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Abstract: The formation of the Guinier-Preston-Bagaryatsky zones in Al-Cu-Mg, controlled by the
solute atoms diffusion, occurs through a nucleation, growth and coarsening phenomenon. Both
growth and coarsening regime are well described, respectively, by the IMAK model of growth and
the LSW theory. In the commercial Al-Cu-Mg alloy, the presence of Fe and Si atoms leads to the
formation of soluble particles such Al,Cu and Mg,Si, and insoluble particles such Al;;Fe;Si,
Al;Cu,Fe and Alg(Fe, Cu) during heat treatment. Then, some of the Cu and Mg atoms are removed
from the solid solution and the effective solute atom concentration in the matrix during the heat
treatment is reduced leading a reduction in the driving force of the GPB nucleation and growth and a
slowing down the nucleation growth reaction .The diffusion coefficient of the solute atom in the
alloy, in both pure Al-Cu-Mg and commercial Al-Cu-Mg alloys, are determined during the GPB
zones coarsening. No significative difference exists between the diffusion coefficient of the solute
atoms in the pure and in the commercial Al-Cu-Mg alloys during the GPB zones coarsening because
some of the excess vacancies are eliminated at the sinks and the driving force of the coarsening
reaction is due only to the interfacial energy.
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1. Introduction

A supersaturated solid solution Al-Cu-Mg evolves towards an equilibrium state following the
sequence [14]:

o (supersaturated) — GPB (Guinier-Preston-Bagaryatsky) zones — S’ metastable phase — S
equilibrium phase

where the GPB zones consists on Cu-Mg co-clusters. The metastable phase S’ (ALCuMg) is an
hexagonal lattice and the equilibrium phase S (Al,CuMg), is an hexagonal lattice. This precipitation
sequence is controlled by the diffusion of solute atoms. As GPB zones are coherent with the matrix,
their interfacial energy with the matrix is weak and they form firstly. It is well known that the
formation of the GPB zones in aluminium alloys is closely linked with the excess vacancies. A
model of GPB zones precipitation assisted by vacancies has been developed by several authors. GPB
zones formation is governed by a transport mechanism of solute atoms by solute atom-vacancy
complexes [5,6,7]. In commercial Al-Cu-Mg alloys, two groups of phases, soluble such Al,Cu and
Mg,Si, and insoluble particles such Alj;FesSi, Al;CuyFe and Alg(Fe, Cu) during heat treatment, may
be distinguished according to their stabilities [8,9]. The insoluble phases arise mostly from Fe and Si
impurities, which, in commercial alloys for structural applications, are very often present. These
constituent particles are insoluble because of the low solubility of Fe in aluminium and the low
solubility of Si in Al alloyed with Mg. The soluble constituent phases can be dissolved during heat
treatment, by virtue of the high solubility of Cu and Mg in Al [10].

Our purpose is to study the influence of the Fe and the Si impurities on the precipitation kinetics
of the GPB zones in a supersaturated Al-Cu-Mg solid solution using a technique based on
microhardness measurements.

2. Materials and Method

Al-Cu-Mg alloys were prepared by melting aluminium, copper and magnesium elements under
an argon protection. Aluminium with a purity of 99.99% and aluminium of commercial quality with
a purity of 99.7% are used for the preparation of the pure Al-Cu-Mg and commercial Al-Cu-Mg
alloys respectively. The pure aluminium contains less than 0.005% Fe and 0.005% Si and the
commercial aluminium contains 0.094% Fe and 0.069% Si. The copper and the magnesium used
have a purity of 99.99%. After homogenization, during 15 days at 540 °C and an ice water quenching,
the alloys are cut into platelets specimen which are mechanically polished, homogenized 6 hours at
540 °C and quenched into ice water. The Vickers microhardness measurements were carried out
under a load of 100 g on specimen treated during different times at different aged temperatures (90,
130, 160 and 200 °C) and quenched into ice water. The Vickers hardness measurements were made
using a microhardness tester type SHIMADZU provided with a square pyramidal penetrator. The
average value of ten readings was used for each data point.
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3. Results and Discussion
3.1. Hardening Evolution

In both pure and commercial alloys, the isothermal hardness curves, established at 90, 130, 160
and 200 °C show two steps of hardening (Figures 1 and 2). The first one is due to the formation of
the GPB zones while the second one, more important, is attributed to the precipitation of the
metastable S’ phase. The softening occurs at the coarsening of the S’ particles and at the precipitation
of the equilibrium phase S. The intermediate plateau observed between the two steps hardening
corresponds to the equilibrium state of the GPB zones precipitation. The hardening observed is due
to the interaction between GPB zones and S’ particles with moving dislocations [5,11-16]. The
hardening evolution is schematized in the Figure 3.
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Figure 2. Isothermal hardness curves of the commercial Al-Cu-Mg alloy.

