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PHASE DIAGRAM, SOLIDIFICATION AND HEAT TREATMENT
OF ALUMINUM ALLOYS
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ABSTRACT A method, based on the solubility product concept, is proposed in order to
calculate phase diagram equilibria in hypo-eutectic and hypo-peritectic aluminum alloys. This
method requires less adjustable parameters than common thermodynamics software and allows a
faster assessment of multicomponent alloys. The accuracy of the approach is demonstrated by
several examples. Moreover, a long-range diffusion routine has been developed and coupled with
the equilibrium routine. Several applications are presented: quantification of back-diffusion during
solidification, dissolution kinetics of eutectic intermetallic compounds and microstructural evolution
during a brazing treatment.
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1. INTRODUCTION

Calculation of phase equilibria in multicomponent systems is at present a well mastered exercise
which can be treated by several software [1, 2]. Among the most well known are Chemsage [3],
MTDATA [4] and Thermo-Calc [5]. Each of these software minimizes the total alloy Gibbs energy
at a given composition and temperature. This minimization relies on the description of the Gibbs
energy of each phase expressed as a function of phase composition and temperature. These
approaches are very general and can treat any phase diagram topologies; a review of their
applications in the aluminum industry is given in [6].

The first objective of this paper is to present an alternate simplified model which is based on the
concept of solubility product [7, 8, 9]. The method is particularly suited for an industrial research
center and allows quick assessments of phase equilibria in aluminum alloys. To the authors’ best
knowledge, the simplicity and efficiency of the approach do not however preclude the high accuracy
required for practical industrial applications. At present, the model can treat hypo-eutectic and
hypo-peritectic Al-Mg-Si-Cu-Zn-Mn-Fe-Zr-Cr-Ti alloys.

The second objective of this paper is to demonstrate some industrial applications obtained by
coupling the phase diagram routine with a very general long-range diffusion routine. By “long-
range”, we mean that nucleation, growth/dissolution and coarsening of precipitates are not taken
into account and that each volume element in an alloy is supposed to be in local equilibrium. The
coupling between the internally developed equilibrium routine and the diffusion subroutine does not
present any difficulty; this is not always the case when dealing with commercial software for which
the source files are not available [10]. The routines have been incorporated into a PC software with
a friendly computer interface that can be used by non-experts. Several examples will be illustrated:
back-diffusion during solidification, dissolution kinetics of eutectic intermetallic compounds and
microstructural evolution during a brazing treatment.
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2. PHASE DIAGRAM CALCULATION

2.1 The concept of product of solubility

The general expression of the molar Gibbs free energy of a solid solution in a regular solution
model is given by the following expression:
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where the fce structure is the reference structure and where the following notations have been used:
x* atomic concentration of element i in the aluminum solid solution,
T temperature (in Kelvin),
Q,(T) interaction parameter between elements i and j (J/mole); it may be written as

Q;(T)=4,+ B; T with Ajj and By constant.

The chemical potentials of elements are derived by the general equation:
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For the solid solution, Eq.2 becomes:
W= RTIn(xf)+ 30, (1)x5 = Y 0, (T) 5" x° ©)
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The Gibbs free energy for a compound P is expressed by the simple equation:
G" =Y x uf = AH -TAS? C))

The aluminum solid solution is in equilibrium with a stoechiometric compound P when the chemical

potentials of each element in the solid solution and in the compound are equal. The following
expression is then deduced:
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For an ideal solution, Q;(T) =0 and Eq.5.b simplifies to:
s {AH}’~TAS;’}
H(XT )X’ =K, (T)=e' " (6.a)
For a sufficiently dilute regular solid solution, x§, = L x4 = 0 and Eq 5.b simplifies to:
(AH;—I’ZMX{' AA,_,-)—T (AS;*'_‘):MX;P BAI-.‘)
P RT
TT(x*)" =k, (1)=e (6.b)

In both cases, ideal or dilute regular solid solutions, the logarithm of the equilibrium solubility
product is predicted to vary linearly with 1/T. This behavior is observed for aluminum alloys [7, 9]
and is illustrated for some compounds in Fig.1.
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Fig.1:  Illustration of the solubility product concept for several compounds in equilibrium
with the aluminum solid solution. Experimental data are taken from [11, 12].

2.2 Equilibrium between the aluminum solid solution and a set of stoechiometric
compounds
For each element “i”, the concentrations in solid solution, x , are related to the alloy
compositions, x’, as well as the compounds’ atomic fraction and concentrations (fp and x
respectively) by the following mass balance equation:

x;’=xf‘><{1—2f},}+2fpr M

For a given temperature and alloy composition, the equilibrium is easily obtained by a dichotomy
method on the compounds’ fraction while applying the following reaction rules:

H(x:’)xl < K,(T): dissolution of compound P

H(xf‘ )xi > K,(T): precipitation of compound P

H(x:’)x' = K,(T): equilibrium of the compound P with the solid solution (Eq.8, no reaction)

i

The calculation is stopped when all the coexisting compounds are in equilibrium with the aluminum
solid solution (i.e. Eq.8 is fulfilled within a given error). Non-stoechiometric compounds are
treated as a set of stoechiometric compounds and the above mentioned algorithm still applies.

