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The microstructural evolution during age hardening of a Cu-bearing Al-Mg-Si alloy has been investi-
gated by the three-dimensional atom probe (3DAP) and transmission electron microscope (TEM)
techniques, in order to clarify the effect of Cu on the initial age-hardening response. After 30 minutes
of artificial aging at 175 8C, the alloy shows a significant increase in hardness. The TEM observations
have revealed that very fine, needle-shaped b 9 precipitates are formed in addition to spherical Guinier–
Preston (GP) zones, whereas only the spherical GP zones are observed in the Al-Mg-Si ternary alloy
using the same aging condition. The number density of the precipitates is significantly affected by
the preaging conditions. The 3DAP analysis shows that the distribution of Cu atoms is uniform after
30 minutes of artificial aging at 175 8C, whereas Cu atoms are incorporated into the needle-shaped
b 9 precipitates after 10 hours of aging at 175 8C. Based on these microanalytical results, the effect
of Cu additions on the age-hardening response of Al-Mg-Si alloys is discussed.

I. INTRODUCTION retards the formation of Mg-Si clusters at room temperature.
They proposed that the smaller clusters are reverted at theTHE 6000-series wrought Al-Mg-Si(-Cu) alloys are
temperature for artificial aging. This, in turn, increases thewidely used as medium-strength structural alloys. In the
supersaturation of Mg2Si, resulting in a larger driving forcecontinuing drive for automobile weight reduction, Al-Mg-
for precipitation at the temperature of artificial aging. SuzukiSi(-Cu) alloys are considered to be the most promising candi-
et al.[11] also reported that Cu additions increase the initialdates for heat-treatable body sheet materials. Numerous
rate of hardening and the peak hardness. This was attributedinvestigations on the precipitation process,[1,2,3] the process
to the increase in the number density of the needle-shapedof two-step aging,[4] and the effect of alloy composition on
precipitates with increasing Cu content. More recently,the age-hardening response[5,6] have been carried out. Since
Laughlin et al.[10] reported that the Cu level has a large effectthe alloys for body sheet applications must be age hardened
on the age-hardening kinetics in the underaged regime andduring the paint-baking process, substantial age hardening
a smaller but noticeable effect on the value of peak hardness.must occur during artificial aging for less than 30 minutes
They found that the microstructure of the alloy with a higherat about 175 8C. It has been reported that the Al-Mg-Si
Cu content is much finer than that of the alloy with a loweralloys containing excess amounts of Si, with respect to the
Cu content, as reported earlier by Pashley et al.[1] In addition,Al-Mg2Si quasibinary composition, exhibit a faster age-
they attributed the increase of the kinetics of artificial aginghardening response.[5] A recent atom-probe study by the
to the formation of Q8 precipitates, which form in additionpresent authors[7] revealed that the chemical compositions

of the Guinier–Preston (GP) zones and the b 9 precipitate to the phases that precipitate in the ternary alloys. The Q8
change with the alloy composition, and that the number phase is considered to be a precursor phase (coherent ver-
density of the GP zones in the paint-bake condition increases sion) of the equilibrium Q phase (Al5Cu2Mg8Si6

[6,9] and
as the number of Si atoms available to form Mg-Si coclus- Al4CuMg5Si4

[10]). Sagalowicz et al.[12] also reported the pres-
ters increases. ence of lath-shaped precipitates in the Al-Mg-Si alloy with

