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Abstract

The present study was carried out to investigate the effects

of minor additions of Ni and Zr, individually or in com-

bination, on the microstructure and tensile properties of

354 casting alloy (Al–9 wt%Si–1.8 wt%Cu–0.5 wt%Mg) at

room temperature (25 �C/77 �F) and at high temperatures

(155 and 300 �C/311 and 572 �F) using different holding

times at testing temperature. An analysis of the data

obtained from microstructural and tensile tests shows that

the tensile behavior of 354-type cast alloys is strongly

influenced by the testing temperature and the holding time

at temperature prior to testing. The effect of minor addi-

tions of Ni and Zr on the high-temperature performance of

these alloys is controlled by their T6-properties at room

temperature. The addition of 0.2 wt% Ni and 0.2 wt% Zr

improves the T6-tensile properties considerably, compared

to the as-cast condition. The addition of 0.4 wt%

Ni ? 0.4 wt% Zr is not sufficient to resist softening at

300 �C (572 �F)/100 h. The addition of 0.4 wt% Ni to alloy

354 leads to a decrease in the tensile properties, attributed

to a Ni–Cu reaction that interferes with the formation of

Al2Cu strengthening precipitates and affects the age-

hardening process. The fine L12 (Al3(Zr,Ti))-type precipi-

tates is the main feature observed in the microstructure of

alloys containing 0.2–0.4 wt% Zr additions. The presence

of Q-Al5Cu2Mg8Si6 phase and Al3Ni phase is observed in

samples tested at 300 �C (572 �F) after 10 h holding.

Keywords: aluminum alloys, additives, high-temperature

testing, precipitation hardening, phase identification,

nickel, zirconium

Introduction

The addition of alloying elements is often used to improve

the structure, mechanical properties and hence quality of

aluminum casting alloys. Traces of Sr are added to Al

alloys containing Si to modify the Si particle morphology

from coarse flakes to a finer fibrous form. Other studies

show that the absorption of Sr by Fe-intermetallics refines

their morphology considerably.1–3 Titanium and boron are

added either individually or in combination to refine the

grain structure of a-Al by providing large numbers of

nuclei in the melt, inducing the formation of small

equiaxed grains of a-Al rather than a coarse, columnar

grain structure. Zirconium is used as a grain refiner and can

also be used to form fine coherent Al3Zr dispersoids which

are stable at high aging temperatures and resist coarsening

due to the low solubility and diffusivity of Zr in the Al

matrix. Nickel is added to Al–Cu and Al–Si alloys to

improve both hardness and strength parameters at elevated

temperatures as well as to reduce the coefficient of thermal

expansion.4

Aluminum casting alloys containing Cu and Mg are ‘heat-

treatable alloys’ whose strength is improved via precipi-

tation hardening using suitable heat treatment regimes.

Aging, the final stage of the heat treatment process, is an

important treatment and involves strengthening the alloys

by coherent precipitates which are capable of being sheared

by dislocations.2 This stage consists of maintaining the

alloy at a certain temperature for a sufficient period of time

to permit the solute atoms to precipitate in the form of

finely dispersed metastable phases. By controlling the

aging time and temperature, a wide variety of mechanical

properties may be obtained; tensile strength can be
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increased, residual stresses can be reduced, and the

microstructure can be stabilized.

The precipitation process can occur at room temperature (nat-

ural aging) or may be accelerated by artificial aging at a tem-

perature ranging from 90 to 260 �C (194 to 500 �F). The idea of

aging is to obtain a uniform distribution of small precipitates,

which gives high strength to the alloy.3,4 When a longer aging

time may be needed, it becomes necessary to promote precip-

itation by using higher temperatures or artificial aging.5

Aging of an aluminum alloy containing copper as the

alloying element results in the formation of various forms

of Al–Cu-containing precipitates. The precipitation

sequence of an Al–Cu alloy during the aging process has

been proposed as follows:6–8

a SSSð Þ ! GP zones ! h00 ! h0 ! h

The coherent and semi-coherent phases, h00 and h0,
respectively, contribute to increasing the alloy strength.

On the other hand, the incoherent equilibrium precipitate h
(Al2Cu) results in diminishing the hardening level of the

alloys because of the loss of coherency between the

stable phases and the metal matrix. For an aluminum alloy

containing Cu and Mg as the hardening elements, the aging

treatment results in the formation of a range of precipitates.

