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Abstract

The solute-nanostructures formed in the prin@#l grains of a Semi-Solid Metal cast Al-7Si-
0.6Mg alloy (F357) during ageing at I8 and the age-hardening response of the alloy have
been systematically investigated using transmissigactron microscopy, atom probe
tomography and hardness testing. A 120-h naturageing led to the formation of solute
clusters and GP zones. The natural pre-ageing dlaegn the precipitation kinetics six-fold
during 1 h ageing at 18Q, but this effect diminished after 4 h when thengke reached the
same hardness as that without the pre-ageing tesatrit reduced the number densityof
needles to approximately half of that formed in pke® without the treatment, and postponed the
peak hardness occurrence to 4 h, 4 times thateoh$hquenched sample. A hardness plateau

developed in the as-quenched sample between 1 B &nageing corresponds to the growth of



the 3" precipitates and a significant concurrent decredssolute clusters and GP zones. The
average Mg:Si ratio of early solute clusters is.ZWhile that of GP zones changes from 0.8 to
0.9 with increasing in their size, and thaf3éfneedles increases from 0.9 to 32%needles, GP

zones and solute clusters are important strengtgeswlute nanostructures of the alloy. The

partitioning of solutes and precipitation kinetafghe alloy are discussed in detail.

Keywords: Solute nanostructure; Precipitation; Gastminium alloys; Atom probe tomography;

TEM.



1. Introduction

Casting alloys Al-7Si-Mg A356/7 are used for cuficcastings in aircraft such as the engine
support pylons and automotive components such aelwhand cylinder heads [1,2]. They
contain 6.5 - 7.5% Si, which is significantly highthan that of the 6000 series Al alloys of
generally< 1.5% Si [3]. The typical microstructures of thesys consist of primarg-Al
grains and eutectic structures. In the as-castitondthe primarya-Al grains are much softer
than the eutectic structures. Ageing treatmerggsiired to strengthen the primaryAl grains in

order to enhance the overall strength of the alloys

Precipitation in thex-Al grains of the cast Al-Si-Mg alloys has seldom bewrestigated in
detail. In contrast, the precipitation of the 6G@0ies alloys has been studied extensively and the
decomposition of the supersaturated solid soluf8BSS) is believed to occur in a sequence as
follows [4-6]:

SSSS— (Mg + Sikiusters/ GP-kpherica— B" / GP-lheedies— Brods — B (+ Si)
where GP denotes Guinier-Preston zoifiesand 3" are metastable precursors [bfwith ' =
Mg1.7/Si andB” = MgsSis andf3 = equilibrium MgSi) [4,5]. It is usually assumed that consists
of only Mg and Si, but significant quantities of Ahve been detected in these precipitates [6,7].
Solute clusters are important for the evolutiorthaf precipitation microstructure. However, the
precise nature of solute clusters in Al-Mg-Si wrbugl alloys is far from clear yet, and remains
an important topic attracting significant reseanterests [6,8-11]. Previous research using 1D
atom probe (1DAP) suggested three types of solutters i.e. Mg clusters, Si clusters and Mg-
Si clusters, based on a few solute-rich featurésctkd. Since a 1DAP analysis was typically
from a region of 1-2 nm in diameter and sufferafrthe lack of lateral resolution, the analysis
was unable to distinguish between partial and whhisters detected. The uncertainty makes the
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1DAP analysis not suitable to detect the precigmustry of each single cluster given that those
earlier solute clusters likely have a range of cosipons. Failing to address the limitations of
the 1DAP analysis makes some previous interpretsitebout the chemical characteristic of
small solute clusters problematic. This may exphaimy pure Mg and Si clusters were not
observed in later 3DAP measurements [6,11] andcethez conflictions among different 1DAP

results [8-10].

