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Abstract Résumé
In the continuing drive for weight reduction in newQuainoo, G K. & YannacopouLos S.: Compotement
automobile designs, the 6000 series aluminium alloyseillissant natuel d’ aluminiumAA6111. Dans la
have emerged as the most promising age-hardenalkmpagne continue pour la réduction en poids dans le
body sheet material in the automotive industrynouveau modéle d’ automobile, les séries 6000 d’
Currently one of the body sheet alloys used for it@luminium en alliage ont émergé comme le matériau
combination of strength and formability in the (T4)de feuille de carrosserie la plus prometteuse endurcirable
temper isAA6111, anAl-Mg-Si-Cu alloy. The T4 avec I'dge dans l'industrie de I’ automobile.
behaviour 0fAA6111 has been investigated by meandctuellement, I' un d’ alliage de feuille de carrosserie
of tensile testing, microhardness measurementstfilisé pour sa combinaison de solidité et formabilité
differential scanning calorimetry (DSC), scanningdans la trempe (T4)\A6111 un alliage deAl-Mg-Si-
electron microscopy (SEM), and X-ray analysis. Th&€u. Dans cet article, le comportemdudt de AA6111
results show thaAA6111 attains a monotonic a été étudié au moyen de I'essai de traction, I'évaluation
strength after approximately 120 h of natural agingde microdureté, la calorimétrie de balayage différentiel
The microstructure consists of an aluminium matriXCBD), la microscopie électronique a balayage (MEB)
and angular intermetallic particles containing mainlyet I'analyse radioscopique. Les résultats montrent
Al, Fe, Cu, Si and Mn dispersed within theque AA6111 atteint une solidité monotone apres
microstructure. The intermetallic particles are foundpproximativement 120 h de vieillissement naturel.
to possess a structural formula of the tyfieFeSi. La microstructure consiste d’une matrice d’ aluminium
Compared with other 6xxx series of alloys under thet les particules intermétalligues angulaires contenant
sameT4 condition,AA6111 shows superior strength principalementAl, Fe, Cu, Si, Mn dispersés dans la
properties. Natural aging is observed to affect thgicrostructure. Les particules intermétalliques sont
kinetic reaction ofAA6111. trouvées de posséder une formule structurelle du type
Al _Fe Si. Comparé avec d’ autres séries d’ alliage de
6xxx sous la méme condition del, AA6111 montre
les propriétés de solidité supérieure. Les vieillissement
naturel est observé d’ influer sur la réaction cinétique

de AAG111.
Introduction during the final paint bake process in the
In the continuing drive for weight reduction inautomotive manufacturing process line.
new automobile designs, the 6000 sefiebg- The effect of precipitation on the strength of

