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Microalloying additions of Si are known to increase significantly the response to age hardening of
2xxx series Al-Cu-Mg alloys, and commercial alloys such as 2618 are based on this effect. Previous
work has attributed this effect to a refined dispersion of S8 or S phase (Al2CuMg) precipitates. This
work reports the results of a detailed microstructural characterization, employing transmission electron
microscopy–based techniques, on the effects of Si additions to a base Al-2.5Cu-1.5Mg (wt pct) alloy.
It was found that the peak hardness microstructure contains a fine and uniform dispersion of Si-
modified Guinier-Preston-Bagaratsky (GPB) zones. These zones are lath shaped, possessing {100}a

facets, elongated along ^100&a directions and contain Si. The S phase was also observed at peak
hardness, although it is concluded that these precipitates do not contribute significantly to hardening
due to their coarse dispersion, which arises from their heterogeneous nucleation on the quenched-in
defect structure. Overaging was associated with the replacement of the zones by the S phase through
a process involving dissolution and reprecipitation together with heterogeneous nucleation of S at the
zones. The precipitation of u8 (Al2Cu) and s (Al5Cu6Mg2) phase was also observed in alloys containing
$0.5 wt pct Si. It is demonstrated that the total solute content of the alloy has a major influence on
the precipitation reactions during aging.

I. INTRODUCTION by Silcock,[10] who showed that they possess a rod-shaped
morphology extended along the cube directions of the aALLOYS of the Al-Cu-Mg system form an important
matrix. Recent three-dimensional atom probe (3DAP) workpart of the 2xxx series alloys and are widely used in structural
by Reich et al.[6] indicates that they are composed of Cuaerospace applications. Moreover, this system provides the
and Mg atoms and that their formation is preceded by thebasis for the development of many other important Al alloys.
formation of more diffuse Cu-Mg coclusters. Despite reportsAn important example includes Si-modified alloys having
of the S9 phase by Bagaryatsky,[8,9] Cuisat et al.,[11] Zahra etcompositions that lie in the (a 1 S) region of the experimen-
al.,[12,13] and Ratchev et al.,[5] it is noteworthy that Silcock,[10]

tally derived Al-Cu-Mg phase diagram proposed by Brook,[1]

Wilson and Partridge,[7] Jena et al.,[14] and Ringer et al.[3,4]
which have application in skin sections and rivet components

were unable to confirm the presence of the S9 phase. Theof supersonic jet aircraft. Alloy 2618 is based on Al-3Cu-
S9 and S8 phases are proposed to be precursors to the equilib-3Mg-0.5Si (wt pct) and was originally developed for the
rium S phase (Al2CuMg, Cmcm, a 5 0.400 nm, b 5 0.923Concorde superstructure. Although additions of Si are asso-
nm, and c 5 0.714 nm).[15] There is now thought to be littleciated with improved tensile and creep strengths, details of
difference between the S8 and S phases,[3,6,16] which occurthe precise mechanism by which Si enhances hardening and
as lath-shaped precipitates on {210}a planes elongated alongrefines microstructure remain unclear. Renewed interest in
^100&a. High resolution transmission electron microscopythis system was stimulated by studies of the rapid hardening
(HRTEM)[17] and microbeam electron diffractionthat occurs in base Al-Cu-Mg alloys[2–6] and the observation
(MBED)[18] have revealed that the habit plane of the lath-that this effect is enhanced in Si-bearing alloys.[2,7]

shaped S-phase precipitates is (001)s, oriented such thatThe precipitation sequence observed during elevated tem-
(100)s//{100}a and [010]s//^012&a. It is noteworthy that slightperature aging of Al-Cu-Mg alloys in the (a 1 S) region
rotations from the preceding orientation relationship havedepends on the Cu/Mg ratio. For a Cu/Mg weight ratio of
been reported[18] and that the distribution and morphology2.2, Bagaryatsky[8,9] reported the following precipitation
of the S phase do vary. In a study of an Al-2.5Cu-1.2Mg (wtsequence.
pct) alloy aged artificially at 190 8C, Wilson and Partridge[7]

Supersaturated solid solution → GPB found that the S8(S) precipitates nucleated heterogeneously
on quenched-in dislocation loops and helices, forming corru-zones → S9 → S8 → S.
gated sheets on {210}a planes. In subsequent work, Gupta

The Guinier-Preston (GP) zone structures in these alloys et al.[16] examined an alloy with a similar Cu/Mg ratio but
were designated as Guinier-Preston-Bagaratsky (GPB) zones lower total solute content. They found that aging of an Al-

1.53Cu-0.79Mg (wt pct) alloy at 190 8C resulted in rod-
shaped S8(S) precipitates and concluded that the total solute
content of the alloy influences the precipitate morphology.C.R. HUTCHINSON, formerly student at Monash University, is post-
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Table I. Alloys Used in the Present Studyfound that the presence of Si raised the level of hardening
over the entire time scale. Times to peak hardness were

