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Abstract: The formation of the metastable phases in aluminium alloys is closely linked with the
excess vacancies. Traces of tin added to an Al-Ag alloy exert an influence on the precipitation
kinetics. In the quenched Al-Ag alloys, the precipitation is controlled by the diffusion of solute
atoms which require the presence of free vacancies. Due to their high binding energy with vacancies,
tin atoms modify the nucleation and growth characteristics of the phases which form during
precipitation. Tin atoms retard the precipitation of the Guinier-Preston zones at 90, 125 and 150 °C,
suppresses it at 170 and 200 °C and, at all temperatures, stimulate the precipitation of the metastable
v’ phase.
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1. Introduction
Al-Ag supersaturated solid solution evolves towards the equilibrium state following the
sequence [14]:

Supersaturated solid solution —  Guinier-Preston (GP) zones — metastable y’ phase —
equilibrium y phase



The Guinier-Preston zones (GP), consisting of silver atom clusters, are coherent with the matrix.
The metastable y’ (Ag,Al) phase is semi-coherent with the matrix and the equilibrium y (Ag,Al)
phase, is incoherent with the matrix. Precipitation starts from the formation of GP zones, which are
isomorphous with the matrix and, therefore, have a lower interfacial energy than intermediate or
equilibrium precipitate phases which possess a distinct crystal structure. In fact, the GP zones are
fully coherent with the matrix and therefore have a very low interfacial energy, whereas the y’
(AgyAl) phase is semi-coherent with the matrix which can only form with high-energy semi-
incoherent interfaces. Therefore, despite the fact that the driving force for precipitation of GP zones
is less than for the metastable y’ (Ag,Al) phase, the barrier to nucleation is still less, and the zones
nucleate most rapidly.

The effect of microalloying elements on the behaviour of age-hardenable alloys, such as, Al-Ag,
is an interesting physical problem addressing the mechanisms of transport and aggregation of the
solute. Trace elements have been found to exert a disproportionate influence on the structure and
properties of Al alloys compared with the amounts added which may be less than 0.1 molar fraction.
Most trace element effects arise because they modify the nucleation and the growth characteristics of
the phases which form during precipitation such the GP zones and the metastable v’ phase in the case
of Al-Ag alloys [5-9]. It is well known that the formation of the GP zones in aluminium alloys is
closely linked with the excess vacancies. A number of model of GP zones precipitation assisted by
vacancies has been developed by several authors [10,11,12]. GP zones formation is governed by a
transport mechanism of solute atoms by solute atom-vacancy complexes. The high binding energy
between tin atoms and vacancies leads to the formation of vacancy-tin atom pairs and silver atom-
vacancy-tin atom complexes.

In a supersaturated Al-Ag alloy, the precipitation of the GP zones and the metastable y’ phase is
responsible of a variation of the physical properties of the alloy and particularly, the mechanical
properties. The evolution of all these properties is linked with the nature of the precipitate particles
and their precipitation kinetics. Our purpose is to study the effect of the addition of traces of tin on
the precipitation of the GP zones and the metastable y’ phase in Al-10at%Ag alloy using a method
based on hardness measurements and differential scanning calorimetry.

2. Materials and Method

Al-10at%Ag (31wt%) and Al-10at%Ag-0.05at%Sn (2wt%) alloys were prepared by melting
99.99%, 99.99% and 99.99% pure aluminum, silver and tin, respectively, under argon protection.
After homogenization 15 days at 540 °C and ice water quenching, the alloys are cut into platelet
specimens which are mechanically polished, homogenized 6 hours at 540 °C and quenched into ice
water. A P1710 Phillips X-ray ray powder diffractometer, utilizing the monochromatic CuKal
radiation, is used for the characterization of our alloys. The Vickers microhardness measurements
were carried out under a load of 100 g on specimen treated during different times at different aged
temperatures (90, 125, 150, 170, 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 differential scanning calorimetry analysis, using a NETZSCH 200 PC
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DSC microcalorimeter, were performed on disk shape of 4 mm diameter and 3 mm thickness. The

thermal cycle applied consists of a heating with a rate of 5 °C-min .

