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ATk S a8 Calin xie B (Mgi7Alp) sl (<) Jpial) 48l o :(3.1V) Jsasl)

R Ea/(KJ mol™) X
0.99 71.99 0.1
0.998 71.391 0.2
0.997 66.834 0.3
0.995 56.837 0.4
0.995 60.446 0.5
0.997 63.826 0.6
0.997 66.746 0.7
0.994 69.363 0.8
0.998 77.264 0.9
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115.20+1.98 118.31+3.11 1800
114.95+1.99 123.11+2.63 2400
117.32+2.09 125.21+2.41 3000
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ARTICLE INFO ABSTRACT

Keywords: This study investigated the effect of aging on the precipitation and kinetics of second phase Mg;,Al; 5 in AZ91
AZ91 magnesium alloy (Mg-9 wt% Al-1wt% Zn), using X-ray diffraction, microhardness measurements and differ-
DsC ential scanning calorimetric analysis (DSC). With the last instrument, the all samples were heated from room
g[riggiltlaztion temperature to 400 °C, at heating rates of 10-30 °C/min. The results were supplemented by measuring the

Activation energy

average of activation energies, using isothermal treatments by Johnson-Mehl-Avrami (JMA) methods and by
non-isothermal treatments using Ozawa, Boswell, Kissinger, Mahadevan, Augis and Bennett methods, were

around 67.18 and 62.02 kJ/mol. The frequency factor k, calculated by the isothermal treatment is equal to 1.24
10°s~ . In non-isothermal treatment, the numerical factor m and the Avrami parameter n is estimated to be
approximately equal to 3 and 2.79 respectively. This value corresponding that the bulk nucleation with a
constant number of nuclei was dominant in three-dimensional (polyhedron) controlled by interface reaction.

Introduction

The magnesium is the lightest element among metals used as a
structural alloy. These alloys are characterized by a low density, a
strong corrosion resistance; they improve the capacity of damping
ability and show adequate mechanical properties. In this type of alloy,
the aluminum is the main element because of its low cost and presents
advantageous effects on the properties of strength and corrosion. The
aforementioned properties are the main reasons which lead to the use
of these alloys in the automobile, the aerospace industry, the industry of
electronics and the industries of weapons as guides arm [1-3]. Various
alloys with Mg are developed for applications by alloying with major
elements such as Al, Mn, Zn, Zr, Y, etc... The alloy called AZ91, which
contains about 9 wt% Al, 1 wt% Zn, with the addition of 0.4 wt% Mn is
the most widely used magnesium alloy. It exhibits a good combination
of high strength at room temperature, good cast ability and excellent
corrosion resistance [4-6].

The alloy AZ91 can exist in two different phases, the first one is the
a-phase which is a solid solution, whereas the second is (3-(Mg;,Al;5).
This latter phase consists of Mg and Al. The addition of Zn to the Mg-Al
alloy system contributes to the reduction of the solid solubility of Al in
Mg [7,8]. The addition large quantities of Al cause the ductility to
decrease through the formation of a breakable intermetallic phase
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E-mail address: t.chihi@univ-setif.dz (T. Chihi).
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(typically, Mg;,Al;5), zinc usually takes the place of Al in Mg;,Al;, in
AZ91, forming a ternary intermetallic compound Mg;,(Al,Zn),, [3,6].
Silicon tends to produce hard Mg,Si precipitating at grain boundaries,
enhancing creep strength at high temperatures [9]. According to the
phase diagram of the Mg-Al binary alloy, the maximum solid solubility
of aluminum in magnesium is practically high at 12.9 wt% Al (at the
eutectic temperature of 437 °C). The equilibrium phase precipitates
have a stoichiometric composition of Mg;,Al;5 (44.0 wt% Al) and an a-
Mn-type cubic unit cell (space group 143m). The lattice parameter for
the stoichiometric Mg;,Al;> phase is 1.056 nm [10]. The ( phase pre-
cipitation is different from the precipitation in Al alloys. The content of
Al also influences the amount of Mg;,Al,, intermetallic phase particles,
which affects the corrosion processes. The influence of Mg;,Al;, par-
ticles on the alloy corrosion properties depends on their amount,
morphology, and distribution in the alloy structure [11].

Azzeddine et al. [12] in a study of the kinetics of precipitation in
AZ91 alloy by 1n situ X-ray diffraction; they found that the macroscopic
kinetics of the discontinuous precipitation at 200 °C was determined via
the integral intensity and also by Vickers microhardness measurements.
They found that the macroscopic kinetics can be well described by the
Johnson-Mehl-Avrami law and that the n Avrami parameter indicates
that the precipitation proceeds by a mechanism of nucleation after site
saturation. In the AZ91 alloy, the phenomenon of structural hardening
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is due to the precipitation reaction but this hardening is not important
compared to the Al-Zn alloys, because of the appearance of types of
reactions continuous and discontinuous precipitations. The first
hardens the material while the second is responsible for its softening.
The discontinuous precipitation produces, locally from the grain
boundary, a duplex cellular structure formed of alternating lamellae of
the Mg;7Al;, phase (Tu and Turnbull Model) [13], and solute-depleted
solid solution while the continuous precipitation corresponds to ger-
mination and growth of particles of the solute. Same phase Mg;,Al; >
precipitated but in the form of rods or platelets in a massive into the
grain interior [14,15]. In this alloy, continuous precipitation is favored
at high and low temperatures, while discontinuous precipitation dom-
inates at intermediate temperatures [15]. On the other hand, after
heating a supersaturated solid solution from room temperature to 665 K
both discontinuous and continuous precipitates were observed si-
multaneously [16,17]. Our present work contains various calculated
kinetic parameters of precipitation of new p-(Mg;,Al;») phase. The
measured parameters have been used the five methods of Ozawa,
Bozwal, mahadavan, Augis and Bennett and Kissenger under non-iso-
thermal condition using the Differential Scanning Calorimetry analysis
(DSQO).

