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The precipitation kinetics and mechanisms of 6000 series aluminium alloys (6082 and
6061 alloys) are studied through the changes in the electrical conductivity. This is
supplemented by hardness measurements. The Johnson — Mehl — Avrami — Kolmogorov
(JMAK) and Austin — Rickett (AR) models are applied to the results of the electrical
conductivity measurements carried out on the two aluminum alloys allowing their
parameters to be identified. These two models offer a good representation of the
precipitation kinetics of the two aluminum alloys. They were also used to calculate the
activation energies for the transformations by applying the Arrhenius equation. The
activation energies obtained are consistent with the data in the literature. Finally, two
partial time — temperature — precipitation (TTP) diagrams are created for the 6082 and
6061 alloys. A comparison of the information obtained from these diagrams and the
Transmission Electron Microscopy (TEM) examinations is proposed for these two
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aluminium alloys and thus makes it possible to find a good match.

1. INTRODUCTION

The experimental methods for studying the structural
precipitation of aluminium alloys include macroscopic
physical methods which analyse macroscopic changes in the
physical properties (electric, thermal, dimensional, etc.) of the
aluminium alloy as a function of its precipitation state [1]. The
electrical conductivity and conversely the electrical resistivity
are governed by the progress of the solid solution breakdown
of the studied aluminium alloy. Consequently, the electrical
conductivity measurement at room temperature is already
being used in the aerospace industry, among others, as a quick
non-destructive method for testing quenched and tempered
semi-products made from aluminium alloys.

The study of the precipitation kinetics is associated with the
nucleation and growth processes which are predominant in
supersaturated aluminium alloys. The kinetics of isothermal
phase transformations through nucleation and growth have
often been described by the Johnson — Mehl — Avrami —
Kolmogorov (JMAK) model [2-5] which postulates that
nucleation occurs randomly and that growth is homogenous,
or the Austin — Rickett (AR) [6] model which is sometimes
more suited to controlled diffusion precipitation reactions.

In this study, a detailed presentation is proposed of the
electrical conductivity measurement method as well as the
models used to describe the precipitation kinetics. Both
models are compared and analysed to calculate the
transformation activation energies. All the data acquired
during the study is ultimately used to construct partial time —
temperature — precipitation (TTP) diagrams.

The overall approach is implemented on two structural
hardening aluminium alloys of the 6000 series: 6082 and 6061.
This family of alloys is typified by the addition of two main
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elements, namely magnesium (Mg) and silicon (Si). In general,
6000 series alloys exhibit good hot forming capacities (e.g.
extrusion), good corrosion resistance as well as a fairly good
level of mechanical properties which may be improved by
adding Cu (e.g. 6061 alloy).

2. MATERIALS AND METHODS
2.1 Aluminium alloys: 6082 and 6061

The EN AW-6082 [AISi1MgMn] alloy is used in the T6
temper. In this state, it provides an excellent balance between
the relatively high mechanical characteristics, greater than
those of 6061 T6, good corrosion resistance and acceptable
weldability. This alloy is used to make laminated, extruded
(bars, tubes, profiled sections) and forged products.

The 6082 alloy with a large excess of Si compared with the
pseudo-binary Al-Mg.Si mixture of the AI-Si-Mg phase
diagram has the following sequence of precipitation [1, 7]:

Initial solid solution — Clusters of Mg and Si — Guinier-
Preston (GP) zones — B — B’ — B (Mg2Si).

The EN AW-6061 [AIMglSiCu] alloy also exhibits
excellent capacity for deformation in the annealed (O) and
freshly quenched state and the thus formed products must then
be heat treated to be used in the T6 condition where the alloy
offers a good compromise of properties between average
mechanical properties, good corrosion resistance and
appropriate weldability. This alloy is used to make laminated,
extruded (bars, profiled sections, tubes), drawn or forged
products.

