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Abstract: Thermal analysis is one of the most used techniques for analyzing the behavior of aluminum alloys in order to analyze the
precipitation of Guinier—Preston (GP) zones and different phases formed. In the present work, the behavior of the Al-5.46wt.%Zn—
1.67wt.%Mg alloy was studied. The mechanism and kinetics of precipitation of the GP, the metastable phase #' and the equilibrium
phase 7 were investigated using DSC carried out between room temperature and 480 °C at heating rates of 5, 10, 15 and 20 °C/min.
The apparent activation energies, calculated by DSC from isothermal calculation method using JIMAK model, for GP, ' and # were
56, 79 and 96 kJ/mol, respectively, and those calculated by non-isothermal calculation method using Kissinger methods were 57, 82
and 99 kJ/mol, respectively. The values of Avrami parameter, n, from isothermal calculation, during the precipitation of the GP, »’
and 7 were 1.103, 1.9075 and 1.92, respectively, and those calculated by non-isothermal were 0.86, 2.30 and 2.24, respectively. The
results show that GP zones formation is governed by the migration of Zn and Mg atoms while the precipitation of the 7' metastable

phase and the # stable phase is governed by both the migration and the diffusion of the solute atoms.
Key words: Al-Zn—Mg alloys; precipitation kinetics; DSC; JMAK model; activation energy; Avrami parameter

1 Introduction

Aluminum alloys of 7xxx series AlZnMg are
extensively used in the automotive and aerospace
industry because of their low density and high
mechanical properties. These age-hardenable alloys

provide a high strength in the peak-aged conditions [1-5].

The aging behavior and the precipitation sequence may
be studied by different methods such as hardness,
resistivity measurement, calorimetry and X-ray
diffraction technique.

Physical properties of these alloys are linked with
the precipitation of metastable precipitates during aging
treatments. The decomposition of supersaturated solid
solutions obtained by quenching takes place in several
stages. The formation of the metastable precipitates leads
to a variation of the alloy microstructure [6—9]. The
addition of zinc to the AlI-Mg alloy system reduces the
solid solubility of aluminum in magnesium, increasing
the amount of precipitate phase formed upon aging and
thus causing a moderate increase in strength [10].
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In such a case, it is interesting to study the
microstructural evolution of the alloys to correlate the
physical properties with the alloy microstructure.
Generally, the kinetics of precipitation and dissolution
reactions in aluminum alloys was obtained using
resistivity and differential scanning calorimetry (DSC)
techniques to study the kinetics under isothermal
conditions and under non-isothermal conditions,
respectively. The decomposition of the supersaturated
solid solution is known to take place via the formation of
several phases which may precipitate simultaneously.
Depending on thermal treatment, the unmixing processes
can be described as follows [11—14]: a-supersaturated
solid solution (a-sss) — GP zones (ZnMg) —
metastable 7' (Hex.) — stable # (MgZn,) (Hex.).

In the age-hardenable aluminium alloys, the
precipitation is the subject of many experimental and
theoretical works [11,15—17]. In the AlZnMg alloys, the
hardening is attributed to the precipitation of the GP
zones and the 7' metastable phase which, generally but
not necessarily, nucleates from the GP zones [18].
The precipitation and the dissolution of all the phases
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of the precipitation sequence are accompanied by
exothermic and endothermic reactions which may be
investigated by the differential scanning calorimetry
(DSC) technique [19-21].

In the present work, the transformation kinetics of
precipitation of the GP zone and metastable phase ' and
equilibrium phase # has been investigated by DSC in
order to estimate the activation energies of GP, #" and 7
formations based on isothermal and non-isothermal
methods, the growth morphology parameter n and the
frequency factor for the reaction of GP, #' and #
formations.

2 Experimental

2.1 Materials and samples preparation

The Al-5.46wt.%Zn—1.67wt.%Mg alloy studied
was prepared from an aluminium powder of 99.98%
purity. Its chemical composition is given in Table 1.