Experimental procedure

The composition of the AZ91 alloy prepared for this work is given in
Table 1. All specimens used for the experiments were covered by gra-
phite powder to limit oxidation, which happens quickly above 370 °C
[5,18]. The solution-treated at 420 °C for 4h and subsequently water
quenched. The tested samples were machined from the homogenized
alloy. They have been cut in a disc form of 7 mm of diameter and 4 mm
of height, having an average weight of 300 mg. Differential scanning
calorimetry (DSC) analysis of the samples was performed in a purified
argon atmosphere, using an SDT Q 600 DSC Analyzer instrument. High
purity of Magnesium, aluminum and Zinc (99.999) are used as a re-
ference material. Temperature scans were made from 20 to 420 °C with
constant heating rates of 10-30 °C/min. The X-ray diffraction analysis
was performed by a “PAN Analytical X’ Pert PRO” diffractometer using
Cu-K,, radiation, scanned at a speed of 0.9 °C/min. For mechanical
characterization using the PHILIPS PW 1710 powder instrument.

Results and discussion
Non-isothermal method

The kinetics of crystallization in the metallic phases has been in-
tensively studied can be empirically described by the classical Johnson-
Mehl-Avrami (JMA) equation [19]:

x = 1—exp[(—=kt)"] 1)

where x: is the volume fraction crystallized after time t.

n: the dimensionless quantity named the Avrami exponent.

k: the rate constant which is given by Arrhenius equation:
Table 1

Major alloying elements and their composition in the
studied alloy.

Element Composition (wt.%)
Mg 89.02

Al 9.45

Zn 1.03

Mn 0.4
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k= koexp(—é)

RT 2)

where: ko: frequency factor.
Ea: the activation energy.
R: gas constant.

T: Kelvin temperature.

The temperature is changed linearly with time at a known scan rate
v = dT/dt, where T = T, + vt, (T the starting temperature).
The Johnson-Mehl-Avrami (JMA) equation becomes:

X = 1—exp [_( k(Tv—To) )n]

and Eq. (2) becomes:

3

k = koexp (—

Ey )
R(Ty + vt) (C))

Bansal et al. [20] improved In the maximum of the peak of Eq. (1)
T=Tp

e _
e (5)
Egs. (4) and (5) into Eq. (3) gives:
% EA
In = ——— + In(Ry)
[<Tp—To)) RT, ’ ©)
Under the condition Tp > > T, gives:
TZ
ln(—p) = ln(é)—lnk + B
v R RTp )

In this work, the calculations of activation energy E, of the for-
mation of 3 (Mg;7Al;5) phase precipitate according to Egs. (6) and (7),
by Augis and Bennett Eq. (8) [18] and Kissinger methods Eq. (9)
[21,22], Boswell Eq. (10) [23], Mahadevan Eq. (11) [24] and Ozawa
Eq. (12) [25]; were listed respectively by the formulas:

y=1In v =L Cy

T-T. RT, ®)
y= ln(‘)z] = —é + Cs

Tp RT, 9)
y= n(l) =B + G,

T RT, (10)
y=I@)= 'Y + G

RT, an

y=InW)=-1, 0518ﬂ +C

RT, 1z
where Cq, C,, C3, C4 and Cs are constants, v is the heating rate, E4 is the
activation energy, Tp is the temperature at DSC-curve maximum and T¢
the onset of temperature of crystallization.

Fig. 1, shows the typical isothermal DSC experiment curves heating
from room temperature to 400 °C at a heating rate of 10-30 °C/min. The
DSC scan shows an exothermic peak which corresponds to the forma-
tion of B — (g17Al;») phase [9,10]. The temperature is changed linearly
with time at a known scan rate v = dT/dt.

In fact, we noticed that the peak moves towards higher tempera-
tures as the heating rate increases. This can be attributed to two pos-
sible effects. The first comes from the decrease of the precipitated
aluminum (Al) atoms amount due to the higher solid solubility at
higher temperatures and higher heating rates, while the second is
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Fig. 1. DSC curves of AZ91 alloy quenched and aged at different heating rates
10, 15, 20 and 30 °C/min.
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Fig. 2. Y = f(1 = Tp) curves of AZ91 alloy using four different methods for the
B-(Mg17Al;2) phase.

Table 2
The values of activation energies of (-(Mg;7Al;») phase formation in AZ91
alloy.