Si alloys have emerged as the most promising ageriousAl-Mg-Si alloys has been reported very
hardenable body sheet material in the automotiestensively in the open literature (Mulazimogtu
industry Currently the predominant sheet alloyal., 1997; PashleyRhodes & Sendorek, 1966;
used is thé\A6111, anAl-Mg-Si-Cu alloy. This  PashlyJacobs &/ietz, 1967; Panseri & Federighi,
alloy has good combination of strength and966; Cersarat al, 1969/70; Moonst al, 1996).
formability in theT4 temperlts strength can be Their strength is attributed to the precipitation of
further enhanced by precipitation hardeninthe MgSi phase during artificial aging. It is worth
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noting that in all these investigations, only théehaviour of these alloys.
strength increase due to precipitation has primarily Although it has been recognized that natural
been considered. aging has a deleterious effect on the artificial aging
The effects of natural aging and pre-aging astrengthening characteristics ARA6111, no
precipitation ofAl-Mg-Si alloys have also beendetailed investigation has been carried out to
investigated and reported (Poole, Lloyd &tudy the natural aging behavior of this particular
Embury 1997;Tamizifa & Lorimer 1992; Chatterje alloy. In the present investigation, thé behavior
& Entwistte, 1973; Livak, 1982; Suzuki, Kanno &of AA6111 has been studied with a view to
Itoh, 1980; Sakurai & Eto, 1992; Chakrabartiunderstanding its age-hardening characteristics
Cheong & Laughlin, 1998; Murayareéal, 1998; under this condition. This is very crucial since, in
Murayama & Hono, 1999). For example, Pooleghe present and future applications of this alloy
Lloyd & Embury (1997) investigated the effect ofor external and internal automobile body panels,
natural aging on the evolution of yield strengthatural aging becomes unavoidable in the
during artificial aging ofAl-Mg-Si-(Cu) alloys. manufacturing process. The evaluation methods
They observed that with long term natural agingmployed in this investigation include tensile
prior to artificial aging, the initial component oftesting, microhardness measurements, differential
yield stress (arising from natural aging) graduallgcanning calorimetry (DSC), scanning electron
decreased as artificial aging progressed. It is watlicroscopy (SEM) and X-ray analysis.
established that the presence of CAlMg-Si
alloys enhances the precipitation kinetics of these Experimental
alloys (Tamizifar & Lorimer 1992; Chatterjee & The AA6111 material used in the present study
Entwistle, 1973; Livak, 1982; Suzuki, Kanno &was supplied byAlcan International Limited,
Itoh, 1980; Sakurai & Eto, 1992; ChakrabartiKingston, Ontario, and its composition limit is
Cheong & Laughlin, 1998). presented inTable I. The material was
Murayameet al.(1998) and Murayama & Hono manufactured by a special technique, the details
(1999) have investigated the adverse agefwhich are reported by Burgetal (1995).
hardening effect due to natural aging on
precipitation inAl-Mg-Si alloys using the atom Tensile testing
probe field ion microscopy (APFIM) technique. The tensile specimens were machined from a
They found that separate Mg- and Si- clustedsmm thick stock plate in accordance WithTM
are present in the as-quenched condition, but tBe8 specifications, with a gauge length of 50 mm
Mg and Si atoms aggregate during natural agiragmd 12 mm gauge width. They were solution heat
to form Mg-Si co-clusters. Itis envisaged that theeated at 560 + 5C for 30 min in a constant
involvement of Cu-containing clusters duringemperature air furnace, quenched in laboratory
natural aging may alter the precipitation sequeneeater, and, subsequentlyaged at room
in Al-Mg-Si-Cu alloys and, therefore,fatt the temperature for various lengths of tinfensile

TABLE |

Chemical composition limit of AA6111 (weight percent)

Cu Fe Mg Mn Si Ti Al

Maximum 0.9 0.4 1.0 0.45 1.1 0.10 Balance

Minimum 0.5 0 0.5 0.1 0.6 0
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tests were performed at room temperature usimgth an INCA energy-dispersive spectrometry
an Instrom screw-driven machine, model numbe(EDS) analysis system. The SEM samples were
1122, at an initial strain rate of 0.025$he tensile polished to a high degree of smoothness to ensure
strength and the 0.2 per cent off-set yield strengtiigh reflectivity during SEM and EDS analysis.
were determined from the resulting loagksus To ascertain the elemental composition of

extension plots. particles, which may be found in the alloy and the
likely phases they may represent, X-ray point
Hardness measurements analysis was also performed on a random selection

Microhardness samples measuring 20 mm of the particles as well as the matrix.
20 mm were cut from the solution heat treated
strips and aged naturally for various lengths of Results and discussion
time. They were metallurgically polished usindMechanical properties
6 um and 1um grade diamond past¥ickers Fig. 1, 2 and 3 show the variation of yield strength,
hardness measurements were carried out on tkasile strength and hardness with aging time at
polished samples using a Buehler microhardnessom temperature, respectivelior AA6111
(Micromet Il) tester with a 50 g direct load appliedluminium. It can be observed that in all these
for 15 sAtleast 12 approximately equally spacefigures the yield strength, tensile strength and
measurements were taken for each aging timehardness all rise very sharply within the first 48 h

ensure representative results. of aging after which the rate of increase in strength
decreases with further aging. They attain an
Differential scanning calorimetry (DSC) almost monotonic maximum after approximately