The generally accepted sequence of precipitation in Al–

Cu–Mg alloys is: h-Al2Cu precipitate and its precursors,

along with other hardening phases/precipitates such as the

S-Al2CuMg phase and its precursors, which are observed to

form during the aging treatment of an aluminum alloy

containing Cu and Mg.9,10 The formation of the S phase

during aging treatment occurs via the following precipita-

tion sequence:6,11–15

a SSSð Þ ! GP zones ! S00 ! S0 ! S

starting with the decomposition of the supersaturated solid

solution (SSS), followed by the formation of GPB zones,

and then by the precipitation of the coherent S00, the semi-

coherent S0, and finally the incoherent S (Al2CuMg) equi-

librium phase. The S00 and S0 precipitates are responsible

for increasing the strength level of such alloys, whereas

overaging results in the precipitation of the incoherent

equilibrium S phase. There is another phase containing Si

which may form in the Al–Cu–Mg–Si system, called the

Q phase or quaternary Al5Cu2Mg8Si6 phase which may

form upon solidification or during aging.16–19

The Q phase can also coexist with Al2Cu, Mg2Si, and Si

depending on the ratio between Cu, Mg, and Si. One of the

suggested mechanisms for the formation of the Q phase is

that the Cu atoms dissolve in the b00 phase which then

evolves either to b (Mg2Si) or to the Q phase, based on the

chemical composition of the alloy and precipitation

status.20,21

Alloys such as A354 and C355 (containing Al, Si, Cu, and

Mg) are increasingly used in automotive applications where

thermal stability is an important requirement particularly in

critical parts. The presence of more stable Cu-based inter-

metallic compounds in the A354 alloy is expected to ensure

superior thermal stability as compared to the more widely

used A356/A357 alloys.22 The present study was therefore

undertaken to examine the room and high-temperature per-

formance of 354 (Al–9 wt%Si–1.8 wt%Cu–0.5 wt%Mg)

casting alloys containing different alloying elements, in

order to determine their effect on the tensile properties of

automotive castings under actual operating conditions. In

light of this objective, an analysis of the precipitates formed

as a result of the various alloying and heat treatment condi-

tions used was carried out, where a field emission scanning

electron microscope (FESEM) equipped with energy-dis-

persive X-ray spectrometric (EDS) and wavelength disper-

sion spectrometric (WDS) systems was used to examine the

characteristics (i.e., size, distribution and density) of the

hardening precipitates in the 354 alloys investigated, for the

various aging temperatures and times involved.

Experimental Procedures

The 354 casting alloy used in this study was supplied in the

form of 12.5-kg ingots. The chemical composition of the 354

base alloy (coded G1) is presented in Table 1. The alloy

ingots were melted in a 40-kg capacity SiC crucible, using an

electrical resistance furnace. The melting temperature was

maintained at 750 ± 5 �C to ensure complete dissolution of

Zr.23 It should be mentioned here that the humidity in the

surrounding media was about 23 %. All the 354 alloy melts

prepared were grain-refined by adding 0.15 wt% Ti in the

form of rods of Al–5 wt%Ti–1 wt%B; they were then Sr-

modified using Al–10 wt%Sr master alloy, to obtain levels

of 0.25 wt% Ti and*140 ppm Sr in the melt to minimize the

possibility of Sr oxidation during the melting process as well

as porosity formation in the final casting. Minor additions of

Ni and Zr were carried out using Al–20 wt%Ni and Al–

20 wt%Zr master alloys, respectively. The master alloys

were added to the base alloy melts, only instants before

degassing to ensure homogeneous mixing of the additives

together with the degassing. The melts were degassed for

*15–20 min with a rotary graphite impeller rotating at

*130 rpm, using pure dry argon injected into the molten

metal at a constant rate of 20.4 m3/h. Following this, the melt

was carefully skimmed to remove oxide layers from the

surface. Figure 1 displays the RPT test performed on G1

molten alloy before and after degassing revealing the dis-

appearance of most of the porosity in the solidified alloy (cup

sample castings are shown in the figure).24

The melt was poured into an ASTM B-108 permanent

mold preheated at 450 �C (842 �F) to drive out moisture,

for preparing the tensile test bars. Samplings for chemical

analysis were also taken simultaneously at the time of the
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casting to ascertain the exact chemical composition of each

alloy. The chemical analysis was carried out using a

Spectrolab-JrCCD Spark Analyzer. Table 1 lists the actual

chemical compositions of the alloys produced.