Method Ex/(kJ/mol) R?
Ozawa 67.851 0.998
Bozwal 59.89 0.997
Mahadavan 64.62 0.998
Augis and Bennett 62.62 0.994
Kissenger 55.131 0.997
Table 3
Values of Avrami parameter n for different heating rates.
v (°C-min~1) Tp (°C) ATp n
10 277.47 39.42989 2.89868224
15 295 42.62834 2.85467791
20 307 45.4553 2.79145302
30 323.87 50.6972 2.65054018

associated with the diffusive nature of the precipitation reactions
[25,26]. The values of activation energies E5 can be obtained from the
slop of y versus 1/T, plots (Fig. 2) resulting from the curves slopes lines
and the coefficient of determination R are listed in Table 2. The Av-
rami equation describes how solids transform from one phase (state of
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Fig. 3. Plot of In(v"T,) versus 1/Tp according to Matusita Method.

matter) to another at a constant temperature. It can specifically de-
scribe the kinetics of crystallization, can be applied generally to other
changes of phase in materials, like chemical reaction rates, and can
even be meaningful in analyses of ecological systems. By different
methods reported previously can estimate the value of the Avrami ex-
ponent n for different heating rates (Table 3) by relation Eq. (13):

2,5T;R
T AT,E, as
where AT, is the width at half height in peaks of the DSC curves of AZ91
alloy quenched and aged at different heating rates 10, 15, 20 and 30 °C/
min.
The Eq. (14) proposed by Kissinger was modified by Matusita et al.
[27]:
mEA
—A

7)

Inf = |=C

T, RT (14)
where n the Avrami parameter indicates the precipitate mode of crys-
tallization and m is a numerical factor, depends on the growth and
dimensions of the crystallized phases. Fig. 3 shows the slope of the
curve In (v"/ Tp) versus 1/Tp which is the numerical factor m. The
value obtained by numerical factor m is found equal to 3.05. The
growth morphology parameters n and m were both found to be equal to
3 demonstrating that bulk nucleation with a constant number of nuclei
was dominant in three-dimensional (polyhedron) controlled by inter-
face reaction. Fig. 4, show the volume fraction crystallized versus time
(t) for different heating rates determined from the DSC curves by the
formula below:

—— V=10°C/min

0,94 . v=15°C/min

0,84 V=20°C/min
c —— V=30°C/min
2 0,7
©
® 0,6
= £
5 054 £ o
Q 3
£ o044
ug 03 LE“ 30°Cimin

0,2 4 3
= : AN

0,1 i ; 1? Clmn:l ‘ ‘ ‘

T T T E T T‘IGC)
260 280 300 320 340 360 380 400 420
T(°C)

Fig. 4. Transformed fraction as a function of the temperature of AZ91 alloy
quenched and aged at different heating rates 10, 15, 20 and 30 °C/min.
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Ar
Ao

(15)

Ay is the total area of the peak in the DSC curve between the tem-
perature T, (the initial of crystallization) and T; (the completion of
crystallization). Ar is the area under the peak between T. and T. The
transformations are often seen to follow a characteristic S-shaped, or
sigmoidal, profile where the transformation rates are low at the be-
ginning and the end of the transformation but rapid in between [28].
The initial slow rate can be attributed to the time required for a sig-
nificant number of nuclei of the new phase to form and begin growing.
During the intermediate period, the transformation is rapid as the nu-
clei grow into particles and consume the old phase while nuclei con-
tinue to form in the remaining parent phase.

Once the transformation approaches completion there remains little
untransformed material for further nucleation and the production of
new particles begins to slow. Additionally, the previously formed par-
ticles begin to touch one another, forming a boundary where growth
stops.

Isothermal method

The isothermal aging is of obvious interest, which is the possibility
of following the precipitation phenomenon that causes aging. From the
Differentiation of Eq. (1) of Johnson-Mehl-Avrami (JMA) [19] and
taking double logarithm of Eq. (1) gives:

(ﬁ) = nk"t"(1—x)

dt (16)
In[-In(1—x)] = nln(k) + nin(t) 17)
ln(%) = In[Kyn] + nT_lln[—ln(l—x)] + ln(l—x)—%

_ Ey
= ln[kof(x)]—ﬁ 18)

The plot of In(dx/dt) and 1/T against x is shown in Fig. 5, by every
different heating rates the slope of plot In(dx/dt) versus 1/T at same
value of crystallized fraction x we can obtain the activation energy of
isothermal method by Ligero et al. (Table 4), and select many pairs of x;
and x, for found the value of avrami exponent n. From a mathematical
method through non-isothermal technique, Ligero et al. have found that
the slope of the linear relation of Eq. (18) shown in (Fig. 6). If we se-
lected the same value of x (transformed fraction) in every different
heating rate, we can be deduced the activation energy E,. all values is
listed in Table 4.

For determinate the Avrami exponent n by select two pair points of
x; and x5 by providing In[kof (x)] = In[kef ()] into Eq. (18) gives:

-6 T
LS 10 °C/min :-0,0019
N
SNEN :
\»
0 L0,0018
o T -
$ e
2 r0,0017 £
1 -
-8 0,0016

0,2 0,4 0,6

0,0
X

Fig. 5. In(dx/dt) and 1/T versus of crystallized fraction x at different heating
rates.
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Table 4
Activation energy E, and coefficient of determination R? for different crys-
tallized fractions.

X Ea/(kJ-mol 1) R?
0.1 71.99 0.99
0.2 71.391 0.998
0.3 66.834 0.997
0.4 56.837 0.995
0.5 60.446 0.995
0.6 63.826 0.997
0.7 66.746 0.997
0.8 69.363 0.994
0.9 77.264 0.998
-6,0
m x=0.4
6.2 ® x=0.5
’ A x=0.6
-6.4 - v x=0.7
’ ¢ x=0.8
-6.6 - d 4 x=0.9
%‘ -6,8
;
c 7,04
£ 721
-7,4 4
-7,6 -
-7,8 T T T T T
16,0 16,5 17,0 17,5 18,0 18,5
1041 (KT

Fig. 6. In(dx/dt) versus 1/T at same value of crystallized fraction x at different
heating rates.

