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Abstract

An homogenisation process is applied to as cast billets Al-Mg-Si alloys in order to improve the extrudability. During this homogenisation,
plate-like B-AlFeSi phase transforms to a more roundedl(FeMn)Si phase which are more favourable for the extrusion process. In this
paper, the influence of the alloying elements on the rate of the intermegalbiex transformation is studied. A Finite Element Model (FEM)
predicts the kinetics of thg-to-a transformation for various Mn and Si concentrations. The software package Thermo-Calc is used to derive
the equilibrium solubilities for various alloy compositions. These solubilities are used in the Finite Element Method as boundary conditions
for the interfacial concentrations of the intermetallics. Subsequently, the results of the Finite Element Model are validated with experimental
data.
© 2004 Elsevier B.V. All rights reserved.
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1. Introduction and the surface quality of the extruded matefi@l Addi-
tional processes, such as the dissolution obSIgarticles
The phase transformation gfAIFeSi to a-Al(FeMn)Si also occur during homogenisation. Since the)Bligparticles

is an important process during the homogenisation of as-castdissolve rather quickly, th@-to-o transformation kinetics
AA 6xxx aluminium alloys. During this homogenisation pro- determine the required minimum homogenisation tjje

cess, at temperatures between 530 and’6(Q], plate-like Many process parameters such as homogenisation tem-
monoclinic intermetallicB-AlsFeSi particles transform to  perature and as-cast microstructure influence the transforma-
more globular cubie:-Al 12(FeMn(1—x)3Si particles2—4]. tion rate. The influence of those parameters is described by

This phase transformation improves the process quality of the Kuijpers et al[7]. In this paper, the influence of alloy com-
aluminium considerably. The plate-lieparticles can lead  position, in particular the Mn and Si concentration, on the
to local crack initiation and induce surface defects on the rate of theB-to-a transformation is studied.
extruded material. The more globulasparticles in the ho- Of all main alloying elements in 6xxx alloys, Mn seems to
mogenised material improve the extrudability of the material have the largestinfluence on the transformation rate. For very
low Mn levels, less than approximately 0.01 wt.%, hexagonal
* Corresponding author. Present address: Department of Applied Mathe-OLh-A”:eSI phase s the stable pha{% ar-]d transformation
) . L ' rates are very low. For Mn concentrations >0.02wt.% the
matical Analysis, Delft University of Technology, Mekelweg 4, Delft 2628 A I . .
CD, The Netherlands. Tel.: +31 15 2787298; fax: +31 15 2787209. cubic a-Al(FeMn)Si phase is the stable phase. In addition,
E-mail addressF.J.Vermolen@ewi.tudelft.nl (F.J. Vermolen). the B-to-a transformation speed incread@$. A further in-
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crease of the Mn content increasesfhm-a transformation (a)
rate even more. The influence of Si is less significant than
that of Mn and has been overlooked for a long time. How-
ever, recently it has been shown that an increase in Si content
decreases the transformation rfite

However, no study has been presented yet which explains
the origin of the influence of Mn and Si on the transforma-
tion speed. It is the aim of this paper to present a validated
model for this dependence. We use the same Finite Element
Model (FEM) as presented ii7]. This FEM applies to the
B-to-a transformation in the early state up to a transformed
fraction of approximately 50%. In addition, we use a thermo-
dynamic database TTAI9] of the software package Thermo-
Calc to derive equilibrium solubilities for various Mn and Si

alloying levels. The equilibrium solubility products at the
interfaces thus derived are used in a multi-component particle % /\/ ,
dissolution model, described by Vermolen and \jiiR], to = 50 S

obtain the interfacial concentrations of the alloying elements.
Then, the interfacial concentrations are used as boundary con-
ditions for the Finite Element calculations. In these FEM cal-
culations geometrical parameters are used which are obtained )
from an experimental characterisation of the alloys. Subse-
quently, the results of the Finite Element Model are validated
with experiments.