2.3 Case of the liquid phase

To keep the model simple, the liquid phase has not been treated rigorously. An empirical
approach has been adopted where the solidus temperature, T, and the partition coefficient of each
element, k;, are ﬁtted by a polynomial expansion of the solid solution concentration, x7. The liquid
concentration, x , is then simply given by the relation:

xb =t ®)

This formalism enables a treatment of the liquid phase analogous to the treatment of the compounds;
the following reaction rules can be used:
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T, ({x," }) < T': the liquid phase increases its atomic fraction,

T,

sol

T

sol

({x,." }) > T': the liquid phase decreases its atomic fraction,

({x,." }) = T the liquid phase is in equilibrium with the solid solution (no reaction).

2.4 Examples of phase diagram calculation

T N R

Examples of phase diagram calculations are given in Figs.2-3. To the authors’ best knowledge,
the simplified formalism presented in the former paragraphs is sufficient to give an accurate
description of the Al-Mg-Si-Cu-Zn-Mn-Fe-Zr-Cr-Ti phase diagram in the aluminum rich corner. At
present, the database includes the thermodynamic description of 18 stoechiometric and 7 non-
stoechiometric compounds.
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3. PREVISION OF SOLIDIFICATION PATH, SOLIDIFICATION CURVES AND
MICROSEGREGATIONS DURING CASTING

3.1 Scheil Model

The simplest model to simulate solidification path (liquid concentration evolution), solid fraction
versus temperature curves and microsegregation during casting is the Scheil model [15]. The
assumptions are threefold: equilibrium at the liquid/solid interface, no diffusion in the solid phases
and infinite diffusion in the liquid phase. The coupling of a Scheil solidification routine with a
phase diagram subroutine is straightforward and proceeds as follows. The temperature is first set
equal to the liquidus temperature corresponding to the alloy composition. It is then decreased by a
small decrement and the equilibrium is calculated. The alloy composition is then set equal to the
liquid composition, the temperature decreased again by a small decrement and the equilibrium
calculated again. This process is iterated until no liquid is found at equilibrium. The software stores
the intermediate liquid (x”(s)) and solid phase (x(s)) concentrations as well as phase fractions
(F,(s)) at each iterative step “s”.

The global residual liquid fraction left after step “s” is given by:
fL(s):HFL(k) ®)
k=1

The cumulative fraction of each solid phase (compound p or aluminum solid solution &) formed
“s” is calculated by the equation:

after step s’
£,6)= X F(k)x f,(k=1) (10)

3.2 Solidification with back-diffusion in the Aluminum solid solution

For fast diffusing atoms in the aluminum solid solution, like Magnesium, Silicon, Copper and
Zinc, a more accurate treatment consists in evaluating, at each iterative step “s”, the amount of back-
diffusion occurring in solid solution. This is done by using a finite difference scheme, by assuming
local equilibrium in each volume element of secondary dendrite arms, by calculating the solute
concentration in each volume element (i.e. applying the phase diagram subroutine for the current
temperature and the local alloy concentration) and by solving Fick’s laws. The diffusion matrix in
the aluminum solid solution is assumed to be diagonal; values for the diagonal terms are taken from
literature [16, 17]; they are presented in Fig.4.
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Fig.4:  Impurity diffusion, D, in aluminum solid solution as a function of temperature (taken
Jfrom [16], except for Ti [17]).
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The secondary dendrite arm spacing (sdas) is an important input data in diffusion calculations. It
depends strongly on the cooling rate and, to a lesser extent, on alloy composition [18, 19]. Some
attempts have been made in the past to predict the sdas [20, 21, 22]. These models are very useful
to understand the physics behind variations of the sdas; their results, however, are not accurate
enough to be used as input parameters for diffusion calculations. In practice, measured sdas are
used.

An example of calculated solid fraction versus temperature curve is given in Fig.4 for aerospace
alloy 7010. Thermal analysis measurements (for example, see [18]) have been performed on the
same alloy; they are compared with calculations in Fig.5. As can be seen, if back-diffusion is taken
into account, a good agreement is observed between experiments and calculations. A test of the
accuracy of the model has also been performed on some common foundry alloys; the results are
presented in Fig.7. These predictions are used as input parameters for our casting simulation
program (PAM-CAST™ / SIMULOR®) [23]. This program, based on Navier-Stokes equations
coupled with thermal equations, predicts filling behavior and solidification of cast parts.
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Fig.5: Calculated solid fraction versus temperature curve for alloy AA 7010; the predicted
crystallization sequence is also indicated,
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Fig.6: Comparison between calculated and experimental solidification curves. Calculations
have been carried out with a simple Scheil Model or by taking into account back-
diffusion of solute atoms in the aluminum solid solution.
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4. LONG-RANGE DIFFUSION IN ALUMINUM ALLOYS

The model presented in §3.2 assumes local equilibrium in each volume element of tl}e dendrite
and assumes that nucleation and growth/dissolution are very fast. This assumption seemg
reasonable when simulating dissolution kinetics of eutectic intermetallic compounds o
microstructure evolution during brazing. Following are some examples of the application of thjg
model.