The 6061 alloy tends to have excess magnesium and
furthermore a low percentage of Cu is added, thereby slightly
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modifying the sequence of precipitation as follows [1, 7, 8]:

Initial solid solution — Cluster of Mg and Si — Guinier-
Preston (GP) zones — B> — B> + B’ — B (Mg:Si).

According to the ageing peak of the Al-Mg-Si-Cu alloys,
some needle-like B>’ precipitates are replaced by rod-like p’
precipitates and others are replaced by lath-like precipitates.
These lath-like precipitates were originally observed in the
6061 alloy and were called B’ precipitates. The B” (or Q*)
phase is now considered as the forerunner of the Q phase
which is commonly encountered in Al-Cu-Mg-Si [7, 8] type
alloys.

The aluminium alloy specimens used in the study were
made from 10 mm thick laminated sheets in the case of the
6082 alloy and 1.2 mm thick laminated sheets for the 6061
alloy.

The chemical composition and the mechanical
characteristics of these two alloys comply with standards EN
573-3 and EN 485-2.

2.2 Measurement method

2.2.1 Material equipment

To measure the electrical conductivity of non-magnetic
metals (as in the case of aluminium alloys), we use the Eddy
current method. The instrument used is a Fisherscope MMS pc
equipped with an ES40 probe.

The Brinell hardness measurements (HBW 5/250) are
carried out at room temperature (20+2°C) on a Duramin 500

Emco-test hardness tester (as per standard NF EN 1SO 6506-1).

The samples intended for the transmission electron
microscopy (TEM) examinations are prepared by mechanical
polishing (for thinning) then via ionic abrasion using a
Precision lon Polishing System (PIPS). The TEM is a Tecnai
Osiris (200 kV).

We use a forced convection air oven (N15/65HA model —
Nabertherm) to carry out the heat treatments. This oven is
designed for the treatments of aluminium alloys (< 650°C) and
features excellent temperature uniformity (AT < 6°C). The
quenching fluid is cold water (= 20°C). The transfer time of
the load (specimens) in the quenching medium is less than 5
seconds in all cases.

2.2.2 Experimental methods

The study is largely based on the quality and reliability of
the electrical conductivity measurements, so we indicate the
necessary recommendations to adopt for them.

To limit the edge effects [9], the minimum diameter
recommended by the manufacturer of the probe to carry out
the measurements is 11 mm. The minimum diameter used
during the test is approximately 18 to 20 mm.

The temperature of the sample has a significant impact on
the electrical conductivity measurements. The physical
correlation between the electrical conductivity and the
temperature of the sample is described by the following
equation [9, 10]:

0= e =50 1)
1+ a(T — 20)
where,
o: electrical conductivity in MS/m
0,0: electrical conductivity at 20°C
T: temperature of the sample in °C
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a: temperature coefficient of the electrical conductivity for
the sample

The reference temperature of the electrical conductivity is
20°C. For example: it can be seen that if the temperature
increases by only 2°C, the measured electrical conductivity of
the pure copper decreases by 0.46 MS/m (which is a
significant proportion) [9].

All our tests are carried out at 2242°C. To limit
measurement errors from temperature changes, we use the
ES40 probe in its compensation function. This means that the
probe and the measurement equipment automatically
compensate or correct the electrical conductivity [9]. As a
matter of fact, the ES40 probe is equipped with a thermocouple
to take the temperature of the sample and the Fischer scope
MMS pc automatically recalculates the a coefficient as a
function of the temperature measured by the probe and
instantly corrects the electrical conductivity. The values
subsequently presented are therefore a,,.

We use a frequency of 60 kHz to penetrate as deep as
possible within the alloy. However, the thickness of the
specimens must not be excessively low as this would create
errors. Furthermore, the probe has the best repeatability
accuracy with this frequency (less than 0.06 MS/m) [9].

The amplitude of the Eddy currents decreases exponentially
with the penetration depth. The depth at which the amplitude
is approximately 37% of that of the surface is called the
standard penetration depth § [10].