DSC analyses of as-quenched as well 420 h of natural aging.
naturally aged samples were carried out using aThe precipitation sequence for Cu-containing
Mettler TA 4000 thermal analyzer equipped with &1-Mg-Si alloys for a long time has been
plug-in Mettler DSC-20 cell. Three DSC runs wergraditionally considered to be analogous to the
conducted for each natural aging time in order ternary Cu-freél-Mg-Si alloys shown in Equation
ensure reproducibilityAll DSC runs started at (1):
30 °C and ended at 240 °C with a constant heati . . "
rate of 10 °C miA. This temperature range wasg%s,_’ GPI (Mg/Si rich) GPIl (Mg/Sirich)B 1
intentionally chosen to isolate GPI zone reactions B 5 B oo 1)
since they are the most paramount under the However Gupta, Morois & Lloyd (1996) in their
natural aging condition. In order to correct for thetudy of the precipitation sequenceAA6111
additional heat flow arising from the difference irfan Al-Mg-Si-Cu alloy), proposed another
mass of the sample pan and the reference paossible sequence that could be followed as:
and also to compensate for any asymmetry in the
measuring system, a preliminary blank experime®SS— GPI (Cu/Al rich) - GPII (Cu/Al rich)B”
was performed with commercially pure aluminumo- 8 - B . 2
Thus, the heat flow obtained was the difference
between the measured and the blank values.  Recentlythe precipitation of the quaternary Q

phase and its precursor i@ Cu- containindl-

Scanning electron microscopy (SEM) Mg-Si has been reported (Peroétal, 1999;

Samples naturally aged for various lengths dfliao & Laughlin, 2000, 1999; Entwisitle, Fell &
time were investigated using a JEC&M-5900) Koo, 1962/63; Gupta & Lloyd, 1992; Lloyd, Evans
scanning electron microscope (SEM) equippef Gupta, 2000)As a result, the precipitation
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Fig. 1. Variation of yield strength with aging time at room

temperature for AA6111
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Fig. 2. Variation of tensile strength with aging time at
room temperature for AA6111
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Fig. 3. Variation of Vickers hardness number with ag-
ing time at room temperature for AA6111
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followed by the growth of GPI zones. For this
particular alloythe key alloying elements are Mg,
Si and Cu. These alloys generally improve the
mechanical properties of the alloy by influencing
the solution heat treated strength, subsequent
aging response, kinetics and corrosion resistance
of AA6111 (Gupta, Morois & Lloyd, 1996; Miao
& Laughlin, 2000; Miao & Laughlin, 1999), thus
making the alloy a suitable candidate material for
auto body application.

The process of natural agingiA6111 entails
the formation of separate Mg-, Si-, Cu-, and co-
clusters of Mg-Si and / or Cu-Al (Charttergee &
Entwistle, 1973; Suzuki, Kanno & Itoh, 1980; Gupta,
Morois & Lloyd, 1996) in the matrix at the early
stages of natural aging (see Equations (1) and
(2)). These coherent GPI zones distort the
aluminium matrix, setting up large strain fields
around the precipitates, and impede the movement

sequence iIAA6111 has come to be accepted asf dislocations, therebyncreasing the strength

SSS- clusters/GP zones 3" + Q' equilibrium

Q+Mg,Si ®

of the alloy This stage of precipitation is very
complex as the clusters tend to compete with each
other, resulting in a lot of dissolution and