"o In[In(1-x)/In(1—x)]
In[(1—x%)In(1—x%)/(1—x)In(1—x;) ]
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and the frequency factor kq can be calculated by the following equation:

In[kof ()] = In(ky) + In(n) + nT_l[ln(—ln(l—x))] + In(1—x) (20)

The average of activation energy of formation of [ (Mg;7Al15)
precipitate by isothermal techniques equal 67.18 kJ/mol agreement
with that by non-isothermal techniques were around 62.02 kJ/mol. The
values of Avrami parameters n are estimated by isothermal and non-
isothermal approximately concurrence equal to 3.193 and 2.79, and the
frequency factor ko is 1.24 10°s™'. These values indicate that bulk
nucleation with a constant number of nuclei was dominant in three-
dimensional (polyhedron) controlled by interface reaction. These
parameters are in a good concordance with works of Kabirian and
Mahmudi [29,30].

The X-ray diffraction spectrum of the AZ91 alloy homogenized at
420 °C for 4h, quenched rapidly with water and aged for 2h at 170,
220, 270 and 320 °C, respectively, (Fig. 7). In the quenched state the X-
ray diffraction spectrum shows only the peaks relative to the HC (P63/
mmc) structure of the supersaturated solid solution ag (single-phase
domain). The values of the crystalline parameters a=Db
Mg) = 3.118A and ¢ (Mg) =5.118 A, are very close to those men-
tioned in previous studies (a = b = 3.2088 10\, ¢ =5.2099 A) [31]. After
2h of aging at 170 °C, we show a small shift of these diffraction peaks
towards the large nails and also gives low trace for the new phase
precipitates 3-Mg;,Al; 5 (Fig. 8b). At 220, 270 and 320 °C temperatures
of aging for 2 h, the XRD spectra show the existence of peaks of the [3-
Mg,7Al; 5 precipitated phase with a high intensity and which increase
with increasing aging temperatures, as the case may be peak of the
family of planes (41 1)f (Fig. 8). In this case, the ratio of the lattice
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Fig. 7. X-ray spectra of the AZ91 alloy homogenized at 420 °C for 18 h quen-
ched with water and aged for 2h at 170, 220, 270, 320 and 370 °C.

parameter will be a/c = 3.62687 A (Fig. 9). This value is expected be-
cause the output of the aluminum must decrease the value of the crystal
lattice parameter. This is still justified for the case of aging for 2h at
370°C, it is noted that the intensity of the precipitate phase less than
that of 220, 270 and 320 °C because we are close to magnesium phase
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Fig. 9. Effect of temperature on the c/a ratio of a (Mg) and lattice parameter of
B-Mg17Al;; phase of AZ91 alloy.

ao(Mg) (the supersaturated phase) (Fig. 8f). It is noted that the kinetics
of precipitation reaction is faster with the temperature range
(220-370°C) [32].

The Vickers hardness testing of AZ91 quenched and aged at
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Fig. 8. A part of the XRD spectra of the AZ91 alloy homogenized at 420 °C for 18 h quenched with water (a) and aged for 2 h at 170 (b), 220 (c), 270 (d), 320 (e) and

370 °C (). (Presentation only the peak (4 11) of 3-Mg;,Al;, phase).
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Fig. 10. Evolution of the micro-hardness Hv of AZ91 alloy, homogenized to
420 °C for 18 h, quenched in water and aged at the temperatures 170, 220, 270,
320 and 370°C for 1 and 2h.

different temperature, with non-isotherm (170-370°C) for 1 and 2h
shown in (Fig. 10). The topical temperature to realize the maximum
hardness approximately at 320 °C. The effect of temperature on the
hardness are both increases from 220 to 270 °C, and decreases from 270
to 400 °C shown like peak, that is similar observation has been reported
by the DSC experiment in current study (Fig. 1), this is caused by the
formation of stable phase (3-Mg;,Al;, precipitate.

Conclusions

This study investigated the effect of aging temperature and time on
the kinetics of precipitation of 3-(Mg;,Al;5) phase in AZ91 Alloy. It is
found that the kinetics of the decomposition reaction is lower in the
temperature range between 220 and 370 °C. The activation energies,
measured after isothermal and non-isothermal treatments by five
methods were around 67.18 and 62.02kJ/mol, respectively. The
Avrami parameter n of growth morphology reaction, by using the no-
isothermal and isothermal treatments was around 3.19 and 2.79 re-
spectively. We notice that the exponent n is between 2 and 3 so it is
kinetics that under mixed control: reaction at the interface and diffu-
sion. We mentioned in Section 2; that there is an aging which presents
two modes of precipitation; cellular and continuous hence this kinetics
with two phenomena taking place at almost the same time. Finally, the
frequency factor calculated using the isothermal treatment is 1.24
10%s™L

Appendix A. Supplementary material

Supplementary data associated with this article can be found, in the
online version, at https://doi.org/10.1016/j.rinp.2018.07.009.
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Abstract

The effect of additional Mg on the microstructure, mechanical properties, and
transformation kinetics during aging in Al-3.3 wt.% Cu alloy was studied. The
compositions and microstructure were examined by X-ray diffraction, Differential
scanning calorimetry (DSC) and scanning electron microscope (SEM) with energy
dispersive X-ray spectroscopy (EDS). The results show that the Mg in the Al-Cu alloy
mainly precipitated to the grain boundaries during the process of transformation and
formed a ternary Al,CuMg metallic compound and the rate of discontinuous precipitation
reaction decreases with increasing concentration of Mg. The activation energy of
crystallization was evaluated by applying the Kissinger equation.

