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ABSTRACT

In this research, the results of kinetic study of phase precipitation on aging Al-Mg-Si alloy are presented. The
results of the kinetic analysis of the process show that the formation of phases in the alloy is explained by the
phase transformation kinetics. By the calculation results based on the hardness value, the coefficients K, n, Q
were determined at different temperatures and aging times. The determination of these coefficients helps to
determine the formation of phases in aging conditions. Also by the method of hardness measurement, the
functions of phase transformation kinetics have been determined as well as the formation of different phases at
each aging temperature of the studied alloy. Determining the kinetics of the phase formation when aging plays
an important role in determining the formation as well as controlling the phase formation under different
conditions.
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INTRODUCTION

The Al - Mg - Si heat-treated deformed aluminum alloy is strengthened on the basis of creating a oversaturated
solid solution and the dispersed phase decomposition immediately afterwards has a hardening effect. Types of
heat treatment are annealing, quenching and aging [1]-[4]. The first heat treatment operation is uniform
annealing to increase the uniformity of the components which increase ductility for the subsequent plastic
deformation process. The uniform annealing temperature is lower than the eutectic temperature and higher than
the solubility limit of the alloying element in the o solid solution, usually an annealing temperature in the range
450 - 540°C. The soaking time depends on the sample size, the size of the second element, normally lasts from 4
to 10 hours [5]-[9][10][11]. Quenching is the process of making a oversaturated solid solution for subsequent
strengthening by precipitation aging of the dispersed phase. The alloy is heated to the quenching temperature
(point A, figure 1), keeping the heat to dissolve the second phase molecules and homogenize the solid solution
composition a. After cooling in water, the microstructure of alloy is a oversaturated solid solution (point B,
figure 1). This is essential for the subsequent aging process [12]-[16]. After quenching, the alloy has structure
as a oversaturated solid solution with a insignificant strengthening effect. To increase strengthening, it need to
aging at a certain temperature and time, then the solid solution decomposition occurs, the microstructure of the
alloy becomes two phases.
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Figure 1. Diagram illustrating the phase transformation when quenching [17]

With increasing temperature (or lasting the soaking time at constant temperature), the microstructure
transformation of the oversaturated solid solution begins with the formation of Guinier - Preston (GPZ) regions,
next is the formation of B" phase (GPZ 2), B’ phase va [ phase (Mg2Si) [18]-[25].

agoh = GPZ — B> — B [4]
Guinier-Preston Zone (GPZ).

The microstructure of the alloy after quenching is a saturated solution of the alloying elements and the vacancy.
The vacancies bind to surrounding alloying elements and form vacancy-alloy-element conjugates, which easily
translocate, diffusing to the site of VGP formation. The GPZ is a region of oversaturated solid solution enriched
with an alloying element, which of course has the same crystal structure as the solid solution. There is no clear
boundary between VGP and the phase matrix. The shape of the GPZ region is different in different alloy
systems, depending on many factors, the most important being the atomic size deviation, table 1. Due to the
difference in atomic diameter Ad between Al and the element alloys, the formation of GP zone causes a rather
large elastic stress field.

Table 1. Shape of GPZ at other alloys [26]

Shape of GPZ Alloys Differents of diameter atoms %
Al - Ag +0,7
Al -Zn -19
Spherical Al -Zn - Mg +2,6
Cu-Co -2.8
Disc Al -Cu -11,8
Cu-—Be -8,8
Al — Mg - Si +25
Needle Al—Cu— Mg 765

The size of GP zone is about 10+-100 A° depending on alloy composition, temperature and aging time.
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Figure 2. Guinier - Preston Zone [27]

