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INFLUENCE OF PRECIPITATION STRENGTHENING PROCESS ON THE MECHANICAL PROPERTIES OF 6082 WROUGHT

ALUMINIUM ALLOY

WPEYW PROCESU UMACNIANIA WYDZIELENIOWEGO NA WEASCIWOSCI MECHANICZNE STOPU ALUMINIUM DO

PRZEROBKI PLASTYCZNEJ 6082

Aluminium alloys containing Mg and Si as the major solutes are strengthened by precipitation of the metastable precursors
of the equilibrium S (Mg,Si) phase in one or more sequences. There are several particles that can form during aging: GP zones
and intermediate metastable phases -3”, 8’ and stable B phase [1-10]. Although the precipitation process in Al-Mg-Si alloys
has been extensively studied, the understanding of the hardening process is still incomplete, since any change in composition,
processing and aging practices could affect the precipitation hardening behaviour [3-6, 10]. In this paper differential scanning
calorimetry (DSC), transmission electron microscopy (TEM), and hardness measurements have been utilized to study the
effect of the precipitation hardening on the mechanical properties in aluminium alloy 6082. The mechanical (Rn and Rpyo3)
and plastic (A) properties of the alloy were evaluated by uniaxial tensile tests at room temperature. The results show that
the microstructure and mechanical properties change during artificial aging due to the precipitation strengthening process.
Therefore, the parameters (time and aging temperature) of precipitation strengthening process that may lead to the most
favourable mechanical properties of 6082 alloy were determined.
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Umacnianie stopéw AlMgSi nastepuje wskutek wydzielania si¢ metastabilnych faz przej$ciowych prowadzacych do utwo-
rzenia si¢ stabilnej réwnowagowej fazy 8 (Mg,Si) Wydzielanie metastabilnych faz przejéciowych jest do§¢ zlozone i nie do
korica poznane. Najczeéciej spotykany w literaturze schemat procesu rozpadu przesyconego roztworu stalego w umacnianych
wydzieleniowo stopach AIMgSi ma postaé: a — GP— B"— f’— S(Mg:Si) (@ - przesycony roztwér staly, GP — strefy
Guinier’a-Prestona, 87 i 87 — metastabilne fazy przejéciowe, B — faza stabilna, réwnowagowa). Mimo, ze procesy wydzielania
w stopach AIMgSi byly przedmiotem wielu badar, temat ten jest wciaz aktualny. Zmiana np.: skladu chemicznego stopéw, czy
warunk6éw procesu starzenia, wptywa na procesy umocnienia. W artykule zastosowano badania kalorymetryczne, mikroskopig
elektronowg oraz badania twardosci w celu zbadania wplywu czasu i temperatury starzenia na mikrostrukturg oraz wiasciwosci
mechaniczne stopu aluminium 6082.

1. Material and experimental respectively. The specimens were strained by tensile de-

formation on an Instron-type machine at room temper-

An alloy 6082 containing 0.78 Mg, 1.2 Si, 0.33
Fe, 0.08 Cu, 0.5 Mn, 0.05 Zn and 0.14 Cr (wt.%) was
cast in SAPA Aluminium-Trzcianka company. A 50 kg
ingot was homogenized at 500°C, and then extruded
into a extrudate profile of rectangular cross section
(40x100 mm). The test specimens were cut from the
ingot parallel to the extrusion direction. To get differ-
ent microstructures, the following heat treatments were
performed: the alloy was solution-treated at 570°C for
4 h, followed by a water quench; then the specimens
were aged at 130, 190 and 220°C for 72, 42 and 48 h,

ature. The hardness was measured with Brinell tester
under 49.03 N load for 10 sec. TEM observations were
conducted on a transmission electron microscope (Jeol
JEM 2010 ARP) operated at 200 kV. The foils were pre-
pared by twin-jet electropolishing in a solution CH;0H
+ HCIO4 + glycerine, operating at -10°C and U =
28 V. DSC samples were investigated in SETARAM Set-
sys thermal analyzer fitted with a scanning difrerential
calorimeter module, under Ar atmosphere. The heat ef-
fects associated with precipitation of GP zones and inter-
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mediate metastable phases were obtained by substracting
a baseline obtained with super pure Al run.

