-
ment cycle [27]. In general, addition of Ag is known to
substantially increase the strength of heat-treated (fixed
solutionizing time) and aged Al-Cu-Mg alloys [20].

The UTS value of A alloy increased by ~12% after
T6 treatment (with 4 h solution time). Thereafter, a con-
tinuous decrease in the UTS occurred with increasing
solution time. In the case of the AB alloy, the UTS value
remained higher than the corresponding M4 alloy UTS
up to 16 h solution time, then decreased with further so-
lution time to give values lower than the UTS obtained
from M4 alloy. These observations can be attributed
to the coarsening of the Si particles after prolonged
solution treatment, particularly in Sr-modified alloys.
Percentage elongation values of A and AB alloys were
less than those corresponding to the M4 alloy for all
solution times. Addition of Be, however, improved the
influence of Ag addition on the percentage elongation,
as observed from the high A%EI values of AB alloy
compared to A alloy, Table IV.

Thus, while the addition of Ag is very effective after
TS5 treatment, and optimizes the alloy strength after 4 h
solution treatment (T6 treatment), a combined Ag +
Be addition (i.e., AB alloy) improves the mechanical
properties of the M4 alloy in the T6 condition more
than the addition of Ag alone, at solution times longer
than 4 h. This observation can be attributed to the fact
that Be reduces the amount of Mg losses during the
melting process. This would enhance the increase in
the amount of strengthening precipitates (i.e., Mg, Si)
coupled with a decrease in the size of the Si particles
through the fragmentation process.

In their study on the effect of Be on the proper-
ties of A357.0 castings, Granger et al. [28] have re-
ported that the presence of Be reduces oxidation of
Mg at elevated temperature and prevents the formation
of AljpMg4SisBe phase which diminishes the amount
of Mg available to form Mg;Si (i.e., the strengthening
phase).

Also, during solidification, the presence of Be assists
in modifying the morphology of the iron intermetallics
from the deleterious plate-like B-AlsFeSi phase to
the comparatively less harmful compact Chinese-script
a-AlgFe,Si phase (with respect to the alloy properties),
as reported in the literature [29, 30]. Similar obser-
vations have been documented by Samuel et al. [31]
and Murali et al. [32, 33] in the case of A319.2 and
356 alloys, respectively.

Table V displays the effect of Ni and Zn additions
on the mechanical properties of M4 alloy at different
solution treatment times. Nickel addition (i.e., 1N, 2N
alloys) resulted in increasing the alloy YS and UTS val-
ues after TS treatment according to the amount of Ni
added, and a corresponding decrease in both %EIl and
O values. In the T6 condition, with increase in solution
time up to 24 h, the YS, UTS, %El, and Q levels for IN
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Figure 4 Microstructure beneath the fracture surface in unmodified M2N alloy, solution heat-treated at 500°C for 8 h. White arrows in Figs 4 through

6 indicate the loading direction.

and 2N alloys were much lower than the correspond-
ing values obtained for the M4 alloy treated similarly.
These results can be attributed to the formation of sta-
ble complex intermetallics due to the combination of Ni
with Cu, which appear in the form of Chinese script par-
ticles. This process is expected to reduce the amount of
Cu available to form Al,Cu, which represents the main
strengthening phase during the aging treatment [34].
Addition of 2.74% Zn to M4 alloy (i.e., Z alloy) in-
creased the alloy YS levels in the T6 condition (follow-
ing solution times up to 12 h) to above those obtained
from the M4 reference alloy under similar heat treat-
ment conditions. Further increase in solution time re-
sulted in reducing the yield strength successively. The

UTS of Z alloy was relatively higher than that of M4
alloy up to only 8 h, while %EI of Z alloy was less than
that of M4 alloy for solution times of 12 h and above.
It should be mentioned here that in the T5 condition,
the Z alloy possessed a yield strength and quality in-
dex much superior to that of M4 alloy, whereas in the
T6 condition, optimum strength and Q-values were ob-
tained after 8 h solution treatment time (cf. M4 alloy
for the same conditions).

When Zn and Ni were added together to M4 al-
loy (i.e., ZN alloy), the mechanical properties obtained
were lower than those of Z alloy for all solution treat-
ment times. Thus, it may be concluded that addition
of Zn alone improves the mechanical properties of M4
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Figure 5 Microstructure beneath the fracture surface in Sr-modified: (a) M1 and (b) M4 alloys, solution heat-treated at 500°C for 8 h.

alloy, and reduces the required solution time to 8 h (or
less). It is important to note that after 24 h at 500°C,
all the mechanical properties of 1N, 2N, ZN and Z al-
loys exhibited more or less the same levels (as shown
in Table V).

