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Abstract: Both of chromium and zinc could appear as either minor impurities or alloying elements in recycled and commercial
aluminum alloys, and they could have detrimental effects on the final product properties if not controlled in an appropriate way. A
Kampmann—Wagner numerical modeling approach, built on the basis of computational thermodynamics and diffusion kinetics, is
employed to investigate the effect of these two minor impurities on dispersoids precipitation during homogenization heat treatment of
AA3xxx alloys. The simulation results obtained from different simulation set-ups were compared. The aim is to demonstrate that the
modeling approach has the potential to guide the design or optimization of the chemical compositions and heat treatment parameters

of aluminum alloys.
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1 Introduction

The recycling of aluminum alloys could reduce
production cost and conserve the
Meanwhile, it complicates the control of chemical
composition in the alloys due to the introduction of
minor impurities such as chromium and zinc in the very
beginning of the whole aluminum production chain.
Although necessary procedures are taken in the
aluminum melt treatment to remove some impurities, the
subsequent casting and homogenization heat treatment
processes are still exposed to minor but unpredictable
variations in chemical compositions. This puts the
existing casting and heat treatment parameters, which
had been optimized for the melt by the traditional route
(the aluminum from the primary production plus alloying
elements additions), under stringent test. It is necessary
to study the effect of those minor alloying element and
impurity on solidification structure and heat treatment
structure to enlarge processing window. To be concrete,
for successful design of new alloys or optimization of
heat treatment parameters, firstly one needs to address
the formation of as-cast microstructure consisting of
microsegregation and secondary phase particles.
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Secondly, the microstructural response of the initial
as-cast microstructure to heat treatment, which includes
the reduction in the extent of microsegregation,
transformation and growth of secondary phase particles
and precipitation of dispersoids should be addressed as
demonstrated in Ref. [1]. Finally, the as-heat-treated
microstructure interferences with deformation, recovery
and recrystallization, which could be utilized in
controlling the grain size, grain morphology and
crystallographic texture in the final product [2]. As
demonstrated by the other of the present authors, a
comprehensive modeling approach, being validated by
experimental measurements, is valuable in investigating
the chemical composition effect [3]. AA3xxx alloys, an
important commercial aluminum alloy containing
manganese, iron and silicon, are chosen in our
investigation. The alloys have been used in many
industrial sectors due to their combination of moderate
mechanical strength, high ductility and excellent
corrosion resistance.

Thermodynamics is founded on the basis of heat
treatment modeling. This is evidenced by the essential
role of its graphical representation, phase diagram, in
determining heat treatment parameters and designing
new alloys. The kinetics involved in homogenization
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heat treatment includes diffusion of solute on both of the
inter-precipitate scale (10—100 nm) and secondary arm
spacing scale (~10 pm). The least mature theory
involved here is for nucleation. This is reflected by the
different nucleation mechanisms reported in the
literatures for the same alloy system, the lack of accurate
information on the key property parameters such as
interfacial energy and thermodynamic driving force, and
the difficulties to observe the nucleus during the early
stage of precipitation. Nevertheless, multi-scale
numerical models, developed on the basis of
thermodynamics and kinetics theory and validated by
necessary experimental measurements, has been proved
to be valuable in explaining those complex phenomena
observed experimentally.

There have been many approaches to simulate the
microstructural evolution during solidification and
homogenization heat treatment of aluminum alloys. They
could be divided into two categories: direct detailed
approaches and physically-based internal state variable
approaches [4]. Due to the restrictions from
computational power, physically-based state variable
methods are more suitable to simulate many industrial
relevant precipitation processes than the direct detailed
numerical approaches represented by the popular phase
field method. Examples include modeling the formation
of dispersoids free zone during homogenization heat
treatment of AA3xxx alloys [3], the up-quenching of
AA6060 alloys [5], and the computation of
time-temperature-precipitation diagrams of industrial
alloys [6]. A common feature of these problems is
concurrent nucleation, growth, coarsening, which may be
accompanied by larger scale transportation phenomenon
(diffusion, heat transfer etc). They have been addressed
in an adequate manner by the physically-based numerical
model pioneered by WAGNER and KAMPMANN
(KWN) [7].

The KWN model is one of the two major
components of the comprehensive homogenization heat
treatment model reported in Ref. [3]. The essence of the
Kampmann and Wagner numerical (KWN) model as
well as its later variants [5,8—13] is that the continuous
particle size distribution (PSD) curve is subdivided into
size classes, each of which is associated with the number
of identical precipitates. The temporal evolution of size
distribution is then tracked by following the evolution of
each discrete class. The latest development of this model
is its coupling with calculation phase diagram [13],
which enables its application to industrial multi-
component alloys.