Keywords: Al-Cu-Mg alloys; Discontinuous precipitation; Activation energy;
DSC.

Introduction
The aluminum has excellent mechanical properties in the presence of alloying
elements, mainly due to the precipitation hardening (e.g., Al-Cu(Mg) alloys). These
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alloys and materials are widely used in the aeronautics field [1-5]. For a concentration of
Cu less than 4%, the Al-Cu and Al-Cu—Mg phase diagrams show the formation of a solid
solution a. Increasing the concentration leads to precipitation of copper in the form of
Guinier Preston zones (GP1 and GP2) and the first compound Al,Cu (6' metastable, then
0 stable), and phases (S' metastable, then S stable) in Al-Cu—Mg alloys [6-7].

The precipitation sequence in the Al-Cu—Mg system can be presented as

SSSS (ap) — GPB — §' 'S’ — S 1

where SSSS (ao) is the supersaturated solid solution obtained after solution
treatment and quenching. S. C. Wang and M. J. Starink, investigated the effect of heat
treatments and deformation on the formation of two variants of S phase precipitation in
an Al-4.2Cu-1.5Mg-0.6 Mn-0.5 Si (AA2024) and Al-4.2 Cu-1.5 Mg-0.6 Mn-0.08 Si
(AA2324) (wt.%) alloys using transmission electron microscopy (TEM) and a scanning
electron microscopy (SEM) analysis [7]. The DSC analysis of the as—solution treated
samples shows two distinct exothermic peaks in the range from 250 to 350 °C. An S phase
with a composition of Al,CuMg has been determined as an orthorhombic Cmcm structure
with lattice parameters: as = 0.400 nm, bs = 0.923 nm, ¢s = 0.714 nm [8-9]. A range of
structures has been proposed for GPB, S”, S | and S as shown in Table 1 [10-14].

Table 1. Previous reported and proposed structures for GPB and S”, S’ and S phases.

Experimental
Crystallographic structure Composition  data supporting
model

Structure Reference
name

Orthorhombic,

a =0.405 nm,

b =0.906 nm and

c=0.725nm

Tetragonal,

a=0.405 nm, Al2CuMg FPTEC GPB [12]

¢ =0.81 nm, P4/nbm

Monoclinic,

a =0.400 nm,

b =0.925 nm,

c=0.718 nm, o = 88.6¢

Orthorhombic,

a =0.405 nm,

b =0.405 nm and

¢ =0.81 nm, Imm2

Orthorhombic,

a=0.400 nm,

b =0. 461nm,

¢ =0.718nm, Pmm2

Orthorhombic,

a = 0.400 nm,

b =0. 923nm,

¢ =0.714 nm, Cmcm
*XRD: X-ray diffraction, TEM: Transmission Electron Microscopy, FPTEC: First—

Principles Total Energy Calculations

Al2CuMg Proposed GPB [10, 11]

Al2CuMg XRD s” [13]

Al2CuMg TEM s” [14]

Al2CuMg HREM S 8]

Al2CuMg XRD S [15]
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Nanodiffraction and HREM technology by J.C.L. Yan et al. have been used to
determine the crystal structure of the S' phase (Al,CuMg), and conclude it, at 200 °C for
times ranging from 10-10.000 h, there appears to be no difference in crystal structure
between S ' and equilibrium S phase [15]. Recent work of R.K.W. Marceau et al. show
diffusion couple after aging for 5 min at 200 °C in Al-1Cu-0.76Mg and Al-2.18Cu-
1.66Mg (wt.%); above a critical Cu content the rapid hardening phenomena diminishes
[16].

The aim of this research is to study the effect of Mg content on the microstructure
and mechanical properties of Al-Cu alloy. The possible effect mechanism will also be
discussed.

Experimental methods
Two commercials purity Al-Cu-Mg alloys ingots have been studied; the
compositions are shown in Table 2.

Table 2. Compositions of the alloys (wt.%).

Element
Cu Mg Fe Si Al
S1 3.3 0.98 0.08 0.01 Bal.
S2 3.3 2.03 0.06 0.01 Bal.

Specimens with the size of 10mmx10mmx12mm were wired-cut from the center
of the ingot. The specimens were homogenized at 470°C for one week and quenched in
water. Microstructure, morphologies of fracture surface and compositions of tested alloys
were analyzed by Scanning Electron Microscopy (SEM) (JEOL 2000FX) equipped with
energy dispersive spectroscopy (EDS). Phase identification of the alloys was further
confirmed by analyzing X-ray diffraction patterns generated by PAN alytical X'Pert PRO
diffractometer. CuKa radiation and a speed of 1°/min were used. The DSC measurements
were performed with a NETZSCH 200 PC DSC. Vickers hardness is one of the most
testing techniques and scientists. It is a form of microhardness that uses a diamond
indenter and is suitable for a wide range of materials. A Yukon 2500 device was used in
the microhardness measurements.