Let us calculate the standard penetration depth & for the
selected aluminium alloys [10]:

5033

N

2

where,

6. standard penetration depth in mm

f: frequency selected for the measurement in Hz (in this case
60 kHz)

o electrical conductivity of the sample in MS/m

For the studied aluminium alloys, it will be seen that the
electrical conductivity varies between 24 MS/m and 30 MS/m
hence § = 0.375 mm to 0.42 mm. If the thickness of the test
sample is more than 2.6 &, then the effect of the thickness is
negligible on the Eddy currents and therefore on the electrical
conductivity measurement. Thus, the minimum thickness of
the samples must be 0.975 mm to 1.1 mm depending on the
electrical conductivity of the alloy; this is consistent with the
thicknesses of the samples used (paragraph 2.1.).

The calibration is carried out with two reference standards
[9]:

- an electrical conductivity standard at 60kHz and 20<C of
14.46 MS/m

- an electrical conductivity standard at 60kHz and 20<C of
34.69 MS/m

These reference standards encompass all the electrical
conductivity measurements carried out on the aluminium
alloys.

For each aluminium alloy, the electrical conductivity is
measured in the configurations shown in Table 1.

A mean is calculated based on 5 electrical conductivity
measurement points.

To complete the electrical conductivity measurements, a
few hardness tests are also carried out.



Table 1. Configurations of heat treatments followed by
electrical conductivity

Heat treatment Measured at

Isothermal transformation at
room temperature (2022 <C) or
natural ageing up to T4 state
(after solution heat treatment
and water quenching)
Isothermal transformation at a
temperature of 135C — 165<C
—190<C - 210<C (after solution
heat treatment, water
quenching and natural ageing
of 48 hours)
Annealing (404<C for 2to 3
hours)

5 min—10 min — 15 min - 30

min-1h-2h-4h-8h-

24h—-48h—-72h-96h—
168 h

Approximately 30 min

2.3 Precipitation kinetics models

The JIMAK model is based on the concept of an “extended
volume” which is the volume hat a new nucleus would occupy
if there was no encroachment or overlapping of an already
transformed adjacent nucleus [2-5, 11].

The JMAK equation is:

x(t) =1 —exp (—[k(T)t]™) A3)
where,

X(t) is the transformed volume fraction.

n is the Avrami exponent which reflects the transformation
mechanism [12-14].

t is the isothermal hold time.

k(T) is a rate constant which primarily depends on the
temperature and which may be expressed by an Arrhenius
equation:

E
k(T) = koexp (= 20 “

where, E, is the activation energy for the nucleation and
isothermal growth, ko is a constant and R is the universal gas
constant.

Austin and Rickett propose another model [6]:

1
() =1 - Gepaay) )

As mentioned in the introduction, this model is more suited
to controlled diffusion precipitation reactions.

Electrical conductivity is governed by the progress of
breakdown of the solid solution of the aluminium alloys and
therefore by the transformation kinetics (precipitation and
dissolution of the precipitates).

Thus, the transformed volume fraction of an isothermal
reaction can be described as follows [15, 16]:

_ a(t)-ap
x(t) - gf—0g

(6)
where,

X(t): transformed volume fraction at time t (isothermal
transformation)

a(t): electrical conductivity at time t

g, initial electrical conductivity

oy final electrical conductivity

143

3. RESULTS AND DISCUSSION

3.1 Results of the electrical conductivity and hardness
measurements

Figure 1 shows the monitoring by electrical conductivity of
the natural ageing of the 6082 and 6061 alloys, i.e. the
isothermal  transformation at  room  temperature
(approximately 22°C) to the stable T4 state.
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Figure 1. Changes in the electrical conductivity during the
natural ageing of the 6082 and 6061 alloys

A decrease in the electrical conductivity can be noted for
both alloys. This decrease stabilises after several days
(approximately 7 to 8 days i.e. 604,800 seconds to 691,200
seconds): the stable T4 state is therefore achieved. A natural
ageing period of minimum 8 days is recommended for these
alloys [17] which is consistent with Figure 1. There is a more
rapid decrease in the electrical conductivity for the 6082 alloy:
the natural ageing starts immediately whereas with the 6061
alloy, an incubation period of approximately 30 minutes is
observed.