Although the latest KWN model is computationally
efficient [13], it is still challenging to model the effect of
minor alloying elements, such as Cr and Zn on
microstructural evolution. The difficulties originate from

the huge disparity in diffusivity (two to four orders of
magnitude) between these alloying components and the
main alloying element, Mn [14]. The aim of this work is
to extend the KWN model to model the effect of Cr and
Zn on microstructure evolution during homogenization
heat treatment of AA3xxx alloys. This wrok attempts to
apply one of the sub-models of the comprehensive
modeling approach reported in Ref. [3], i.e., dispersoids
precipitation modeling, to address the effect of impurities
on microstructure evolution. In order to do that, minor
modification of the original model has been made, which
is essential to apply the comprehensive modeling
framework to recycled aluminium alloys.

2 Model descriptions

The CALPHAD-coupled KWN model described in
Ref. [13] forms the base for the proposed model. The
main assumptions adopted in the extended model
include:

1) Precipitates are in spherical shape and their
growth/dissolution is solely controlled by diffusion in the
matrix phase.

2) Local equilibrium modified by the Gibbs—
Thomson effect prevails at the precpitate—matrix
interface.

3) The diffusion field surrounding each growing
precipitate is at quasi-steady state.

Mathematically, the model consists of three sets of
equations. The first set of equations are derived from the
solute conservation law, which accounts for the
enrichment/depletion resulted from precipitate growth.

Considering precipitation in a supersaturated matrix
phase with its volume denoted by Vpomain and nominal
composition by X, the following equation can be
written for the alloying component / (1<i<N, the total
number of alloying components):

Nos4 3 P Nop4 ; " 0
ZERR/'”J‘XJJ +(Vbomain ~ ZgnRj”j )X = VbomainXi
j=1 j=1

(1)
where R; X/ﬂ ; and n; are the radius, average
composition and the number of the precipitates
associated with size class j; Nos is the total number of
precipitate size classes; X/ is the average matrix
composition of element i. In our notation, the
superscripts *, f, and a represent the interfacial,
precipitate and matrix quantities, respectively. The
subscript 7 is for component i. The compositional profile
of component i across a precipitate is approximated as
either “freezing” (non-diffusion) or ‘“uniform”
(extremely quick diffusion), and X Jﬂ ; is related to the
interfacial solid phase composition, X B by one of the

Jid 2
following equations:
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XE(R)= X% () (2b)

The second set of equations come from the
interfacial local equilibrium (modified by the Gibbs—
Thomson effect) assumption. For size class j, it can be
written as

ﬂ,* _ ’*
Xii =XTk; (3a)
T=T“(X% ,R)) (3b)

where T” represents solvus temperature and represents k
partition coefficient. This equation relates the interfacial
phase compositions via partition coefficients and solvus
temperature. The proposed model employs CALPHAD
method and a look-up table technique for efficient phase
diagram data access [3]. It requires the creation of a
mapping table where the discrete phase diagram data
points are saved. The creation of the mapping table
requires a thermodynamic database and a Gibbs-energy
minimizer used in CALPHAD software. A multi-linear
interpolation technique is then used to estimate values
between the discrete points. The table-look-up technique
transforms the iterative calculation of phase diagram data
(partition coefficients and solvus temperature) into a
table look-up and interpolation procedure, therefore
requiring much less computational time.

The third set equations are precipitate growth rate
equation. It is deduced from invariant field

approximation [15] and is written for alloying

component i:

. D.Q

F=—1 (4a)
R
X% _x*

Q=i (4b)
X4 -x7,

where D; and Q; are the diffusivity and dimensionless
super-saturation of component i, respectively; X/ is the
bulk melt composition. In a multi-component system,
multiple growth rate equations exist, together with the
local equilibrium assumption to determine the interfacial
compositions and growth rate. This has been explained in
Ref. [13]; if the solutes have different diffusivities, the
tie-line joining the interfacial compositions of the
alloying components does not pass through the bulk
composition. This allows the supersaturations of the
components to differ such that growth rate has the same
value for each solute.

Nucleation model is an essential part of the KWM
model but it still remains as the bottle neck for

quantitative predictions. Careful experimental validation
is still required. Classical models for nucleation are
generally referred to as either ‘“homogeneous” or
“heterogeneous” and the later prevails under the scenario
considered in this work. The physical property
parameters required to compute the nucleation rate of
dispersoids are the number of nucleation sites per unit
volume, the interfacial energy, the diffusivity of an
alloying element in the matrix, the volumetric
thermodynamic driving force for precipitate, the matrix
mean solute atom fraction, the mean atomic volume
within precipitates and the lattice parameter of the matrix
phase. It is referred to Ref. [16] for more details on the
nucleation model.

3 Results and discussion

The AA3xxx alloy under investigation contains
0.048%Fe, 0.50%Mn, 0.1%Si (in mole fraction) with
either 0.02%Cr or 0.1%Zn as impurity. The Cr and Zn
additions exert their influence on precipitation kinetics
via their thermodynamic and diffusional kinetic
contribution. Table 1 lists how the additions of these two
components influence thermodynamic equilibrium at a
typical heat treatment temperature of 600 °C. The
noticeable observation is that Zn increases Fe solubility
and has little influence on Mn solubility while Cr
increases precipitation phase fraction slightly by
partitioning to precipitation phase. The input parameters

for all the simulations are listed in Table 2.

