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Abstract

Fine-scale precipitation in Al alloy 6061 has been studied with differential scanning calorimetry
(DSC), atom probe field ion microscopy (APFIM) and transmission electron microscopy (TEM). It
was found that the precipitation sequence-was: independent clusters of Mg and Si atoms — co-
clusters that contained Mg and Si atoms — small precipitates of unknown structure — B" needle-
shaped precipitates - B' lath-shaped precipitates and some B' rod-shaped precipitates. A new
structure is proposed for B": base-centred monoclinic, a = 15.344, b = 4.05A, ¢ = 6.89A, p=
106°. The results are compared with previous studies in the literature.

Introduction

Precipitation in Al-Mg-Si alloys has been extensively studied but many details of the precipitation
sequence remain the subject of controversy. In a recent study [1] it was proposed that the
precipitation sequence was: clusters of Si atoms — GP-I zones ~> GP-II zones/B" — p' — Mg,Si.
There is disagreement in the literature concerning several of these stages. For the initial, 'pre-
precipitation’ stages, it has been variously proposed that clustering of Mg atoms [2], co-clustering
of Mg and Si atoms [2-4], formation of Mg-vacancy clusters [2], and the formation of vacancy-
vacancy clusters (2] may occur. Dilute Al-Si alloys do not exhibit the same thermal effects [2] or
changes in resistance [4] that have been observed for Al-Mg-Si alloys. This suggests that a process
other than clustering of Si atoms occurs in the early stages of ageing in Al-Mg-Si alloys. The
nature of the GPI zones is also unclear. Lutts [5] found that these precipitates had no clear
structure, and contained a significant quantity of vacancies. However Cordier and Gruhl [6] and
Dutta et al.[1] proposed that the precipitates were GP zones. Several different structures have also
been proposed for " [7-9]. The structure of B' has been determined [9] and confirmed by
subsequent high resolution and microdiffraction work [8,10]. However another intermediate
precipitate, B', has also been observed in Al-Mg-Si alloys [11] and the quantity of this phase has
been found to increase with increasing Si content [10].

In this pdaper the results of an extensive investigation into precipitation in Al alloy 6061 are
presented.

Experimental

Al alloy §O6l was supplied by Comalco Research Centre in the form of as-extruded bar. The
composition of the alloy was: 0.80Mg, 0.79Si, 0.18Cu, 0.22Fe, 0.01Ti. DSC was carried out on
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a Perkin-Elmer DSC7 instrument, using a heating rate of 5°C per minute. Specimens for DSC were
solution treated for 1.5h at 530°C in an argon atmosphere, and then quenched into iced water. DSC
scanning commenced within 10 minutes of quenching. The specimens weighed ~ 59mg. Thin-foil
specimens for TEM were prepared by electropolishing in a nitric acid:methanol 1:4 solution, at
-30°C and ~8V, using a Tenupol jet polisher. Transmission electron microscopy was performed
using JEOL 4000FX and 1210 instruments, operating at 400kV and 120kV respectively. High
resolution dark-field electron microscopy {HRDEM) was used to image the crystal structures of
individual fine-scale precipitates. This technique is further described elsewhere [12].

Atom probe field ion microscopy was carried out at Chalmers University of Technology, Sweden.
Details of the atom-probe instrument have been reported elsewhere [13]. APFIM data was obtained
using a specimen temperature of about 25K, a pulse fraction of 20% and a vacuum of less than
1.5x10-10 mbar. These conditions were chosen to minimise DC evaporation or retention of atoms.
Concentration profiles were derived from atoms collected from a cylinder of material approximately
16A in diameter by maintaining the effective radius of the probe aperture at about 8A. The profiles
were plotted by dividing the data into groups of 75 or 100 ions, obtaining the numbers of solute
atoms in each group and then plotting these numbers versus the total number of ions collected. The
detector efficiency was kept constant during acquisition by varying the channel plate voltage [14].

Differential Scanning Calorimetry

DSC results for alloy 6061 are presented in Figure 1. The basic features of the curve, i.e. the
number and positions of exothermic and endothermic peaks, agree with previous .mvestlgatlons
[1,15]. The broadness and asymmetry of the initial exothermic peak suggest that this peak may be
comprised of two overlapping peaks, in agreement with Gupta et al.[2]. However these peaks are
not as clearly separated as those in the work by Gupta et al.. The second exothermic peqk clegrly
consists of two overlapping peaks, as evidenced by the shoulder at the low temperature side of tth
peak. The third and fourth exothermic peaks appear to be similar to those in previous investigations

[1,15].
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Figure 1. DSC results for alloy 6061 (displayed at two different temperature scales). fhe .num‘tt)ézl
and positions of exothermic and endothermic peaks are in agrecment with px‘ev10L{§}ydlel)tpi\vo
results. The broadness and asymmetry of peak I suggests that it may be compusgb 0
overlapping peaks. Peak 2 clearly consists of two overlapping peaks, designated 2a and 2b.
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As-Quenched Microstructure

Care must be taken when investigating fine-scale precipitation with TEM as preparation of the thin
foils may introduce artefacts that may appear similar to fine-scale precipitates and w}nch ca
produce faint diffraction effects [16]. For this reason, TEM analysis of as-quenched specimens, In
which precipitation is obviously minimal, was carried out.