2. Results and discussion

Fig. 1 shows thermogram of the 6082 alloy obtained
at a heating rate of 10°C/min immediately after quench-
ing from the solutionizing temperature. The DSC scan
reveals that six exotermic events occur during heating
from room temperature to 630°C. The peaks can be ob-
served at following temperatures: I-83, II-164, III-260,
IV-311, V-475 and VI-533°C. With respect to the liter-
ature [4, 5, 9], the precipitation sequence during heating
the aluminium alloy 6082 is as follows: a (sss)— GP
zones — B” — B’ — B; where @ (sss) is the supersat-
urated solid solution, GP — Guinier-Prestone zones, 8,
B’ — intermediate metastable phases. DSC results and
TEM observation (Fig. 4, 5) are quite similar to those
observed previously by Broili [9] and Miao [7]
and confirm above mentioned precipitation sequence. As
can be observed in Fig. 1, for 6082 alloy the first two
exothermic peaks (I and II) correspond to the beginning
of precipitation of GP zones while the others correspond
to precipitation of metastable phases. Judging from the
position of these peaks, the main precipitates in 260°C
and 310°C aged alloys are metastable 8” and metastable
B’, respectively. The peak at the higher temperature is the
strongest one (II1-250°C) and corresponds to the precipi-
tation of intermediate metastable 8” phase. These results
are quite consistent with recent analysas (e.g. Miao [7]
and [4-6, 9]).
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Fig. 1. DSC trace of an as-quenched sample taken at a scan rate of
10°C/min :

Fig. 2 shows the effect of artificial aging time on
hardness. It can be seen that the hardness of 6082 al-
loy effectively depends on the precipitation strenghtening
conditions. The graphs indicate that, in all the cases ex-
cept at an aging at 130°C, the hardness initially increas-

es rapidly with the increase in aging time reaching the
peak value, after which hardness almost returns toward
its initial value. The alloy reached a maximum hardness
value of 127 HB after 4 hours of aging at 190°C. Simi-
lar hardness value to that observed for the highest aging
temperature the alloy achieved at aging temperature of
130°C although after longer aging time — 70 h. It was
affirmed that the higher aging temperature, the shorter
time is needed to achieve the maximum hardness val-
ue. The observed changes in hardness in artificial aging
may be essentially attributed to the precipitation process
of B(Mg,Si) particles. The results obtained and results
reported previously [4-7] have enabled to conclude that
the aging process for 6082 alloy at 130°C begins with
the formation of GP zones which act as obstacles to dis-
location motion and results in slight hardness increase.
At the higher aging time, the GP zones are replaced ini-
tially by precipitation of metastable intermediate 8 and
finally by precipitates of 8’ phases, hence more harden-
ing and an accelerated rate of aging process is noted.
The hardness of the alloy increase as far as the equi-
librium stable S(Mg,Si) phases is formed. Observed a
drop in hardness at prolonged aging times at 190 and
220°C could be attributed to the effect of the overaging
of the alloy. Extended aging time and elevated temper-
ature contribute to the formation of larger plate-shaped
precipitates. TEM examination of microstructures in the
samples after aging at 130 and 220°C confirms changes
in precipitates size (Fig. 4).
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Fig. 2. Variation of hardness with time during artificial aging

GP zones formation stage does not occur during
aging at 190°C. In this case, the aging process starts
with the precipitation of intermediate phases — 8” and
B’. Thus the hardness peaks at aging curves appears after
shorter time (at 190°C after 5 hours) that correlates with
the presence in the microstructure of partially coherent
non-equilibirum precipites of 8~ and 8’ phases. Appli-
cation of higher aging temperature — 220°C results in



reduction of time which is required for achieving the
maximum hardness value. The alloy achieves its maxi-
mum hardness at 220°C when aged for 1 h, thereafter, a
decrease occurs as the time progresses. The drop in hard-
ness observed in the aging curve obtained for aging at the
highest temperature — 220°C could be due to formation
of equilibrium phase of S(Mg,S) followed by its growth
to larger particles size (Fig. 4). Further heat treatment at
higher temperature and time may result in coalescence of
B(Mg,S) phase precipitates. Fig. 3 shows a bright field
TEM image representing the typical microstructure of
the material solutionized and aged for 6 h at 160°C. The
image shows small needle shaped 8” particles aligned in
{001} matrix direction and homogeneously distributed
throughout the matrix. The presence of a large number
of tiny dots represents the 5~ needles viewed end-on.
This indicates that 8” is the main strengthening phase in
6082 alloys. The microstructure is quite similar to that
reported by Gupta [4] and Miao [7] on an 6022
alloy.