Alloyunaltered and it was proposed that Si affected only the first Designation Composition (Wt Pct) Composition (At. Pct)
stage of hardening. In a study of the effects of 0.25 (wt pct)

1 Al-2.5Cu-1.5Mg Al-1.1Cu-1.7MgSi additions on age hardening of Al-2.5Cu-1.2Mg (wt pct),
2 Al-2.5Cu-1.5Mg-0.1Si Al-1.1Cu-1.7Mg-0.1SiWilson et al.[19] showed that the room temperature age-
3 Al-2.5Cu-1.5Mg-0.25Si Al-1.1Cu-1.7Mg-0.25Si

hardening response was delayed and the elevated tempera- 4 Al-2.5Cu-1.5Mg-0.5Si Al-1.1Cu-1.7Mg-0.5Si
ture response enhanced by the Si additions. It was reported
that the rate of formation of GPB zones at room temperature
was less in the Si-bearing alloy and that the dispersion of

with Si to Al-Cu-Mg alloys may not only depend on theS8(S) precipitates formed at elevated temperatures was finer
Cu/Mg ratio but also on the total solute content of the alloy.and more uniform. The depressed room temperature

In summary, there are a number of uncertainties in theresponse to age hardening of the Si-containing alloy was
microstructural evolution in Al-Cu-Mg-Si alloys. First, theinterpreted as a preferred interaction between Si atoms and
results of Wilson and co-workers and Suzuki et al. suggestvacancies. Wilson[20] found that the presence of 0.24 wt pct
an apparent conflict in the identity of which precipitates areSi in solid solution caused the quenched-in dislocation loops
stimulated by Si additions to alloys with similar Cu/Mgand helices to be smaller and fewer than in the Si free ternary
ratios and total solute contents. Second, it remains to confirmalloy. This was consistent with the observations by Weatherly
using high resolution techniques whether the effect of Siand Nicholson[21,22] (reported by Wilson et al.[19]) on an Al-
additions is to refine the distribution of the S phase, as2.7Cu-1.35Mg-0.2Si (wt pct) alloy. Wilson et al. attributed
reported by Wilson and co-workers.[7,19,20] Furthermore, thethe refined distribution of S8(S) to the influence of Si on
potential mechanism underlying this refinement remains tothe defect structure and the formation of GPB zones. First,
be clarified. Similarly, various precipitates reported by Wil-the reduced number of dislocation loops and helices in the
son et al. and Weatherly and Nicholson[21,22] in alloys con-as-quenched (AQ) Si-containing alloys provided fewer het-
taining 0.25 wt. pct Si and by Suzuki et al. and Gupta et

erogeneous nucleation sites for S8(S). Second, the increased al. in the alloys containing 0.5 wt pct Si or greater remain
stability of GPB zones was attributed to their modification unidentified. Finally, the work of Wilson and Partridge[7]

by Si, which was proposed to inhibit the nucleation and in ternary Al-Cu-Mg alloys suggested that the morphology
growth of S8. Weatherly and Nicholson[22] found that Si had adopted by S8(S) and the precipitation sequence depend on
little effect on the length of S8 precipitates but greatly the total solute content of the alloy. It remains to establish
reduced the cross-sectional area in an Al-2.7Cu-1.35Mg- whether this is also the case for the Si-containing alloys and,
0.2Si (wt pct) alloy aged at 260 8C. if so, if it can account for the differences in the experimental

In contrast with the observations of Wilson and co-work- observations reported so far. This article addresses these
ers,[7,19,20] Suzuki et al.[23] suggests an entirely different pre- questions through direct characterization using TEM-based
cipitation sequence, which results in the formation of S8(S), techniques on a set of alloys containing systematic additions
b8 (Mg2Si), and an unknown X phase in the alloy Al-2Cu- of Si to a base Al-2.5Cu-1.5Mg wt pct.
0.9Mg-0.25Si (wt pct). Furthermore, Suzuki et al. proposed
that the addition of 0.5 wt pct Si promotes the precipitation