Natural aging is generally believed to be dugrmation of new clusters. The decrease in the
to the occurrence of clusters of solute atontate of strength increase after the first 48 h is
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believed to be due to the dissolution of some of ~ |

the GPI zones and the formation of new ones.
With the formation and growth of the GPI

zones, the contribution from increased internal .z -

stresses and the movement of quenched-i
vacancies to the GPI zones give rise to a furthEr
increase in strength. Howevydurther aging ~

increases the size of the GPI zones, resulting @ ™ |

coherency loss and causing the vacancy
concentration in the zones and matrix to reach
their equilibrium values. Consequenttite rate 10
of increase of strength becomes sluggish as
depicted by the portion of the curve showing
monotonic increase in yield strength with further

aging. Fig. 4 compares the tensile strength of "' ~

AA6111 to those of other 6xxx series aluminum
alloys (Franz, 1985) subjected to the same
condition of natural agingdll the alloys have

1]

Temperature (°C)

95
Az-guenched
1Zh
4k h
130h
1568 h

)

been subjected to natural aging for 500 h. It c&f- >- DSC thermograms of as-quenched and naturally

be seen from Fig. 4 thaiA6111 shows superior

aged samples of AA6111

strength compared with alloys studied in Fransamples in the as-quenched and naturally aged

1985. conditions for various lengths of time. The
exothermic peak indicates the formation of GPI
Differential scanning calorimetry (DSC) zones while the endothermic trough B indicates
Fig. 5 shows DSC thermograms AA6111 their dissolution. The variation of DSC peak
350 — reaction temperature (Jlwith aging time at room
[ L1 anses™ | temperature is plotted in Fig. 6 for the formation
300 4 g\:: i::?‘“:' | and dissolution of GPI zones. It can be observed
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m aagiie | that peak reaction during GPI zone formation and
dissolution occurs at higher temperature as the
length of natural aging time increasédvisual
evaluation of the area under peak (Fig. 5) shows
thatA is lamger for the as-quenched sample than
for the naturally aged samples, indicating a
decrease in the volume fractions of the GPI zones
with aging time. This may be attributed to the
formation of initial clusters of Mg, Si, and/or Cu
clusters following quenching and the speed with
which these transform into stable GPI zones. This
is consistent with the reported results of DSC

a scans conducted on ott#drMg-Si alloys (Lloyd,

6xxx aluminium alloys

Evans & Gupta, 2000; Dutta &llen, 1991;

Fig. 4. Comparison of tensile strength of AA6111 with ~ Kovacs, Lendvai & Nagyl972). Itis also possible

other 6xxx series Al alloys in Franz, 1985

that Mg-Si co-clusters may have formed



96 GHANA JOURNAL OF SCIENCE VOL. 47

e be influenced by the growth of GPI zones.
9 -
= o " Scanning electron microscopy (SEM)
£ mi Scanning electron microscopy investigation
'g 0 3 was carried out to study the microstructure,
3 ; distribution, and elemental composition of the
e nmi phases present in the alloy with a view to
.§ identifying the factors affecting the strength of
§ 140 2 this alloy Fig. 7 shows the SEM micrograph of a
c j . typical sample oAA6111 aged naturally for 500
§ 1= - . h. The microstructure reveals the presence of
SETE i o e ] apgglar intermetallic particles_ randomly
at : . ﬂplmdm_‘i_' distributed in the allayGupta, Morois & Lloyd.
B S e e et (1996) have documented the presence of insoluble
U2 eh sr B0 10 30 M0 60 180 Al(Fe,Mn,Cu,Cr)Si particles in the microstructure
Aging Time (h) of as-quenched samplesAt6111 and indicated
Fig. 6. Variation of DSC peak reaction temperature (Tp)  that these are free of quenched-in defects, such
with aging time at room temperature as dislocation loops and helices.