In terms of thermodynamics, GPZ is similar to the pseudo-stable phase state and completely different from the
region produced by component fluctuations. While the component fluctuations are unstable, the GPZ is stable
over time. Similar to the thermodynamically stable phase, on the phase diagram, there is a dissolution curve of
GPZ. GPZ can grow by annexing small neighboring regions by diffusion mechanism. The composition of GPZ
at a given temperature is independent of the alloy composition. Comparing the dislocation density and the GPZ
density when aging, it is found that the GPZ density is larger than the dislocation density [28]-[31]. On that
basis, it is assumed that GPZ is generated by the co-phase nucleation mechanism on the concentration undulary
regions. Thus, the GPZs are fairly evenly distributed over the entire sample volume.
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Figure 3. The pseudo-stable phase 5’[27]

The B' phase has the corresponding composition Mg,Si, the tetragonal type (Figure 3) with the crystal structure
parameters a = 0.705 nm; c= 0.405 nm [4]. Between ' and a is only partially connected (Figure 4). The ' phase

is rod-shaped. The elastic stress field generated by the generation of GPZ and the B" phase is larger than that of
the B' phase [29], [32], [33].
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Figure 4. Crystall structure diagram:a- solid solution ¢; b- phase g’’ is connected to «; c- phase g is stable
independent of «. [34]

B (Mg.Si) phase

The final period of the aging phase precipitation process of the 6xxx-system aluminum alloy is the formation of
B (MgSi) equilibrium phase structures and the grain coarsening of the B phase. The B phase (MgSi) is a
completely independent phase of the matrix (matrix), the square lattice type with lattice parameters a = 28.13 Ao
(Figure 4c). About the nucleation mechanism of the 3’ and B’ phases, it is assumed that they are produced
above dislocations, small grain boundaries, defects, and in the vacancies regions, at the same time they are also
generated from the initial phase (morphomorphic transformation) for example GPZ - B* or ’> P’ etc. So
about the order of phases pha B’’, B’ can be generated by continuing to develop VGPs or can be generated
completely independently of those regions. The B phase (Mg.Si) too, can inherit the intermediate phases B”’, B
or can also be generated independently of those phases.

Studying the phase precipitation process when aging aluminum alloys by transmission electron microscope is
one of the most effective methods [18][35]-[38]. However, direct study of phase secretion by transmission
electron microscopy is not always easy to perform and with equipment conditions. On the other hand, by this
method it is difficult to determine the kinetic parameters. There have been many studies on the decomposition of
oversaturated solid solutions in aluminum. The authors all believe that the stable phase in the Al - Mg - Si alloy
is Mg2Si with a face center cubic lattice, with lattice parameter a = 28.13 AO . This compound in the Al - Mg -
Si system is denoted by the B phase. In addition to the  phase, in technical alloys there may also be AlgMn
phases; Mg2Als...Most authors [28], [30], [39]-[45]believe that the decomposition of supersaturated solid
solution occurs as follows:

Supersaturated solid solution Al, > GP region = B’ phase = phase.

However, depending on the degree of oversaturation, the aging temperature and the number of stable phases
may vary. In this study, the hardness measurement method was used to determine the aging kinetic
characteristics: phase fraction (X), kinetic coefficients (K), and phase transformation activity (Q) from which to
deduce the characteristics of nucleation and nucleation development in the aging process of Al - Mg - Si alloys.

FACTORS AFFECTING THE PHASE PRECIPITATION PROCESS

The phase precipitaion process is influenced by many factors. The factors that directly affect the phase
precipitation kinetics are temperature, time, chemical composition and microstructure of the alloy before aging.

* Effects of temperature and aging time:

The strength and hardness of the alloy increase with increasing aging time, reaching a maximum and then
decreasing [5-9][28][30][39]-[46]. The curve of change in strength (hardness) with aging time can be divided
into two parts. The maximum left is the strengthening the right maximum corresponds to the over aging. With
the 6xxx-system deformed aluminum alloy, with the maximum strength corresponding to the microstructure
including GPZ, the intermediate phase is pseudo-stable B’with a certain ratio. Corresponding to the strength
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removal state, the microstructure is the stable phase B is accumulating. The higher the aging temperature, the
shorter the time to reach the maximum strength and of course the earlier the aging period occurs.