There are several reports on the effect of the quaternary- 0.01 wt pct Cu and 0.7 wt pct Mn, which are believed to
element addition on age hardening of Al-Mg-Si alloys.[1,8–10]

be a derivative phase of the Q phase. Earlier, Dumolt et
Cu additions generally increase the kinetics of precipitation al.[13] reported the formation of lath-shaped B8 precipitates
during artificial aging, as well as reduce the deterioration in the quaternary alloy aged for 8 hours at 180 8C and
of the age-hardening response arising from natural aging of proposed that the precipitates were orthogonal or hexagonal,
the Al-Mg-Si alloy. Collins[8] reported that the presence of with the long dimension of the lath along the ^100&Al direc-
Cu causes a small reduction in the solubility of Mg2Si, which tion. This B8 phase is the same as the Q8 one reported later
increases the supersaturation of the Mg2Si phase for a given by Laughlin et al.[10] Edwards et al.[14] also reported the
alloy composition. Chaterjee and Entwistle[9] reported that formation of B8 (or Q8, per Reference 10) in the commercial
Cu reduces the rate of migration of Mg and Si atoms, which

6061 alloy. However, the Q8 (or B8) phase was reported only
in overaged alloys. It has not been shown that this phase
forms in the standard paint-bake condition (30 minutes of
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Table I. Chemical Compositions of the Alloys (Atomic
Percent)

Specimen Code Mg Si Cu Fe Mn Al

0.4Cu 0.61 1.22 0.39 0.05 0.03 bal
0.0Cu 0.64 1.23 0.03 0.05 0.04 bal

study is to clarify the role of Cu additions to an Al-Mg-
Si alloy in enhancing the age-hardening response. For this
purpose, we attempted to clarify the chemical compositions
of the precipitation products that form in Al-Mg-Si-Cu alloys
after artificial aging at 175 8C, using a three-dimensional
atom probe (3DAP) and a transmission electron microscope
(TEM). The 3DAP is capable of mapping individual atoms
in real space with a near-atomic resolution.[15,16] Thus, this
technique can determine the chemical compositions of
nanoscale precipitates embedded in a matrix phase without
any convolution effect.

II. EXPERIMENTAL PROCEDURES

The chemical compositions of the alloys used in this study
are listed in Table I. The alloys were solution treated at 550
8C for 30 minutes and subsequently water quenched. The
solution-treated specimens were artificially aged for 30
minutes and 10 hours at 175 8C. In order to examine the effect
of preaging, the specimens were aged at room temperature
(natural aging), 70 8C, and 110 8C before artificial aging at
175 8C. The elemental distributions in the specimens were
analyzed by a 3DAP equipped with the CAMECA tomo-
graphic atom-probe detection system.[16] The atom-probe
analyses were carried out at about 30 K with a pulse fraction

Fig. 1—Age-hardening curves of (a) the 0.0Cu alloy and (b) the 0.4Cu(Vp /Vdc) of 20 pct in UHV (a ultra high vacuum condition)
alloy with various preaging conditions.(,1 3 10210 Torr). Needle-shaped specimens were produced

using standard electropolishing with nitric acid solution.
The microstructures of the samples were examined with a specimen becomes slightly smaller than that of directly aged
PHILIPS* CM 200 TEM operated at 200 kV. Thin foils for one. This indicates that the preaging conditions do not influ-

ence the peak hardness of the 0.4Cu alloy, whereas they do*PHILIPS is a trademark of Philips Electronic Instruments Corp. Mah-
influence the hardness in the paint-bake condition. In bothwah, NJ.
alloys, the hardness values of the paint-bake condition

the TEM were prepared by grinding the slices to a thickness become smaller when the specimen is preaged at room tem-
of about 100 mm, then by twin-jet electropolishing using a perature, 70 8C, and 110 8C. This result indicates that the
33 pct nitric acid–methanol solution at 230 8C. In order to clusters formed during preaging do not enchance the precipi-
estimate the difference in the density of precipitates, TEM tate hardening at 175 8C. This is in contrast to the case of
images were recorded from the area between the first and the ternary alloy,[7] where preaging at 70 8C resulted in an
second thickness fringes, which guarantees that the areas increased number density of the precipitates in artificially
studied in the samples had approximately equal thicknesses. aged specimens, whereas natural aging retarded the subse-