AIMS Materials Science Volume 3, Issue 4, 1443-1455.



1446

- formation

o First step of hardening
due to the GPB zones

Metastable equilibrium|
state of the GPB zone

Second step of hardening,

due to the S metasteble
phase

-

due to the S'coarsening
and to the S stabe

Softening step
phase precipitation

_-———

hardness

precipitation /\
-—

time

Figure 3. Schematic description of the hardening steps in the Al-Cu-Mg alloy.

During the precipitation of the GPB zones, in a non deformed alloy, the hardening results from
the contribution of the solid solution, the GPB zones and the insoluble particles. Since the presence
of these particles will remove some of the Cu and Mg atoms from the solid solution, the effective
solute concentration in the matrix during the heat treatment is reduced leading in a small reduction of
the matrix contribution to the alloy hardening due to the small proportions of Fe and Si in the alloy.
Due to the presence of Fe and Si, the reduction of the alloys hardness is not significative.

3.2. Precipitation Kinetics of the GPB Zones
3.2.1. Growth Regime

Precipitation transformation in Al-Cu-Mg alloys are considered as nucleation and growth type
transformations. In such a case, the volume fraction of transformed solid solution, F, may be
expressed by Johnson-Mehl [17], Avrami [18] and Kolmogorov [19] (JMAK) kinetics:
F =1 —exp[—(kt)"], where n and k are the growth parameters. The growth parameter n is a numerical
temperature independent exponent. For the diffusional controlled growth n is in the range
0.5-2.5 [20,21]. The growth parameter k is a strongly temperature dependent constant whose value
depend on both nucleation and growth rates includes nucleation and growth rates. The growth
parameter k characterizes the precipitation kinetics and is expressed by an Arrhenius-type
relationship with temperature as follows [22]: k = A-exp/—(Q/RT)], where A is a constant, Q is the
activation energy, R is the gas constant and T is the temperature.

During the precipitation of the GPB zones, the transformed fraction, F, which represents the
ratio between the volume occupied by the GPB zones at a time t and their volume at the metastable
equilibrium state, is given by the Merle relation [23]:

H\(t) = F-Hypmetastable equitibrium state) T (1—F)-H,(0), where H,(0) is the as quenched hardness, H,(t)
is the hardness of the alloy at the time t during the precipitation of the GPB zones, and
Hy(metastable equilibrium state) 1S the hardness of the alloy at the metastable equilibrium state of the GPB
zones precipitation.
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In both pure and commercial alloys, the results show that the GPB precipitation kinetics obeys
to the JMAK law of the growth controlled by the diffusion of solute atoms: F = I — exp/—(kt)"]
(Figures 4 and 5).
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Figure 5. Transformed fraction during the GPB zones precipitation in the commercial
Al-Cu-Mg alloy.

The growth parameters n and k are determined from the slopes of the Ln(Ln(1/(1-F))) curves
(Figures 6 and 7). The values of the growth parameter n which varies between 0.47 and 1.17 in both
pure and commercial Al-Cu-Mg alloys are characteristics of a growth controlled by the diffusion and
an heterogeneous precipitation of the GPB zones [20,21] while the values of k show that the
precipitation of the GPB zones is faster at elevated temperature (Table 1).
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Figure 6. Determination of the growth parameters during the GPB zones precipitation in
the pure Al-Cu-Mg alloy.
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Figure 7. Determination of the growth parameters during the GPB zones precipitation in
the commercial Al-Cu-Mg alloy.

Table 1. Growth parameters during the GPB zones precipitation in the pure and in the
commercial Al-Cu-Mg alloy.