* Influence of alloy microstructure before aging:

- The effect of the vacancy: At the quenching temperature, the number of vacancies is quite large, when cooled
rapidly they are retained in the solid solution aqn . The vacancies bind to the alloying element to form the
conjugates that form the GPZ. The vacancy concentration in the vicinity of the grain boundary is strongly
reduced by the diffusion process and self-destruction of the vacancy on the grain boundary. Because the vacancy
concentration falls below the critical value, phase precipitation does not occur, resulting in a white region
around grain boundary. Thus, the empty vacancies the role of promoting diffusion, enhancing phase
precipitation, and is a necessary factor for phase precipitation to occur.

-Effect of dislocation: Dislocation affects the dynamics of the phase precipitation process, around which there is
a stress field. To reduce the energy of the system due to the existence of these stress fields, the atoms of the
alloying element tend to be distributed in the regions around the dislocation. Thus dislocation is one of the
important factors causing the heterogeneity of the oversaturated solid solution after quenching. The Cottrell
zones are the nucleation centers for the formation of GPZ and the intermediate phase. Plastic deformation
increases the dislocation density thus promoting phase precipitation.

- Effects of defects: The generation of defects is associated with the change in the order of the tightly packed
surface distribution, the crystal structure in the defects region is also different, the solubility of the alloying
element between the solid solution and this lattice bias region is different. Therefore, in the misalignment
region, the differentiation process will take place. These defects not only promotes phase precipitation, it also
changes the crystal lattice of the precipitated phase.

- Effect of grain boundary and block grain boundary: The nucleation activity at the grain boundary is generally
small because then the elastic and surface energies are small. Due to this feature, the differentiation process will
not be the same at the grain boundary and inside the grain. The block grain boundary also has the effect of
promoting phase precipitation.

Thus, by considering the influence of alloy microstructure before aging, we can see that plastic deformation
increases the concentration of empty atoms, increases the increasing dislocation density, and increases thegrain
boundary length and increase the density of defects, so it strongly affects the kinetics of the phase precipitation.

* Influence of alloy composition: The content of alloying elements is directly related to the solid solution
oversaturation after quenching, the greater the overrsaturation, the greater the solid solution mechanical
properties after quenching. On the other hand, when aging, the strengthened phase density precipitated in the
alloy is higher when the oversaturation is greater. Combining the above two effects to explain the increase in
hardness and strength of the alloy when increasing the content of alloying elements.

PHASE TRANSFORMATION DYNAMIC

The phase transformation kinetics is a matter of the relationship between the transformation phase mass and the
transformation time. We set the phase transformation ratio to be (X), the phase transformation time is (t), then:

X =1(t) @)
Mean:
Volume of product phase/Total volume that can be phased

= Number of atoms in the product phase/Total number of atoms that can change phase
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The volume of phase that can be transformed can be equal to the initial phase volume of the crystallization
process (or eutectoid process), recrystallization or it can be just is a part (volume of oversaturated phase in phase
precipitation).

Expression of experience
X=1-exp(-K.t") 2)
K=Kk"

Equation (2) describes the dependence of the phase precipitation fraction X on time (t) and the phase
transformation rate constant k , [1/sec].

K depends on the nucleation rate ( Nnucleation) and the develop nucleation rate ( Vdevelop),, the larger the k, the faster
the phase transformation time, ie, tswrt (Small phase transformation time).

n - dimensionless coefficient, depends on the nucleation geometry, nucleation conditions.

We can determine the coefficients K and n based on experiment. X at different times can be determined by
thermal analysis, optical microscopic_, hardness method and other physical methods such as resistance,
stretching bloom, magnetic, or Xray.

From the X values found with the help of a computer, it is easy to determine the coefficients K and n.
Kinetics of phase transition in balanced phaseprecipitation

The following is derived by theoretical expression kinetics of phase precipitation, considering phase secretion 3
from a oversaturated solid solution o at temperature T.