Prior to heat treatment, the tensile bars were divided in

bundles of five bars each. The five bars were attached

tightly together using iron wire to facilitate their removal

from the furnace for quenching in warm water. Tensile test

bars of alloys G1, G2, G3, G4, and G5 were T6-heat treated

which comprised solution heat treating at 505 �C (941 �F)

for 8 h, followed by quenching in warm water at 60 �C
(140 �F). The time lapse between sample removal and

quenching was about 30–40 s. The quenched bars were

then artificially aged at 190 �C (374 �F) for aging times of

2, 10, 40, and 100 h. The aged samples were then pulled to

fracture at 25 �C (77 �F).

The condition selected for the high-temperature tensile

testing was the T6-treated (190 �C [374 �F]/2 h aged)

Table 1. Chemical Composition of the 354 Alloys Used in this Study

Alloy/element Si Fe Cu Mg Ti Sr Ni Zr Al

G1a 9.43 0.08 1.85 0.49 0.22 0.0150 * 0.15 Bal.

G2 9.16 0.08 1.84 0.49 0.22 0.0149 0.46 0.15 Bal.

G3 9.10 0.07 1.83 0.49 0.21 0.0145 * 0.39 Bal.

G4 9.01 0.08 1.85 0.45 0.21 0.0127 0.21 0.19 Bal.

G5 9.10 0.08 1.86 0.46 0.22 0.0122 0.40 0.39 Bal.

a G1: 354 base alloy

Figure 1. RPT test: (a) before degassing, (b) after degassing.

Figure 2. FESEM setup used in the present study.
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condition, using two selected testing temperatures (155 and

300 �C/311 and 572 �F) and holding times of 10, 40, and

100 h at each testing temperature. Tensile testing was

carried out at a strain rate of 4 9 10-4 s-1, using an

Instron Universal Mechanical Testing machine. The testing

was carried out at 25 �C/77 �F (for samples in the as-cast

and T6-treated conditions), and at high temperature (155

and 300 �C /311 and 572 �F) using holding (or stabiliza-

tion) times of 10, 40, and 100 h at testing temperature). A

data acquisition system attached to the machine provided

Figure 3. Micrographs of tensile-tested samples showing (a, b) as-cast microstructure of (a) G1
alloy, and (b) G5 alloy, (c) deeply etched sample revealing the co-existence of a-Fe in the
interdendritic region with the Si particles, (d) decomposition of p-Fe phase to thin b-Fe platelets in
G1 alloy following solution heat treatment,26 (e) high-magnification backscattered electron image
showing the size and morphology of the newly formed b-Fe platelets. (f) Precipitation of Zr- and
Ni-rich compounds in G5 alloy.
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the tensile data, namely the ultimate tensile strength (UTS),

the yield strength at 0.2 % offset strain (YS), and the

elongation to fracture (%El), calculated over the 25.4 mm

gauge length of the tensile test bars. A total of 275 bars

were tested.

Samples for metallographic examination were sectioned

from the tensile-tested bars of selected alloy/conditions

studied, about 10 mm below the fracture surface and pol-

ished using standard techniques. The field emission scan-

ning electron microscope (FESEM) provides clear and less

electrostatically distorted high-resolution images even at

low voltages; it can produce images of 2.1 nm resolution at

1 kV and of 1.5 nm resolution at 15 kV. The instrument

used in this study was a Hitachi-SU-8000 (FESEM),

equipped with EDS and WDS equipment. Prior to exami-

nation, the polished sample surfaces were re-polished using

ion bombardments for 20 min to minimize surface oxida-

tion. It should be noted here that all EDS spectra were

taken at 10–15 kV regardless of the accelerating voltage

used for the electron micrographs. Figure 2 shows the

setup used in the present work.