II. EXPERIMENTAL PROCEDUREof u8 (Al2Cu), X, and Q (Al5Cu2Mg8Si6) and suppresses the
formation of S8(S) and b8. More recently, Gupta et al.[24,25] Systematic additions of 0.1, 0.25, and 0.5 wt pct Si were
and Jena et al.[26] studied the effect of 0.23, 0.49, 0.76, and made to a base alloy composition of Al-2.5Cu-1.5Mg (wt
1.03 wt pct additions of Si to Al-1.52Cu-0.75Mg (wt pct). pct) (Table 1). The alloys were cast into book molds, homog-

enized, and scalped. The samples were solution treated inThese alloys contain a lower total solute content than the
a salt bath at 525 8C 6 2 8C for 1 hour followed by immediatealloys studied by Suzuki et al. and by Wilson and co-work-
quenching into cold water. In the case of elevated tempera-ers.[7,19,20] This work showed that additions greater than 0.23
ture aging, the samples were immediately placed into a saltwt pct resulted in the formation of the insoluble compound
bath at 200 8C 6 1 8C. Samples undergoing room tempera-Q (Al5Cu2Mg8Si6). The large differences in the reported
ture aging were stored at a temperature of , 20 8C. Theprecipitation sequence between additions of 0.23 and 0.5 wt
age-hardening response of these alloys was monitored bypct Si to the Al-Cu-Mg alloys were interpreted in terms of
Vickers hardness measurements (VHN) using a 5-kg load.the effect of the formation of Q phase on the composition of
The microstructural changes in the alloys were examinedthe matrix. On the basis of differential scanning calorimetry,
using scanning electron microscopy (SEM), conventionalGupta et al.[25] also concluded that Si was bound preferen-
transmission electron microscopy (CTEM), and HRTEM.tially with GPB zones. The precipitation of S8(S) was con-
Samples for SEM were prepared by standard metallographicfirmed by transmission electron microscopy (TEM) and the
techniques and examined using a JEOL* JSM-840A scan-effects of 0.23 wt pct Si on the precipitation sequence were

in agreement with the observations of Wilson and co-work- *JEOL is a trademark of Japan Electron Optics Ltd., Tokoyo.
ers.[7,19,20] In a related study, Chaturvedi et al.,[27] using the

ning electron microscope operating at 20 kV. Energy disper-same alloy as Gupta et al. concluded that the presence of
sive X-ray spectroscopy (EDXS) was conducted in the SEM0.23 wt pct Si in Al-1.52Cu-0.74Mg (wt pct) does not alter
using a TRACOR-NORTHERN** microanalysis systemthe sequence, structure, or distribution of the precipitating

phase, but reduces the activation energy for GPB zone forma-
**TRACOR-NORTHERN is a trademark of Noran Instruments, Inc.,

tion. The studies of Gupta and co-workers, Wilson et al., Middleton, WI.
and Suzuki et al. suggest that the effect of microalloying
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Fig. 1—Electron backscattered images of (a) Al-2.5Cu-1.5Mg-0.1Si, (b) Al-2.5Cu-1.5Mg-0.25Si, and (c) Al-2.5Cu-1.5Mg-0.5Si (wt pct) in the AQ condition.
An energy dispersive X-ray spectrographic trace from an insoluble particle in the alloy containing 0.5 (wt pct) Si is provided in (d ).

Table II. Volume Fraction of Insoluble Mg2Si Particles (atoperating at 8 kV. The choice of 8 kV was made on the
the 95 Pct Confidence Level)basis of Monte Carlo simulations of the interaction volume

of the electron probe to ensure that chemical information Volume Fraction
was obtained exclusively from the precipitates and not from Volume Fraction after Aging at
the underlying matrix. Thin foils for TEM were prepared in AQ 200 8C for 7
by standard techniques and examined using either a PHIL- Alloy (Wt Pct) Condition Days
IPS† CM-20 microscope or a JEOL JEM- Al-2.5Cu-1.5Mg-0.1Si 0.22 6 0.15 pct 0.30 6 0.18 pct

Al-2.5Cu-1.5Mg-0.25Si 0.44 6 0.17 pct 0.97 6 0.31 pct†PHILIPS is a trademark of Philips Electronic Instruments Corp. Mah-
Al-2.5Cu-1.5Mg-0.5Si 0.81 6 0.25 pct 1.05 6 0.30 pctwah, NJ.

2000FXII both operating at 200 kV. Examination of the
AQ specimens was performed within 1 hour of quenching.

III. RESULTSFurthermore, to facilitate meaningful qualitative compari-
sons between the defect structures in the as-quenched and

A. AQ Microstructuresnaturally aged microstructures, considerable care was taken
to obtain representative micrographs away from the edge of Examination of the AQ microstructures by SEM indicated

that the ternary Al-2.5Cu-1.5Mg (wt pct) alloy was singlethe foil. Two-beam conditions were used to obtain thickness
fringes so that images could be recorded from regions of phase; however, the Si-containing alloys contained insoluble

constituents (Figure 1). The density of these constituentsconstant thickness. The HRTEM was performed on a JEOL
JEM-4000EX operating at 400 kV and energy-dispersive X- was determined by standard point counting techniques,[28]

and the respective volume fractions at the 95 pct confidenceray spectroscopy (EDXS) analysis in the TEM was carried
out using a JEOL JEM-2010F operating at 200 kV equipped level are summarized in Table II. The volume fraction of

constituents was found to increase with Si content.with a field emission gun and an Oxford EDXS system.
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Fig. 2—BF transmission electron micrographs recorded near the ^001&a orientation from the AQ microstructure of the (a) base Al-2.5Cu-1.5Mg, (b) Al-
2.5Cu-1.5Mg-0.1Si, (c) Al-2.5Cu-1.5Mg-0.25Si, and (d ) Al-2.5Cu-1.5Mg-0.5Si (wt pct) alloys.