Fig. 3. TEM micrograph of 6082 alloy aged at 160°C for 6 h showing
uniform dispersion of fine needle shaped 8” particles

Fig. 4 shows the typical microstructure of the alloy
aged for 20 h at 300°C. Upon prolonged aging, the 8”
needles are similar to those observed in Fig. 3, except
they are larger. The B8” needles occupy, in a homoge-
neous way, the whole volume of the grains. As shown in
Fig. 4 the microstructure also contained non- uniform
dispersion of intermetallic particles which were most
commonly spherical in shape. These large particles were
analysed using a STEM and all of them were found to
contain Al, Fe, Mn and Si suggesting that they were
precipitates of a-Al(FeMn)Si phase.

The tensile (Rp02, Rm) and plastic properties (A) of
the alloy aged at 130°C are shown in Fig. 5. It should be
noted that the yield strength and tensile strength of the
alloy increase with increasing aging time with almost no
ductility changes. The yield strength increases continu-
ously with time. A significant increase in mechanical
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properties was achieved during aging for up to 20 h.
Further heating causes a steady increase in the yield
strength of the material. The increment of alloy strength
similarly to the observed increment in hardness can be
treated as the effects of initial formation of GP zones
followed by precipitation of metastable particles of 8~
and B’ phases. Relatively high values of correlation co-
efficient (see equation in Fig. 5b) provide evidence that
mechanical properties strongly depend on aging time at
this temperatures.

Fig. 4. A bright-field image of 6082 alloy aged at 300°C for 20 h

showing coarser needle-like 8” particles on dislocations as well as
globular precipitates of a-Al(FeMn)Si phase i

The curves of Ry, R2 and A obtained at aging at
190°C are shown in Fig. 6. These results confirm those
obtained earlier. After heat treatment for the first few
hours yield strength and tensile strength increases rapid-
ly. The growing trend of strength continues and it reaches
R, = 440 MPa after aging for 6 hours. Further exten-
sion of aging time results in insignificant variations of
R, and Ry values (Fig. 6a). The reason for this is the
same as in the case of aging at lower temperature men-
tioned above. However in case of higher temperature of
aging — 190°C the maximum of the strength properties
is achieved after shorter time of exposing the alloy to an
elevated temperature.

Fig. 6b represents the curves obtained in tensile stat-
ic tests for the alloy artificially aged at the highest tem-
perature of 220°C. There is a roughly linear drop of
both yield strength and tensile strength with aging time.
For exemple, the yield strength decreases significantly
from its maximum 395 MPa to a value of less than 300
MPa after 30 h of aging. The maximum Ry value was
recorded after 1 h of aging. However, the plastic proper-
ties increase with increasing time. Initially a small dete-
rioration of elongation value was observed but at higher
aging times up 5 hours the elongation values increase
steadily.
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Fig. 5. Effect of time on tensile and yield strength of 6082 Al-alloy aged at 130°C
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Fig. 6. Effect of time on tensile and yield strength of 6082 alloy aged at: a) 190 and b) 220°

3. Conclusions

The aging kinetics of 6082 Al-alloy was studied af-
ter aging at three different temperatures and for various
times. The experimental results show that the highest
hardness and mechanical properties (yield strength and
tensile strength) were obtained after aging at 190°C for
6 hours. In addition the plastic properties of the alloy
aged at this temperature are much greater than the value
obtained in the case of aging at 220°C. The initial in-
crease in the hardness and strength properties, is due to
initial precipitation of GP zones and then formation of
very fine needle-shaped particles of metastable phases
— B” and B’ in under-aged and peak-aged conditions.
These precipitates effectively interfere with the motion
of dislocations. A decrease in the hardness and mechan-
ical properties of the alloy in the over-aged conditions
(increase in aging time and temperature) has occurred
“because of coalescence of the precipitates into larger
particles of metastable 8” and B’ phases.
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