Results and Discussion

The temperature selected for the solution heat treatment

might appear to be over-conservative but it was deemed

necessary to avoid any risk of incipient melting of the

copper phases, which could have the potential for deteri-

orating the mechanical properties of the alloys to a great

extent. An increase in strength after the treatment is nor-

mally observed in similar 354 alloys which use a solution

heat treatment temperature of 525 �C (977 �F), over a

2–3 h period, in conjunction with analogous aging treat-

ments.25 The main objective of applying aging treatment to

casting alloys containing magnesium and silicon is to

precipitate the excess Mg and Si out of the supersaturated

solid solution in the form of Mg2Si hardening phase. Dis-

locations are known to be potential sites for Mg2Si pre-

cipitates which would lead to a pronounced improvement

in mechanical performance following artificial aging.25

In this study, the alloys used were modified employing

about 140 ppm strontium. Therefore, it is expected that

the microstructure even in the as-cast condition should

have refined eutectic silicon particles with fine primary

aluminum grains, the solidification rate of the casting

process being relatively high. A complete modification

of the silicon particles in the microstructure of alloy G1

and G5 in the as-cast condition may be observed in

Figure 3a, b. In regard to alloy G5, the only observable

Figure 4. Average values of ultimate tensile strength (UTS), yield strength (YS), and percentage elongation (%El)
for alloys G1 to G5 tested under different conditions at room and at high temperature.

Figure 5. Precipitation of ultra-fine particles in as-
quenched G1 alloy.
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difference with respect to alloy G1 is the presence of Ni-

based intermetallics as shown in Figure 3b-black circled

areas.

Figure 4 displays the tensile properties of the five alloys

investigated in this study, where it will be observed that the

as-cast alloy samples exhibit tensile strength values of

225–250 MPa, giving a difference of about 10–25 MPa

between the base alloy G1 (UTS 250.03 MPa) and the

remaining alloys G2 (226.34 MPa), G3 (236.16 MPa), G4

(241.87 MPa), and G5 (232.07 MPa). The solution heat

treatment temperature of 505 �C (941 �F) in combination

with the aging temperature/time (190 �C [374 �F]/2 h)

increases the alloy strength (UTS and YS) while

Figure 6. (a) Backscattered electron image showing the co-existence of Q-Al5Mg8Si6Cu2 phase and
Fe-based intermetallics in the as-quenched G1 alloy, (b–d) images showing distribution of Fe, Cu,
and Mg elements in (a), (e) EDS spectra corresponding to the Q (#1), Al–Fe–Cu intermetallic (#2) and
Si phases seen in (a).
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maintaining more or less the same ductility as that

observed in the as-cast case.

After T6 treatment (aging at 190 �C [374 �F]/2 h), the

strength values increase significantly, reaching peak

strength in each case. The yield strength follows the same

trend, exhibiting somewhat lower values compared to

UTS. Alloy G4 (containing 0.2 wt% Ni ? 0.2 wt% Zr)

shows the maximum increase in tensile properties with a

UTS of 402.93 MPa, followed by a UTS value of

381.87 MPa for alloy G3 (containing 0.4 wt% Zr) which

may be attributed in part due to precipitation of Al3(Zr,Ti)

phase particles.

Alloy G5 (containing 0.4 wt% Ni ? 0.4 wt% Zr) displays

a UTS value slightly lower than that of the base alloy G1

(360.71 vs. 365.97 MPa). On the other hand, alloy G2

(containing 0.4 wt% Ni) displays strength values that are

lower than those exhibited by the base alloy in the as-cast,

T6 and other aging conditions listed in Figure 4. These

observations may be explained in terms of high affinity of

Ni to react with Cu forming Al6Cu3Ni and Al3(Ni,Cu)2

intermetallics. As a result, the amount of free Cu is

reduced and hence the observed decrease in the alloy

strength.1

Increase in aging time from 10 to 100 h during T6 heat

treatment continually lowers the alloy strength; the duc-

tility is also lowered to a slight extent indicating the

commencement of T7 stage. Apparently, aging time is a

crucial factor that has a significant effect on the alloy

strength, in particular the yield strength, causing it to

reduce by as much as *100 MPa, the only exception being

the G2 alloy where the decrease with aging time is much

slower. This trend continues at the 155 and 300 �C (311

and 572 �F) testing temperatures, until, after 100-h holding

time for the tests carried out at 300 �C (572 �F), the UTS

and YS values are reduced for the five alloys, with a cor-

responding increase in the ductility on account of alloy

softening. Compared to the T6 condition (room tempera-

ture testing), the closest tensile properties obtained are

those exhibited by alloy G2 at 155 �C (311 �F)/100-h

holding time.