3. Results and Discussion
3.1. Characterization of the Solid Solutions

The as quenched solids solutions, Al-Ag and Al-Ag-Sn, are characterized by X-ray diffraction
on powder specimen. It is well known that an as quenched substitutional solid solution is in a
disordered state. In the case of aluminium based solids solutions, the X-ray ray powder diffraction
spectra give peaks diffraction at the analogous positions of those given by the aluminium. The Al,
Al-Ag and Al-Ag-Sn powder diffraction spectra show that the successive peaks are at analogous
positions (Figure 1) and their integrated intensities vary in the same ratio (Table 1). The lattice
parameters of Al, Al-Ag and Al-Ag-Sn, determined using the Nelson-Riley [13] extrapolation
function, are 4.0462 A, 4.0478 A and 4.0467 A with an error estimated at 0.05% respectively. In
such a case, there is practically no difference between these lattice parameters. This is due to the fact
that there is a little difference between the Al and the Ag atomic radius and the Sn, which have a
larger atomic radius, is added in traces proportion.
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Figure 1. X-ray diffractograms of Al, Al-Ag and Al-Ag-Sn as quenched solid solutions.

Table 1. Integrated intensities ratios.

hkl Al (Ihkl/Ill 1) Al-Ag (Ihkl/I“]) Al-Ag-Sl’l (Ihkl/Il 1 1)
111 100 100 100

200 50 51 53

220 21 30 29

311 20 21 21

222 6 6 6
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3.2. Hardening Evolution at 90, 125 and 150 °C

The isotherm curves of hardness, established at 90, 125 and 150 °C show a first step of

hardening due to the GP zones precipitation and a second

step due to the precipitation of the

metastable y’ phase (Figures 2, 3 and 4). The obtained degree of hardening depends on the volume
fraction, the structure of the precipitates and the nature of the interface between the metastable

phases and the aluminum matrix [10,14—19].
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Figure 2. Isotherm hardness curves at 90 °C.
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Figure 3. Isotherm hardness curves at 125 °C.
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Figure 4. Isotherm hardness curves at 150 °C.

The intermediate bearing corresponds to the metastable equilibrium state of the precipitation of
the GP zones during which their volume fraction is maximum. The softening is due to the coarsening
of the particles of the y’ phase and to the precipitation of the equilibrium y phase. These isotherm
curves of hardness show that tin atoms retard the establishment of the metastable equilibrium state of
the GP zones precipitation by trapping some of quenched in vacancies. Due to the high binding
energy between tin atoms and vacancies, tin atom-vacancy pairs and silver atom-vacancy-tin atom
complexes are formed, thus reducing the number of free vacancies available to promote the diffusion
of Ag atoms for the formation of the GP zones.

Due to the relatively high binding energy between tin atoms and vacancies, estimated to be
about 0.43 eV [20,21], compared with that of the silver atoms-vacancy binding energy , estimated to
be about 0.25 eV [22], tin atom-vacancy pairs [23,24] are formed and, due to the strong interaction
between the tin atoms and the vacancies and the interaction between the silver atoms and the
vacancies, silver atom-vacancy-tin atom complexes are formed, thus reducing the number of free
vacancies available to promote the diffusion of Ag atoms for the formation of the GP zones.

These curves also show that tin addition stimulates the precipitation of the metastable v’ phase.
This is due to the fact that tin atoms are absorbed at the interface y’-matrix and reduce the interfacial
energy required for precipitate nucleation [25,26]. An alternative explanation is that the clustering of
tin elements, which have a larger atomic volume than matrix aluminium, would create a compressive
volume strain in the matrix, thus attracting a high concentration of vacancies and silver atoms to the
interfacial region, providing an excellent condition for the nucleation of the metastable y’ phase [27].