quent precipitation kinetics of artificial aging. It should be
noted that the hardness of all the preaged 0.4Cu alloys,III. RESULTS including the naturally aged one, are the same as the directly
aged specimen after artificial aging for 10 hours at 175 8C.The Vickers hardness measurements of the preaged and

artificially aged specimens are shown in Figure 1. The value This means that there is no adverse age-hardening effect
due to natural aging after artificial aging for 10 hours. Itof the standard deviation (s) is smaller than the size of the

data points in Figure 1. The hardness of the specimens was reported that natural aging decreases the maximum hard-
ness of the Al-Mg-Si ternary alloy,[7] but the present resultartificially aged for 30 minutes is influenced by the preaging

conditions. However, the hardness of the 0.4Cu alloy aged suggests that additions of Cu decrease the adverse effect of
natural aging to the peak hardness.for 10 hours has the same value regardless of the preaging

conditions. In contrast, the hardness values of the 0.0Cu Figures 2(a) and (b) show TEM bright-field images and
the [001] selected-area electron diffraction (SAED) patternsalloy aged for 10 hours after preaging at 70 8C and 110 8C

become slightly larger than that of the directly aged speci- obtained from the 0.0Cu alloy and 0.4Cu alloy, respectively
which were aged at room temperature for 7 days (naturalmen, whereas the peak hardness value of the naturally aged
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Fig. 2—TEM bright-field images of (a) the 0.0Cu alloy and (b) the 0.4Cu alloy after natural aging for 7 days, (c) the 0.0Cu alloy, and (d ) the 0.4Cu alloy
aged at 175 8C for 30 min after natural aging for 7 days, respectively.

aging). There is no indication of precipitate particles in the solution treatment (directly aged), after preaging at 110 8C
for 17 hours, and after preaging at 70 8C for 17 hours,bright-field image and SAED pattern of the 0.0Cu alloy.

However, a dotty contrast arising from extremely fine parti- respectively. In addition to the contrast due to the spherical
GP zones, fine needle-shaped contrast is observed in thecles is observed in the 0.4Cu alloy, as shown in Figure 2(b).

The shape of the fine precipitates is not well defined, since bright-field images of the directly aged alloy and the alloy
preaged at 110 8C (Figures 3(a) and (b), respectively). Inthey are very fine (,2 nm). and the SAED pattern shows

neither extra reflection nor diffuse scattering. This suggests the SAED pattern shown in Figure 3(a), streaks along the
^001& directions corresponding to the reciprocal space of thethat the precipitates are fully coherent with the matrix and

do not have any distinct structure. Thus, the precipitates are ^001& needle-shaped precipitates are observed. According to
Dutta and Allen,[3] these precipitates are designated as b 9.designated as spherical GP zones, as was done by Dutta and

Allen.[3] Figures 2(c) and (d) show TEM bright-field images On the other hand, only the dark contrast arising from fine
spherical particles is observed in Figure 3(c), and the corres-and the [001] SAED patterns obtained from the 0.0Cu alloy

and the 0.4Cu alloy, respectively which were artificially ponding SAED pattern shows neither extra reflections nor
diffuse scattering; these precipitates are designated as spheri-aged for 30 minutes after natural aging. Since the contrast

due to the particles is still spherical rather than needle- cal GP zones.
The density of the precipitates in the artificially agedshaped, and the SAED patterns show neither extra reflections

nor diffuse scattering, the precipitates are designated as the specimen after preaging at 110 8C is higher than that of the
directly aged specimen, as shown in Figures 3(a) and (b).spherical GP zones. The same contrast is observed in the

0.0Cu alloy, but the density of the GP zones is much lower However, the hardness is higher in the directly aged speci-
men (Figure 1). The number density of the b 9 precipitatesthan that in the 0.4Cu alloy, suggesting that the addition of