Figures 2 and 3 show the changes in the electrical
conductivity and hardness at various temperatures (Table 1)
during the artificial ageing operations (isothermal) from the T4
state (after natural ageing) for both the 6082 and 6061 alloys.

Figures 2 and 3 yield the following comments:

- Little or no change in the electrical conductivity at 135°C.
Note that for the 6082 alloy, the electrical conductivity
increases after 24 hours (i.e. 86,400 seconds) which
suggests that the precipitation reaction starts at a much
slower rate than for the 165°C, 190°C and 210°C isotherms.
The hardness values confirm the precipitation reaction for
the temperature of 135°C.

- With regard to the three temperatures, 165, 190 and 210°C,
an increase in the electrical conductivity is observed and
appears to tend towards an asymptotic value. This value is
probably that obtained during annealing: 30.79 MS/m for
the 6082 alloy and 29.37 MS/m for the 6061 alloy. The
increase in electrical conductivity highlights the
precipitation reaction.

- The higher the temperature, the more rapidly the electrical
conductivity increases and consequently the faster the
precipitation reaction.

- At each temperature, the maximum hardness will be
reached more rapidly the higher the temperature and the



lower the temperature the higher this maximum hardness.
However, the maximum hardness is not reached at the end
of the transformation but rather when there are many fine
precipitates.
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Figure 2. Changes in electrical conductivity and hardness
during the various isothermal transformations from the T4
state — 6082 alloy
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Figure 3. Changes in the electrical conductivity and hardness
during the various isothermal transformations from the T4
state — 6061 alloy

3.2 Application of the IMAK and AR models

The transformed volume fraction at time t: x(t) may be
obtained from the electrical conductivity measurements
presented above using the Eg. (6). Following this, the
parameters of the IMAK and AR models can be determined
based on Eqns. (3) and (5) as follows:

- For the JIMAK model:
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log <ln <1—;x(t)>) = nlogt + nlog(k(T)) 7

Therefore, we simply plot log (ln (ﬁ(t))) as a function of
logt. If the model applies, then we must obtain a line (possibly
line segments). In this case, n the Avrami exponent is the
slope of the line and nlog(k(T)) is the intercept point. We
obtain n and k(T).

Using the Arrhenius equation, we can obtain the activation
energy E, based on Eq. (4):

E,
= — (=2 8
In(k(r) = Inko = (%) ®)
E, is therefore the slope of the line.
- We use the same approach for the AR model:
1
In ({55 — 1) = nint + nin(k(7)) )

L_ 1) as a function of
1-x(t)
Int. If the model applies, then we must obtain a line (possibly
line segments). In this case, n is the slope of the line and
nin(k(T)) is the intercept point. As for the IMAK model, we
obtain n and k(T).

If we use the Arrhenius equation in the same way, we obtain
the activation energy E,.

An example of the approach for the 6082 alloy is presented
in Figures 4 and 5 during the isothermal transformation at
room temperature, i.e. during natural ageing.

Therefore, we simply plot ln(
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Figure 4. Application of the IMAK and AR models during
natural ageing — 6082 alloy

In Figure 4, we obtain for the two models (JMAK and AR)
two line segments: the models can therefore be applied as
previously specified. It also shows that the natural ageing takes
place in two transformations.

Based on these two line segments, we can therefore obtain
for each of the two transformations: n (slope of the line
segment) and K(T) (nlog(k(T)) is the intercept point) as
represented on Figure 5 a — b for the IMAK model.