The influence of prior natural ageing time on thbsequent artificial ageing response of Al-Mg-
Si wrought alloys has been an interesting topic lsel attracted a lot of research interest [3,12-
16]. In the 6000 series alloys with high alloyingraent concentrations, clusters formed during
natural ageing have been considered to be “robdistthg subsequent artificial ageing [1,12].
They are believed to trap the available vacandiasthey do not serve as favourable sites for
heterogeneous nucleation @f [16]. For instance, in alloy 6082 artificially afj@gnmediately
after a solution treatment, the number densitf3"gbrecipitates has been reported to be almost
five times higher than that of samples naturallgdafpr a week followed by the same artificial
ageing [12]. This has an adverse effect on thaleepsoperties of the alloy [1,15]. The opposite,
however, is believed to occur in the 6000 seridgyslwith low alloying element addition
[1,13,15]. Chang and co-workers [13] described aslfive effect” of natural pre-ageing on
precipitation hardening in an Al-0.44at%Mg-0.38at%#foy, i.e. natural pre-ageing led to an
increase in peak hardness compared to samplesuwiphior natural ageing. In this case, some
of the clusters formed during natural ageing arstyated to act as nucleation sites ¢

resulting in smaller needles at a higher numbesitieiL3].

In Al-7Si-Mg casting alloys, natural pre-ageing sasi a sluggish age-hardening response during
subsequent artificial ageing, but interestinglg éxtent of the loss in hardness is fully recovered
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upon further artificial ageing [17-19]. To dategetd is a lack of detailed research revealing
precipitate micro- and nanostructural evolutionimigirageing of Al-Si-Mg casting alloys. The
influence of natural ageing on subsequent artifi@ggeing of Al-Si-Mg-(Cu) casting alloys is not
yet fully understood [20]. It is believed that atbe understanding of the precipitation behaviour
of Al-7Si-Mg casting alloys could lead to optimizéxat treatments to improve the alloy’s
performance and could benefit in new alloy desigh The objective of this research is to
evaluate the formation of solute-nanostructureghea-Al grains using advanced atom probe
tomography (APT) and transmission electron micrpgdd EM) and to unveil the characteristics
of solute clusters, GP zones ggitl formed in the alloy under different ageing coratis. This
research aims to develop a deeper understandittgeaianostructural evolution of Al-7Si-Mg
alloys and to reveal the effects of natural prewagen precipitation kinetics during subsequent

artificial ageing in this alloy.

2. Experimental Methods

Al-7Si-0.6Mg alloy F357, with chemical compositiotisted in Table 1, was prepared from
semi-solid metal (SSM) slurries using the Coundt Scientific and Industrial Research
Rheocasting System (CSIR-RCS) [21], Macro-Vickessdhess (VHN) measurements were
performed using a 10 kg load with a standard dewiadf + 3 VHN. Micro-Vickers hardness
measurements on the primaxyAl and the eutectic components were performedguairbO g
load. A solution treatment was conducted at°®&4for 1 h, and then the samples were quenched
in water. Further artificial ageing was conducteédl&PC for up to 4 h. A T4 treatment was
performed at room temperature for 120 h. The keriests were performed using an INSTRON

1342/H1314, with 4 samples tested for each datat.poi



Thin foils for transmission electron microscopy (MEwere prepared from 3 mm discs by using
twin-jet electro-polishing in a solution of 30% nmt acid in methanol at -3C. TEM
examinations were performed using a Philips CM1EMToperated at 120 kV. Tip samples for
APT analysis were prepared from blanks with dimemsiof 0.3x0.3x15mfrusing a two-stage
electropolishing technique [22]. The first stagedis solution of 25% perchloric acid in acetic
acid at 15V, whereas the second stage used arrofyeetof 5% perchloric acid in 2-
butoxyethanol at 20V. APT analysis was done undaul@ahigh vacuum (~ 1 x ToPa) at ~ 20
K, and a voltage pulse fraction of 20%, using adldflectrode Atom Probe (LEAP3000X SI®)
and having at least 20 million atoms collected éach data set. Imago Visualization and
Analysis Software (IVAS") in combination with advanced calibration techmeiswas used in
APT data reconstruction and visualization [23,ZBhe maximum separation algorithm was
employed for cluster identification [7], with Mg, &nd Cu as clustering solutes, a separation
distance of 0.6 nm, a surrounding distance of Grbta include all other elements, and the
minimum cluster size of n = 10 to reduce the eftdctmall solute clusters that exist in the alloy

with solutes in a random distribution [25-27].