Cu increases the density of the precipitates. These results is higher in the directly aged specimen than in the preaged
specimen, which suggests that the main contributor to thesuggest that the kinetics of precipitation in the 0.4Cu alloy

appear to be faster than that in the 0.0Cu alloy. hardness increase is the b 9 precipitates rather than the GP
zones. The density of the GP zones in the artificially agedFigures 3(a) through (c) show a series of TEM bright-

field images and [001] SAED patterns obtained from the specimens after preaging at 70 8C (Figure 3(c)) and natural
aging (Figure 2(c)) is lower than that of the directly aged0.4Cu alloy aged for 30 minutes at 175 8C immediately after
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(a)

(b)

Fig. 4—(a) 3DAP elemental mappings of Mg, Si, and Cu atoms obtained
from the 0.4Cu alloy aged at 175 8C for 30 min after preaging at 70 8C
for 17h and (b) integrated concentration depth profiles of Mg, Si, and Cu
obtained from the selected region that cover a GP zone in (a).

obtained from the 0.4Cu alloy aged for 30 minutes at 175
8C after a 70 8C preaging. In these figures, individual dots
correspond to the positions of individual atoms. The presence
of particles enriched with Mg and Si atoms is evident from
the elemental maps. However, the Cu mapping shows that
the distribution of Cu atoms is rather uniform. The shape
of the Mg and Si enriched particle is not well defined, and

Fig. 3—TEM bright-field images and the [001] SAED patterns obtained these particles are believed to correspond to the GP zones,
from the 0.4Cu alloy aged at 175 8C for 30 min (a) after solution heat as characterized by the TEM in Figure 3(c). Since the con-
treatment and (b) after preaging at 110 8C for 17 h, and (c) after preaging

centration of Mg and Si is as much as a few atomic percent-at 70 8C for 17 h, respectively.
ages, small zones may not be visualized because they are
covered in the background from the supersaturated solute
atoms. Thus, a statistical method known as contingency-specimen. This is in contrast to the fact that the density

of the GP zones in the artificially aged ternary Al-Mg-Si table analysis was employed to test whether or not there is
a correlation in the distribution of Mg and Si atoms.[17] Tablespecimens after a 70 8C preaging was much higher than that

in the directly aged specimen.[7] II shows contingency tables of the number of detected Mg
and Si atoms, based on a block size of 199 atoms, for theIn order to determine the chemical composition of the GP

zones, 3DAP analyses have been carried out. Figure 4(a) 0.4Cu alloy aged for 30 minutes at 175 8C after a 70 8C
preaging. In this table, the observed frequencies containingshows 3DAP elemental mappings of Mg, Si, and Cu atoms
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Table II(a). Contingency Tables for Mg and Si Obtained from the 0.4Cu Alloy Aged for 30 Minutes at 175 8C after
70 8C Preaging

Observed Expected

Mg/Si 0 1 2 $3 Total Mg/Si 0 1 2 $3 Total

0 146 40 14 6 206 0 125.1 44.3 17.5 19.1 206
1 171 53 25 16 265 1 160.9 57.1 22.5 24.5 265
2 140 49 16 26 231 2 140.2 49.7 19.6 21.4 231
3 66 28 8 15 117 3 71 25.2 9.9 10.8 117

$4 41 30 16 23 110 $4 66.8 23.7 9.4 10.2 110
Total 564 200 79 86 929 total 564.0 200.0 79.0 86.0 929

x2 5 54.59 with 12 deg of freedom.