4.1 Dissolution kinetics of eutectic intermetallic compounds

For binary alloys, the calculation scheme presented in §3.2 becomes identical to the successfy)
finite difference approach proposed in the past to simulate the dissolution kinetics of Al,Cu eutecti
compounds [24, 25]. The predicted dissolution kinetics of an as-cast Al-4.5 wt% copper ig
presented in Fig.8.

= 1'0_ T T T T T T T T |||r||—
o f T=535°C ]
< 08 sdas = 85 um ]
Yt L N
5] r ]
= C ]
.% 0.6 -
< - -
5 0.4f 1
o 0.4F 1
Q N ]
% 0.2k Calculations N
g F O  Experiments ]
2 0_0— vy gl s asl ]
1 10 100 1000
Time (mn)

Fig.8:  Comparison between calculated and experimental dissolution kinetics of Al;Cu
compounds. The experimental data, including the sdas measurement, are taken from
[24].

The present calculation scheme can treat complex industrial alloys containing as many solute
elements as desired provided the corresponding phase diagram has been assessed. An example is
given in the next paragraph.

4.2 Brazing simulation

The kinetic model has been applied in order to understand the microstructure evolution occurring
in AA3005 alloy (Si:<0.6, Fe<0.7, Cu<0.3, 1<Mn<1.5, 0.2<Mg<0.6, Cr<0.1) clad with AA4045
(9<Si<11, Fe<0.8, Cu<0.3, Mn<0.1, Mg<0.1) during a brazing treatment (5 mn at 595°C). These
alloys are used for automotive heat exchangers. During the brazing treatment, the 4045 clad melts
and joins the components while silicon diffuses from the liquid clad to the solid core material and
provokes the precipitation of manganese in the clad/core interlayer. It is reported that the dense
precipitated interlayer is more anodic by approximately 20 mV compared to the core material and
protects the core material from corrosion [26]. The kinetic model reproduces the observed
microstructure gradients (see Fig 9.a-b). The calculated gradients have been coupled with a simple
model that relates linearly the corrosion potential to solute concentrations in the matrix. The
coefficients of the linear equation were adjusted from measurements reported in Ref.[27]. A
potential difference of 12 mV between the interlayer and the core was calculated (see Fig.9.c); it is
in reasonable agreement with the measurement [26].
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Magnesium is added to 3005 to improve mechanical properties; it is however well known that
excessive magnesium levels can lead to brazing problems in the case of Controlled Atmosphere
Brazing (CAB). The concentration of magnesium in the 4045 cladding can be predicted and
controlled by using the present model (see Fig.9.d).
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Fig.9  Predicted microstructure and corrosion potential gradient across the clad-core material
after a brazing treatment of 5 mn at 595 °C followed by a quench. The clad alloy is
AA4045 whereas the core is made of AA3005.
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5 CONCLUSIONS AND PERSPECTIVES

The phase diagram, solidification and long-range diffusion routines have been incorporated into
a friendly PC software which can be used by a thermodynamics non-expert. The solubility product
concept allows a quick and accurate assessment of phase diagrams in the aluminum rich corner; it
also accelerates calculations. The dissemination of the software enables industrial research
engineers to exploit easily the Al-Mg-Si-Cu-Zn-Mn-Fe-Zr-Cr-Ti phase diagram while sharing a
common internal “phase diagram culture”. By doing so, the predictions of the software are
constantly compared with microstructural measurements performed in research projects; if necessary
the thermodynamic database is upgraded. The phase diagram, solidification and long-range
diffusion routines are now in the process of being implemented in the integrated metallurgical
simulators for heat-treatable and non-heat-treatable aluminum alloys [28, 29, 30] bringing new
prospects for material and process control of aluminum alloys. These routines are also being
currently used, together with thermo-mechanical routines, in order to understand and predict
materials behavior during solidification or welding.

The tasks that are most frequently asked of the thermodynamic and kinetic software are the
prediction of:
- the liquidus and solidus temperature,
- the solidification curve (solidified fraction as a function of temperature),
- the composition and temperature allowing the complete dissolution of one or several intermetallic
compounds,
- the determination of hypo-eutectic and hypo-peritectic domains,
- the dissolution kinetics of intermetallic compounds formed during solidification,
- the microstructural evolution during brazing.

Tl}e present kinetic model simulates “long-range” diffusion; it relies on the assumption of local
equilibrium in each alloy volume element. In order to relax this assumption, work is under way in
order to develop a general formalism describing, with a coherent set of equations, the rate of
hucleation, growth/dissolution and coarsening of a set of compounds having different compositions
In a multicomponent alloy.
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