3. Results

3.1. Agehardening response and tensile properties of SSM-HPDC F357 alloy

Hardness curves of SSM-HPDC processed F357 alloples during ageing at 180 with or
without a natural pre-ageing (T4 treatment) arewshn Figure 1. A hardness plateau of 120
VHN was found between 1 and 4 hours for the sampliéisout the natural pre-ageing. In
contrast, no such a plateau, but the peak hardme$20 VHN at 4 h was observed for the

samples experienced the T4 treatment. The hardfefe primarya-Al is very close to the



macrohardness of the alloy, but the hardness cdubectic structure is higher. This demonstrates
the importance of strengthening primanAl grains of the cast alloy, as observed in al8b6

[28].

Table 2 shows tensile properties of the samples &gedifferent conditions. The tensile test
results correlate well with the hardness curveswsh@n Fig. 1. The as-quenched samples
artificially aged for 1 h and 4 h had the same hasd (Fig. 1), similar ultimate tensile strengths
(UTS), but different yield strengths (YS) and dlikegis (Table 2). The 1 h sample had a
significantly lower YS and slightly higher ductylithan the 4 h sample. The samples artificially

aged for 4 h with or without the natural pre-ageang similar in YS, UTS and ductility.

3.2. TEM observations of solute nanostructuresin the SSM-HPDC F357 alloy

Figure 2 shows <00Ly bright field (BF) TEM images and correspondingeseédd area
diffraction patterns (SADPs) of T4-treated F357wlkamples aged at 18D for up to 4 h.
Except for dislocations, no precipitates are obsein the BF images of the T4 sample and the
180°C-10min sample in Fig. 2a and 2b respectively. Thonsistent with only diffraction spots
of the Al matrix observed in SADPs. After ageingl&0C for 1 or 4 h, streaks were clearly
observed in the <00:>SADPs of the samples as shown in Figs. 2c andad.corresponds to
the needle-likg3" precipitates in dark contrast in the BF imagesgFig and 2d) [29]. With the
increase in ageing time from 1 h to 4 h at’I80the sizesf "-needles increased from ~ 2 nm
diameter x 10 nm length to ~ 4 nm diameter x 25 angth in the pre-aged samples (Figs. 2c

and 2d).

Figure 3 shows BF images and SADPs of the sampbgseixperienced no natural pre-ageing

prior to artificial ageing at 18C for up to 4 h. Faint streaks in the <OQ1SADP of the sample



aged for 10 minutes at 180 as shown in Fig. 3a, indicated the limited ppitation of " in
dark contrast (~ 2 nm diameter) in the BF imageeitgeing for 1 and 4 h at 1€ the
intensity of streaks in the SADPs (Figs. 3b andi3cjeased significantly, indicated that more
B"- needles formed [8]. With the increase in ageingetfrom 1 h to 4 h at 18C, the sizes of
B"-needles in the samples without the pre-ageingnirexat increased from ~ 3 nm diameter x 20

nm length to ~ 4 nm diameter x 25 nm length (Figgsald 3c).

3.3  APT examination of the solute nanostructures of the F357 alloy

Figure 4 shows three-dimensional (3D) reconstrudtiedatom maps containing only solute-
enriched features in the samples experienced 1Batiral ageing before artificial ageing at
18C°C for up to 4 h. Only equiaxed solute-rich features. clusters and GP zones, were
observed in the sample in the T4 condition and &lgad at 18T for 10 min as shown in Figs.
4a and 4b respectively. After ageing for 1 h, oalyew "-needles were evidenced with the
remainder equiaxed solute-rich features (Fig. #d)er ageing for 4 h (peak-aged sample),
" precipitates are dominant as shown in Fig. 4ds Mifficult to make a scientific distinction
between GP zones and solute clusters because iofsih@lar spherical morphologies [4].
Critical sizes of 8 and 30 solutes have previousten used to distinguish between solute
clusters and GP zones in wrought Al-Mg-Si alloy8(8. In this research, all solute-rich features
were divided into three groups according to theies. Considering a detection efficiency of
~55% in APT analysis, a spherical feature of 1 nndiameter should be detected containing
about 30 atoms. We used 20 solutes as a critmalesisuming that 1/3 detected atoms will be Al
atoms. The small solute-rich features containing2Q@letected solute atoms are designated as
solute clusters. Those containing 21-100 solutematare GP zones, and elonggBédtontains >

100 solute atoms.