Table 1 Chemical composition of Al-5.46wt.%Zn—
1.67wt.%Mg alloy (mass fraction, %)
Si Fe Mg Zn Al

0.11£0.026  0.107+£0.21 1.67+0.4 5.46+0.1 92.63+0.4

The microstructural structure of Al-Zn—Mg alloy
was observed using a metallographic microscope Leica
DM2500 M equipped with a photographic camera. X-ray
diffraction patterns were registered using a Philips
X-Pert PW1500 with a monochromatic Cu K, radiation
of a wavelength of 0.15405 nm. The thermal analysis
(DSC) was carried out on a Setaram LABSYS Evo
TG-DSC 1600 °C equipment, operated under argon
atmosphere.

2.2 Theoretical concept

The determination of the kinetics parameters
describing the precipitation kinetics of the GP zones, the
n' metastable phase and the # stable phase is based on an
isothermal calculation method and on a non-isothermal
calculation method.
2.2.1 Isothermal calculation method

The isothermal calculation method is based on the
JOHNSON-MEHL-AVRAMI-KOLMOGOROV (JMAK)
theory. The evolution of the transformed fraction during
a phase precipitation is given by

x=1—exp[(—k?t)"] (1)

where x is the transformed fraction at time ¢, & is the rate

constant which has an Arrhenian temperature
dependence:
k=koexp[—E./(RT)] (2

where ky is the frequency factor, E, is the activation

energy, and R the gas constant.

The transformed fraction is determined from the
DSC thermograms for different heating rates using the
relation:

x=A;/A4 3

where Ay represents the area under the peak at the
temperature 7 and 4 is the total area of the peak.
The rate of transformation dx/d¢ is expressed by
dx
—=kF(x 4
o (x) “)

where F(x) is a function of the transformed fraction [22].
So, Egs. (5) and (6) exist:
Ea
RT
&)
In[ky F'(x)] = In(kyn) + nT_lln[— In(1-x)]+In(1-x) (6)

In (ﬂj — InCkgn) + "L n[—In(1 = x)] + In(1 - x) -
dr n

From the DSC analysis at different heating rates, the
activation energy, the frequency factor and the Avrami
parameter can be determined.

For each transformed fraction x at different heating
rates, the apparent activation energy is determined from
the slope of the curve In(dx/d¢) versus 1/T and the values
of In[koF(x)] are given by

dx\ E,
In[kyF(x)] =In (Ej + 2T @)

The Avrami parameter n, is determined by choosing
some pairs of x; and x, that satisfy the following
condition:

InfkoF(x1)]= In[koF(x2)] ®)

So, n will be given by
. In[In(1-x, )/ In(1-x;)]

In[(1-x,) In(1—x,)/(1-x) In(1—x,)]

€))

The frequency factor ky could be deduced from
Eq. (6) after the determination of ».
2.2.2 Non-isothermal concept

Several methods in the non-isothermal DSC
experiment may be used to calculate the apparent
activation energy in the non-isothermal DSC experiment.
In this work, the single Kissinger [23—26] method was
chosen:

% E

n—=—-—""-+C 10
T (10)

where v is the heating rates in the DSC analysis; 7p is the
absolute peak temperature on DSC curves; C is a
constant. The activation energy is deduced from the
slope of the curve 1n(v/Tp2) =FU/Tp).

The values of the Avrami parameters are deduced
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for each heating rate from the following equation
[26—28]:

_25TFR

n= 11
ATHE, (D

where ATp is the width of the transformation peak at half
maximum.

3 Results and discussion

3.1 Optical microscopy

The optical microscopy technique was applied for
the analysis of the microstructure of the alloy. The
optical micrograph of the homogeneous alloy shows a
granular structure including some intermetallic insoluble
particles containing Si and Fe (Fig. 1(a)) and that of the
homogeneous alloy heated to 290 °C at a rate of
10 °C/min shows stable particles MgZn, in the grains
and at the grain boundaries (Fig. 1(b)).

Fig. 1 Optical micrographs of as-cast Al-Zn—Mg alloy:
(a) Homogenized at 480 °C for 2 h; (b) Homogenized and
heated to 290 °C at rate of 10 °C/min

3.2 X-ray diffraction characterization

X-ray diffraction patterns show that the diffraction
peaks of the as-quenched solid solution are at analogous
positions of those of the aluminum and, after a heating
from room temperature to 290 °C, the diffraction patterns
show the diffraction peaks of the # (MgZn,) stable
precipitate (Fig. 2).