Wit% Si

0.05

2. Al-Fe-Si—Mn phase diagrams

Fig. 1a shows the aluminium corner of the Al-Fe—Si phase
diagram[8,11-15] The influence of Mg, which is always
presentin AA 6xxx alloys, onthe phase diagram is sfiéi],
and therefore this phase diagram is a good approximation of

ARSI

y .;-Al+8.'i

the phase diagram of a Mn free AA 6xxx alloys. As Mn- 0

free AA 6xxx alloys contain small amounts of Fe and Si, 3 05 7 15 3 25

the phase diagram indicates that besides matrix Al only the wt.% Si

hexagonakn-Al gFeSi or the3-AlFeSi phases are stable. The

other phases iRig. 1a, such as AFe, AlFeSj and AkFeSi Fig. 1. (a) The Al-corner of the Al-Fe—Si phase diagfain(b) Enlargement

of the Al-corner of the calculated Al-Fe-Si phase diagram, as derived by
Thermo-Calc for a temperature of 540. Note that in this graph, the Fe-
scale is enlarged.

are only stable if the alloy content deviates from the 6xxx
family of alloys, e.g. for high Fe and Si contents. Note that
in this Al-Fe-Si phase diagram the cubiphase &) is not
present, since a minimum Mn content is required to stabilise
this phase. system (e.g. 0.6 wt.%) a low Fe alloy conter0(20 wt.%)

Fig. 1b shows an enlargement of the calculated aluminium is required, whilst for a highly Si alloyed 6xxx system (e.g.
corner of the Al-Fe—Si phase diagram at a temperature of1.5wt.%) a high Fe content is required@.5 wt.%). In the
540°C, showing a quantitative picture of the aluminium-rich previous phase diagram only the hexagaenphase ¢n) was
part. This is obtained by use of the Thermo-Calc database.present since Mn was absent. It is also interesting to study
The graph shows that the maximum solubility of Fe in Alis the influence of Mn on the stabilisation of the cubigac)
considerably lower~0.015 wt.%) than the maximum solu- intermetallics. This influence is depicted in the phase dia-
bility of Si (~1wt.%).Fig. 1b shows that high, intermediate, gram ofFig. 2a, which is constructed using the results of
and low Fe/Si alloy-content ratios lead to stabilisation of the [8,17] and the Thermo-Calc package. The figure shows that
AlsFe,an andp phases, respectively. The effect of Fe/Siratio the presence of some manganese stabilisestpbase. The
and the Si content on the stable phases has been confirmetn content of the stabilised; phase is highly dependent
experimentally{1,2,15,16] on the alloy composition, as indicated by the tie-lines. This

The alloy composition of 6xxx alloys is designed such that was also found by Tibbals et dlL7]. Some author§3,17]
the stable intermetallic phase is ith@hase. By extrapolating  found some slight change in stoichiometry of thphase as
Fig. 1b it can be shown that for a lowly Si alloyed AA 6xxx the Fe/Mn ratio changes. However, since these changes are
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Fig. 3. The geometry of the domain of computation obaparticle on g3
plate in an Al-phase. The parameters are explained in the text.

thermodynamic study is presented, showing the influence of
Mn and Si levels in the alloy on the concentrations of Fe of
the interfaces. These concentrations are an input in the FEM
and influence the transformation speed.

3.2. General description of Finite Element Model

p Fig. 3a schematic representation of the particle and ma-
a— trix as modelled in the FEM. For the model cylindrical co-

3 005 041 0:5 02 045 ordinates are used where the line AH is the axis of symmetry.
wt.% Mn This geometry presents a piece of the origipgllate with