X = Number of atoms in phase / Number of atoms that can form phase 3

Consider the precipitated phase to be a sphere of radius r and all nuclears are generated from the initial time
with an amount of N; volume of a nucleus 4rr®/3; The additional concentration in the precipitated phase volume
region is (Cp - Cp ) and the concentration that can participate in phase precipitation is (Co - Cqp) then:

_413a°N(C, -C,,)

(4)
° (CO _Caﬁ)
Here X0 is X when X<<1, expression (3.4) can be written as:
13
. 3Xo(Cy—Cp) 5)
4N(C, -C,,
From (4) and (5) we have:
c,-C
dXO :472,1’ng ( B aﬁ) (6)
dt dt  (C,-C,)
On the other hand:
dr D (C,-C,)
=——— 7)

—=V . —.
dt phattrien r (Cﬁ _ Caﬂ)

Substituting (7) into (6) get:
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dXO :47”_22 (CO_Caﬁ) N (Cﬂ _Caﬂ) =47ZrDN

dt r '(Cﬁ —Caﬁ) (o —Caﬂ)
1/3
3X,(C,-C
—A4x 0( 0 aﬂ) DN (8)
47N (Cﬁ —Caﬂ
1/3
Set K23 = 48'”2(C0 _Caﬂ) DN?2/3
(CO _Caﬂ
We have: d;(_to: K23xe 9)

X61/3dxo — K2/3dt

= X2 =Kt = X, = Kt¥2

Table 2. Coefficient n in phase precipitation

STT Phase precipitation conditions n
1 Nuclears develop in three directions:
With Nnycleation= 0 3/2
With Nnycleation = CONSt 5/2
With Npycleation @scending >5/2
With Nnycleation descending 3/2+5/2
2 Cylindrical nuclears, growing in 2 directions
With Nnucteation = 0 2
With Nnucleation = const 3
With Npycleation ascending >3
With Nnycleation descending 2.3
3 Disc-shaped nuclears
With Nnucteation = 0 1
With Nnycleation = CONSt 2
With Nnyeleation ascending >2
With Nnucteation descending 12

Expression (10) is only true when the influence of matrix concentration on the growth of the grain is not taken
into account, because then the concentration in the matrix for diffusion to the grain under consideration
decreases, then Xo is replaced by X. with the following characteristics:

thus: In (1-X) = -Xo = -K.t3? (12a)
or: X=1-exp(-K.t") (12b)
With time factor n = 3/2

K - rate coefficient, depending on nucleation and nucleation development conditions, n can have different
values. From Table 2 it is shown that if n and K are determined experimentally, the characteristics of phase
precipitation can be predicted and from K determine the Q phase precipitation activity.

Determination of phase precipitation activity
Method to determine the phase precipitation activity (Q).

The speed factor K is expressed by the formula:

275



A Study Of The Kinetics Of Phase Precipitation When Aging Al-Mg-Si Alloy

Qcreate phase) (13)

K = const.exp( o

The graph of the InK function from (3.13) has the form as shown in Figure 8
From expressions (12b ) and (13) we see:

The phase precipitation activity (Q) can be determined in terms of the phase transformation kinetic coefficient
(K), or the phase transformation fraction (x).

Determination of phase precipitation activity from phase transformation kinetic coefficient (K)

From (13) we have:

InK = ——Q"eat; ph‘m.%+ const (14)
do do
Qcreate phase __ _ ainK

R - aam tga (15)

Qcreate phase from (15) is easily determined from the graph. Note that in this method it is necessary to determine K
at different temperatures, but this temperature still has the same characteristics of n (same nucleation and
nuclears development conditions). It can be determined precisely by equations with K at different temperatures
Determination of phase precipitation activity from phase transformation fraction (X)

From the empirical expression (2):

Inin =ninK +nint (16)

If X= const then:

nInK +nint = const do d6

OlnK __ Qcreatephase
B - + const (173a)

olnK olnt
= + const (17b)

oUIT) a@lT)

Equilibrium (17a) & (17b) we get:

Qcreate phase __ 0int
R T aa/m) (18)

In this method it is necessary to know t for some X at different temperatures and usually take the X where it is

easiest to determine. Similar to the above, the phase transformation activity can be accurately determined by the
equation from X = const at different temperatures.