Table 2. Parameters identified for the IMAK and AR models — 6082 and 6061 alloys

Aluminium alloy 6082
JMAK Avrtificial ageing Natural ageing
Temperature (C) 165 (1) 165 (2) 190 (1) 190 (2) 210 (1) 210 (2) RT (1) | RT(2)
n 0,816 0,217 1,12 0,213 1,185 0,182 1,53 0,283
k(T)x10% 0,503 2,25 6,45 2,01 22,4 10,4 40,7 37,9
AR Avrtificial ageing Natural ageing
Temperature (<C) 165 (1) 165 (2) 190 (1) 190 (2) 210 (1) 210 (2) RT (1) | RT(2
n 0,887 0,383 1,67 0,363 1,115 0,414 1,78 0,703
k(T)x10 6,77 8,90 126 92,7 277 210 506 595
Aluminium alloy 6061
JMAK Avrtificial ageing Natural ageing
Temperature (C) 165 (1) 165 (2) 190 (1) 190 (2) 210 (1) 210 (2) RT() | RT(2
n 1,24 0,058 1,11 0,158 0,98 0,158 1,03 0,223
k(T)x10% 0,698 0,0004 4,28 0,243 20,4 0,779 4,55 27,0
AR Avrtificial ageing Natural ageing
Temperature (C) 165 (1) 165 (2) 190 (1) 190 (2) 210 (1) 210 (2) RT() | RT(2
n 1,15 0,080 1,19 0,239 1,195 0,245 1,21 0,615
k(T)x10% 0,658 0,224 5,31 2,36 29,6 7,40 6,43 23,9
(1) 1st transformation Kinetics, i.e. 1st line segment
(2) 2nd transformation kinetics, i.e. second line segment
RT means Room Temperature
0 provided in Table 2.
o024t 2.8 3 3.2 3.4 The Avrami exponent n can be associated with a

Log(In(1/(1-x(t))))

Log(t)
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Figure 5. Determination of n and k(T) for the JMAK model
during natural ageing — 6082 alloy

Table 3. Representation of the Avrami exponent on the
transformation kinetics.

Diffusion-controlled transformations

Morphology n
Spheres 15

Needles and/or spaced plates 1

Thickening of the needles 1
Thickening of the plates 0.5

The same approach is applied for the isothermal
transformations at 165°C, 190°C and 210°C with the JMAK
and AR models for the 6082 and 6061 alloys. The results are
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precipitation morphology during a transformation as shown in
Table 3 [12-14].

Tables 2 and 3 can be used as a basis to discuss the
transformation kinetics observed on the 6082 and 6061 alloys.

3.2.1 6082 alloy

With the JMAK model, during natural ageing at room
temperature, two values of n can be seen which suggest two
transformation reactions. Firstly, there is n = 15
(approximately) which means that the transformation is
controlled by diffusion and that the precipitates have a sphere-
type morphology [12, 14, 16]. Over time, n decreases to a
value of approximately 0.3. This suggests that diffusion-
controlled transformation has continued but that the
precipitates are thickening of plate-like precipitates [12, 14].
Drawing on paragraph 2.1 regarding the precipitation
sequence of the 6082 alloy, the initial solid solution firstly
breaks down into clusters of Mg and Si atoms which can be
likened to spheres. This is followed by the fine needle-shaped
Guinier and Preston zones. The JMAK model reveals
thickening plates which is not exactly the case according to the
literature.

During the artificial ageing operations at the three
temperatures (165, 190 and 210°C) which gave rise to a change
in the electrical conductivity and therefore to transformations,
a change of n over time (line segments) was noted.

At 165°C, n = 0.8, almost 1, it therefore involves thickening
of needle-like precipitates then n = 0.2 which rather
corresponds to thickening of plate-like precipitates. In fact,
(refer to paragraph 2.1), fine needle-like phase B’ precipitates,
then needle-like B’ precipitates followed by rod-like
precipitates and finally plate-like or lath-like  precipitates can
be observed. Accordingly, the first value of n can represent the
precipitation of phases B’ and B’ up to the thickening of
needles which can be likened to rods. The second value of n
corresponds to the thickening of plates or laths at the
precipitation of phase B (Mg.Si equilibrium phase). This
analysis is confirmed by the fact that the slope change occurs
shortly after 48 hours and that the maximum hardness is
achieved between 24 and 48 hours. Therefore, it seems that



after 48 hours the alloy becomes overaged and thus phase j is
more likely to precipitate.