onea nucleus on top of it. The FEM describes the growth of
Fig. 2. (a) Projections of the Al-Fe-Mn-Si phase diagram onto the thea-particle towards the dissolving rimg®f the 3-plate.
Al-Mn-Fe plane. The non-relevant intermetallic phases for 6xxx series are During the transformation, the thickness of fielate re-
left away. (b) Enlargement of the Al-comer of the Al-Fe-Mn-Si phase di- - 5ing constant. The particle grows along the entik@/Al
agram, as derived by Thermo-Calc for a fixed Si matrix concentration of . L S
0.5wt.% at 540C. Note that, in this graph, the Fe-scale is enlarged. mterface_’ indicated by S The_ tran_s’f,ormatlon ,IS a_SSLImed to
be diffusion controlled, and its driving force is given by the
only small we neglect them in the presented phase diagramdifference in chemical potential. Fe and Si diffuse from the
of Fig. 2a, and we use the A(FeiMny_x)3Si stoichiometry g rim through the aluminium matrix towards theparticle.
in our calculations. Since the diffusion speed of Fe is a few orders slower than
Fig. 2b shows an enlargement of the aluminium corner that of Si, only the diffusional fluxes of Fe are dealt with in the
of the phase diagram &fig. 2a. In this graph, the Al-phase  model. The velocities of the moving boundaries&d $
is visualised, where th-phase is not taken into account. are derived by the use of the Stefan condi{ib8], consider-
The figure shows again that the solubility of Fe is very small ing the equilibrium interface concentration, and the diffusion
(~0.01) compared to the solubility of Ma-0.15 wt.% Mn). flux at the boundary. All FEM calculations are performed
This graph also shows that the equilibrium Fe and Mn ma- using the software package SEPRAN, which has been devel-
trix concentration of the aluminium is highly dependent on oped at the Department of Applied Mathematics at the Delft
the Fe to Mn alloy ratio, as indicated by the dotted tie-lines: University of Technology, The Netherlands.
for a high Fe-to-Mn ratio the hexagonalphase ¢p) is sta- Table 1presents the model parameters used for the FEM.
bilised, whilst for lower Fe-to-Mn ratios the cubicphase The Fe particle concentrations were derived by use of the
(«c) is stabilised. Similar results are obtained for other Si densities and the stoichiometry of theand g phases. The
concentrations within the AA 6xxx compositional window.  geometrical parameters, such as initial radius ofotiparti-
cle, initial thickness, and initial diameter of tReplate were
obtained experimentally at 58C [7]. In the FEM calcula-

3. The model tions, it is assumed that the geometrical starting parameters
are not affected by the variation of the matrix content in Si
3.1. Introduction and Mn level and by temperature.
Since the dimensions of the volume considered in the
Since the Finite Element Model of thg&to-a transfor- model is smaller than the DAS spacing we assume that the
mation is already presented in detail[if], we only give a initial Si and Fe concentration is equally distributed in the

brief introduction to this Finite Element Model. After this,a matrix.
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Table 1 0.025 ——— ; . ,
Basic physical parameters which are used for the Finite Element Model L1 n /T
calculations ;

0020 i AUB,580°C
Parameter Symbol  Value - : 7
Diffusion pre-factor of F§19] Do 5.3x103m?s! g 0.015 i
Activation energy of diffusion of FEL9] Q 183.4 kJ/mol s
Fe concentration in particle[8] ch 39.9wt.% pcg
Fe concentration ig particle[8] cg 33.9wt.% § 0.010 £\ Allp, 540°C T
Initial radius ofa particle initial 0.25um c
Thickness of3-plate D 0.2pm g 0.006 i
Equivalent diameter of initig8-plate | 1.5pm ' Alle, 540° C i Alla, 580°C
Cell size of aluminium matrix lcell 2.5um ;
Temperature T 853K (580°C) 0.000 L—: 1 i

0.00 0.10 0.20 0.30

. . e . Mn content (wt%)
We assume that the matrix is initially in equilibrium with

the B particle. In the FEM we do not take Mn diffusion into  Fig. 4. Plots of the interfacial matrix concentratiowse] as a function of

account, and we assume that the Mn matrix composition re- the Mn matrix content. The results were obtained by Thermo-Calc. Plots are

mains constant during time. drawn for both Al& and Al interfaces, at homogenisation temperatures of
540 and 580C. For the presented calculations a fixed matrix concentration
of 0.5wt.% Siis used.

3.3. Thermodynamics

Aure is approximately proportional to the logarithm of the
concentration differenc&ig. 4shows the influence of the Mn
solute level in the solubility of Fe on the intermetallic inter-
faces at industrial temperatures of homogenisation (540 and
580°C). As an example the concentration differenaeie)

As demonstrated ifi7] we argue that the main driving
force of the transformation is the difference in chemical po-
tential (A .re) of solute iron on the interfaces{&nd $) of
the phases in the aluminium alloy:

Afipe = ME —uS 1) between thex/Al apd B/Al interface are indicated for a Mn
matrix concentration of 0.05wt.% at 54Q.
This difference in chemical potential of the iron solute lev- Fig. 4is divided into three domains indicated by region |,
elsinthe Al-phase close tothf(ug) andtheg interface gg), Il and Ill. In domain I, representing Mn concentrations be-

result in a diffusional flux of iron atoms towards thghase. tween 0 and 0.02wt.%, the driving forakcee is negative