Results and discussion

The as-quenched microstructure

The as-quenched microstructures are shown in Fig. 1. It is a typical structure that
consists of the fine precipitates with a grain boundary. Fig. 2 represents a typical EDS
spectrum of the presents alloys in the as-quenched condition. The quantitative analysis of
six different EDS spectra indicated that the average chemical compositions were: Al—
3.3+0.3 wt.%-Cu-0.96+0.2 wt.% Mg and Al-3.28+0.1 wt.% Cu-1.98+0.4 wt.% Mg
respectively.
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15KV, X100 . 00pm . 0000 - PC-SEM

Fig. 1. Microstructures of as-quenched Al-3.3wt.%Cu—1wt.%Mg
(a) and Al-3.3wt.%Cu-2wt.%Mg (b) alloys.
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Fig. 2. A typical EDS profile of Al-3.3wt.%Cu-1wt.%Mg (a) and
Al-3.3wt.%Cu—-2wt.%Mg (b) alloys in the as-quenched conditions.

For studying the heat treatment effect on the discontinuous precipitation in
Al-3.3wt.% Cu-1 wt.% Mg and Al-3.3 wt.% Cu-2 wt.% Mg alloys, the samples are
homogenized at 470 °C for one week and quenched in water. In this part of the
investigation, we present the results of differential scanning calorimetry (DSC) in
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nonisothermal conditions, previously homogenized and quenched (Fig. 3 and Fig. 4); and
age at different heating rates (2, 5, and 10 °C/min).

-0,03
-0,04-
-0,05-
-0,06—-

-0,07

dQ/dt (mw)

-0,08

_0109 T T T T T T T T
50 100 150 200 250 300 350 400 450 500

Temperature (°C)

Fig. 3. DSC curve of Al-3.3wt.%Cu-1wt.%Mg alloy, homogenized one week at 470 °C,
quenched in water and heated in the range 25 — 450 °C (heating rate 2 °C-min™).

-0,12
-0,15 -
-0,18

-0,21 -

dV/dt (mw)

-0,24 1

-0,27

50 100 150 200 250 300 350 400 450
Temperature (°C)

Fig. 4. DSC curve of Al-3.3wt.%Cu-2wt.%Mg alloy, homogenized one week at 470 °C,
quenched in water and heated in the range 25 — 450 °C (heating rate 2 °C-min-1).
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Five main effects may be identified in these thermograms [17-19] an exothermic
peak; A, between 60 and 130 °C that occurred due to the formation of co—clusters [20,
21]; an endothermic effect, B, between 130 and 170 °C, may be attributed to Cu—Mg co-
cluster dissolution (with possibly some GPB2 dissolution); two exothermic peaks effect,
C, and D between about 200 and 300 °C, are attributed to the formation of S’ and S phases
precipitates respectively; a broad endothermic effect, E, at 300 to 450 °C is identified as
progressive dissolution of the S* and S precipitates [22, 23].

To determine the activation energy E, of S® and S phases of our alloys we use the
Kissinger method, this method relies on the assumption that, during the temperature
increase, the reaction passes through a maximum before decreasing, using the following
relation [24]:

In 12 -__Ea ¢ 2
Tm TmR

where C is constant, at the maximum rate of transformation which corresponds to
the maximum at the DSC peak T = Tr (d?y/dt>=0) and R, the perfect gas constant (8.314
J/imol-K).

The maximum temperatures of reactions were determined from the slopes of the
DSC curves. The activation energy for the formation of the S¢ and S phases (AI12CuMg)

_zj — function of
m

under nonisothermal conditions was calculated from the slope of |n [ v

1/Tm.
The value of E; may be calculated from the slope of each curve it is shown in this
following Table 3; these values are in good accordance with the literature [25].

Table 3. The activation energies of S’ and S phases of Al-3.3wt.%Culwt.%Mg and
Al-3.3wt.%Cu2wt.%Mg alloys.

Phase Ea(kJ/mol) study
Al-3.3%Cul%Mg p P
Al-3.3%Cu2%Mg p e

The results of the heating rate and Mg concentration effect on precipitation are
presented in the relative volume fraction versus temperatures (Fig. 5), this figure shows
sigmoidal curves at different temperatures for the discontinuous precipitation (DP). It is
clear that as the concentration of Mg increases, the rate of DP reaction decreases (shift
curves on basis temperatures).
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Fig. 5. Transformed fraction as a function of the temperature at various heating rate of
Al-3.3wt.%Cu-1wt.%Mg (a) and Al-3.3wt.%Cu-2wt.%Mg (b) alloys of S’ phase.

AT Eg

where are: AT — The width at half maximum, E,— activation energy and R — ideal
gas constant.

The Table 4. shows the values of Avrami exponent (n). Avrami analysis was
utilized to study the overall bulk crystallization kinetics after a specific thermal history.
The Avrami exponent evaluated empirically, generally between 1 and 4. In the present
study, the mean value of Avrami coefficient (n) for S’ and S phases is 1.41 and 1.42
respectively; which may correspond to phase transformation mechanism driven by the
diffusion. It has been found, that like any other diffusion controlled nucleation and growth

To determinate the Avrami exponent we used the formula, N = T%w [26]:
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process, the reaction front velocity in DP usually records an ‘inverse-C’ variation with
temperature [27].

Table 4. Avrami exponent of S’ and S phases of Al-3.3wt.%Culwt%Mg and
Al-3.3wt.%Cu2wt.%Mg alloys.