At 190 and 210<T, the precipitation takes place at a more
rapid and heightened pace. As a matter of fact, n slightly
increases for the first transformation from 0.8 (165°C) to 1.1
(190°C) and even 1.2 (210°C). However, these values remain
close to 1 and it can be considered that they are indeed needle-
like and rod-like B*> and B’ precipitations. For the second
transformation n slightly decreases from 0.22 (165°C) to 0.18
(210°C). However, the principle remains the same: thickening
plate-like phase B precipitation.

With the AR model, regardless of the transformation, the n
values are higher than with the IMAK model. However, there
are no major differences with the values obtained using the
JMAK model whether during natural ageing or the artificial
ageing operations. Nevertheless, what can be assumed to be a
small anomaly in the changes of n is noted during the first
transformation between the temperatures of 190°C and 210°C.
Indeed, n increases fairly sharply from 165°C to 190°C then
markedly falls at 210°C. The changes in n with the
temperature do not seem as logical as with the JMAK models,
especially given that the value of n at 190°C (during the first
transformation) is almost 1.7 which would mean that the
precipitating phases are sphere-shaped, which is highly
unlikely.

3.2.2 6061 alloy

With the IMAK model, during the natural ageing, initially
n=1, which suggests a diffusion-controlled transformation and
thickening needle-like precipitates [12, 14, 16]. Contrary to the
6082 alloy where n was higher and close to 1.5 thereby
reflecting the Mg and Si clusters of atoms phase, with the 6061
alloy this is not observed and the precipitation seems to begin
directly with the Guinier and Preston zones with fine needle-
like precipitates. The second value of n (approximately 0.2)
indicates that the precipitation reaction evolves towards the
thickening of plates. Literature does not propose this structure
as the Guinier and Preston zones are needle-shaped.

At 165<C, n is firstly almost 1 (approximately 1.2) which
obviously reflects a diffusion-controlled transformation as
well as rod-like or needle-like precipitates. As mentioned in
paragraph 2.1, the precipitates at this stage are B’ and
potentially B> phases which are needle-shaped. The second
value of n conveys a thickening of the plates which may
effectively correspond to phase B’ and especially to phase f
(Mg2Si equilibrium phase) which are both plate or lath-shaped.

With regard to the other two artificial ageing temperatures
(190 and 210°C), the first value of n corresponding to the first
transformation is lower and close to 1 thereby conveying a
diffusion controlled transformation and thickening needle-like
precipitates. In this case, this is more in keeping with what is
documented in literature (paragraph 2.1). Then for the two
temperatures, the precipitates are thickening plates which may
convey the formation of B’ and especially B precipitates.

With the AR model, as with the 6082 alloy, the entire
transformation sequence is in keeping with that supplied by
the IMAK model. As previously, we note values of n which
are higher than with the JMAK model. However, one
difference is noted for the first transformation, n remains
stable or slightly increases from 1.15 to 1.19.

3.2.3 Modelling of the transformed volume fraction:
Comparison between JIMAK — AR
The two JMAK and AR models have now been identified.
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Therefore, the modellings obtained can be compared with the
experimental values. Figure 6 shows the results on the 6082
alloy.

At 165°C, the two models rather faithfully convey the
experimental data. There is a zone that is a little more complex
to represent at the transition between the first and second
transformation.

At 190°C, it can be seen that the zone of transition between
the first transformation and the second transformation is still
complicated to model. Secondly, it is the AR model that is the
closest to the experimentally measured values given that the
zone of transition is greatly overestimated. The JMAK model
is firstly below the real value however it better reflects the
zone of transition. For the two models, the second
transformation is appropriately represented.
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Figure 6. Comparisons of the JMAK and AR models with
the experiment for the transformed volume fraction

At 210¢°C, it is yet again the zone of transition which is
problematic, however it is the AR model which best conveys
this. For the rest, the two models are fairly similar and close to
the experimental values.