RESEARCH RESULTS ON KINETICS OF PHASE PRECIPITATION DURING AGING
Determine the kinetic parameters of phase precipitation
Determination of phase transformation fraction (X) and phase transformation mechanism

To determine the phase transformation fraction (X), direct methods can be used: quantification of the phase
fraction from the transmission electron microscopy image (if the precipitated phase size is less than 100 nm) and
optical microscopy (if the emitted phase size larger than 10-5¢cm). In order to see the small-sized phases which
increase mechanical properties (also the phases that need to be studied kinetics) in the aged aluminum alloy, it is
not possible to use a small magnification optical microscope. The generally accepted direct method is
transmission electron microscopy. The non-direct methods of determining the phase transformation ratio are: X-
ray diffraction analysis, resistance measurement, hardness measurement, etc.
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To determine the phase fraction by X-ray diffraction analysis, the more different the crystal structure and the
crystal structure parameter from the matrix, the greater the symmetry of the precipitated phase, the greater the
fraction , the easier it is to determine. However, for Al - Mg - Si alloys, the conditions for using X-rays are not
favorable, especially the small fraction of phase precipitation. Thermal analysis is also a commonly used method
to study phase transformation, but is often used to study in continuous heating and cooling processes [13], [14],
[47], resistance measurement method in principle give the same results as hardness measurements. Therefore, in
this study, the method of determining the phase transformation fraction (X) was selected from the hardness
measurement.

Basis (1): from the relationship of the behaviour depending on the composition and the alloy microstructure of
the phase diagram, it shows that if the alloy consists of two phases o and B, the hardness can be calculated
according to the following formula:

HVmateriat = % o . HVo + % B HV3p (19)

Therefore, if the alloy is in a state consisting of only two phases, the product and the matrix, the product phase
fraction is easily determined from the hardness measurement, because:

Basis (2): by differential thermal analysis, DSC also determined that in the temperature range of 100°C + 175°C,
when aging the Al-Mg-Si alloy, there is endothermic effect, proving that there is a phase transformation from
higher energy phase to lower energy phase (from less stable phase to more stable phase). And also according to
[13], [14], [47], the temperature range of 150°C +200°C can study aging by the mechanism: o oversaturation = B~ =

B (Mg:Si) .
The B’ phase has HVmax and the 3 phase (Mg2Si) appears after the hardness maximum.

On the other hand, [11] analyzes the results of the time-dependent hardness measurement on the table 3 and the
figures (Figures 5 to 10) are graphs representing the dependence of the hardness on the aging temperature at a
certain aging temperature, through which we see:

- Analysis of hardness value of alloy aging samples at different temperatures during 01h; 02h and 03h show that
(Figures 6; 7; 8): When the aging temperature is increased from 120 dén 200°C, the hardness value of the alloy
sample increases very quickly from 75.21 to 83.46HV. However, if we continue to increase the natural aging
temperature from 200 to 250°C, the hardness value almost increases very slowly from 83.46 to 85.09HV, so it
can be seen that here has not occurred the phase transformation for the alloy when doing aging. For the phase
transformation here can only happen from o > p’.

- Analysis of Figures 8 and 9 when aging time is 04h and 05h at different temperatures shows: Initially, the
aging temperature is 120°C to 150°C (5h) and 175°C (4h), the hardness value increases gradually with aging
temperature and reaches the maximum at this temperature; with values of 93.21HV and 94.72HV respectively.
Continuing to increase the aging temperature, the hardness value decreases gradually. This is explained by the
phase transformation o = B’ , and after the maximum, phase transformation occurs 8° =  (Mg2Si).