(Murayamaet al, 1998: Murayama & Hono, 1999: Fig. 8(a) and'(b) show thg EDS spectra for the
Edwardset al, 1998). matrix and particle, respgctlvels( summary of

The dissolution reaction peak B (Fig. 5) als§® €lemental composition and likely phases
shifts to higher temperatures with increasingresent is presentedTable 2. It can be observed
natural aging time. This is attributed to a greatdfom the table that the particles contain mainly Si,
thermal stability of GPI zones resulting from theiMn: F&, Cu, and Cwhich is very consistent with
increased size. Thus, the strength of the alloy wiff€ results of Gupta, Morois & Lloyd (1996). The
atomic ratio of Fe and Si is
practically consistent at unity
indicating that Fe and Si have
approximately the same solubility
in Al at the solution heat treatment
temperature used for this alloy
The atomic ratio oAl and Fe-Si
differed to varying degrees and so,
in order to represent them
chemically it was decided to
denote the phases by the general
formulaAl FeSi.

The level of hardening in age-
hardenabl@l alloys is determined
L primarily by the amounts of solute

X1.806 18um 8888 16 &1 BEC atoms available to form precipitate
- phases as well as the distribution
Fig. 7. SEM micrograph of 500 h naturally aged AA6111 of the resulting phases in the
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Fig. 8. EDS spectrograph of AA6111 (a) matrix, (b) typical intermetallic particle
TABLE 2
EPMA point analysis from intermetallic particles
Element — wt %
Particle Likely
# phases
Si Mg Mn Fe Cu Cr Al Total
1 4.76 0.43 1.87 7.26 1.42 0.21 84.05 100.00 Al FeSi
2 6.22 0.16 2.93 13.80 1.97 0.38 7455 100.00 Al FeSi
3 7.01 0.14 3.80 18.46 2.00 0.28 68.31 100.00 Al FeSi
4 7.41 0.12 3.77 19.63 221 0.57 66.29  100.00 Al FeSi
5 7.52 0.00 3.97 21.32 2.40 0.37 64.43  100.00 Al FeSi
6 5.95 0.25 2.84 13.30 1.61 0.44 75.60 100.00  AlFeSi

matrix. Fig. 9(a) — (e) show X-ray maps of thaging. Since a very negligible amount of Cu was
intermetallic particles for samplesAh6111 aged found in the intermetallics, indicating that most
naturally for up to 500 h. These show thef the Cu is in the matrix, the possibility of Cu-
distribution of Fe, Si, Mg, Mn, respectivelycan clusters and co-clusters AF-Cu forming at the
be seen that the distribution of Fe, Si, and, warly stages of the precipitation reaction during
some extent, Mn is very similandicating that natural aging/ia Equation (2) is very high. This
the intermetallic particles do not contain Mg anés consistent with the suggestion by some
Cu. The formation of the intermetallic particles isnvestigators (Sakurai & Eto, 1992; Gupta, Morois
believed to have consumed some amounts of t&el loyd, 1996) that Cu-containing precipitates
solute atoms which,otherwise, would have beesuch a$h and its precursor metastable pha&es
available for the formation of the precipitateanay form in Cu containingl-Mg-Si alloys.
phases in the alloy upon subsequent artificial
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Fig. 9. X-ray map showing (a) iron, (b) silicon, (c) magnesium, and (d) manganese
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Conclusion 323-326.
The AA6111 alloy attains an almost monotonidEbwarps, GA., STILLER, K., DunLop, G L., CouPER
strength level after approximately 120 h aging at M. J.(1998) Precipitation SequencedhMg-
room temperature. Natural aging affects the GPI SiAlloys. Acta Mater46(11),3893-3904.
zone formation and dissolution kineticsiA6111.  EntwisTLE, K. M., & PErry, A. J.(1966)The Efect
DSC and EPMA analyses of naturally aged of Binding Between IndiumAtoms and
samples oAA6111 alloy suggest the possibility Vacancies on the Kinetics of Zone Growth in
of Cu clusters forming during the early stages of Aluminum-4Wt percent Coppeklloys. J. Inst.
natural aging since a very negligible amount of Metals 94, 24-30.
Cu was found in the intermetallics. Theranz, E. C.(1985) Natural andrtificial Aging of
microstructure 0fAA6111 consists of angular the 6xxx Series Extrusidiloys. Lt MetalAge

intermetallic particles of thal FeSitype. 43(11-12), 12-15.
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