Table 1 Effect of Cr and Zn additions on thermodynamic
equilibrium of AA3003 alloy at 600 °C (composition:
0.0484%Fe, 0.50818%Mn, 0.099153%Si)

w(a)  w(Fe)/ wMn)/ w(Si)/ w(Cr)/ w(Zn)/
102  10° 102 10* 10* 107

Alloy

AlFeMnSi 7.0 5.4 43 4.4

AlFeMnSi—

0.02%Cr 7.2 53 43 4.3 1.8
AlFeMnSi—

0.1%Zn 7.0 54 43 44 1.0

As shown in Fig. 1, the addition of Cr slows down
slightly coarsening kinetics and leads to a lower
dispersoids phase fraction. The addition of Zn has very
little effect on coarsening kinetics. Overall their effects
are not significant. The small plateau appearing at about
6.3 h of heat treatment is due to the dissolution of
dispersoids induced by the increase of temperature.
Oscillations in the three curves are present after 20 h of
heat treatment, which could be eliminated by increasing
the number of size classes used in the simulation.

Due to its low diffusivity at nucleation temperature
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Table 2 Numerical parameters and thermo-physical parameters used for simulation

Item Value or explanation
Domain size 42 pm’
Number of size classes 1000

Numerical parameter

Dispersoid type

a-Al(Mn,Fe)Si phase

Thermo-history

50 °/h heating to 600 °C, isothermal holding at
600 °C for up to 24 h and then cooling down at 50 °C/h

Molar volume

9.0%107® m*/mol

Interface energy

0.08 J/m?

Thermo-physical propert
PRysIcal propery Diffusivity

DEEC =0.362ex _ 2140000
RT

211500}

DitC =0.0135 exp(—

DECC =0.0000138exp| — 117600
RT

DEEC =0.675 exp(— 261900)

D5CC =0.00001 l9exp(— ! 16100)

Gibbs—Thomson phase diagram

Calculated directly with TTAL7 database and
TQ programming interface

) Heterogeneous nucleation site 1.5x10*' m™?
Nucleation parameter
The wetting angle 45°
0.14F 600 0.14F 7650
(a) Mean radius without - ® N __-Temperature
0.12} Crand Zn 550 0.12} . 600
£ 0.10 empers : 0.10} 1330 .
é‘ Tcmper'iturew\ll______ Mean radius 500& Dispersoids fraction | 500 e_k'j
'é 0.08 \\. with Zn 4450 % é 0.08 /wnh Cr addition o %
& L il 8 2 5 g
S 0.06 Mean radius with Cr | 4008 & o006} 7 g
g / / 4400 £
v | b ]
0.04 1350&= 0.04F /| Dispersoids fraction of AA3003 /. 350 ©
0.02 B 1300 0.02 Dispersoids fraction with Zn addition_ 360,
ol . , , 250 ot ; . . 250
4 8 12 16 20 24 4 9 14 19 24

Heat treatment time/h

Heat treatment time/h

Fig. 1 Predicted effect of Cr and Zn on evolution of mean size (a) and dispersoids fraction (b) during homogenization heat treatment

of AA3003 alloy

(300 °C), Cr induces very long incubation time, which is
prohibitive to nucleate at 300 °C. This might induce
significant effect on microstructural evolution. However,
in the simulation, Cr was excluded from the incubation
time calculation. It will be an interesting topic to have a
nucleation model which could take into account these
slowing diffusing components. Another interesting topic
for further investigation is to link what the model
predicts with the experimental observation regarding the
nucleus compositions.

The simulation is also able to reveal how
dispersoids composition evolves during the heat
treatment. The AA3003 alloy without the additions of Cr
and Zn is taken for illustration. Initially dispersoids
contains more Fe than Mn since Fe diffuses faster than

Mn (Fig. 2). However, it decreases as Fe depletes and
Mn becomes mobile with the increase of temperature.
The increase of Fe (and the decrease of Mn) composition
in dispersoids between 6.5 h and 10 h is due to the
adjustment of precipitate composition to the temperature
change, i.e., the solubility of Mn in FCC increases
quicker than that of Fe with the increase of temperature.

4 Conclusions

The CALPHAD-coupled modeling approach is
employed to investigate the effect of minor additions of
alloying components such as Cr and Zn. The simulation
is able to reveal the behavior of each alloying component
during nucleation, growth and coarsening, e.g, the
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Fig. 2 Evolution of Mn (a) and Fe (b) composition in
dispersoid during heat treatment of AA3003 alloy

partitioning of an alloying component at the moving
precipitation-matrix interface, which is very difficult to
characterize ~ experimentally. ~ With  the  further
improve-ment on nucleation model, the proposed model
has the potential to guide the design or optimization of
the chemical compositions and heat treatment procedures
of commercial aluminum alloys.
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