Alloy Al-3.3% Cu-1% Mg Al-3.3%Cu-2%Mg
Phase S’ S S’ S
n 1.50 1.31 1.46 1.37

It is suggested that atomic mobility is essential for the time-dependent nucleation.
It is noticed that the peak moves towards basis temperatures as much as the concentration
of Mg increases.

After DSC treatment

The nonisothermal treatment effect on the transformation of precipitation in Al—
3.3wt.%Culwt.%Mg and Al-3.3wt.%Cu2wt.%Mg was examined before and after DSC
treatments. The initial samples are homogenized at 470°C for one week and quenched in
water. The X-ray diffraction spectrum of this quenched alloy which corresponds to
supersaturated solid solution o is shown in Fig. 6 (a). The second nonisothermal
treatment applied on quenched alloy is performed by DSC analysis, from room
temperature to 470 °C with heating rate 2 °C/min. The DSC curves show an exothermal
peak that corresponds to energy dissipation during the discontinuous precipitation. The
formation of this new S phase after last treatment is detected by the X-ray diffraction,
where the S phase (Al,CuMg) peaks are present in the spectrum, Fig. 6 (b, c).

400
| a(200))| a
200 - o(l111)
- o
=
<400
—_— * AlI2CuMg b
=
= 200 - * * ‘ *
- * |
@ o T
-— 400
= - C
> *
200 -
* *
o T T T
20 30 40 50

2 Theta (°)

Fig. 6. X-ray diffraction spectrum of Al-3.3wt.%Cu—1wt.%Mg alloy, homogenized at
470 °C for one week and quenched in water (a), after DSC treatment (25-450 °C,
v=2 °C.min) of Al-3.3wt.%Culwt.%Mg (b), and Al-3.3wt.%Cu2wt.%Mg (c) alloys.
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However, differential scanning calorimetry (DSC) and XRD analysis, justifies the
precipitation of new phases corresponding to the intermetallic phases S’ and S
(Al,CuMg). The grain size has not changed in the same grains observed in the quenched
state (bellow DSC treatment). The SEM and EDS analysis revealed these precipitates of
different types marked with B and C in Fig. 7. The chemical compositions of the phases
are presented in the correspondent EDS curves. The phase marked by B and C is found
to have the following composition: 14% Cu, 10% Mg and balance Al and 40% Cu, 3%
Mg and balance Al of Al-3.3wt.%Culwt.%Mg and Al-3.3wt.%Cu2wt.%Mg
respectively, which is consistent with the S phase.

Al

> Al

1
100pm JEOL-DAC
] SEM WD 9. 3mm

2

4 6 b
Energy - keV kev

Fig. 7. Microstructures and typical EDS profiles of Al-3.3wt.%Cu—1wt.%Mg alloy
marked by A and B and Al-3.3wt.%Cu—-2wt.%Mg alloy marked by C (After DSC
treatment).
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Based on the Al-Cu-Mg phase diagram [28], the solid solubility of Mg is
relatively low at room temperature in aluminum alloys. Therefore, the concentration of
Mg at the interface of the solid/liquid phases was certain increased correspondingly
during the solidification proceeds.

The Vickers hardness value of Al- 3.3wt.%Cu-1 wt.%Mg and Al-3.3wt.%Cu-2
wt.%Mg alloys are presented in Table 5. All samples are aging for various time at 150 °C
. Vickers hardness measurements were carried out in order to investigate the effect of
mechanical properties with the small addition of magnesium. The Vickers hardness value
of sample of Al-3.3wt.% Cu—2wt.% Mg alloy is slightly lower than that of Al- 3.3wt.%
Cu-1 wt.% Mg alloy. We concluded that the hardening observed is due to the formation
of the phase S’ which is converted into the hardening phase S in order to obtain the
maximum hardening in these alloys. values of the microhardness with the prolongation
of aging at 150 °C, is directly attributed to the decrease in the amount of precipitated
phases and in particular, the metastable phase S 'and the precipitation of equilibrium
phases S. The study of Eskin [29] explained the hardening and precipitation in the Al-Cu-
Mg-Si alloying system. The composition and hardening phase in Al-Cu-Mg-Si alloys
containing 2.5% - 4.5% Cu, are considered with respect to the chemical composition of
the supersaturated solid solution.

Table 5. The value of Vickers hardness as a function of aging time at 150 °C of Al-
3.3wt.%Cu—1wt.%Mg and Al-3.3wt.%Cu—2wt%Mg alloys.

Hv (Kg/mm?)
Aging time /min.  Al-3.3%Cul%Mg Al-3.3%Cu2%Mg
0 109.72+£2.35 109.62+2.33
300 115.00+2.22 113.5+2.14
600 115.20+2.12 114.30+2.15
1200 116.05+3.01 114.70+2.35
1800 118.31+3.11 115.20+1.98
2400 123.11+2.63 114.95+1.99
3000 125.21+2.41 117.32+£2.09