- Continuing to increase the aging time up to 6h, the hardness value gradually decreased from 120°C to 240°C.
This is explained by the grain coarsening of the 3 phases

Thus, from the analysis of hardness values, it is found that: If the aging time is 4h and 5h, the maximum
hardness is about 175°C (4h) and 150°C (5h). This shows that the maximum is a phase transformation o >
f’,and after the maximum is a phase transformation B’ >  (Mg.Si).
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Table 3. HV hardness measurement result [MPa] depends on temperature and aging time

t°C

 (h) 120 150 175 200 225 250

0 46.38 46.38 46.38 46.38 46.38 46.38
0,5 63.52 71.25 69.21 79.27 80.5 80.95
1 75.21 77.15 81.22 83.46 84.16 85.09
15 77.11 79.45 90.21 89.91 88.73 89.56
2 81.31 85.32 89.89 92.27 92.18 95.37
2,5 83.06 85.14 93.38 93.76 95.74 96.32
3 85.61 86.61 94.12 98.09 99.12 99.85
4 86.18 89.51 94.72 93.34 92.61 92.32
5 89.05 93.21 92.65 90.15 87.12 86.25
6 93.48 92.13 91.32 89.12 87.45 85.15
7 91.82 89.88 90.95 96.56 79.32 77.82
8 90.15 87.32 90.15 83.89 78.15 76.32
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Figure 5. Hardness of the alloy at 1h aging, different temperatures (agh=>4’)
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Conclusion: The phase transformation mechanism in the studied temperature range is:

Qoversaturation = B” = B (Mg@2Si) and it is possible to determine the phase transformation fraction by the hardness
method.

Determination of the dynamic coefficient (K and n)
K & n is determined from expression (3.17) as follows:

Convert the hardness measurement values (table 3) to the dimensionless code, if x = 1 corresponds to the
maximum value (HVmax), and x = 0 corresponds to the minimum hardness (HVmin), the values of x; (i = 1+n,
n is the number of samples) is determined as follows:

HVi B HVmin
Xi=————"— (20)
HVmax - HVmin
Sety = InIn[1/(1-X)], x = Int; b = n.InK; a = n we have equation:
y=ax+b (21)

From the values of X; calculated at the corresponding time tj, we can determine the pair of values (i, Vi)
according to (17). And from (21) determine the values of a and b from the experimental points (x;, yi) by least
squares method.

Let di be k=distance from the point (x;, yi) to the line (y =ax +b), we have:

d - |y, —ax —b] 22)
I vaZ+1

. Zn:(yi —ax —b )2

) ~F(a.b) (23)

2
Y a‘+1

n
For Z di2 to be minimal, the partial derivative of F with respect to a and b must both be zero:
i=1
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=0 (24)
ca db

oF _ - 2(ax; —y; +b).(x; +ay, —ab)

Py z 2 2 (25)
da I (@ +1

oF _ L 2(ax -y +b) o5
ob i=1 (a2 +1)

Solving the system of equations (25) and (26), we have:

a.zn: X — Zn: X,.Y; + b.zn: X, + az.zn: X.Y; — a.zn: yo + 2.ab.zn: Y, — azbzn: x, —nab?=0 (27)
i=1 i=1 i=1 i=1 i=1 i=1

i=1

n n
nb=>y —a> x (28)
i=1 i=1
Transforming (27) we have:
any x’ —nY x.y; +bnd x +a’nd x.y, —an) y? + +2abny y, —a’bny x, —n’ab’ =0 (29)
i=1 i=1 i=1 i=1 i=1 i=l i=1

Substituting (28) into (29) we get:

a.n.Z":XI2 —nZ":XI.yI +{Z": Yi —az": X i|zn: X +a2,n.zn: X;-Y; —a.n.Z": y,2 + +2a.{znl Yi 7aZn:xl }Z": Y 7&1{2": Y 7aznlxl }Z":x, ﬂ’{znl Yi 7azn:xl}z -0 (30)
Transforming (30) we get:
(31)

{n.zi:xi.yi - (Zi:xi).(zi: yi)}a2 +[(i ¥+ n.Zi:xf —(ixi)z - n.Zi: yf}a+ + (;Xi )(Zl: ¥i) - n.; X.y; =0

Set:

A:[n'ixi'yi _(ixl)(i yi):| (32)
B{(iyi)z+n-ixi2—(znlxi)2—n-iy?} (33)

C :(ixi)'(iyi)_n'ixi'yi (34)

From (31) know A, B and C according to the values (xi, i), calculation on excel we find a and b from the
experimental values. That is to find the coefficients n, K in the kinetic equation of phase precipitation, the results in
table 4.