Table II(b). Contingency Tables for Si and Cu Obtained from the 0.4Cu Alloy Aged for 30 Minutes at 175 8C after
70 8C Preaging

Observed Expected

Cu/Si 0 1 $2 Total Cu/Si 0 1 $2 Total

0 117 67 22 206 0 116.6 64.3 25.1 206
1 157 84 22 265 1 150 82.7 25.1 265
2 137 35 27 231 2 130.8 36.5 28.1 231
3 59 35 23 117 3 66.2 36.5 14.2 117
4 31 17 12 60 4 34.0 18.7 7.3 60

$5 25 20 5 50 $5 28.3 15.6 6.1 50
Total 526 290 113 929 Total 526.0 290.0 113.0 929

x2 5 15.15 with 10 deg of freedom.

categorized numbers of Mg and Si atoms are tabulated. preaging, respectively. In both of the bright-field images,
the needle-shaped strain-field contrasts are observed. InExperimentally observed frequencies and the frequencies

for random distribution of Mg and Si are compared using addition, the SAED patterns show streaks along the [001]Al

and [010]Al directions. These streaks are from needle-shapedthe x2 test. The calculated value of x2 is 54.59, with 12
deg of freedom; thus, the null hypothesis that there is no precipitates aligned in the ^001& directions, which are attrib-

uted to the b 9 precipitates.[18,19,20] The size and distributioncorrelation between Mg and Si atoms is rejected, with a
significance level of 99.999 pct (a , 0.001). The table also of the b 9 precipitates in these figures indicate that the micro-

structures of the specimens aged for 10 hours at 175 8C aresuggests that there is a positive correlation between the Mg
and Si atoms (when Mg atoms are detected, there is a ten- the same regardless of the preaging conditions, although

a significant difference in the density and the size of thedency for Si atoms to also be detected in the same atom
block). In contrast, the analysis of the distribution of Si precipitates was observed after 30 minutes of aging. These

microstructural features are consistent with the hardness-and Cu atoms gives the opposite result (Table II(b)). The
calculated value of x2 is 15.15, with 10 deg of freedom. measurement results, i.e., the hardness becomes the same

after 10 hours of aging at 175 8C, regardless of the pre-Thus, the null hypothesis that there is no correlation between
the Mg and Cu atoms cannot be rejected, with a significance aging conditions.

Figure 6(a) shows 3DAP elemental maps of Mg, Si, andlevel of less than 95.0 pct (a . 0.05). Figure 4(b) shows
integral depth profiles or ladder plots of Mg, Si, and Cu Cu atoms obtained from the 0.4Cu alloy aged for 10 hours

at 175 8C after a 70 8C preaging. The 3DAP elementalatoms, determined from a selected volume in Figure 4(a).
The number of detected solute atoms is plotted as a function maps of Mg and Si show the presence of needle-shaped b 9

precipitates (indicated by the arrow). The needle-shapedof the total number of detected atoms in the volume. The
horizontal axis corresponds to the depth; hence, the slope precipitates are about 2 nm in diameter and 20 nm in length.

The Cu elemental map shows that Cu is partitioned to theof the plots represents the local concentration of the GP
zones. The number of detected Mg and Si atoms from this needle-shaped precipitates. Since the b 9 precipitates are

basically composed of Mg and Si, a correlation in the distri-GP zone is 7 and 9, respectively; thus, the atomic ratio of
Mg:Si in the spherical GP zone is almost 1:1. These results butions of Cu and (Mg 1 Si) atoms is examined by the

contingency-table analysis. Table III shows contingencyindicate that there is no enrichment of Cu in the GP zones,
and the chemical nature of the GP zones is the same as that tables of the Cu and (Mg 1 Si) atoms, based on a block

size of 199 atoms, for the 0.4Cu alloy aged for 10 hours atin the ternary Al-Mg-Si alloy with an excess amount of
Si.[7,14] Therefore, it can be concluded that the addition of 175 8C after a 70 8C preaging. The calculated value of x 2

is 25.91, with 6 deg of freedom; thus, the null hypothesisCu does not change the chemical nature of the GP zones.
Figures 5(a) and (b) show TEM bright-field images and that there is no correlation between the Cu and (Mg 1 Si)

atoms is rejected, with a significance level of 99.999 pct[001] SAED patterns obtained from the 0.4Cu alloy aged
for 10 hours at 175 8C without preaging and after a 70 8C (a , 0.001). This result suggests that there is a positive
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(a)