Thus, excluding the zone of transition, the two models offer
good adjustments of the transformed volume fraction x(t).



3.3 Avrami exponent as a function of the temperature

As it can be seen (paragraphs 3.2.1 and 3.2.2) n is not a
constant that is independent of the temperature. The equation
connecting it to the temperature can be determined from n.

3.3.1 6082 alloy

- JIMAK model:

1%t transformation: n = @ +491 (with a good
determination coefficient R%>0.9)

2" transformation: n = 15Ti —0.13 (with
determination coefficient R?=0.75).

- AR model:

1t transformation: n = % + 3.3546 (with a good
determination coefficient R?>0.9)

2" transformation: n = 222

T
determination coefficient R2<0.27).

a poor

+ 0.6591 (with a poor

3.3.2 6061 alloy
- JMAK model:
1t transformation: 11?'8
determination coefficient R?>0.9)
2" transformation: n = _4:9'8
determination coefficient R2<0.82).
- AR model:
1%t transformation: n = # +1.632 (with a good
determination coefficient R%>0.9)
2" transformation: ~8082

T
determination coefficient R2<0.85).

n= —1.484 (with a good

+1.187 (with a poor

n= +1.944 (with a poor

Even if the correlation between n and T is not always perfect
as shown by the previous equation, nevertheless it appears that
n tends to evolve on a straight line basis as a function of 1/T.

3.4 Activation energy

By applying the Eq. (8), it is now possible to calculate the
activation energy E, by plotting In(k(T)) as a function of %.

The slope of the line is therefore E,. Table 4 shows the values
obtained as well as the associated determination coefficient.
As stated in paragraphs 3.2.1 and 3.2.2., the first
transformation Kinetics conveys the precipitation of phase >’
and phase B’. As such, the activation energies calculated
correspond to the higher of the phase B’ or phase p’
precipitation values (in general, this is the phase B’
precipitation value). The literature [17, 18], provides a few
examples of values corresponding to the activation energy for
the formation of phase B’: these values range between 105
kJ/mol and 145 kJ/mol. The values obtained with the two
models are similar and are consistent with the data provided in
literature, even if it can be noted that they are higher in our
study. We also note that they are close to the Mg and Si
diffusion values in aluminium, i.e. 131 kJ/mol and 124 kJ/mol
respectively [19]. The second transformation Kkinetics is
associated with the precipitation of phase p. We obtain rather
heterogeneous activation energy values especially for the 6061
alloy where the value obtained with the JMAK model is more
than twice that obtained with the AR model. If we refer to
literature [20], the activation energy for the precipitation of
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phase j is approximately 225 kJ/mol, which is not consistent
with our results.

Table 4. Activation energy of the 1% (1) and 2™ (2)
transformation Kinetics based on the IMAK and AR models

6082 JMAK AR
1) (2 () (2
E, 149.9 | 149.7 | 146.2 | 125.7
(kJ/mol)
R= 099 | 0.99 | 099 | 097
6061 JMAK AR
(@) (2 () (2)
E, 131.3 | 304.6 | 148.4 | 138.2
(kJ/mol)
R= 099 | 0.92 | 099 | 0.99

3.5 TTP diagrams

With the data obtained in this study concerning the two
aluminium alloys, we can plot time — temperature —
transformation (TTT) diagrams or more precisely time —
temperature — precipitation (TTP) diagrams for each alloy. An
example of the TTP diagram is presented in Figure 7 for alloy
6082 and in Figure 8 for alloy 6061. It should be highlighted
that these are partial diagrams (zones of temperature studied).
Moreover, note that the blue lines on Figures 7 and 8 show the
start of precipitation for phases p’” and B’ and the red lines the
start of precipitation of phase B. These are not precipitate
stability zones. With regard to the Guinier Preston zones (GP
zones), we do not show the start of precipitation as the two
diagrams are constructed based on isotherms carried out after
48 hours of natural ageing (Table 1): the GP zones have
already begun to precipitate.