Figure 5 shows Mg atom maps containing only sotuteehed features after removing solutes in
the matrix of samples experienced no natural ageiiog to artificial ageing at 18C for up to 4

h. Ageing for 10 min at 18C caused the formation of larger equiaxed solue-feéatures in a
high number density, as shown in Fig. 5a. Afterimgdor 1 h, significant amounts d¢3"-
needles, (Fig. 5b) formed in the alloy. After agefor 4 h,[3"-precipitates are dominant in the

microstructure.

3.3.1. Number density evolution of precipitates

Figure 6 shows the evolution of the number densityolute-rich features in alloy F357 samples
with/without natural pre-ageing during ageing a0°13 for up to 4 h. The T4 sample contains
only high number densities of solute clusters (228%* m*) and GP zones (5.41 x 2am

% (Fig. 6a). Further ageing of the T4 sample at’C8fr 10 min leads to a slight decrease in the
number density of solute clusters (2.21 **18°), but a slight increase in the number density of
GP zones (6.68 x ¥dm®). Further ageing for 1 h leads to the transforamaiif clusters into GP
zones, with a decrease of the cluster number gefis&3 x 16* m™) but an increase in GP-zone
number density (9.52 x ¥dm™), as well as the formation of sm@ll-needles at 1.15 x om>,
Ageing for 4 h at 18T results in a significant decrease in solute ehss(4.31 x 18 m®) and
GP zones (1.57 x ¥dm™), but an increase if"-needles number density (1.49 ¥4 and

size, which provide the peak hardness (Fig. 1)strehgth (Table 2).

The evolution of the number density of solute-rieatures in the alloy without the T4 treatment
is largely different from that experienced the Tdatment during ageing at I The as-

guenched sample aged for 10 min at°I8@roduced not only solute clusters and GP zonds, b



also smallp”-needles containing 101-400 solute atoms in a nurdeesity of 7.60 x 138 m*
(Fig. 6b). This is in good agreement with the fatreaks observed in the <001> SADP of the
sample (Fig. 3a). Further artificial aging to 1 &used a significant increase in the number
density and size d"-needles (3.29 x ¥dm>), but a decrease in the number density of both
solute clusters and GP zones. After ageing for thénnhumber density ¢drge ”-needles with
more than 1200 solute atoms increased almost &timel.88 x 1& m™ (Fig. 6b), but the
number density of solute clusters decreases altrfbsimes and that of GP zones decreases to

8.45 x 13° m*. This coincides with the hardness plateau as showigi 1.
3.3.2. The evolution of chemistry of clustersand precipitatesin alloy F357

The Mg:Si ratios of solute clusters, GP zones @lhdeedles in samples with or without the T4
treatment prior ageing at 18D are shown in Figure 7. The Mg:Si ratio of theuslrich
features increases with artificial ageing time las decomposition of the supersaturated solid
solution proceeds from clusters to GP zone’'tdrhe early solute clusters formed after 10 min
ageing are Si-rich with a Mg:Si ratio of 0.7, lekan 0.83, the theoretical ratio Bf[1,4]. A
similar Mg:Si ratiowas reported for solute clusters in an Al-7Si-0.3Mtpy A356 [2]. The
needles with > 1200 solute atoms have a Mg:Si wHtio 1.0 — 1.2 (less than 1.7 1), which is
in agreement with the ratio of 1.2 found f@t-needles in the peak aged Al-7Si-0.3Mg alloy

A356 [2].

Significant quantities of Al have been detectedlinprecipitates in this study. On average, the
solute clusters were found to contain ~ 3.7 at% kg &5 at% Si, the GP zones ~ 6.1 at% Mg
and 6.5 at% Si and tig¥-needles ~ 10.5 at% Mg, and 9.3 at% Si. Similarlte$iave also been
reported in wrought alloy 6061-T6 [6] and an Al-MB}—Cu alloy containing an excess of Si [7].

10



Structural models that accommodate Al atomB"imeedles and GP zones have been proposed
based on TEM studies [31,32]. The F357 alloy cost&u at 0.02 at% (Table 1). Small solute
clusters were detected having weak Cu-enrichmentsheown in Fig. 8. With increasing in
ageing time, the Cu concentration of the GP zone®asedB” precipitates were observed with

higher Cu enrichment than both the GP zones andescolusters.