A decrease in the tensile properties of Al–Si–Cu–Mg alloys

upon the addition of increasing amounts of Ni has been

noted in the related literature.27 This decrease in strength

through the addition of nickel is attributed to the interac-

tion between copper and nickel to form precipitates of

Al3CuNi in the microstructure, normally present in the

alloys containing Ni, namely G2, G4, and G5 alloys. Since

copper, as well as magnesium, determines the precipitation

strengthening of Al–Si–Cu–Mg alloys, the formation of the

Al–Cu–Ni precipitates would thus subtract part of the

copper content available for strengthening through the

formation of Al2Cu precipitates. It may be possible that

nickel interacts with iron and copper forming the Al9NiFe

and Al3CuNi phases; such phases would act as stress

concentrators provoking instability in the flow strain,

thereby reducing the ductility of the alloy.1

While Cu and Mg are added to improve the room and high-

temperature strength, the development of intermetallic

phases including h-(Al2Cu), b-(Mg2Si), p-(Al8Mg3FeSi6),

Q-Al5Cu2Mg8Si6,) in these alloys promotes strengthening,

however, at the expense of ductility. In this context, iron

impurities are the most detrimental as they lead to the

Figure 7. (a) High-magnification electron micrograph
taken from G1 alloy, (b) EDS spectra revealing the
presence of Zr-rich phase (red line), probably Al3Zr,
along with Al–Cu–Fe and Q phases (thin-line spectrum).

Figure 8. Precipitation observed in G1 base alloy in the
T6-treated condition (190 �C/2 h aged).
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development of relatively large p-(Al8Mg3FeSi6), b-

(Al5FeSi) and a-(Al15(Mn,Fe)3Si2) brittle intermetallics,

with the p-and b-iron phases being the most harmful

phases in terms of mechanical integrity.28,29

Taking the five alloys into consideration, and over the three

holding times, the average tensile properties for the alloys

may be considered to be 300 MPa UTS, 293 MPa YS, and

1.75 % elongation at 155 �C (311 �F), respectively. At the

higher testing temperature of 300 �C (572 �F) and for

holding times up to 100 h, the morphologies of the Zr-rich

and Ni-rich intermetallic phases have a harmful influence

on the mechanical properties as shown in Figure 3f.

The presence of 0.4 wt% Ni ? 0.4 wt% Zr in alloy G5 is

not sufficient to resist softening at 300 �C (572 �F) after

100-h holding time, so that the alloy strength decreases to

52 MPa UTS and 45 MPa YS, while the ductility increases

to 23 %. At 300 �C (572 �F), for the proposed holding

times, the alloy strength begins to decrease from *75 MPa

for the 10-h holding time, to reach *53 MPa after 100-h

holding time for all alloys. The YS showed the same

behavior as UTS. The most important results obtained at

300 �C (572 �F) after holding at 100 h are the high ductility

values exhibited by all the alloys, with alloys G1 through G5

showing percent elongation values of 28.4, 27.1, 23.2, 27,

and 22.6 %, respectively.

Alloy G4, containing 0.2 wt% Ni and 0.2 wt% Zr, displays

greater strength than alloy G3 which contains 0.4 wt% Zr,

or greater even than alloy G5 which contains 0.4 wt% Ni

and 0.4 wt% Zr. The main difference, which appears upon

examining the Zr content of alloys G3, G4, and G5,

involves the fact that alloy G4 is a hypo-peritectic alloy.30

According to the Al–Zr phase diagram, at 0.2 wt% Zr

content, the liquidus temperature is approximately 720 �C
(1328 �F). Taking into consideration the fact that the

temperature of the melt was 750 �C (1382 �F) during

Figure 9. (a) Precipitation in T6-treated G1 alloy tested at 155 �C after holding for 10 h, (b) enlarged
image of circled area in (a)-note the absence of PFZs.

Figure 10. (a) Precipitation in T6-treated tensile sample of G1 alloy deformed at 155 �C after holding
for 100 h, (b) high-magnification BSE image of (a) showing the presence of two perpendicular
precipitate families—see white arrows.
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casting, it is fairly likely that the added Zr dissolved

completely. Having a completely dissolved Zr master alloy

in the melt would be the first step in obtaining alloy

strengthening by means of Zr-rich precipitates.