220
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= 180 of phases of phase i
2 B and B
= 160
g GP zones
2 140
Q
=

120

100

100 1000 10000 100000 1000000

Time (seconds)
Figure 7. Alloy 6082 — partial TTP diagram
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Figure 8. 6061 alloy — partial TTP diagram



According to Fang et al. [21], who investigated an alloy
similar to the 6082: an Al-0.89Mg-0.75Si alloy with trace Fe
and Zn elements, by transmission electron microscopy (TEM),
the following results were noted:

- After being aged for 1h at 180°C, the start of
precipitation of phase B*’,

- after being aged for 5h at 180°C, the precipitation of
only phase B,

- after being aged for 10h at 180°C, the start of
precipitation of phase f’,

- after being aged for 30h at 180°C, the start of
precipitation of phase p.

If the TTP diagram for the 6082 is used, it can be noted that
it predicts:

- the start of precipitation of phase B’ at approximately
1h 12 min (i.e. 4,360 sec) at a temperature of 180°C,

- the start of precipitation for phase B at approximately
21h and 5 min (i.e. 75,900 sec) at a temperature of
180<C.

This is consistent with the TEM observations of Fang et al.
[21] especially seeing that as previously stated, the studied
alloy is not a 6082 alloy but a similar alloy.

In Figure 9 which shows our TEM observation for 4 hours
at 190°C on 6061 alloys, numerous and very fine needle-
shaped precipitates about 30 to 50 nm in length and 2 to 5 nm
in diameter are observed. These precipitates are typically the
phase B’ [21]. This indicates that the diagram in Figure 8 is
consistent with the experiment (at least for this temperature).

Figure 9. 6061 alloy — only phase B’ (all shapes)

4. CONCLUSIONS

The electrical conductivity measurement method is easy to
implement and sensitive to the changes in the precipitation
state. We investigated the precipitation kinematics of two
aluminium alloys, 6082 and 6061, during an isothermal
transformation. The electrical conductivity is due to the
contribution of the precipitates, the solid solution and defects.
It is noted for the two alloys that the electrical conductivity
increases during an isothermal treatment towards an
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asymptotic value which is probably the value of the annealing.
On the other hand, it can be noted that the hardness is very
easy to achieve and can be quickly analysed. However, it only
provides an overall view of the precipitation. It is useful for
supplementing the results of another investigation technique
such as electrical conductivity. It will be recalled that the
hardness reaches its maximum all the faster the higher the heat
treatment temperature and the maximum hardness is all the
higher the lower the heat treatment temperature.

It was seen that the JIMAK and AR models can be applied
and that this application serves to identify the parameters for
each alloy. The two models provide a good representation of
the precipitation kinematics of the 6082 and 6061 alloys. The
advantage of the JIMAK model is the possibility of using the
Avrami exponent to understand the precipitation mechanics
(information in Table 3). The precipitation mechanisms cannot
be fully identified using only the electrical conductivity.
Therefore, it was not possible to differentiate the precipitation
of phase B> from phase B> which has the same Avrami
exponent. Note that the Avrami exponent is a function of the
temperature and seems to change linearly with 1/T. We were
able to determine the activation energies of the various
transformation kinematics and to compare them with literature.
It was observed that the results obtained are consistent with
those for the first transformation kinematics (precipitations of
phases B’ and B”) and that they are fairly close to the diffusion
values of Mg and Si in aluminum. Finally, the data from this
study was used to construct two partial time — temperature —
precipitation (TTP) diagrams which seem to be consistent with
the observations reported in literature. These diagrams provide
the community with a “correct” but incomplete prediction of
the precipitation of phases p’’, B’ and B (main phases of the
two aluminium alloys) in a temperature range that is widely
used by industrial sectors.
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