3.3.3. The matrix composition evolution

The solute-concentration evolution in the matrix kg57 alloy samples with/without the T4
treatment during ageing at 1®Dfor up to 4 h is illustrated in Figure 9. The Migd Si contents

of the analysed volume (a primaotAl grain) in the T4 condition are 0.51 and 1.48%at
respectively. The Si content is in reasonable agest with ~ 1.3 wt% Si detected in the matrix
of an Al-7Si-0.5Mg alloy by electron probe microfysss (EPMA) [33]. Ageing at 18 for 10
min of the T4 sample did not result in a significahange in the composition of the matrix.
However, further artificial ageing causes a gradiesirease in the matrix solute content due to
precipitation. The Mg concentration in the matrecteased from 0.35 at% to 0.12 at%, and the
Si concentration in the matrix decreased from h#4 to 1.04 at% during ageing from 1 hto 4 h
at 180C. For the alloy without the T4 treatment, a sHdtmin ageing at 18C resulted in a
large decrease in the matrix solute concentratiors43 at% Mg and 1.40 at% Si measured in
the matrix. This is consistent with more GP zoned [’ precipitates formed in the alloy as
shown in Fig. 6. Further ageing from 1 h to 4 hsembia decrease in the Mg concentration of the
matrix from 0.25 at% to 0.11 at% Mg and a decreddbe Si concentration of the matrix from

1.23 at% to 1.13 at% Si.
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4. Discussion

TEM and APT examinations confirmed the coexisteoiceolute clusters, GP zones gBiflin

the primarya-Al grains of the casting Al alloy after ageingl&80°C for 4 h. No significant Si
clusters and Si-precipitates were observed. Thorsistent with previous work reporting the
observation of Si precipitates only in over-agednostructure of a similar casting allegs6/7
aged at 180C for 196h [2]. This also appears to be consistetit previous results of wrought
Al-Mg-Si alloys with excess Si, i.e. no Si precgigs were observed during early-stage
precipitation without the formation of equilibriufd (Mg.Si) [8,11,12,32,36]. Therefore, the
precipitation sequence of the alloy during agemrguip to 4 h at 18 (the peak aged condition)

can be summarised as follows:

SSSS— solute clusters» solute clusters + GP-zones solute clusters + GP-zone$*eedies
A natural pre-ageing treatment did not alter thecypitation sequence, but it did affect
precipitation kinetics and the relative proportiohsolute clusters, GP zones aittneedles
formed in the microstructure of the alloy (detafswhich will be discussed in the following

sections).

4.1. The partitioning of solutes during precipitation of the Alloy F357

Quantitative APT measurement confirmed that eadluts-clusters were richer in Si with
average Mg:Si ratios in the range of 0.6-0.7, aswshin Fig. 7. This ratio is significantly higher
than the Mg:Si ratio (0.29) of the primamyAl grains. The average Mg:Si ratio of solute ctust
in the T4 condition was 0.6, less than 0.7 in theygle shortly aged for 10 min at X&) The

low Mg:Si ratio of the solute clusters formed abmotemperature appears to be consistent with
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the strong Si-Si pair correlation as suggested A&6016 after a long storage at room
temperature [10]. In addition, Mg-Si correlation shibe significant, otherwise, the Mg:Si ratio
of solute clusters will not reach 0.6 > 0.29 of thdl grains. Interestingly, after a short ageing
for 10 min at 186C, solute clusters formed from the samples witkvitihout T4 treatment have
the same average Mg:Si ratio of ~ 0.7 and similamiver density of ~ 2.2 x ¥om™>.
Assuming that short-range ordering is correlatedh waluster chemistry, the same cluster
chemistry probably suggests that the formationeat short-range-ordering from a pre-existing
short-range ordering is very quick at 180 The chemistry of pre-existing small clusters may
be a dominant factor to influence the precipitatkaretics of the alloy at 18C. This conclusion

is further supported by the same chemistry of si@&llzones containing 21-50 solutes observed
from the T4 sample and the as-quenched sample fagdd min at 180C, as shown in Fig.7.
The strong interactions of Si-Si and Si-Mg and famt diffusion of Si likely facilitated forming
clusters with a low average Mg:Si ratio. Indeea, diffusivity of Si in Al at 180C is estimated
to be 3.8 x 18° m?s, twice that of Mg in Al (1.9 x I8 m%s), using Arrhenius parameters

given by Du et al [34].