As was observed in the work of Knipling31 with Al–Zr and

Al–Zr–Ti alloys, Zr-rich nanoparticles precipitate during

solidification forming coherent precipitates which are

resistant to coarsening at temperatures in the order of

275–425 �C; such Zr-rich particles would improve the

mechanical properties at 300 �C (572 �F) of the as-cast G5

alloy. It is possible that alloy G5 in T6 condition did not

display the same properties as in the as-cast condition. This

apparent contrast in behavior could be explained by the fact

that the alloys in the T6 condition were submitted to a

solution heat treatment at 505 �C (941 �F) which would

change the coherency of the Zr-rich precipitates formed

during the solidification of alloy G5.

In a study of the aging behavior of 319-type Al–Si–Cu–Mg

alloys, Andrade32 observed that, initially, the Al2Cu pre-

cipitates formed are evenly distributed and uniformly sized.

As a preferential precipitate grows, it draws atoms from the

surrounding precipitates, which in turn reduces the total

number of precipitates within the aluminum matrix. With

fewer precipitates present, the average distance or spacing

between neighboring precipitates increases, and thus it is

easier for slip plane movement to occur. This is an

important point, in view of the fact that the force required

to cut through a precipitate is inversely proportional to the

precipitate spacing. Once this critical size and precipitate

spacing are reached, the tensile strength will begin to

decrease.

Age hardening of such Al–Si–Cu–Mg alloys results in the

precipitation of the Q phase and its precursors, which play

an essential role in the strengthening of this specific alloy

system. Similarly, in addition to the precipitation of the

Q phase (Al5Cu2Mg8Si6), several others, such as h-Al2Cu,

b-Mg2Si, S-Al2CuMg, r-Al5Cu6Mg2 and their precursors,

are also expected to precipitate during age-hardening

treatment of 354 type Al–Si–Cu–Mg alloys; the Cu-con-

taining precipitates such as Q phase (Al5Cu2Mg8Si6) and h-

Al2Cu are the strengthening particles obtained in the T6-

tempered alloys.

As mentioned earlier, the objective of applying aging

treatment to casting alloys containing magnesium and sil-

icon is to precipitate the excess Mg and Si out of the

supersaturated solid solution in the form of Mg2Si

Figure 11. Backscattered electron images of T6-treated G1 alloy tensile sample held for 10 h at
300 �C prior to deformation (a) general view, (b) high-magnification image, (c) EDS spectra obtained
from different particles showing strong reflections of Al and Cu elements.
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hardening phase. Dislocations are known to be potential

sites for Mg2Si precipitates which would lead to a pro-

nounced improvement in mechanical performance follow-

ing artificial aging.24,25 Figure 5 shows precipitation of h-

Al2Cu phase particles in the as-quenched sample of the

base alloy G1. (The black spots appearing in this micro-

graph are the result of the ion bombardment). This pre-

cipitation may have taken place during the period between

quenching and phase examination (3 days).

Figure 6a shows clusters of undissolved Q phase

(Al5Mg8Si6Cu2) phase (gray particles) in certain regions

covered with spheroidized Fe-based intermetallic (grayish

white) particles; the corresponding X-ray images of Fe,

Cu, and Mg shown in Figure 6b–d supports these obser-

vations. Figure 6e is a compilation of three EDS spectra

obtained from the Q, Al–Cu–Fe–Mg-based intermetallic,

and Si phase particles seen in Figure 6a, revealing the

presence of reflections due to Al, Si, Cu, Mg, and Fe. It

should be borne in mind that all tensile samples subjected

to high-temperature testing were used in the T6-treated

condition. Figure 7 reveals the existence of the Q phase

and a Zr-rich phase, mainly Al3Zr in G1 alloy, as inferred

from the associated EDS spectra (#1 and #2, respectively)

shown in Figure 7b. The observed Mg and Cu peaks in

Figure 7b may be due to the fact that the Zr-rich particle

is overlapping a particle of Q phase.

Aging the solutionized G1 alloy at 190 �C (374 �F) for

2 h resulted in precipitation of h-Al2Cu phase as dis-

played in Figure 8. Thereafter, holding the T6-treated

tensile sample of G1 alloy at 155 �C (311 �F) testing

temperature for 10 h resulted in a marked increase in the

density of precipitated particles, as shown in Figure 9a.

As the higher-magnification image of the encircled area

shown in Figure 9b reveals, the particles are more or less

spherical.