3.3. Precipitation Kinetics of the GP Zones

During the precipitation of the GP zones, the transformed fraction, F, which represents the ratio
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between the volume occupied by the GP zones at a time t and their volume at the metastable

equilibrium state, is given by the Merle relatio [28]:

H\(t) = F*H,metastable equilibrium) + (1 — F)-H,(0)

where H,(0) is the as quenched hardness, Hy(t) is the hardness of the alloy at the time t during the
precipitation of the GP zones, and Hy(metastable equilibrium), the hardness of the alloy at the metastable

equilibrium state of the GP zones precipitation. The incubation times, which the determined values

by extrapolation varies between 0.01 and 0.02 hours, compared with the necessary times to reach the

metastable equilibrium state, are very short and are characteristics of a rapid nucleation in the two

both alloys, Al-Ag and Al-Ag-Sn, because of the high supersaturation of the quenched in vacancies

(Figures 5, 6 and 7).
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Figure 5. Transformed fraction during GP zones precipitation in Al-Ag and Al-Ag-Sn

alloys at 90 °C.
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Figure 6. Transformed fraction during GP zones precipitation in Al-Ag and Al-Ag-Sn

alloy at 125 °C.
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Figure 7. Transformed fraction during GP zones precipitation in Al-Ag and Al-Ag-Sn
alloy at 150 °C.

The curves of the variations of In(In(1/1 — F)) versus In(t), show that the growth stage obeys to
the IMAK (Johnson-Mehl-Avrami-Kolmogorov) [29,30,31] law, F = I — exp[(—kt)"], of the growth
controlled by solute atom diffusion, where n and k are the growth parameters (Figures 8, 9 and 10).

The values of n are characteristics of a heterogeneous precipitation in the two alloys while the
values of k, which characterizes the transformation kinetic, show a delay of the precipitation of the
GP zones in Al-Ag-Sn alloy (Table 2).
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Figure 8. Determination of the growth parameters for Al-Ag and Al-Ag-Sn alloys at 90 °C.
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Figure 9. Determination of the growth parameters for Al-Ag and Al-Ag-Sn alloys at 125 °C.

In(In(1/1-F))

0,6
0.4
0,2
0,0 [

os|
a0k
a2k
a4l

16 K

0,2
04

-0,6

T=150°C
Al10 at.% Ag
Al10 at.% Ag0,05 at.% Sn

32 30 28

26
In(t/h)

24

22 20 18 -16

Figure 10. Determination of the growth parameters for Al-Ag and Al-Ag-Sn alloys at 150 °C.

Table 2. Values of the growth parameters.

. Al-Ag Al-Ag-Sn
T ( C) -1 -1
n k(s ") n k(s ")
90 0.80 22 %107 0.84 10x 107
125 0.82 31x107* 1.0 24 x 107
150 1.08 44 x 107 0.94 30x 1074
AIMS Materials Science Volume 4, Issue 1, 1-15.



3.3.1. Activation Energy

The apparent activation energy, Q, is determined using the Arrhenius law k = 4-exp(—Q/RT) [32]
where A is a constant, T is the temperature and R is the gas constant. The slopes of the variation
curves In(k) = f(1/T) (Figure 11) gives an apparent activation energy in the order of 14 + 1.4 kJ/mol
and 24 £ 2.4 kJ/mol in the Al-Ag and the Al-Ag-Sn alloys respectively corresponding to a difference
of 10 kJ/mol (0.1 eV) which confirms that the reaction of GP zones precipitation is slowest in the
microalloyed alloy.
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Figure 11. Determination of the difference between activation energy in Al-Ag and Al-
Ag-Sn alloys.

3.4. Precipitation of the Metastable y’ Phase
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Figure 12. Variation of the duration of the GP zones equilibrium metastable state, At.
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At 90, 125 and 150 °C, the isotherm curves of hardness show that tin addition stimulates the
precipitation of the metastable y’ phase. The variations of the duration of the GP zones equilibrium
metastable state, At, and the beginning time of the second step hardening which corresponds to the y’
particles precipitation, t,, against 1/T obey to an Arrhenius type law A4-exp(—Q/RT), where A is a
constant, T is the temperature and R is the gas constant (Figures 12 and 13).
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Figure 13. Variation of the beginning time of the second step hardening, t,..

The apparent activation energies of the solute atom diffusion, determined from the slopes of
these variations curves, show that the precipitation of the y’ phase occurs earlier in the Al-Ag-Sn
alloy (Table 3).

Table 3. Apparent activation energies determined from the duration of the GP zones
equilibrium metastable state, At variation and from the beginning time of the second step
hardening t, variation .