It is assumed that the interfacial reactions are fast enough toor very small, and therefore tigeAlFeSi particles will not,
maintain local thermodynamic equilibrium concentrations at or only slowly, transform by diffusion controlled transfor-
the /Al and B/Al interface. The chemical potentials of Fe mation to thex-Al(FeMn)Si particles. In some parts of this
at the two interfaces depend on the solute levels of other el-domain the solubility of thex, is lower thanac, and in this
ements, such as Si and Mn. Since the Finite Element Modelcase, thex, is stabilised. In domain Il, representing Mn alloy

is based on Fick’s diffusion for the Fe-concentration in the contents between 0.02 and 0.2, an addition of Mn increases
Al-phase, we use the differences in the solute concentrationthe transformation speed considerably. In region I, with Mn
between the andp interfaces instead. For the FEM calcula- concentration higher than 0.2 wt.%, the transformation speed
tions, the solubility product of thg-AlsFeSi plate, asderived  remains high and does not significantly depends on the Mn
by Thermo-Calc, is expressed in an Arrhenius relation: content anymore. These qualitiative predictions are in agree-
ment with experimental data by Zajac et[2].

-0
CreCsi = Ap exp<ﬁ) (2)
3.3.2. Dependence of the interfacial concentration of Fe
The Thermo-Calc calculations lead tAg=10 and on the Si content
Qg =115kJ/mol. Sincex particles do not have a uniquely It is reported in the literaturgl,2,16] that the transfor-

defined stoichiometry, we did not find a solubility product for mation speed decreases as the Si level increases. Therefore,
the solubility at thex/Al interface. Therefore, for the FEM it is expected that also thacre decreases with increasing
calculations we use the Thermo-Calc values forch@ in- Si concentrationFig. 5shows the influence of the Si matrix
terface concentrations. concentration on the Fe matrix concentrations apf#é¢and
o/Alinterfaces fofT =540°C. Inthe calculated results a fixed

3.3.1. Dependence of the interfacial concentration of Fe matrix concentration of 0.02 wt.% Mn was used. The figure
on the Mn content shows that the influence of the Silicon matrix concentration

It was found by experiment that the Mn alloy content has onthe Fe solubility ranges over awider range (0—1 wt.%) than
a large effect on the transformation spdé,20,21] and that of Mn (0—0.2 wt.%). As expected, the driving forter,
therefore it is to be expected that the Mn content influences decreases with the Si concentration in the matrix. This effect
the driving forceA e Of the transformation considerably. isindicated in the figure for two values afcee at Si levels of
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0.05

, . trations. At those compositions thecr. is relatively large
(>0.020 wt.%), hence the transformation is fast. The alloysin
4 region B have low Mn and high Si concentrations. At those
compositions the\creis relative small (<0.005 wt.%), hence
the transformation is relatively slow. The alloys in region C
have avery low Mn concentration and high Si concentrations.
Atthose compositions th&cge is negative, and therefore the

Al/a, 0.1 wt.% Mn 1 . .

Alle, 0.02 wt.% Mn B phase is stable andpato-a transformation does not take
Alfc, 0 Wt.% Mn place.

0.04

0.03

0.02

Fe content(wt.%)

0.01 |

3.4. Kinetics

0.00 r : . : T
0.0 0?2 014 016 0.8 1.0 . . .

Si content (wt%) In this section, we present some calculated transformation

rates as a function of time for several values of the Mn and

Fig. 5. The interfacial matrix concentrations§) as a function of the Si Si content.
matrix content. The data was obtained by Thermo-Calc. Plots are drawn

for both Alla and AlB interfaces, for various Mn matrix compositions ata  3.4.1. Influence of the Mn content on transformation
homogenisation temperature of 54D, First, the influence of the Mn matrix content on {Bo-

o o ] o ) a transformation rate is investigated. For this case we took a
0.1 and 0.5wt.% Si, which shows a significant drophige fixed Si-matrix concentration of 0.3 wt.%ig. 7 shows the

for the latter case. The figure also shows that the drop of theansformed fraction as a function of time of various alloy
Acre s larger for alloys with lower Mn contents. Therefore, levels. Mn additions between 0 and 0.02wt.% show a
it is concluded that a combination of low Mn concentration ¢4l effect on the transformation rate. However. Mn addi-
and high Si concentration leads to a very low driving force jons petween 0.02 and 0.20 wt.% give a considerably larger
and transformation rate. For the zero Mn level, this effectis offect on the transformation rate. It was found that Mn ad-
such that negativécre values are obtained. In this case no  gitions larger than 0.20 wt.% have almost no extra effect on
phase transition 0p to o will occur and annealing would  he transformation rate anymore, since in this case the maxi-
only result in a growth of th@ plates. Such behaviour has 1,y Fe concentration difference betweendhel and B/Al
indeed been reportgd?]. . _ interface is achieved according to the phase diagram as has
Now we investigate the combined effect of the Mnand Si- peen calculated using the database Thermo-Calc. We note
matrix concentrations on the driving forces in more detail. pere that the exactness of the phase diagram is of importance
Fig. 6 shows the isaAcre contours for a window of matrix i g gur calculations. Furthermore, the amount of Fe and the