Conclusion

In this work, the small contents of magnesium and the heating rate of the
nonisothermal transformation in the alloy Al-3.3wt.%Cu was studied. Several
experimental methods suited to this kind of scientific research, to follow the various
structural, and to try to understand the kinetics of various phenomena that occur was used
Magnesium in the Al-Cu alloy mainly precipitated to the grain boundaries during the
process of transformation and formed ternary Al,CuMg phase. The DSC curves show the
formation two phases S 'and S, with a mean activation energy 154.57 and 154.82 kJ/mol
for Al-3.3wt.%Cu-1wt.%Mg and Al-3.3wt.%Cu-2wt.%Mg, respectively. The value of
Avrami coefficient (n) for S’ and S phases is 1.4; which may correspond to a phase
transformation mechanism driven by the diffusion. The rate of discontinuous
precipitation reaction decreases with the concentration of Mg increases.
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30 8 0 0 1.317398 71.528 0.1
31 8 1 1 1.29785 T72.814 1.0
32 8 P 0 1.27862 74.091 1.0
33 & 2 3 1.26023 T75.358 0.8
34 & & 0 1.24260 T6.61%8 2.0
35 T 4 3 1.2256%5 T7.874 1.5
36 & ] 2 1.20946 79.121 0.2
37 7 L) P 1.159385 80.365 0.6
8 8 4 0 1.1788 81.604 0.1
39 8 3 3 1.160437 82.838 1.7
40 8 4 2 1.15042 84.070 0.5
41 T 6 1 1.13697 85.298 1.7
a2 & & 4 1.123397 86.524 0.8
43 T 3 4 1.11141 87.74% 2.8
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abstract

This study investigated the effect of aging on the precipitation and kinetics of formation and dissolution of
composition and dissolution second phase Mgi7Al12 in AZ91 magnesium alloy (Mg-9 wt% Al-1 wt% Zn),
using X-ray diffraction, optical microscopy, dilatometry, microhardness measurements, scanning electron
microscope (SEM) with energy dispersive X-ray spectroscopy (EDS) and differential scanning calorimetric
analysis (DSC). With the last instrument, the all samples were heated from room temperature to 400 °C, at
heating rates of 10-30 °C/min. The results were supplemented by measuring the average of activation
energies, using isothermal treatments by Johnson—Mehl Avrami methods and by non-isothermal
treatments using Ozawa, Boswell, Kissinger, Mahadevan, Augis and Bennett methods, were around 67.18
and 62.02 kJ/mol in formation case, 116.78 and 129.69 kJ/mol in dissolution.

The frequency factor ko calculated by the isothermal treatment is equal to 1.24 10° and 2.4 10° s,

In non-isothermal treatment, the numerical factor m and the Avrami parameter n is estimated to be
approximately equal to 3 and 2.79 respectively.

This value corresponding that the bulk nucleation with a constant number of nuclei was dominant in three-
dimensional (polyhedron) controlled by interface reaction The effect of additional Mg on the
microstructure, mechanical properties, and transformation kinetics during aging in Al-3.3 wt.% Cu alloy
was studied. The compositions and microstructure were examined by X-ray diffraction, Differential
scanning calorimetry (DSC) and scanning electron microscope (SEM) with energy dispersive X-ray
spectroscopy (EDS). The results show that the Mg in the Al-Cu alloy mainly precipitated to the grain
boundaries during the process of transformation and formed a ternary Al,CuMg metallic compound and
the rate of discontinuous precipitation reaction decreases with increasing concentration of Mg. The
activation energy of crystallization was evaluated by applying the Kissinger equation.

Keywords: magnesium alloy, aluminum alloy, precipitation, Activation Energy, Avrami parameter,
X-ray Diffraction, differential scanning calorimetric analysis (DSC).
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abstract

This study investigated the effect of aging on the precipitation and kinetics of formation and dissolution of
composition and dissolution second phase Mgi7Al1; in AZ91 magnesium alloy (Mg-9 wt% Al-1 wt% Zn),
using X-ray diffraction, optical microscopy, dilatometry, microhardness measurements, scanning electron
microscope (SEM) with energy dispersive X-ray spectroscopy (EDS) and differential scanning calorimetric
analysis (DSC). With the last instrument, the all samples were heated from room temperature to 400 °C, at
heating rates of 10-30 °C/min. The results were supplemented by measuring the average of activation
energies, using isothermal treatments by Johnson—Mehl Avrami methods and by non-isothermal
treatments using Ozawa, Boswell, Kissinger, Mahadevan, Augis and Bennett methods, were around 67.18
and 62.02 kJ/mol in formation case, 116.78 and 129.69 kJ/mol in dissolution.

The frequency factor ko calculated by the isothermal treatment is equal to 1.24 10° and 2.4 10° s

In non-isothermal treatment, the numerical factor m and the Avrami parameter n is estimated to be
approximately equal to 3 and 2.79 respectively.

This value corresponding that the bulk nucleation with a constant number of nuclei was dominant in three-
dimensional (polyhedron) controlled by interface reaction The effect of additional Mg on the
microstructure, mechanical properties, and transformation kinetics during aging in Al-3.3 wt.% Cu alloy
was studied. The compositions and microstructure were examined by X-ray diffraction, Differential
scanning calorimetry (DSC) and scanning electron microscope (SEM) with energy dispersive X-ray
spectroscopy (EDS). The results show that the Mg in the Al—Cu alloy mainly precipitated to the grain
boundaries during the process of transformation and formed a ternary Al,CuMg metallic compound and
the rate of discontinuous precipitation reaction decreases with increasing concentration of Mg. The
activation energy of crystallization was evaluated by applying the Kissinger equation.

Keywords: magnesium alloy, aluminum alloy, precipitation, Activation Energy, Avrami parameter,
X-ray Diffraction, differential scanning calorimetric analysis (DSC).