In SEM backscatter mode, these constituents image darker 3. Each of the alloys exhibited similarly shaped curves, with
than the surrounding matrix, indicating a lower average an initial period of constant hardness from the AQ state
atomic weight. Figure 1(d) is a representative EDXS spec- before rising to a plateau within 200 hours. The aging
trum obtained from these constituents and serves to indicate response of the microalloyed specimens falls into a band
that they consist exclusively of Si and Mg. The dark nature that exhibits a delayed response to hardening and a lower
of these constituents and the absorption of Mg, which would hardness than the ternary alloy at all times monitored.
need to be corrected for in a quantitative analysis of the
composition of these constituents, indicates that these are 2. Microstructural examination
Mg-rich constituents. On the basis of these observations, Figure 4 provides a series of BF TEM micrographs
these constituents were tentatively identified as Mg2Si. recorded near the ^001&a zone axis for each alloy after natural
Occasionally, white constituents were also observed. These aging for 400 days. The ternary alloy (Figure 4(a)) shows
were found to be pure Si. a large increase in dislocation loop density, and growth of

Figure 2 shows bright-field (BF) TEM micrographs the loops is evident when their size is compared to that
recorded near the ^001&a zone axis of each alloy in the AQ observed in the AQ condition. Following careful examina-
condition. The BF image of the ternary alloy (Figure 2(a)) tion, we were unable to discern diffraction effects in the
shows the formation of both dislocation loops and helices corresponding SAED patterns other than those arising from
and there was no evidence of precipitation. In contrast, dislo- the matrix or surface oxide films. Similarly, contrast from
cation loops were generally absent from the microstructure precipitates was not observed in the BF images.
of the Si-containing alloys, which contained dislocation heli- The BF TEM images of the Si-containing quaternary
ces. Again, there was no evidence of fine-scale precipitation. alloys show the growth of dislocation helices and, unlike
The AQ hardness for each alloy is summarized in Table III. the ternary alloy, a general absence of dislocation loops
It is seen that the hardness of the Si-containing alloys in the from the microstructures. The growth of helical dislocations
AQ condition decreased with increasing Si content. The appears to be along ^110&a directions (Figures 2(b) and (c));
selected area electron diffraction (SAED) patterns recorded however, growth of helices in ^001&a directions was also
for each alloy in the AQ condition (not reproduced here) observed with increasing frequency in alloys with higher Si
only exhibited reflections from the matrix. content (Figure 4(d)). Wilson et al.[19,20] also observed

growth of dislocations along matrix ^100&a directions and
B. Naturally Aged Alloys speculated that it may be due to pinning of the screw disloca-

tion by Si atoms along its length. There was no precipitation1. Hardening
apparent in the BF images of the quaternary Si-containingThe hardness-time curves for each alloy following aging

at room temperature (natural aging) are provided in Figure alloys.
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Table III. Changes in Hardness (VHN) during Aging at 200 8C

Alloy 1 Alloy 2 Alloy 3 Alloy 4
Wt Pct Al-2.5Cu-1.5Mg Al-2.5Cu-1.5Mg-0.1Si Al-2.5Cu-1.5Mg-0.25Si Al-2.5Cu-1.5Mg-0.5Si

AQ hardness 61.3 57 55.8 54.5
2 min hardness 88.2 106.4 107.2 104.5
2 min hardness-AQ hardness 26.9 49.4 51.4 50
Peak hardness 116.2 134.5 145 146
Peak hardness-AQ hardness 54.9 77.5 89.2 91.5
2 min hardness/peak hardness 0.76 0.79 0.74 0.72
(2 min-AQ)/(Peak-AQ) 0.49 0.64 0.58 0.55

“2 min” denotes the hardness after aging for 2 min at 200 8C and “Peak” denotes peak hardness at 200 8C.

which increased with Si content. This is indicated in the
SAED patterns, where streaking through {010}a positions
in ^001&a directions increases in intensity with increasing Si
content. These effects are typical of the shape effect from
GPB zones elongated along ^001&a directions, and the BF
images in Figures 6 through 8 show the variants parallel to
the electron beam, in the end-on orientation. Finally, it is
noted that the underaged microstructures retained a dense
distribution of the quenched-in defects, although the contrast
conditions in the micrographs presented in Figures 6(a),7(a),
and 8(a) were selected to emphasize the fine scale
precipitation.