3.3 DSC analysis

During the heating from room temperature to
480 °C, using heating rates of 5, 10, 15 and 20 °C/min,
the DSC thermograms (Fig. 3) show exothermic and
endothermic peaks corresponding to the precipitation and
the dissolution of the GP zones, the 7' (MgZn,)
metastable phase and the # (MgZn,) stable phase in
accordance with the precipitation sequence.

The different peaks are noted by 4 for the GP zones
precipitation, B for the precipitation of the #' metastable

@) *(111)
+—Al
*(200)
*(220)  *(311)
t(zzz)
A
30 45 60 75 90
20/(%)
(b) *(111)
+—Al
#(200)
*220)  x311y
H* 222
J (222)
30 45 60 75 90
20/(°)
(c) A1) *(220) *(222)
cony Q% *—Al
M = —MgZn,
(110) *(200) @v
F\ o5y G h

15

Fig. 2 XRD patterns of pure aluminum (a), Al-Zn—Mg
as-quenched solid solution (b), and Al-Zn—Mg solid solution
after heating from room temperature to 290 °C (c)

phase and C for the precipitation of the # stable phase
(Table 2).

The shifting of the peak temperatures to the higher
temperatures with the increase of the heating rate is due
to the fact that the precipitation reaction is thermally
activated [29—-33].

3.3.1 Isothermal calculation of precipitation kinetics

During the precipitation of a phase, the transformed
fraction, x, is determined from the DSC thermograms for
different heating rates using Eq. (2). Figure 4 shows the
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Fig. 3 DSC diagram of Al-Zn—Mg alloy heated at 10 °C/min

Table 2 Temperature of peaks for GP zones (4), ' metastable
phase (B) and 7 stable phase (C)

» Temperature/°C
Heating rate/(°C-min ')
Peak 4 Peak B Peak C
5 - 221 256.75
10 93.70 237 272.3
15 101.48 246.5 280
20 106.41 254.5 288.97

transformed fraction and rate of transformed fraction
during the precipitation of the GP zones, the #’
metastable phase and the # stable phase.

The shape of the transformed volume fraction
curves suggests that the precipitation kinetics obeys to
the JIMAK law of the growth controlled by the solute
atom diffusion [34-36].

Figure 5 represents the variations of dx/d¢ versus
time during the precipitation of the GP zones, the #’
metastable phase and the # stable phase. The rate of
transformation increases with the increase in the heating
rate.

Figure 6 shows the plots of In(dx/df) and 1/7 versus
transformed fraction x during the precipitation of the GP
zones, the #' metastable phase and the # stable phase at
different heating rates from DSC experiment.

The values of the apparent activation energy for
different transformed fractions, determined from the
slopes of the linear curves In(dx/d¢) versus 1/7T plotted for
different transformed fractions at different heating rates
(Fig. 7) are listed in Table 3. The correlation factor, R?,
greater than 0.99, indicates that there is a strong linear
relationship between In(dx/d¢) and 1/7.

Figure 8 shows the plots of In[kyF(x)] versus

transformed fraction x during the GP zone precipitation,
the metastable phase precipitation and the stable phase
precipitation at different heating rates. We could deduce
the Avrami parameter by choosing some pairs of x; and
x, that satisfy the following condition: In[koF(x;)]=
In[koF(x,)]. The average values of Avrami parameter n,
for each heating rate are listed in Table 4 using Eq. (9).
The frequency factor kj is determined from Eq. (6).

3.3.2 Non-isothermal calculation of precipitation kinetics

In the case of the non-isothermal calculation method,
the activation energy is determined by the Kissinger
relation. The apparent activation energies, determined by
the Kissinger method from the slope of the linear curves
1n(v/Tp2) versus 1/7p (Fig. 9) are listed in Table 5,
which are in the order of 57 kJ/mol during the GP zones
precipitation, in the order of 82 kJ/mol during the
precipitation of the #' metastable phase and in the order
of 99 kJ/mol during the precipitation of the # stable
phase. The correlation factor, R, greater than 0.99,
indicates that there is a strong linear relationship between
In(v/T}) and 1/Tp.

The obtained results are in accordance with those of
OHTA et al and AFIFY et al [37-39].