T (°C) 90 130 160 200
n (commercial alloy) 0.47 0.37 0.81 0.74
n (pure alloy) 0.7 0.71 1.04 1.17

k (commercial alloy) (s ) 4.61 x 10* 223x10* 516x10* 29x107°
k (pure alloy) (s™) 30x10% 52x10%  62x10%  90x107*
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On the basis of the Arrhenius type expression of the growth parameter k = A-exp/—(Q/RT)] [22],
the activation energy during the GPB zones growth, determined from the slopes of the curves Ln(k)
against 1/T, is in the order of 14 + 4.2 kJ/mol and 23 + 6.9 kJ/mol during the GPB zones growth in
the pure and in the commercial Al-Cu-Mg alloys respectively (Figures 8) showing that the reaction is
slower in the commercial Al-Cu-Mg alloy. This is due to the reduction of the driving force of the
GPB nucleation and growth and the reduction of the free vacancies available for the diffusion of the
solute atoms. The presence of Fe and Si atoms leads to the formation of the soluble and the insoluble
particles mentioned above. So, some of the Cu and Mg atoms are removed from the solid solution
and the effective solute atom concentration in the matrix during the heat treatment is reduced leading
a reduction in the driving force of the GPB nucleation and growth and a slowing down the nucleation
growth reaction. Due to the strong binding energy of the vacancy to the Si atoms, in the order of
0.28-0.30 eV [24,25], some of the free vacancy available for the diffusion of the solute atoms are
trapped by Si atoms therefore reducing the rate of the GPB formation and the rate of the diffusion .
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Figure 8. Determination of the apparent activation energy during the GPB zones growth
in the pure Al-Cu-Mg alloy and in the commercial Al-Cu-Mg alloy.

3.2.2. Coarsening Regime

Coarsening of the precipitates occurs by the growth of large precipitates at the expense of small
ones. This process is driven by a reduction in the total interfacial energy. The driving force of the
coarsening reaction is due to the interfacial energy showing that there is no supersaturation of the
solute atoms during the coarsening reaction. The classical theory of coarsening was developed based
on the Gibbs-Thomson equation by Lifshitz and Slyosov [26] and Wagner [27], the so-called LSW
theory. Assuming a weak precipitate volume fraction, f,, which corresponds to a highly diluted
system and a precipitate volume fraction close to its equilibrium value, when the precipitation of the
GPB zones is close to the completion, the LSW theory predicts that during coarsening the matrix
supersaturation is given the relation: x,, — x, = (kt)_w where xy, is the solute matrix concentration at a
time t, X, is the solute matrix concentration at the metastable equilibrium state and
k = D(RT)*/96°x.’V,. In the k expression, D is the diffusion coefficient, T is the temperature, o is the
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interfacial energy between the GPB zones and the matrix and V,, is the molar fraction of the GPB
zones. The solute atom concentration of the matrix during the precipitation of the GPB zones is
determined from the transformed fraction results using the relation F = (xo — xm)/(Xo — Xe) Where X, is
the alloy solute atom concentration, xy, is the matrix solute atom concentration and X, is the matrix
solute atom concentration at the metastable equilibrium state. According to the metastable
equilibrium concentration of the matrix during GPB formation is given by the relation
Xcu/Xmg = 1.6 < 1 04~exp(—38000/RT) [28]. Since the alloy atomic solute concentration ratio Xcu/Xmg
is close to one, we can assume that the Cu and Mg concentrations in the matrix remains equal during
the GPB zones precipitation. Thus, the solute matrix concentration at the metastable equilibrium state
of the GPB zones precipitation is given by the relation x, = (1.6 x 10*-exp(—38000/RT))"”* [28]. The
diffusion coefficients of the solute atoms, determined from the slopes of the variation curves xp,
against t ' (Figures 9 and 10) using an interfacial energy between the GPB zones and the matrix of
0.1 J/m? [29] and a molar fraction of the GPB zones, Vi, = 10> m*/mol, are given in the Table 2.

Table 2. Diffusion coefficients (m?*/s) during the coarsening regime of the GPB zones in
the non-deformed and in the deformed alloy.