b. Peak hardness (10 hours at 200 8C for Al-2.5Cu-
1.5Mg-0.1Si; 14 hours at 200 8C for Al-2.5Cu-1.5Mg-
0.25Si; and 20 h at 200 8C for Al-2.5Cu-1.5Mg-0.5Si)

The peak hardness microstructures for each of the Si-Fig. 3—Room temperature (natural aging) hardness-time curves for the
containing alloys is dominated by a very fine and uniformAl-2.5Cu-1.5Mg-(Si) (wt pct) alloys studied.
distribution of lath-shaped Si-modified GPB zones. The fine
scale precipitation has been termed “Si-modified GPB

C. Aging at 200 8C zones” so as to emphasize their obvious similarity to the
GPB zones that form in ternary Al-Cu-Mg alloys. Although1. Hardening
compositional and morphological differences between theseFigure 5 is a hardness-time curve containing data for each
precipitate phases are reported subsequently, these do notof the alloys after aging at 200 8C. All alloys exhibited two
seem to warrant the introduction of a unique or new nomen-stages of hardening, the first of which was complete within
clature. For example, when viewed at higher magnifications,seconds of exposure at the aging temperature. Each of the
as provided in the inset micrographs, these zones appearedSi-containing alloys exhibits an enhanced age-hardening
to exhibit {001}a facets, which is distinct from the almostresponse, and it is particularly noteworthy that the hardness
equiaxed cross section reported for GPB zons in Al-Cu-Mgincrement associated with the initial rapid hardening was
alloys.[3–10] Heterogeneous precipitation of the S phase isalmost double that observed in the ternary alloy. The second
also apparent on dislocation helices, formed from thestage of hardening for the Si-containing alloys involved a
quenched-in defect structure. In the vicinity of the S-phaserelatively steady rise to peak hardness followed by overag-
precipitates, regions free of precipitation of the Si-modifieding. The peak hardness increased with Si content as did the
GPB zones were observed. Similar observations wererate of decline in hardness associated with overaging. The
recently reported for the base ternary Al-2.5Cu-1.5Mg wtchanges in hardness associated with each of the alloys at
pct alloy,[6] and this is interpreted as indirect evidence for200 8C are summarized in Table III.
a preferred solute-dislocation interaction, which precedes

2. Microstructural examination formation of the Si-modified GPB zones. The SAED patterns
Following recent work on the clustering, precipitation, exhibited very sharp and obvious streaking in ^001&a direc-

and hardening processes in the ternary alloy,[3–6] a detailed tions through the {010}a positions in reciprocal space. These
microstructural examination was made for each of the Si- are characteristic of well-defined precipitates elongated in
containing alloys. Figures 6 through 8 are BF TEM micro- ^001&a directions in the matrix.
graphs recorded near the ^001&a zone axis and include the A more detailed examination of the peak hardness micro-
corresponding SAED patterns, respectively, in (a) under- structures was undertaken using HRTEM, and Figures 9 and
aged, (b) peak-hardness, and (c) overaged (7 days) 10 feature results from the Al-2.5Cu-1.5Mg-0.25Si (wt pct)
conditions. alloy, which were typical for all the Si-containing alloys

studied. Figure 9(a) is an HRTEM micrograph recorded witha. Underaged (5 minutes at 200 8C)
the electron beam parallel to ^001&a and demonstrates theThe BF TEM micrographs for each of the Si-containing

alloys show signs of very fine precipitation, the density of lack of periodic order in the Si-modified GPB zones that
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Fig. 4—BF transmission electron recorded near the ^001&a orientation from the (a) base Al-2.5Cu-1.5Mg, (b) Al-2.5Cu-1.5Mg-0.1Si, (c) Al-2.5Cu-1.5Mg-
0. 25Si, and (d ) Al-2.5Cu-1.5Mg-0.5Si (wt pct) alloys in the naturally aged condition (400 days, 20 8C).

presence of Si within these zones has influenced their mor-
phology, since facets parallel to {001}a planes are clearly
observed in Figure 9(a). Two variants of this morphology
are distinguished in Figure 9, suggesting that there may be a
total of at least six variants. The crystallographic relationship
between the lath-shaped zone structure and the matrix does
not appear to change with Si content. All zones in all alloys
were elongated along ^001&a directions, although the cross-
sectional morphology did change from an approximately
square rod in the 0.1 wt pct Si alloy to a higher aspect ratio
lath shape in the higher Si alloys.