The Avrami parameter 7 is determined from Eq. (11)
and, the values and average values of n are listed in Table
6. The average values of n, during the GP zones
formation, are characteristics of a growth of plate after
saturation of nucleation, while the average values of n,
during the precipitation of the #' metastable phase and
during the precipitation of the # stable phase are
characteristics of a continuous nucleation and diffusion
controlled growth [40].

It is well known that the activation energy results
from the contribution of the vacancies formation and the
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Fig. 4 Transformed fractions and rates of transformed fraction at different heating rates during GP zone precipitation (a), 7’
metastable phase precipitation (b) and # stable phase precipitation (c)
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E @) 20 °C/min 2 S 20 “C/min -451 1) 20-Cimin] 20
6l « 130 121 e "\ )
= T = -6.0 T UEr | T
2 L Jg¥ 2 ¥ o2 ‘ 12 2
S 55 {0E 5 st 2
S gl g 8 77 = 8 =
< 8 26&% o= = -9.0r 118 &
-9t 124 -9.0 -10.5+
-10 g -12.0 b

0 02 04 06 08 1.0
Transformed fraction, x

0 02 04 06 08 1.0
Transformed fraction, x

TR 22
0 02 04 0.6 08 1.0
Transformed fraction, x

Fig. 6 Plot of In(dx/df) and 1/T versus transformed fraction x during precipitation of GP zones (a), ' metastable phase (b) and #
stable phase (c) at different heating rates

-5.2
. 3  x=0.1 L »x=0.1 C n x=0.1
(a) : 1 \\“ " 0 x=02 -4.5 (b) ity 0x=0.2 4.5 ) oty 0 x=02
W \“\\ 4x=0.3 «\\\‘\1} Ax=0.3 LIRAL 4x=0.3
- L Vel vx=0.4 L N vx=0.4 o MO v x=0.4
T'_' 5.6 ’\ Al Y ‘\\A'\ *+x=0.5 T'_‘ =-5.0 ‘\\ ‘\\‘\*\ +x=0.5 '? -5.0r p \\\i\‘\;‘ *x=0.5
© oC/mbs b L v *x=0.6 ©» .« *x=0.6 @ LR *x=0.6
= v=20°C/mm | 3 \4\% 07 R RN =07 D NI x=07
Vet -55 A =55+ \ =
3 o0l AT =08 T TS RN ox=08| = . NN, 08
E e R =0ocmin NNy, Y 3 R W
= AT " = 601 % % oY = -6.0F o NS
[=] X " = . \ « e [=] %% b . e
= —64L VR 3 — \, \ \ — \, X e
L \ 65t N NN ] SN
\ \ \
% . —5 0 : —5 0 :
-6.8 Ly=10C/min | . . X =7 Rk L . gl T cam .
22 24 26 28 30 32 18 19 20 21 22 17 18 19 20
T71/104K™! T7Y/1074K™! T71/104K™!

Fig. 7 Plots of In(dx/d) versus 1/T for each transformed fraction x during precipitation of GP zones (a), #' metastable phase (b) and #
stable phase (c) at different heating rates
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Table 3 Activation energy (E,) and coefficient of determination (R?) for different transformed fraction x

GP zones n' metastable phase 7 stable phase

o E,/(kJ-mol ™" R’ E,/(kJ-mol ™) R’ E,/(kJ-mol ™) R’

0.1 59.01 0.9999 81.10 0.99829 98.47 0.99391
0.2 57.43 0.9984 80.21 0.99839 97.49 0.99500
0.3 56.41 0.9977 79.51 0.99853 96.95 0.99527
0.4 55.75 0.9958 78.99 0.99867 96.53 0.99550
0.5 55.40 0.9946 78.48 0.99868 96.24 0.99580
0.6 54.77 0.9930 78.21 0.99892 95.50 0.99550
0.7 54.40 0.9921 77.74 0.99870 95.08 0.99640
0.8 54.14 0.9913 77.12 0.99863 94.18 0.99620
0.9 53.44 0.9905 77.04 0.99858 93.94 0.99600

Average 55.64 78.71 96.04

Table 4 Values of Avrami parameter and frequency factor at different heating rates