Increasing the holding time to 100 h at 155 �C (311 �F)

prior to deformation resulted in changing the morphology

of the precipitates into thin platelets distributed in two

perpendicular directions, as displayed in Figure 10. Tavi-

tas-Medrano et al.33–36 carried out an intensive transmis-

sion electron microscopic investigation on the morphology

of the precipitating phase in 319 alloy samples aged at

170 �C (338 �F) for 8 h. Their results showed that in the

peak aging condition, or aging at 170 �C (338 �F) for 8 h,

the microstructure shows a dense homogeneous precipita-

tion of h0-Al2Cu plates which are the main contributor to

strengthening in 319-type alloys, oriented in the \100[

Figure 12. (a) Backscattered electron image of G5 alloy following solution treatment/quenching,
(b) EDS spectrum corresponding to the circled area in (a), and (c) EDS spectrum obtained from the
arrowed area in (a) showing peaks due to Al, Si, Ni, Cu, and Fe.
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directions of the matrix; these plates display an average

size of 5 9 35 nm. Similar observations have been repor-

ted by Ringer and Hono.8 As mentioned previously, pre-

cipitation of the Al2Cu phase starts with the formation of

Guinier–Preston (GP) zones which consist of copper layers

in the {100} matrix planes, followed by precipitation of the

semi-coherent h0 phase and finally formation of the equi-

librium Al2Cu phase.37

Figure 13. (a) BSE image of T6-treated tensile sample of G5 alloy held at 300 �C/10 h prior to
deformation, (b) high-magnification electron image of (a), (c) EDS spectrum obtained from the bright
particles arrowed in (a) reveals that these particles are mainly Al3Ni phase. Spectrum #1 and
spectrum #2 are overlapped in (c).

Figure 14. (a) High-magnification image of insoluble phases observed in G5 alloy, (b) EDS spectra
corresponding to different areas in (a) indicate the presence of Q-Al5Mg8Si6Cu2 phase (#1) and Al3Ni
phase (#2). Note the presence of precipitate-free zones (marked PFZ) in (a).

International Journal of Metalcasting/Volume 11, Issue 3, 2017 423



Figure 11 reveals that by increasing the testing temperature

to 300 �C (572 �F), the density of precipitated particles

markedly increased, visually reaching that obtained from

samples held at 155 �C (311 �F) for 100 h. The morphology

of the precipitates is more or less in the form of thin platelets,

about 0.2 lm in size, Figure 11b—measurements were

made at 100,0009. The associated EDS spectra obtained

from different precipitates and shown in Figure 11c indi-

cated that most of these precipitates are of Al2Cu type.

Figure 12a presents the microstructure of G5 alloy obtained

after solution heat treatment/quenching, revealing the pres-

ence of Zr-rich phase particles (circled in red). The associ-

ated EDS spectrum, Figure 12b, reveals strong reflections

due to Al, Zr, Ti, and Ni elements. Zirconium, however,

tends to interact with Ti forming a complex compound of

Alx(Zr,Ti) Si.38 The presence on Ni in Figure 12b may be

associated with Cu, forming Cu3NiAl6 phase39 which is

insoluble during solution heat treatment.40 Figure 12c is an

EDS generated from the arrowed area in (a), showing the

possible presence of Al9FeNi phase.

In the aged condition, the L12 (Al3(Zr,Ti))-type precipitates

formed are coherent with the Al matrix, have high anti-

phase boundary energy and low misfit. These precipitates

have extreme thermal stability. Thus, with increasing

temperature, they would coarsen at a slow rate. These small

and dispersed Al3(Zr,Ti) particles will provide a large force

to retard the movement of dislocations and increase the

alloy strength37 which may explain the reason for the

observed higher strength of the aged modified alloys in the

present work.

The BSE image of Figure 13a is a general view of the T6-

treated tensile sample of G5 alloy showing the precipitation

which occurred during 10-h holding time at 300 �C. Sev-

eral bright particles may be observed, surrounding the

preexisting ones (see arrows). The corresponding EDS

spectra (yellow and red) in Figure 13b reveal that these

particles are mainly Al3Ni phase. The details of insoluble

phases in G5 alloy are shown clearly in Figure 14a. Fig-

ure 14b displays the EDS spectra obtained from different

locations in Figure 14a, indicating the presence of Q-

Al5Mg8Si6Cu2 phase and Al3Ni phase.