concentrations of 0-0.2wt.% Mn and 0.2-1.0wt.% Silevels, jomogenisation temperature have a significant influence on
at a temperature of =580°C. Each contour represents the e transformation rate.

Mn and Si concentrations for which thcge is the same,

and therefore are expected to have the same transformation; 4 2 |nfluence of Si content on transformation
rate.

] ) ) ) Fig. 8shows the transformed fraction as a function of time

_In the figure, three different regions of matrix COMPO-  for yarious Si matrix concentrations. The figure shows that a
sitions, labelled by A, B and C, are indicated. The alloys y4riation of the Si concentration between 0.1 and 1 wt.% has
in region A have relatively high Mn and low Si concen- 5 arge influence on the transformation rétig. 8a shows the

é 0.12 0,015 wt.% |;e010 . % 00 1
] 0'000 2 0.4 o O'000 ‘ 510 ' 1cl)o ‘ 150
Si matrix concentration (wt.%) Homogenisation time (min)

Fig. 6. IsoAcge contours for a window of Mn and Si compositions. Fig. 7. Transformed fraction as a function of time at various Mn levels.
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0.75 T T T T Fig. 9. Iso-transformation-time contours for a window of Mn and Si com-
s _ postions.
c =
0'1 - . -y . . .
5 0.2 gram indicates the alloy compositions in which there is no
3 050 ] transformation.
z 0.4
2
% 0.254 | 4. Experimental
[
8-86 For our experiments we prepared two sets of samples. The
1.0 W% first set is designed to study the effect of the Mn contents on
0.00 — . . T -to- i i i
: P % 5 00 220 theB-to-a transformation rate. The second set is designed to

(b) Homogenisation time (min)

Fig. 8. Transformed fraction as a function of time at various Si levels. (a)
With a fixed Mn matrix concentration of 0.10 wt.%. (b) With a fixed Mn
matrix concentration of 0.02 wt.%.

study the combined effect of the Mn and Si content on the
temperature dependence of wo-a transformation.

For the first set of samples we used three different
Al-Mg-Si alloys, all with a concentration 6$0.4 wt.% Mg,
~0.6 wt.% Si and~0.2wt.% Fe similar to those in an AA
6063 alloy. The Mn concentration was varied between 0.01

influence of Siin the case ofa Iarge Mn content of 0.10 wt.%. and 0.05wt.% Table 2presents the exact Compositions of

Fig. 8 shows the influence of Si in the case of a small Mn  the alloys, labelled by H1, H2 and H3, with a low, medium
content of 0.02 wt.%. The figure indicates that, when decreas-gnd high Mn content, respectively. Samples of each alloy

ing the Mn content, the influence of the Si content on the

were homogenised at a fixed temperature of 88€r times

transformation rate increases considerably. The cases of ganging between 10 min and 2 days.

Si matrix concentration of 0.6, 0.8 and 1.0 wt.%Hiy. 8
are hypothetical, since in this cad&re is negative, and the
Finite Element Model predicts that thge particles will be
stabilised.

3.4.3. Influence of both Mn and Si content on
transformation rate.

Now, we investigate the combined effect of the Mn and
Si matrix concentrations on the transformation tirRiy. 9
shows the iso-time contours for various Mn and Si alloy con-

tents. Each contour represents the Mn and Si content fort2

which the transformation time up to afractiorff 0.5 wt.%
is the same. The figure indicates that the transformation
time could be short (30 min), for alloys with a low Si and

For the second set of alloys we used two types, AA 6063
and AA 6005A alloy, labeled as A1 and A2, respectively. Both
alloys differ mainly in Siand Mn contentable 3presents the
exact compositions of the alloys, as determined by chemical

Table 2
Alloy compositions (wt.%) of first set of samples, used for the investigations
of the effect of the Mn content on tieto-a transformation rate