4 GP zones n' metastable phase 7 stable phase
v/(°C-min ") . . B
n k0/10 n k0/10 n ko/lo
5 - - 1.93 4.79 1.93 6.78
10 1.11 5.00 1.92 4.86 1.93 6.88
15 1.10 5.14 1.89 4.94 1.91 6.81
20 1.10 5.16 1.89 4.82 1.91 6.43
Average 1.103 5.10 1.9075 4.853 1.92 6.725
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Fig. 8 Plots of In[kyF(x)] versus transformed fraction x during precipitation of GP zones (a), #' metastable phase (b) and # stable
phase (c) at different heating rates
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Table 5 Values of £, and R*for GP zone, 7’ metastable phase
and # stable phase by using Kissinger method from DSC

experiment
Phase E/(kI-mol™") R’
GP zones 57 0.99613
n' metastable phase 82 0.99920
n stable phase 99 0.99245

Table 6 Values of n for GP zones, 7' metastable phase and 7
stable phase at different heating rates

Phase v/(°C-min”") n Nave
10 0.87
GP zones 15 0.84 0.86
20 0.86
5 2.35
10 2.38
n' metastable phase 2.30
15 2.23
20 2.24
5 2.28
10 2.30
7 stable phase 2.24
15 2.17
20 2.20

vacancies migration. During the GP zones formation, the
determined apparent activation energy, in the order of
57 kJ/mol, is close to the activation energies of the
migration of the Zn and Mg solute atoms in the
aluminum, which are determined to be in the order of 53
and 60 kJ/mol [41], respectively. In such a case, during
the GP zones formation, the determined apparent
activation energy of 57 kJ/mol is characteristic of the
migration of Zn and Mg atoms. The determined apparent
activation energies during the precipitation of the 7’
metastable phase and the 5 stable phase, in the order of
82 and 99 kJ/mol, respectively, are much greater than the
activation energies of the migration of Zn and Mg atoms
in aluminum and lower than the activation energies of
their diffusion in aluminum, including the migration and
formation energies of the vacancies, estimated to be in
the order of 130 and 120 kJ/mol, respectively [41,42].
So, the precipitations of the #' metastable phase and the #
stable phase result from both the migration and the
diffusion of the solute atoms. This is due to the high
supersaturation of the atoms in vacancies and to their
elimination at the different sinks during the heating.

4 Conclusions

(1) The DSC experiments highlight the precipitation
sequence in the AlZnMg alloy. The shift of the peak

temperature to the higher temperature with the increase
of the heating rate confirms that the precipitation and the
dissolution reactions are thermally activated.

(2) All IMAK parameters n, ky and the apparent
activation energy E, were determined using both an
isothermal calculation and a non-isothermal calculation
during the precipitation of the GP zones, the 5’
metastable phase and the # stable phase.

(3) The results also show that GP zones formation is
governed by the migration of Zn and Mg atoms while the
precipitation of the 7' metastable phase and the 7 stable
phase is governed both by the migration and the
diffusion of the solute atoms.
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W OE: RONRI RS ST T AR Z —, HT M1 Guinier—Preston(GP)s IIHT H S A [FIAH 1 TE o
ARSI Al-5.46wt.%Zn—1.67wt.%Mg &2 K147 M. H DSC #F 7% GP X« W.AZ n tHAIF1 4 AH M =R F] 480 °C K
FrtiL 550 412, FHREZERN 5. 10, 15 F120 °C/min. AR¥E DSC 4558, H IMAK BRI HHHE5 8] GP.
n'F1 g IR T EOE B 2> 9N 564 79 A1 96 kI/mol, i Fl Kissinger 77 AN AE4R T EI215 3 = 2 10 R T 0 Be 20 7
957, 82 F1 99 kI/mol. GP+ #'Fl y ¥yt FEH, SR THHE ) Avrami Z80(n){E 505125 1,103+ 1.9075 1 1.92, T
RSB n {5518 0.86 2.30 F12.24. 45K, GP X (IR R T TR 4% 0, 1 o WARARAD 4
T g AHTAIAT B R S5 AR A AN s il

XHIA: Al-Zn-Mg &4 HHsh /1% DSC; IMAK M8 % AE: Avrami % 3L
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