Alloy Al-Ag Al-Ag-Sn
Q (kJ/mol) (At) 50.1+5.0 38.7+3.9
Q (kJ/mol) (t,) 48.8 £4.9 36.7+3.7

The difference between these apparent activation energies,AQ = Qai.ag — Qal-ag-sn , Of the solute
atom diffusion in Al-Ag and in Al-Ag-Sn alloys, determined from the At variation (Figure 12) and
from the t,» variation (Figure 13) are in the order of 11.4 + 1.1 kJ/mol (0.11 + 0.01 eV) and
12.1 £ 1.2 kJ/mol (0.12 £ 0.01 eV) respectively.

It is explained by the fact that tin atoms are absorbed at the interface y’-matrix and reduce the
interfacial energy required for precipitate nucleation [25,26]. An alternative explanation is that the
clustering of tin elements, which have a larger atomic volume than the aluminium matrix, would
create a compressive volume strain in the matrix, thus attracting a high concentration of vacancies
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and silver atoms to the interfacial region, providing an excellent condition for the nucleation of the

metastable y’ phase [27].

3.4.1.

Precipitation at 170 °C and 200 °C

In the added alloy, the isotherm curves of hardness established at 170 °C and 200 °C
(Figures 14 and 15) show, in a first stage, a light softening due, probably, to the coarsening and the
dissolution of the GP zones as soon as the nuclei of the y’phase, more thermodynamically stable,
appear as observed on the DSC curves (Figure 16). At this stage, the particle size of the y’ phase
produces an insufficient hardening [10,14-19]. In the second stage, the hardening is due to the
growth of the particles of the y’ phase.
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Figure 14. Isotherm curves of hardness at 170 °C.
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Figure 15. Isotherm curves of hardness at 200 °C.
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In the non added alloy, as well as 170 °C and 200 °C, due to the thermal activation, it the GP
zones are rapidly formed and their equilibrium metastable state, which is reached rapidly, is followed
by their dissolution and the formation of the y’ phase which hardens the alloy as shown in the DSC
curves (Figure 16) [10,14-19]. The differential scanning calorimetry (DSC) curves where we
observe two peaks (Figure 16). The first one, endothermic, between 150 °C and 200 °C for Al-Ag
alloy and between 150 °C and 180 °C for Al-Ag-Sn alloy, corresponds to the dissolution of the GP
zones. The second one, exothermic, between 240 °C and 325 °C for Al-Ag alloy and between 225 °C
and 310 °C for Al-Ag-Sn, corresponds to the precipitation of the metastable y’ phase. The energy
associated with the dissolution of the GP zones and that associated with the precipitation of the y’
metastable phase are given by the peak area in the Table 4. The peaks temperature and the peak area
are given in the Table 4.
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Figure 16. DSC thermograms of Al-Ag and Al-Ag-Sn alloys at the heating rate of

5 °C/mm.
Table 4. DSC results.
All GP zones dissolution v’ phase precipitation
0
Y Peak (°C) Peak area (J/g) Peak (°C) Peak area (J/g)
Al-Ag 183 0.28 273 1.04
Al-Ag-Sn 176 0.35 269 2.69

In results, the presence of tin atoms in the alloy prevents the formation of the GP zones and
promotes the precipitation of the y’ phase by trapping vacancies. In fact, at an early stage of aging
treatment, due to the high binding energies between the tin atoms and vacancies, tin atom-vacancy
and tin atom-vacancy-silver atom clusters are formed [20-24], thus effectively reducing the number
of free vacancies available to promote the diffusion of Ag atoms for the formation of the GP zones,
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and consequently, suppressing the formation of the GP zone and promoting the precipitation of the y’
metastable phase [29,33] .

4. Conclusion

In the Al-10at%Ag-0.05at%Sn alloy, tin atoms form tin atom-vacancy pairs and tin atom-
vacancy-silver atom complexes which retards the precipitation of the GP zones at low temperatures
(90, 125, 150 °C) and suppress their precipitation at higher temperatures (170, 200 °C). At all
temperatures, the presence of tin atoms stimulates the precipitation of the metastable y’ phase.
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