T (°C) 90 130 160 200
commercial alloy  (6.7+2)x 102" @B1+1)x10" (72+22)x10" @B5+1)x10'°
pure alloy (12+04)x 107" (6.6+2)x107" (2.6+0.7)x 10" (2.2+0.6)x 107"
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Figure 9. Matrix concentration X, variation in the pure alloy during the GPB coarsening
regime.
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Figure 10. Matrix concentration X, variation in the commercial alloy during the GPB

coarsening regime.

According to the relation D = Dy-exp(—Q/RT), where Dy is the pre exponential factor, T is the
temperature and R is the gas constant, we determine a value of the pre exponential factor in the order
of (1.2 £ 0.3) x 10 m?*/s and (4.2 + 1.1) x 10® m?*/s and a value of the activation energy in the order
of 93 = 27 kJ/mol and 96.6 £+ 29 kJ/mol (Figure 11 and 12) during the GPB coarsening regime in the
pure and in the commercial Al-Cu-Mg alloys respectively (Table 3). These results may be compared
with the results of the diffusion coefficient of Cu atoms an Mg atoms in pure Al (Table 4).
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Figure 11. Determination of the pre exponential factor, Dy, and the activation energy, Q,
in the pure Al-Cu-Mg alloy.
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Figure 12. Determination of the pre exponential factor, Dy, and the activation energy, Q,
in the commercial Al-Cu-Mg alloy.

Table 3. Pre exponential factor, Dy, and activation energy, Q, during the GPB coarsening
stage.

Alloy Dy (m?/s) Q (kJ/mol) Q (eV)
Commercial alloy (42+12)x107° 96.6 +£29 1+0.3
Pure AlCuMg alloy  (1.2+0.3) x 10°° 93 £27 0.97+0.29

Table 4. Experimental diffusion pre exponential factor and activation energy of self
diffusion of Al and Cu and Mg impurities in pure Al. (In parentheses computational

results)
Element Dy (my/s) Q(eV)
Al (self diffusion) 6.6 x 107°[30] 1.29 [30]
Cu 437 x107°[31] 1.25 [31]
6.47 x 107 [32] 1.4+£0.01[32]
6.5 x 10> [38] (computational result) 1.4 [38] (computational result)
2.9 x 107 [33] 1.35+0.07 [33]
4.44 x 107 [34] 1.18 [40]
1.39 [34]
Mg 1.19 x 107°[31] 1.27 [31]
6.23 x 107 [41] 1.19 [41]
1.24 x 10* [38] (computational result) 1.35 [38] (computational result)
1.24 x 107* [35] 1.35+0.05 [36]
1x107* [36] 1.2 [37]
6.6 x 107 [39] 1.29 +£0.015 [39]
1.49 x 107 [34] 1.13 [40] (computational result)
1.25 [34]

AIMS Materials Science
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The activation energy of the diffusion of the solute atoms during the GPB zones coarsening is
characteristic of a slower reaction than that during the GPB zones growth in both pure and
commercial Al-Cu-Mg alloys because some of quenched in vacancies are eliminated at the different
sinks during the aging. In the presence of the GPB zones, as well as in the pure Al-Cu-Mg alloy and
in the commercial Al-Cu-Mg alloy, the diffusion of the solute atoms is faster than that in the pure
aluminium. In fact, the activation energy of the Cu atom and that of the Mg atom in the pure
aluminium (Table 4) are greater than the activation energy determined in the pure and in the
commercial Al-Cu-Mg alloys (Table 3).

4. Conclusion

The results show that the GPB precipitation kinetics obeys to the JMAK law of the growth
controlled by the diffusion of solute atoms and during the coarsening regime and the supersaturation
of the matrix obeys to the LSW theory in both pure and commercial Al-Cu-Mg alloys. The growth
regime is a faster reaction than the coarsening regime in both pure and commercial Al-Cu-Mg alloys.
The growth regime is a faster reaction in the pure Al-Cu-Mg alloy than the growth reaction in the
commercial Al-Cu-Mg alloy. The diffusion coefficients of the solute atoms are determined during
the coarsening of the GPB zones in both pure and commercial Al-Cu-Mg alloys. In the presence of
the GPB zones, the diffusion of the solute atoms in the pure Al-Cu-Mg alloy and in the commercial
Al-Cu-Mg alloy is faster than that in the pure aluminium.
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