After 10 min ageing at 18C, the T4 sample slightly increased the total nundeasity of solute
nanostructures from 2.82 x 4qT4) to 2.88 x 18 m™, less than 3.61 x ¥bm?> in the sample
without natural pre-ageing prior ageing for the same. Further ageing to 1 h at 280 the
solute-clusters quantity of the T4 samples decre&886 (to 1.53 x 1J m®), which is lower
than the 62% decrement (to 8.32 x?Lén>) observed from the samples without the T4
treatment. It is noteworthy that the average Mgaio of these residual solute clusters remained

at 0.6 in the thermally aged T4 sample. This probeplies that solute clusters with low Mg:Si
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ratios formed during natural pre-ageing are ditfi¢do transform during subsequent ageing at

18C°C, as suggested previously by Yamada et al [16].

The formation of GP zones from solute clusters Ived the further enrichment of Mg and
increases in their sizes and average Mg:Si ratidka range of 0.7-0.9. Larger GP zones exhibit
higher Mg:Si ratios. It has been suggested thaMsSi ratio of most well-developed GP zones
is 0.833 in a 6082 Al alloy (with a Mg:Si ratio f8) [32]. This value is in reasonable agreement
with the average values of larger GP zones obsenvidt primarya-Al grains of the cast Al-Si-
Mg alloy (with a Mg:Si ratio of 0.29), but is highéhan the value of small GP zones which
likely just transformed from solute clusters. Thiglicated that alloy Mg/Si ratio has no
significant influence on the chemistry of GP zoreey] the growth of GP zones involves further

enhanced enrichment of Mg.

["-precipitates were observed with an Mg:Si ratio tihre range of 0.9-1.2, and larger
" precipitates exhibited a ratio close to 1.2. Presiatom probe measurements produced great
inconsistency in the chemistry Bt precipitates [8,9]. This is largely due to the pstatistics of
only few precipitates detected in previous atombpraneasurements. Recent first-principle
calculations suggest that the lowest formation @pthconfiguration of3” has a Mg:Si ratio of
1.25 [35], which is consistent with 1.2 detectedoam the large3” precipitates in the alloy.
Since thef" precipitates are transformed from large GP zories, ieasonable to believe that
" precipitates should have a range of compositionsleasonstrated by this research. The
formation of3"-precipitates from GP zones was likely controllgdtibe diffusion of Mg, since

Mg diffusivity is lower than that of Si at 180. This observation appears to be consistent with

previous suggestion that Si atoms control and eréhamucleation of solute clusters, whereas
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subsequent growth into GP zones and the formatfofA" grecipitates are controlled by the

slower diffusing Mg [3,4,13].

It is worth noting that between 10 min and 4 h géiag at 180C, the precipitation is in the
growth regime as indicated by the decrease in tagixniMg and Si concentrations (Figs. 9 and
10). Most of the Si and Mg from the matrix assisted growth off3" precipitates. A small
fraction of Si might goes to solute clusters an@l$iBP zones to lower their Mg/Si ratio in the
naturally pre-aged samples (Fig. 7). In the groketfime, although the relative amount of Si (to
Mg) in the largef3”’ precipitates decreases, the growth of the pretgstconsumes Si from the
matrix. This is consistent with the absence of pBreprecipitates observed at this stage. In
coarsening regime, the further increase in Mg/Sioraf precipitates could cause the
precipitation of Si. This is probably the case asvusly reported for Al-Mg-Si alloys with

excess Si in an over-aged condition [2,12,32,36].