Figure 2 shows TEM bright and dark field micrographs and SADP (B = [001] ;) from a specimen
that was solution-treated, quenched and aged ~4h at room temperature. Minimal fine-scale contrast
is apparent on the bright field image, however several faint reflections were present on the selecied
area diffraction patterns (SADPs). Dark field micrographs that were obtained using these
reflections showed some fine-scale contrast (Figure 2b) and a bright band at the edge of the foil
The intensity of the faint reflections decreased after ion-beam thinning the specimen, and increased
for specimens that were clearly contaminated. Therefore it is believed that these reflections resulted
from a layer of oxide or other material on the surface of the foils.

(b)

Figure 2. (a) Bright-field TEM micrograph and SADP and (b . .

, : P , ) O > ) dark field TEM micrograph that
was Obtam(ﬁ’? U.Slni’] th; arrowed reflection in (a) (B = [001]ap). The faint reflections and the fine-
scale contrast in the ark field micrographs are thought to arise from a laver of oxide or other
contaminant that was on the surface of the foils, d layer

Peak 1 in the DSC Scan

Spegm}cfns tl‘mt were heated to 100°C at 5°C per minute were examined by TEM and APFIM.
IQO C is close to the end‘of the first exothermic peak in the DSC scan TEM>II)ri tht a:’ld dark field
micrographs and _SADPs appeared to be-identical to those from the as- uenbched specimens.
However concentration profiles that were obtained with the atom robe‘ ~‘hq d the sresence of
three different types of clusters of atoms: clusters of Mg atoms Ii:luste?s (:)V}/eS' ']tOTIr)IS ~'°md co-
clusters thflt c(v)n’talg’l‘ed both Mg and Si atoms (Figure 3). This resuit isin a reeme}n(tl Witf’,PmViO”S
APFIM results for isothermal ageing at 70°C [17], where it was shown tha‘tgi dependent clusters of
Mg and Si atoms formed first, and this was followed by co-clustering of the Il]\/lzpfr?d %i atoms
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Peak 2a in the DSC Scan

Small precipitates were visible in TEM images of specimens that had been heated to 215°C at 5°C
per minute (Figure 4). This temperature is close to the shoulder of the second exothermic peak in
the DSC scan. Bright field images showed fine-scale contrast that probably arose trom strain-fields
associated with fine-scale precipitates. High resolution dark field images highlighted small
precipitates, however no clear structure was visible in most of the precipitates. Structure was
visible in some precipitates that appeared to be similar to that of " (Figure 4b) (see subsequent
section), indicating that some transformation to p" had already occurred at this stage, when the
precipitates were very small. Only reflections that were ascribed to a layer of oxide or other
material were observed on SADPs. The structure of the small precipitates could not be determined.
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(@) (b)
Figure 4. TEM micrographs (B = [001]4)) from a specimen that was heated to 215°C at 5°C per
minute. (a) Bright field micrograph and SADP, and (b) high resolution dark field micrograph. No
clear structure was visible in most of the precipitates, however structure was visible in some
precipitates that corresponded to the structure of 8" (arrowed).

Peak b in the DSC Scan

Specimens that had been heated to 250°C at 5°C per minute contained needle-shaped precipitates
that were clearly delineated by strain-field contrast (Figure 5a). SADPs taken with B = [001] 4
contained streaks and some faint, circular reflections in addition to the oxide reflections from the
oxide layer (Figure 5b). The appearance of the precipitates, and the streaks on the SADPs, are in
agreement with previous observations for p" precipitates [18].
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(a) (b)
Figure 5. (a) Bright field TEM micrograph and (b) SADP from a specimen that had been heated at
5°C per minute to 250°C. Needle-shaped precipitates are visible via strain field contrast in (a). The

SADP contained streaks and some faint, circular reflections in addition to the reflections from the
oxide layer.