Figure 10 is an HRTEM micrograph recorded with the
electron beam parallel to ^001&a showing what may be inter-
preted as the heterogeneous nucleation of S phase in the
strain field of or on one of the Si-modified GPB zones. At
this scale, the zones are significantly spaced, suggesting that

Fig. 5—Hardness-time curves for the Al-2.5Cu-1.5Mg-(Si) (wt pct) alloys the likelihood of this micrograph being a case of coincidental
studied (200 8C). impingement is very small. Each of the Si-containing alloys

contains a dense distribution of GPB-like rod or lath-shaped
zones in the peak-aged microstructure and coarsens into a
microstructure of uniformly distributed S phase. The hetero-dominate the peak hardness microstructures in each of the
geneous nucleation of S phase on the zones seems a plausibleSi-containing alloys. Figure 9(b) is an EDXS spectrum taken
mechanism for the refined distribution of S observed in thefrom a typical rodlike zone using a field emission gun (FEG)
overaged microstructures. A refined distribution of S phase,TEM with a 0.7-nm probe, and Figure 9(c) is a comparative
as had previously been reported, was not observed in the peakanalysis from a nearby region in the matrix. The spectra

show the presence of Cu, Mg, Al, and Si in addition to the hardness microstructures in any of the Si-containing alloys.
C peak due to contamination from such a finely focused

c. Overaged (7 days at 200 8C)electron probe and a small O peak from the oxide layer
The overaged microstructures show the development offormed near the perforation in the thin foil. The analysis

shows clearly that the GPB zones contain Si and Mg. The an increasingly uniform distribution of the S phase at the
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Fig. 6—BF transmission electron micrographs and corresponding selected area electron diffraction patterns recorded near the ^001&a orientation from the
Al-2.5Cu-1.5Mg-0.1Si (wt pct) alloy in the (a) underaged: 200 8C, 5 min; (b) peak hardness: 200 8C, 10 h; and (c) overaged: 200 8C, 7 days conditions.

expense of the rod and lath-shaped GPB zone–like precipi- crystallographic variants with the aluminum matrix, and it
has recently been shown that the intense reflections in thetates resolved in the peak-hardness microstructure. The

SAED patterns of the alloys containing 0.1 and 0.25 Si wt cross about the forbidden {110}a reflections arise from the
eight variants with [100]S..[100]a or [100]S ..[010]a, whilepct Si show the archetypal reflections from the S phase. The

SAED patterns show the characteristic crosses about the the faint reflections arise from the four variants with [100]S

.. [001]a.[16] Two additional precipitate phases were observedforbidden {110}a reflections, but they also show an array
of much weaker reflections. The S precipitate forms 12 in the alloy containing 0.5 wt pct Si and these are featured
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Fig. 7—BF transmission electron micrographs and corresponding selected area electron diffraction patterns recorded near the ^001&a orientation from the
Al-2.5Cu-1.5Mg-0.25Si (wt pct) alloy in the (a) underaged: 200 8C, 5 min; (b) peak hardness: 200 8C, 14 h; and (c) overaged: 200 8C, 7 days conditions.

in Figure 11. The precipitates arrowed in Figure 11(a) exhibit and evidence of this is provided in Figure 11(c). The observa-
tion of these precipitates, which were identified througha cuboidal morphology with traces parallel to the cube planes

of the matrix, and these were identified as the cubic s phase MBED as u8 (Figure 11(d)), concurs with the observations
by Suzuki et al.[23] The volume fraction of the insoluble(P3m, a 5 0.831 nm, Al5Cu6Mg2)[29] by MBED (Figure

11(b)). It is likely that these are the same cubic precipitates Mg2Si particles observed in the AQ microstructures (Figure
1) was also measured in the overaged condition (Table II).observed by Wilson[20] and by Weatherly and Nichol-

son.[21,22] Furthermore, platelike precipitates were observed, The composition of this phase was not observed to change;
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Fig. 8—Bright-field transmission electron micrographs and corresponding SAED patterns recorded near the ^001&a orientation from the Al-2.5Cu-1.5Mg-
0.5Si (wt pct) alloy in the (a) underaged: 200 8C, 5 min; (b) peak hardness: 200 8C, 20 h; and (c) overaged: 200 8C, 7 days conditions.

however, the volume fractions did increase, indicating that results of Gupta et al., who reported a solubility of 0.3 wt
progressively more Mg was removed from the solid solution pct Si in an Al-1.52Cu-0.75Mg wt pct alloy at 530 8C.[24,25]

during aging at 200 8C. An isotherm at 520 8C, constructed by Collins,[30] provides
valuable insight into the reported precipitation sequences

IV. DISCUSSION for Al-Cu-Mg-Si alloys with the same Cu/Mg ratio yet differ-
ent total solute contents. Collins prepared 48 Al-Cu-Mg-The presence of insoluble Mg2Si particles in alloys con-

taining as little as 0.1 wt pct Si may be compared with the Si alloys of various compositions and used the available
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Fig. 9—(a) High resolution transmission electron micrograph recorded in the ^001&a orientation from the Al-2.5Cu-1.5Mg-0.1Si (wt pct) alloy in the peak
hardness condition (200 8C, 14 h). The image exhibits contrast from the GPB zone–like precipitates in the end-on orientation. Energy dispersive X-ray
spectrum acquired (b) from within a single precipitate and (c) from a nearby matrix region.