Fig. 5—TEM bright-field images and the [001] SAED patterns obtained
from the 0.4Cu alloy aged at 175 8C for 10 h (a) after solution heat treatment,
and (b) after a preaging at 70 8C for 17h.

correlation between Cu and the b 9 precipitates. The inte-
grated concentration-depth profiles are obtained from a nee-
dle-shaped precipitate (Figure 6(b)). The chemical
composition of the needle-shaped precipitates is calculated
from the slope of the plots. It has been found to be approxi-

(b)mately 25 at. pct Mg, 25 at. pct Si, and 4 at. pct Cu, on
average. Thus, it is concluded that the Cu partitioning occurs Fig. 6—(a) 3DAP elemental mappings of Mg, Si, and Cu atoms obtained
when the GP zones evolve to the b 9 precipitates. from the 0.4Cu alloy aged at 175 8C for 30 min after preaging at 70 8C

for 17 h and (b) integrated concentration depth profiles of Mg, Si, and Cu
obtained from the selected region that cover a needle-shape b 9 precipitate

IV. DISCUSSION in Fig. (a).

The kinetics of precipitation in the directly aged 0.4Cu
alloy appear to be faster than that in the preaged specimens,
because a higher density of b 9 precipitates are present when of the GP zones is not very effective in hardening. Preaging

at 110 8C increases the number density of the GP zones,a specimen is aged for 30 minutes at 175 8C immediately
after the solution heat treatment, whereas only GP zones are suggesting that the preaging at 110 8C is effective in increas-

ing the nucleation sites for the GP zones during artificialobserved in the specimen aged for 30 minutes at 175 8C
after preaging at lower than 70 8C. The density of the GP aging. This is probably because a high number density of

solute clusters is formed during preaging, and these growzones is larger in the specimen that is preaged at 110 8C,
but the hardness of this specimen is lower than that of the to GP zones without being reverted at the temperature for

artificial aging. It should be noted that only GP zones weredirectly aged specimen. This suggests that the precipitation
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Table III. Contingency Tables for Cu and (Mg 1 Si) Obtained from the 0.4Cu Alloy Aged for 10 h at 175 8C after
70 8C preaging

Observed Expected

Cu/Mg 1 Si 0 1 $2 Total Cu/Mg 1 Si 0 1 $2 Total

0 29 21 5 55 0 27.6 17.4 10.0 55
1 32 22 5 59 1 29.7 18.6 10.0 59
2 20 8 6 34 2 17.1 10.7 6.2 34

$3 16 10 19 45 $3 22.6 14.2 8.2 45
Total 97 61 35 193 Total 97.0 61.0 35.0 193

x2 5 25.91 with 6 deg of freedom.

observed after 30 minutes of aging at 175 8C in ternary GP zones are solute-enriched clusters with coherent inter-
faces, the interfacial energy should be a strong function ofalloys,[7] whereas b 9 precipitates were observed in the Cu-

containing alloy. Thus, we can conclude that the addition the solute concentration. In such a case, when the particle
size is small, the interfacial energy will be the dominantof Cu enhances the kinetics of the precipitation of b 9.

Although there is no enrichment nor depletion of Cu in part of the free energy of the precipitate particle, and it might
be possible that the chemical content of such small coherentthe GP zones, the density of GP zones in the 0.4Cu alloy

artificially aged for 30 minutes after natural aging is larger zones has a great size dependency.[27] Thus, another interpre-
tation for the present and recent 3DAP results, which reportthan that in the 0.0Cu alloy. This trend shows good agree-

ment with the results of the hardness measurement. The lower solute contents in fine coherent precipitates, is that
the 3DAP results may reflect the actual chemical change inhardness values of the high-Cu alloy are always larger than

those of the low-Cu alloy. In addition, the presence of GP these coherent particles. It is very difficult to draw a conclu-
sion at this stage as to whether or not the 3DAP data consis-zones in the 0.4Cu alloy is observed even after natural aging.