4.2. Formation of solute nanostructuresduring artificial ageing of F357 samples

The number density of solute clusters (2.28 ¥* 10°) in the T4 sample is more than 4 times
that of GP zones (5.41 x ¥0om?®), as shown in Fig. 6a. The slight decrease inntheber
density of solute clusters is concurrent with ghdlincrease in the number density of GP zones
during ageing for 10 minutes at & The dissolution of room-temperature clustersiraur
artificial ageing has been inferred from differahtscanning calorimetry (DSC) before [36]. If
this process occurred in the F357 alloy with amyiicance, the dissolution of clusters should
result in an increase in Mg and Si concentratidritb® matrix after ageing for 10 min at T80

The fact that no such increase in Mg and Si comagahs of the matrix were observed, as
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shown in Fig. 9, indicates that the dissolutiorsolute clusters is probably not significant. The
coalescence of some small solute clusters mostylikecurred in the alloy, as has been

postulated for Al alloy 7050 [37].

Precipitation of GP zones afid precipitates during further ageing for 1 h and kesults in a
decrease in the Si and Mg contents of the matiigz. . The precise formation mechanism of
" remains unclear due to the lack of detailed expemtal evidence, although it has been
assumed that the formation [@f-needles is by heterogeneous nucleation from GPszj@)2].
The chemistry vs. size profiles of GP zones Bhdbtained by the APT analysis, as shown in
Figs. 6-9, clearly demonstrate the continuous dianubetween the two. It is therefore
reasonable to believe that the formationBtfis by the transformation of the large GP zones,
because their chemistry and size are much clostitose of the smafp” precipitates. The co-
existence of GP zones afid over longer thermal ageing periods indicates tisatall of the GP
zones transform int@"”. It is probably only those GP zones with size aadhposition close to
" that have a strong tendency to transform Bito The increases in both the number density
and size of3"-needles after ageing for 4 h eventually providegbak hardness (Fig. 1) and peak

strength (Table 2) of the alloy.

4.3. Precipitation kinetics and hardening effects during artificial ageing of alloy F357

The reduction in relative solute-concentration loé tmatrix can reflect the progress of the
precipitation process. Fig.10 shows the relatiieteseconcentration reductions measured from
the matrix of naturally pre-aged (T4) and as-quedchamples during ageing at 180 This

parameter measured from the matrix of the T4 saragexl for 1 h is close to that of the as-
guenched sample aged for 10 min. This indicatessthigaprior natural ageing has slowed down
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the precipitation six-fold in comparison with the-guenched sample during ageing at°T30
which is most likely due to a decrease in vacanogicentration after the natural ageing.
Interestingly, after ageing for 4 h at I8) the relative reductions of the matrix solute
concentrations detected in the two samples reathedsame level. This indicates that the
decomposition of the supersaturated solid soluiiothe two respective microstructures has
developed to a similar stage. The initial vacanoncentration difference between the two
samples has little influence on the long-term pieaiion process after 4 hour ageing. After 1 h
ageing at 18TC, the vacancy concentrations of the two samplesapto have quickly evolved
to the stable concentration at that temperature fidtural pre-ageing treatment significantly
delayed the formation of GP zones with a peak nurdbasity at 1 h ageing at 18D (Fig. 6a),
and delayed the formation Bt with no 3" precipitate formed after 10 min artificial ageing.
After 1 h ageing at 18C, the number density @' precipitates (1.15 x ¥dm>) observed from
the T4 sample was much lower than the number deosB.29 x 16°* m™ from the as-quenched

sample (Fig. 6).

The precipitate volume fraction has a strong cati@h with the strengthening effect observed in
thea-Al grains of the cast Al-7Si-0.6Mg alloy. Thisesident by comparing the relative solute-
concentration reduction of the matrix (Fig.10) wille alloy’s hardness data (Fig.1), since the
relative solute-concentration reduction of the mashould be directly related to the volume
fraction of precipitates formed in the alloy. Dugia0 min ageing at 18C, the relative solute-
concentration reduction of the matrix of T4 sam@hswed no clear decrease, suggesting that
no significant change of precipitate volume fractid'his is consistent with little hardness
change observed in Fig.1. The T4 sample aged foafd the as-quenched sample aged for 10
min were observed with the same relative solutesentration reduction of the matrix and
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similar hardness as well. Similarly, the T4 sanmid as-quenched sample aged for 4 h at@80
were observed with a similar level of solute conion reduction and again the same hardness
was observed. Careful APT characterisations, as/nshio Figs. 4-6, confirmed the coexistence
of solute clusters, GP zones afidin the primary grain of the alloy in the peak has®
condition. All those nanostructures are respondiniestrengthening the alloy. Interestingly, the
size, number density and composition of solutetelss GP zones an@d’ in the alloy were
evolved differently with the increase in ageingdinSuch complexity of solute nanostructures
has not been fully considered in previous modelbhdl-Mg-Si-(Cu) wrought alloys [38]. It is
expected that the prediction power of a theoreticeddel will be further enhanced by

successfully incorporating the strengthening efédll solute-nanostructures.