literature to construct an isotherm at 520 8C for this system.
He used published isotherms from the Al-Mg-Si, Al-Cu-Si,
and Al-Cu-Mg systems to determine the shape and position
of the a solid solution field for the Al-Cu-Mg-Si phase
diagram at 520 8C. The section at 1.4 wt. pct Cu and 520
8C is represented in Figure 12. Collins showed that the solid
solubility of Mg and Si is not significantly altered by the
amount of Cu present at 520 8C and that there was no shift
in the a solid solution solvus boundary at 520 8C for alloys
containing between 0.25 and 1.4 wt pct Cu.[30]

The compositions of the alloys studied in this investigation
and those studied by Suzuki et al.[23] and Gupta et al.[24,25]

are plotted in Figure 12 as H1-H3, S1-S2, and G1-G4, respec-
tively. The composition of the alloys studied by Wilson
and co-workers[7,19,20] and Weatherly and Nicholson[21,22] are
very close to the Al-2.5Cu-1.5Mg-0.25Si wt pct (H2) alloy
studied in this investigation, and for this reason, these alloys
are not plotted in Figure 12. Although each of the alloys
have a similar Cu/Mg ratio, the alloys with 1.5 wt pct Mg

Fig. 10—High resolution transmission electron micrograph recorded in the lie in a different phase field at 520 8C than those with 0.75
^001&a orientation from the Al-2.5Cu-1.5Mg-0.25Si (wt pct) alloy in the wt pct Mg or 0.9 wt pct Mg. Alloys H1, H2, and H3 usedpeak hardness condition (200 8C, 14 h). The image shows a GPB zone–like

in the present investigation lie either in or on the solvusin direct contact with an equilibrium S precipitate, suggestive of heteroge-
neous nucleation. boundary of the (a 1 Mg2Si) phase field of this isotherm.
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Fig. 11—Analysis of precipitates formed in Al-2.5Cu-1.5Mg-0.5Si wt pct alloy. (a) BF transmission electron micrograph showing cuboidal precipitates
that were identified as s phase (Al5Cu6Mg2) by acquiring microbeam electron diffraction patterns, provided in (b), from individual precipitates. (c) BF
transmission electron micrograph showing plate-shaped precipitates that were identified as u8 phase (Al2Cu) by acquiring microbeam electron diffraction
patterns, provided in (d ), from individual precipitates.

The predictions from this isotherm are consistent with our preferred interaction between the microalloying additions
and vacancies. It has been reported that the vacancy bindinginitial tentative identification of the Mg- and Si-rich precipi-

tates found in the AQ microstructures of the Si-containing energies for Si, Mg, and Cu are 0.7, 0.04, and 0.01 eV,
respectively.[31] Following earlier proposals,[2–7] it is pro-alloys. On the basis of these observations, it is concluded

that these precipitates are Mg2Si. Suzuki et al. reported the posed that a reduction in free vacancy concentration in the
a-Al arises from the binding between vacancies and microal-presence of Mg2Si in addition to S in the alloy Al-2Cu-

0.9Mg-0.25 Si (wt pct) (S1). Figure 12 shows that the compo- loying additions, which reduces the rate of diffusion and
delays the natural age-hardening response of the Si-con-sition of alloy S1 lies very close to the a/(a 1 Mg2Si) solvus

boundary, and the presence of Mg2Si at the solution treatment taining alloys. This proposal is also consistent with the sys-
tematic decrease in AQ hardness values recorded withtemperature may be expected. Furthermore, Suzuki et al.

reports that additions of 0.5 wt pct Si additionally promotes increasing Si content in the quaternary alloys. In this regard,
it is also likely that the increase in the volume fraction ofthe formation of Q phase (Al5Cu2Mg8Si6). Figure 12 shows

that the alloy containing 0.5 wt pct Si (S2) lies on the (a 1 Mg2Si precipitation in the AQ microstructure, with increas-
ing Si content, would remove Mg and reduce any potentialMg2Si)/(a 1 Mg2Si 1 Q) phase boundary, and therefore,

the presence of small amounts of Q phase at the solution solid solution effects. Finally, it is noted that despite the
absence of loops in the AQ microstructure of the Si-con-treatment temperature may also be expected. The alloys

studied by Gupta et al. (G1 to G4) either lie in the a-phase taining alloys, the defect density in these alloys was
increased after very short exposures to elevated aging tem-field (alloy G1) or the (a 1 Q) phase field (alloys G2 to G4).