This suggests that the increase in Cu content would increase tently give the actual composition of fine nanoscale particles;
however, as far as the ratio of the solute atoms in the precipi-the degree of supersaturation of Mg and Si in the alloy,

which enhances the formation of clusters during natural tate particles is concerned, the atom-probe data should prove
to be the real value for the precipitates, as long as the overallaging. At the same time, some of the clusters evolve to

the spherical GP zones. In fact, earlier electrical resistivity composition determined by 3DAP is consistent with the
nominal composition of the alloy. Thus, the approximatemeasurements[5,20–23] showed that the density of the solute

cluster formed during natural aging becomes larger if the 1:1 atomic ratio of the GP zones, as well as the b 9 precipitate
measured in this 3DAP work, is well established. This resultalloy contains larger amounts of Si or Cu.

The microstructures at the peak hardness condition show is consistent with recent 3DAP results which report that the
solute-atom ratios in the GP zones are variable, dependingthat the size and distribution of the b 9 precipitates are not

affected by the preaging treatments. This is in contrast to the on the alloy composition.[7,28] This result suggests that the
GP zones are solute clusters with a highly metastable nature.case of the ternary alloy, where the naturally aged specimen

shows a lower hardness at the peak hardness condition.[7] In the Cu-containing quaternary alloys, the equilibrium
Q phase and its precursor phase Q8, or their derivativeThus, it is concluded that Cu negates the deterioration effect

of natural aging in the peak hardness condition, but Cu does phases, were reported.[8,10,12,13,21–24] In the present study, no
indication of the presence of Q or Q8 precipitates wasnot affect the hardening after 30 minutes of aging at 175

8C. This is because the main contributor to the hardness observed even after 10 hours of aging at 175 8C. This indi-
cates that the dominant precipitate that contributes to theincrease is the b 9 precipitate rather than the GP zones, and

the formation of the b 9 phase does not occur if the alloy peak hardness is the b 9 phase rather than the Q or Q8 phase.
Since the Q or Q8 phase precipitates at higher temperaturesreceives natural aging before the artificial aging treatment.

It should be noted that the chemical composition of the or after long aging times, they are not directly relevant to
the age hardening in the paint-bake condition. Miao et al.[29]GP zones was recorded to be much lower than that for

the equilibrium Mg2Si precipitate by 3DAP. A significant reported that the Q phase was present in the overaged condi-
tion. Since Cu is enriched in the b 9 phase, it is considered thatamount of Al atoms appears to be incorporated in the GP

zones. However, this might be due to the artificial effect the b 9 phase evolves to the Q phase after long-term aging.
caused by the evaporation aberration that occurs when atoms
are field evaporated from a locally protruding tip surface.[25]

V. CONCLUSIONSIf the evaporation aberration occurs, Al atoms evaporated
from the matrix are recorded within the precipitate, and the Precipitation products in Al-0.61Mg-1.22Si-0.39Cu and
apparent chemical content of the solute in small precipitates Al-0.64Mg-1.23Si-0.03Cu alloys aged up to 10 hours at 175
becomes lower than the actual value. The size of the GP 8C with various preaging conditions have been characterized
zones observed in the present work is approximately 2 nm by TEM and 3DAP.
in diameter, and it is possible that some Al atoms evaporated
from the matrix were recorded within the precipitate volume 1. In addition to spherical GP zones, needle-shaped b 9 pre-

cipitates are present in the 0.4Cu alloy aged for 30in the position-sensitive detector of the 3DAP. However, it
should also be noted that recent 3DAP investigations of minutes at 175 8C immediately after the solution treat-

ment. The density of the precipitates increases when thesmall coherent particles consistently report lower solute con-
centrations than that of the equilibrium precipitate.[26] Since specimen is preaged at 110 8C before artificial aging for
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