Table 4: K phase precipitation rate constant, coefficient n

Kn — t°C |120 150 175 200 225 250
K 02682 | 0.2868 | 03127 | 03985 | 0.4431 | 0.5724
N 3313 2.485 2.208 1.976 17019 | 1.204
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From Table 4 it can be commented:

Aging at the temperature of 175 + 200°C has n ~ 2 and then according to [18], [23], [48] the geometry of B’ is
cylindrical, and all the nuclears are generated from the beginning, this result is also consistent with the published
(e.g. [18], [23], [48]]) and is also consistent with the results of differential thermal analysis of the alloy studied.

* From the value of K at different temperatures, the phase transformation activity Q-phase can be determined
from the expression:

k = const. exp(_ QCrea;;phase (353)
Thus: InK = const(— M_b (35b)
Then:
d(InK
Q-= 1 R (36)
d(>)
T
Or: Qcreate phase = = RT.InK (37)

With R =1,98 Cal/mol ~ 0,9163 eV
Substituting the K values from table 4 received into (3.37) we can determine:
Qcreate phase = 4 kCal/mol = 17kJ/mol = 0.3 eV/atom.

This value is very small compared to the Q diffusivity of Mg, Si and Al in Al (in the condition of the vacancy in
equilibrium), this comment is also found in publications [18], [23], [48]. It is explained that after quenching the
vacancy concentration is large enough to increase the diffusion of the atoms, and there are soluble atom-empty
pairs.

Determine K and n of strain sample & = 5%, HGTN 0 h, HGNT at 175°C

From the results of measuring the hardness of 5% strain samples, direct normal aging then at 175°C combined
with using formulas 3.20 and 3.21 we have the results in Table 5:

Table 5 : Result of hardness measurement of 5% HGTN strain at 0 hours, HGNT at 175°C

zHenT(h) HVi Xi Vi XiYi Xi2 yi?

0,5 81,67 - - - - _
1 88,83 0,47 -0,45 -0,22 0,22 0,20
1,5 90,25 0,565 -0,18 -0,1 0,32 0,033
2 93,19 0,759 0,35 0,267 0,576 0,124
2,5 94,86 0,87 0,71 0,616 0,755 0,50
3 96,85 1 3,57 3,656 1 12,71
4 96,07 0,95 1,089 1,032 0,9 1,18
5 95,54 0,913 0,9 0,82 0,84 0,80
6 93,62 0,787 0,44 0,35 0,62 0,19
7 93,0 0,746 0,32 0,24 0,56 0,199
8 90,47 0,58 -0,14 - 0,08 0,336 0,020

Calculation based on the method of least squares presented in section 3, we find the values of a, b of equation

That is to find K = 0.4813 and n = 1.932.

Comment :

With K determined, using formula (37) we can determine the phase transformation activity:
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cheate phase = = RT.InK (37)
= 2,53 kCal/mol = 0,2 eV/atom.
With R = 1,98 Cal/mol ~ 0,9163 eV

Compared with the sample after quenching which do not deform, the phase precipitation energy in the sample
after quenching with 5% strain is smaller. This can be explained by the dislocation (formed when deformed) has
the effect of supporting the nucleation process and reducing the nucleation energy. When performing alloy
deformation; the phases in the alloy have deformation; dislocation displacement and dislocation concentration in
the grain boundary region. Therefore, the energy required to form the phase will decrease. Part of the energy of
the phase generation was formed due to the formation of dislocation and dislocation concentration focus when
straining. This pattern is explained by the formation of dislocation and displacement as follows:

Several studies on this model have been shown. As the study of Spingarn and Nix suggested that the grains
rearrangement proposed by Ashby and Verral could not occur completely by diffusion. The work of Mishra et
al. has shown that a small number of grains with small size of diffusion reduce stress in grains by grain
boundary slip[49]-[51] (Figure 11).