High resolution images were only obtained from precipitates that were aligned parallel to the
electron beam. For other precipitate orientations, the small cross sectional diameters of the needle-
shaped precipitates meant that there was generally overlap between the Al matrix and the
precipitates. Hence only one view of the precipitate lattice could be obtained (Figure 6). The high
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resolution images showed that the precipitate lattice had a periodicity that is defined by the vectors
aj and c in Figure 6. A detailed analysis of the high resolution images, the streaks in SADPs and
the faint, circular reflections in SADPs led to a base-centred monoclinic structure, a = 15.34 +
0.124,b=4.05A, ¢ =683+ 0.15 A, p=106°+ 1.5° [19]. The vector a is twice the length of the
vector a| in Figure 6. The orientation relationship between this structure and the Al lattice was:
(001)4, // (010)g-, [310) i / / [001]g- There are twelve equivalent orientations of the precipitate,
four for each <001>4, orientation of the needle axes. The precipitate structure is fully coherent with
the Al matrix, and there is significant misfit along both sides of the rhombohedral cross-section of
the precipitate. There is negligible misfit along the length of the precipitates. Calculated misfits are
in agreement with the observed strain-field ‘contrast [19].

Figure 6. High resolution micrograph
of a B precipitate whose axis was
aligned with the electron beam
([001]Ap)- The lattice has a periodicity
that can be described with the vectors
ay and c.

Peak 3 in the DSC Scans

Specimens that had been heated to 320°C at 5°C per minute contained lath-shaped precipitates th'at
were aligned along <001> », directions (Figure 7). The precipitates were substantially longer tharfl
those in Figure 6. Most precipitates had rectangular cross sections (Figure 8a). A small qumberq
precipitates had more equiaxed cross-sections (Figure 8b). The high resolution images of the 81{)}\@
equiaxed precipitates showed a hexagonal periodicity, the spacing of which (a = 7‘. 'l)
corresponds to that of B' [9]. The periodicity in dark-field images of the precxplqtutes.\ivuul
rectangular cross sections corresponded to that of B' (hexagonal, a = 10.4A, c_=4:(‘)5/5§) ‘(_Fl_&UtIL
9a). This perjodicity was not immediately obvious in bright field images of this pl'e(.l.pléﬂ le,
however Fourier transforms from the images showed arrangements of reflections that matched the
structure and orientation of B'(Figure 9b).

Discussion

Three types of clusters of atoms were present in specimens that had been heated to the endhof the
first exothermic DSC peak. However not all three types necessarily formed during the exot 1f:rr.mc
peak. It is possible that some clustering of atoms occurred during qgenclnng‘t‘ronl‘glt?‘s‘()lu‘tltpn_
treatment temperature, or immediately after quenching, prior to the DSC_ ana!ysm. DS : lf;:u ‘ts h(?l
Al-Si alloys do not show a low temperature exothermic peak, and there 1$ evidence to suotpe.st t le
clusters of Si atoms form extremely rapidly after quenching in Al-St alloys [20.].. The’rle\/I ore itis
thought that the exothermic peak in the DSC scan may have resulted from clustering of Mg atoms
and co-clustering of both Mg and Si atoms.

The structure of the small precipitates of unknown structure is not known and is extremely difficult

to determine. The fact that the precipitates were imaged in dark field indicates that there was some
diffracted intensity from the precipitates. However this must have been too weak to be visible on
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SADPs. It was found that these precipitates transform quickly to B", therefore it is thought ﬂ\ut
their main role in precipitation hardening is to nucleate B" precipitates.

The structure that was proposed for B" is different to those previously reported [7,8]. Ty
precipitates analysed by Lynch et al. [8] formed in a different alloy to that used in the prese,
investigation, and were significantly larger than the precipitates analysed here. Therefore t},
precipitate that was analysed by Lynch et al. may well have been a different precipitate to tha[
analysed in this investigation. Shchergoleva [7] also used a different alloy, and used x-ray methog
to determine the crystal structure. Given the difficulties experienced by other investigators wy,
have used x-ray methods, the analysis by Shchergoleva must be viewed with caution.

The simultaneous occurrence of both B' and p' precipitates is in agreement with previous resujg
for isothermal ageing [10]. The predominance of the B’ precipitate in this alloy is also in agreemyt
with the work of Matsuda et al. [10]. In that investigation it was found that for alloys with 0.4+,
excess Si (the same amount of excess Si as the alloy in the present investigation), the predominag,t

precipitqte was B'. Some B’ precipitates were also observed, in agreement with the presg,t
observations.

Figure 7. TEM bright field
micrograph and SADP (B = [001]a))
showing lath-shaped precipitates in y
specimen that had been heated at 5°C
per minute to 320°C, just beyond thg
third peak in the DSC scan.

. . @ (b)
Figure 8. High reso!ut}on electron micrographs of precipitates in Figure 7. (a) B and (b) p'. The
hexagonal lattice of B' was not obvious in bright field images, however it was apparent in dark
-field images and in Fourier transforms of the bright field image (Figure 9).
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(a) , (b)
Figure 9. (a) High resolution dark field image of a B' precipitate and (b) Fourier transformation of
Figure 8a. The hexagonal periodicity of the B' structure is evident in-both the dark field image and
the Fourier transform.
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