5. Conclusions

* The precipitation sequence in the primarAl of the casting Al-7Si-0.6Mg alloy F357 up to
the peak aged condition (1%8D-4h) can be expressed as SSSSolute clusters» solute
clusters + GP-zones solute clusters + GP-zoneg* A natural pre-ageing for 120 h has
no influence on the precipitation sequence of thoy abut affects precipitation kinetics
during initial 1 h ageing at 18G.

* The natural pre-ageing slowed down the precipitekinetics six- fold during the 1 h ageing,
but such effect diminished after 4 h when the allegched the same hardness as that of an

as-quenched sample.

* The number density d¥"'-needles formed in the primanrAl grains of the naturally pre-

aged sample is approximately half of that of theq@snched sample. A 1-h ageing of the as-
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guenched sample at 18D promoted the formation ¢'-needles at a high number density,

as the alloy reached its peak hardness.

The Mg:Si ratio of the early solute-clusters in gll®y in T4 condition is ~ 0.6, less than 0.7
observed in the alloy aged for 10 min at AB0The ratio of GP zones increases from 0.8 to
0.9 with increasing in their size, so does the Mga8o of 3" precipitates increases from 0.9
to 1.2. This indicates that the formation of thetastable phases involve enhanced

partitioning of Mg.

The precipitate volume fraction is an importantgoaeter for strengthening the alloy. Solute
clusters, GP-zones afil needles are responsible for the peak harnese @ilhy. A
hardness plateau between 1 h and 4 h ageing con@spo the growth @'’ precipitates and

concurrent decrease of solute clusters and GP zones
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Figure 1: Artificial ageing curves for SSM-HPDC@}IF357 following no or 120 h of natural
pre-ageing (NA), including the microhardness valokthe primarya-Al and the eutectic

components.
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Figure 2: Bright field TEM images and SADPs for S$MDC alloy F357 artificially aged at

180°C for (a) 0 min, (b) 10 min, (c) 1 h and (d) 4 keafL20 h natural pre-ageing.
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Figure 3: Bright field TEM images and SADPs for S$MDC alloy F357 artificially aged at

180°C for (a) 10 minutes, (b) 1 h and (c) 4 h aftematural pre-ageing.
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Figure 4: 3D Mg atom maps containing only solutectred features after removing solutes in
the matrix of SSM-HPDC alloy F357 aged at &B@or (a) 0 min, (b) 10 min (c) 1 hand (d) 4 h

after 120 h prior natural ageing.
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Figure 5: 3D reconstructed Mg atom maps contaioinlg solute-enriched features after
removing solutes in the matrix of SSM-HPDC alloybFaartificially aged at 18 for (a) 10

min (b) 1 h and (c) 4 h after no prior natural agei
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Figure 6: The evolution of the number density agypitates in SSM-HPDC alloy F357
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Table 1: Chemical composition of SSM- high presslieecasting (HPDC) alloy F357.

Si Mg Fe Ti Cu Mn Zn Sr Al

wit% 6.8 0.49 0.13 0.13 0.04 0.01 0.06 0.02 Balance

at% 6.6 0.54 0.06 0.07 0.02 0.005 0.02 0.006 Balanc
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Table 2: Tensile properties of SSM-HPDC alloy F357.

YS (MPa) UTS (MPa) % Elongation

T4 176 + 4 299 + 2 18.0+1.9

120 h NA,186C-10 min 164 +3 288 +3 20.2+0.9
120 h NA,186C-1 h 253 +10 335+4 11.7+29
120 h NA,186C-4 h 303+4 356 +4 106+15
0 h NA,180C-10 min 1808 298 +3 19.1+26
0 h NA,186C-1 h 288 +4 362 + 2 125+3.1

0 h NA,180C-4 h 304 +3 365+3 106 £ 1.7
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