Grain A

Diffusional ;
relaxation ’d_
. A Glide

GrainC

slip
accommodation

Figure 11. Grain boundary slip by grain boundary diffusion

A number of studies have shown that the displacement of the dislocations along the grain boundaries and the
stress concentration at the grain boundary position is reduced due to the generation and displacement of the
dislocations within the grain (figure 18). Figure 19 describes the model developed by Gifkins in the
displacement of dislocations that take place in the residence region of the grain near the grain boundary [49]-
[51].

Stress
concentration

Plane of easy
grain boundary sliding

Climb along
grain boundary

Figure 12. Ball-Hutchinson model of displacement of dislocations
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Core

Mantle

Figure 13. Gifkins’ Core and residence region model

According to Fukuyo et al. [52], the mechanism of grain boundary slippage is the climb and displacement of the
dislocation sequentially. At the recrystallization temperature, dislocation climbing at the grain boundary is due
to a mechanism that adjusting the strain rate due to stress concentration. When the aging process is carried out,
thanks to the appearance of dislocations when the grain is deformed, it will be formed by the following
mechanism:

Al-Mg-Si alloy after cold plastic deformation combined with aging, when rolled, the grain will have the form of
flakes or plates; when stretching, the grain is fibrous; when punching, the grain has a complex shape... As the
degree of deformation increases, the free energy of the system increases and the strengthening effect of metal by
causing lattice dislocation, reducing the stability of the oversaturated solid solution, increase in dislocation
density (the dislocation density of aluminum alloy after annealing is about 107 + 10® cm, when cold
deformation of aluminum alloy is about 10'° + 10%cm?), increase lattice defects... , that means accelerate the
aging process. Combined with the change in the aging temperature, it will lead to a change in the microstructure
and properties of the alloy when treated at different temperatures [53]-[62].

Rolling direction
(a)

Recrystallised grain

Sub-grain
SR RTR - T
LR (3 {3
CRATRASTE

Dispersoid

(b)

Figure 14. Model of alloy after deformation (a) and heat treatment (b)
CONCLUSION

1) In the aging temperature range of 120°C, 150°C, 175°C 200°C, Al - Mg - Si alloys precipitates phases
according to the following mechanism:

ogbh 2B’ = B (Mg2Si) and grain coarsening.

2) K,n and Q of Al - Mg - Si alloy have been determined from hardness measurements at different aging
temperatures and times.
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- The results of determination of n ~ 2 in the aging zone 175°C + 200°C, combined with the method of
differential thermal analysis, optical microscopy, show that the B’ phase has a cylindrical shape and all the
nuclears are generated immediately from the beginning.

- The K value increases with aging temperature, indicating that the higher the aging temperature, the more
diffusion process increases.

- The value Q ~ 4 Kcal/mol is small compared to the displacement energy of the vacancy in Al (~ 0,7 eV/atom)
and very small compared to the diffusion activity of Al (~1,4 eV/ atom), this may be due to the oversaturated
vacancy creating with impurities empty—impurity pairs.

3) When the sample is strained by 5%, the dislocation density is increased, the presence of dislocation supports
the nucleation process when precipitating the phase, so the phase precipitation energy Q decreases.

4) The results of kinetic studies of aging process confirmed that the B’ phase is cylindrical in shape and formed
by nucleation from the beginning. This confirms that it is possible to improve the efficiency of strengthening by
B’ phase precipitation in alloys by techniques that allow to increase the density of nucleation centers (low-
energy regions) such as dislocations, grain boundaries, super grain boundaries, defects, vacancies combinations,
etc. Strain in thermomechanical technology is one of the most potential techniques.
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