4.4. Microstructure beneath
the fracture surface

Longitudinal sections normal to the fracture surface
of the tensile-tested alloy samples were examined to
determine the mode of crack propagation beneath the
fracture surface. The fractured test bars were cut into
two halves (transverse to the fracture plane). The sec-
tions were mounted and polished for microstructural
examination using optical microscopy. Fig. 4 shows the
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microstructures near the fracture surface of the sam-
ple sectioned from M2N alloy (in the unmodified con-
dition), solution heat-treated at 500°C for 8 h before
pulling to fracture. It can be seen from the microstruc-
ture that cracks occur within the brittle acicular Si par-
ticles, Fig. 4a. These cracks are more or less perpendic-
ular to the loading axis (thick white arrow). The arrows
in Fig. 4b indicate that the cracks were prevented from
propagating into the surrounding aluminum matrix due
to its high plasticity. It is also worth noting that the
cracks pass through the Si particles themselves, and
not at their interfaces with the aluminum matrix. These
observations are in agreement with the work of Powell
[35], but in contrast to the findings of Lebyodkin et al.
[36], who explained the fracture effect in terms of the
decohesion between the silicon plates and the matrix.
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Figure 6 Microstructure beneath the fracture surface in Sr-modified: (a) M4 and (b) 2N alloys, solution heat-treated at 500°C for 8 h. Black arrows
indicate the propagation of the secondary crack within the intermetallic phase particle beneath the fracture surface. Open white arrows show the
pinpoint form of the «-Al dendrites, revealing their high ductility during plastic deformation.

In the case of the Sr-modified M1 base alloy (fol-
lowing solution treatment at 500°C for 8 h), the Si
particles were fragmented, spheroidized, and less in-
terconnected with each other than in the case of un-
modified alloys, as shown in Fig. 5a. Therefore, during
the rupture process, cracks propagated through the in-
terdendritic regions, as seen from the figure. With the
addition of 2.61% Cu and 0.38% Mg to Sr-modified
M4 alloy, the corresponding hardness and strength (YS,
UTS) were significantly increased (Table III), resulting
in the shearing of a larger number of Si particles, extend-
ing to regions well below the fracture surface, Fig. 5b.
Shivkumar et al. [16] have reported that the microhard-

ness of the matrix is increased by more than 20% of its
initial value due to substantial straining, before failure
occurs.

The primary and secondary cracks can also propagate
through the intermetallic phases, as illustrated in Fig. 6,
where the longitudinal sections below the fracture sur-
faces of the Sr-modified M4N and 2N alloys, solution
heat-treated at 5S00°C/8 h, are shown as examples. The
pin-point form of the «-Al dendrites (see open arrows
in Fig. 6), indicates their ductile nature. It should be
noted here that the black spots in Fig. 6 might be due to
Si particles pulled out during polishing. These obser-
vations confirm the theoretical studies by Gurland and
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Gangulee [37] that the fracture in Al-Si alloys occurs
in three stages:

(i) Crack initiation at the Si particles;
(ii) Propagation of cracks in the interdendritic
regions; and
(iii) Rupture of the Al matrix.

5. Conclusions

1. Addition of Sr decreases the hardness and strength
(YS, UTS) of the Mg-containing alloys, which could
probably arise from a retardation of the precipitation
of Mg,Si during the aging process (i.e., increasing the
incubation period prior to the commencement of precip-
itation), regardless of the solution time at S00°C. Trans-
mission electron microscopic examination is required
to confirm this suggestion. The copper-containing al-
loys, however, are less sensitive to the presence of Sr.

2. All alloying element additions, i.e., Mg, Cu, Be,
Ag, and Zn result in improving the hardness and
strength of the base alloy, especially in the T6 condi-
tion. Addition of Ni (up to 1.41%), however, decreases
the hardness and tensile properties (YS, UTS and %El)
of the alloy. This may be interpreted in terms of the for-
mation of intermetallics which may control the grain
size, rather than contribute to the hardening of the heat-
treated alloys.

3. In unmodified alloys, cracks initiate within the
brittle acicular Si particles themselves, without pass-
ing through the ductile Al matrix, whereas in modified
alloys, the cracks propagate through interdendritic re-
gions, leading to the deformation of the «-Al dendrites,
their pinpoint shapes indicating their ductile nature.

4. The number of cracked Si and intermetallic parti-
cles beneath the fracture surface increases with the in-
crease in the ultimate tensile strength of the alloy. The
latter is a function of the type and amount of alloying
elements added.
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