These predictions match very well with the experimental peratures and this was also evident after prolonged natural
aging (Figure 4). It is suggested that these defects are avail-observations reported by Gupta et al. Clearly, the presence

of insoluble Mg2Si and Q phase precipitates at the solution able to interact with vacancies and solute atoms and that
this interaction results in the rapid hardening, as proposedtreatment temperature will have significant, yet different,

effects on the matrix solute content. In this respect, we should recently.[6] Further work on the nature of this interaction and
the hardening mechanism is required.not necessarily expect the observations made by Gupta et

al. to be the same as those made by Suzuki et al. or those The present results indicate that the enhanced peak hard-
ness associated with Si additions is due to the formation of anmade in this investigation. This analysis demonstrates that

the effect of Si on the precipitation processes clearly depends extremely fine and uniform distribution of a GPB zone–like
precipitate. These zones contained Si and exhibited facetingnot only on the Cu/Mg ratio but also on the total solute

content of the alloy. on {001}a planes. The cross-sectional morphology of these
precipitates, which were elongated along ^001&a directions,The absence of dislocation loops in the AQ microstruc-

tures of the Si-containing alloys suggests that there is a varied from square rod to lath shaped as the Si content
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Fig. 13—Aluminum-rich corner of the Al-Cu-Mg phase diagram showing
the phases present as a function of composition after long-term aging at
190 8C. The thick solid line defines the (a 1 S) phase boundary at 500
8C.[1] Also superimposed is the composition of the ternary Al-2.5Cu-1.5Mg
(wt pct) alloy and the Mg composition ranges of the matrix after the addition
of 0.1, 0.25, and 0.5 (wt pct) Si. The figure indicates the reduction in Mg
composition of the matrix in each of the three Si-containing alloys caused
by the formation of insoluble Mg2Si at the solution treatment temperature.

particles in the AQ condition. The figure shows the Al-
rich corner of Brook’s Al-Cu-Mg ternary phase diagram,
determined by X-ray diffraction experiments by Silcock atFig. 12—Section of the isotherm of the Al-Cu-Mg-Si phase diagram at

520 8C. The composition of the Si containing alloys used in the present 190 8C and 500 8C.[1] The removal of Mg from the solid
study are labeled H1-H3, those studied by Suzuki et al.[23] are labeled S1- solution pushes the alloy matrix composition toward the
S2 and those studied by Gupta et al.[24,25] are labeled G1-G4. The figure

(a 1 u 1 S) phase field. The overaged microstructuresis reproduced using the data from Collins.[30]

observed for the alloys containing 0.1 and 0.25 wt pct Si
contained only S phase precipitates. This is consistent with
the predictions from the alloy compositions plotted in Figure

increased. It is proposed that this effect on morphology is 13, where it is seen that the effect of Si on the matrix
the result of elastic strains associated with the introduction compositions does not shift them outside of the (a 1 S)
of Si atoms to the zone structure. Recently, Reich et. al.[6] phase field. However, for the alloy containing 0.5 wt pct
used 3DAP to examine the composition of GPB zones in Si, the composition of the matrix extends to the boundary
an Al-Cu-Mg alloy and found that the zones contained Cu between the (a 1 S) and the (a 1 u 1 S) phase fields.
and Mg and were preceded by more diffuse co-clusters of Therefore, it seems reasonable that we observe precipitation
Cu and Mg. It is proposed that similar clustering processes of metastable allomorphs of the u phase in this higher Si
precede the nucleation of the Si-modified GPB zones alloy. A similar analysis would explain the observation of
observed in this study, such that the modified GPB zones u8 (Al2Cu) in Suzuki et al’s[23] Al-2Cu-0.9Mg-0.5Si (wt
nucleated at the site of or evolved from these clusters. A pct) alloy. It appears that the effect of Si on the overaged
number of similar evolutionary processes involving precipi- microstructures can be rationalized on the basis of the
tation from atomic clusters of solute have recently been changes to the matrix composition arising from the presence
reviewed.[32] These observations are contrary to previous of insoluble particles present at the solution treatment tem-
work that attributed the increases in hardness to a refined perature. The observation that the volume fraction of these
distribution of S phase.[2,7,19–23] The presence of S phase particles increases during aging (Table II) further accentuates
does not appear to be the primary origin of the increased this effect. The observation of the s phase is also thought
peak hardness of the Si-containing alloys. In fact, a refined to be related to this effect and suggests that further work on
dispersion of S phase precipitates was only observed in the the phase diagram is required.
overaged microstructure of the Si-containing alloys. The
present results also indicate that the Si-modified GPB zones

V. CONCLUSIONScan act as nucleation sites for S phase, as demonstrated in
Figure 10.

1. The observed precipitation sequence for the Si-containingIn Figure 13, we have evaluated the total solute content
alloys at 200 8C involvesof the matrix by plotting the composition of the present alloy

SSSS 1 Mg2Si → a 1 Si-modified GPB zonesset on the ternary Al-Cu-Mg phase diagram after accounting
for the Mg removed by the presence of the insoluble Mg2Si 1 Mg2Si → a 1 S 1 Mg2Si
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