Figure 15a presents a high-magnification image of the fine

precipitates observed in Figure 13a. The corresponding

EDS spectrum, shown in Figure 15b, displays peaks of Al

and Cu elements. Figure 16 exhibits the precipitation char-

acteristics and distribution when the T6-treated tensile

samples of G5 alloy were held for 100 h at 300 �C (572 �F)

before pulling to fracture. Figure 16a displays a general

view, showing the size and distribution of the precipitated

phase particles that formed under these holding conditions.

It is interesting to note there are no precipitate-free zones

(PFZ) around the preexisting phases (Figure 16b). Fig-

ure 16c, d indicate that these precipitates are mainly Al2Cu

phase. A relatively high-magnification image of Figure 16a

is shown in Figure 16e and reveals the platelet morphology

(approximately 0.1 lm thick and 1 lm long) of the precip-

itated phase particles in two perpendicular directions, sim-

ilar to those observed in the case of the G1 alloy samples

under the same working conditions.

Conclusions

In this article, the results pertaining to the influence of

minor additions and various heat treatment parameters on

the precipitation in Al–Si–Cu–Mg 354-type alloys and

their effect on the tensile properties have been presented.

Based on an analysis of these results, the following con-

clusions may be drawn.

1. The Q phase (Al5Cu2Mg8Si6) and h-Al2Cu are the

predominant precipitates found in the as-cast

Figure 15. (a) Backscattered electron image of the fine precipitates observed in the T6-treated
tensile sample of G5 alloy shown in Figure 13a, (b) EDS spectra corresponding to different particles
in (a), displaying strong peaks of Al and Cu elements.
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354 alloys. Precipitates of Al3(Zr,Ti) with an

ordered L12 structure are also observed.

2. Limiting the solutionizing temperature to 505 �C or

less minimizes the possibility of incipient

melting of the ternary eutectic structure a-

(Al)–Si–Al2Cu. Limiting the solutionizing tem-

perature to 505 �C also helps to limit the growth

of as-cast porosities.

3. During solutionizing process, the p-Fe phase decom-

poses into thin (100–300 nm) platelets of b-Fe

which may reflect on the alloy performance.

4. The solution heat treatment temperature of 505 �C
in combination with the aging temperature

(190 �C/2 h) increases the alloy strength (UTS

and YS) while maintaining more or less the

Figure 16. (a) Backscattered image showing general view of the tensile sample of G5 alloy held at
300 �C/100 h prior to deformation, (b) no precipitate-free zones (PFZ) around the preexisting phases,
(c) secondary electron image, (d) EDS spectra corresponding to (c), (e, f) high-magnification images
of (a).
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same ductility as that observed in the as-cast

condition.

5. The influence of minor additions of Ni and Zr on the

high-temperature performance of 354-type

alloys is controlled by their T6-properties at

room temperature, and by the temperature of

testing and holding time prior to testing.

6. The addition of 0.4 wt% Ni ? 0.4 wt% Zr is not

sufficient to resist softening at 300 �C/100 h

(observed after T6 treatment). However, T6 heat

treatment of alloy containing 0.2 wt% Ni and

0.2 wt% Zr improves the tensile properties

considerably, compared to the as-cast condition.

7. The addition of 0.4 wt% Ni leads to a decrease in

the tensile properties, compared to the base

alloy. This decrease may be attributed to a Ni–

Cu reaction which could interfere with the

formation of the Al2Cu strengthening precipi-

tates, thereby affecting the age-hardening

process.

8. Holding the tensile samples of T6-treated base alloy

resulted in a marked increase in the density of

precipitated particles, most of the particles

maintaining a spherical shape. Also, aging the

solutionized alloy at 190 �C for 2 h resulted in

the precipitation of Al2Cu phase particles.

9. The formation of precipitate-free zones around the

preexisting phases indicates that these precipi-

tates are mainly Al2Cu phase. Increasing the

aging time and hence the density of the Al2Cu

results in the disappearance of the PFZs.

10. Increasing the stabilization time prior to defor-

mation to 100 h resulted in changing the mor-

phology of the Al2Cu precipitates from spherical

particles to thin platelets.

11. The presence of fine L12 (Al3(Zr,Ti))-type

precipitates is the main feature observed in the

microstructure of the tensile samples of alloys

containing 0.2–0.4 wt% Zr additions.

12. The EDS spectra obtained from different loca-

tions in samples tested at 300 �C after 10 h

holding indicated the presence of Q-Al5Mg8

Si6Cu2 phase and Al3Ni phase.
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