Alloy Mn Si Fe Mg Other
H1 0.011 0.61 0.20 0.43 <0.02
0.022 0.64 0.23 0.43 <0.02
0.044 0.63 0.22 0.44 <0.02

Table 3

Alloy compositions (wt.%) of second set of samples, used for the investiga-

high Mn content. On the other hand, long homogenisation ot temperature-dependence of Bko-« transformation

times, longer than 4 h, are required for alloys with a high
Si and low Mn content. In the extreme case, of a high Si

content, and a Mn content lower than 0.02 wt.%, there is Al

no transformation anymore. The dashed area in the dia-

Alloy Mn Si Fe Mg Other
0.02 0.58 0.18 0.43 <0.03
0.18 0.83 0.27 0.70 <0.02
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analysis. Alloy Al has a low Si and Mn content, whereas each polished sample. The nucleation distance was obtained

alloy A2 has a high Si and Mn content. Series of samples of byl’=L/(n— 1), wherel represents the distance between the

each alloy were homogenised at temperatures ranging fromoutside particles, andis the number of particles which are

540 to 590°C for times between 15 min and 4 days. presentin a sequence. The average nucleation distance in the
Both sets of samples were taken at locations between 10polished plane was determined by averaging the results of

and 30 mm from the rim of the original DC-cast billets, which 20 strings ofx-particles. Subsequently we made a correction

had a diameter of 203 mm (H1, H2, H3 and A1) or 254 mm for the translation to the average nucleation distance in 3D

(A2). The microstructures of these samples, represent themorphology byl =1'/2.

typical microstructure of the billet. For the homogenisation

of the samples we used an air circulation oven, for which

the maximum temperature deviation over all locations in the 5 Results and discussion

oven was 3K forAT. The samples were ground and polished

down to 1/4um silica, where the polishing plane istaken par- g 1 |nfluence of the Mn level on transformation

allel to the surface of the billet. The relatigefraction was

determined using automatic SEM measurements in combi-  rijg 10 presents the measured fraction transformed as a

nation with electron dispersive X-ray spectometry (EDX). fynction of homogenisation time for various alloys with Mn

The o and 8 particles were classified on the basis of the cyncentrations ranging betweegn =~0.01 and 0.2wt.%

_(Fe+ Mn)/Si ratios. The method is described in more detail 5, material that was homogenised at 580 As expected,

in [6]. . o ) the rate of transformation increases significantly as the Mn
To verify whether the initial microstructures of all alloys 510y concentration increases. The transformation rate shifts

were comparable, we determined the dendrite arm spacingby almost two decades when going from the low Mn alloy

(DAS) and the thickness of th& plates in each alloys. The (Cmn =0.01) to the Mn rich alloydyn =0.2). From the fig-

DAS of each cast alloy was determined by averaging 40 yre the experimental transformation rates,at 0.25 and

separate spacings from 5 optical micrographs on the same - 50 can be determined for comparison with the rates

polished sample. Comparable DAS values ranging from 18 yregicted by use of the model. The experimental rate of the

to 20pm with standard deviations ofdm were obtained.  ransformation is determined by the derivative in time of the
The thickness of th@ plates was obtained by SEM obser- ¢ fraction (d./dt).

vations with a JEOL 5600F at a voltage of 2 keV. For each Considering the model, it is expected that, when the tem-

alloy we investigate samples, which were homogenised for peratyre is constant, the rate of the transformation is almost
30min at 580C. For this homogenisation time, the M linear with the difference of the Fe concentration at she
particles had dissolved while tiieintermetallics dimensions  anqp interface (Ac). For a general representation of the re-
were practically not affected. Each sample was prepared andy s, we define the “kinetic force” b Ac. In this case the
polished as described before and subsequently electro-etchegbmperature is constant and hence the diffusion coefficient
at 20V during 30s in a mixture of 78 perchloric acid, 90ml  4oes not change. To test whether this linear behaviour also
water, 730 ml ethanol and 100 ml butylglycol. The apparent o|ds for our experimental rates, we plot the experimental
thicknessd’ as observable in 2D cross sectional images was gnd modelled rates as a function@fAc for f, =0.25 and
determined by averaging the thickness offblates, using ¢ =0.5inFig. 11a and b, respectively.

the area’s of the particles as weight factors of the determi-
nation of the mean. The true thicknebwas obtained using
d=(xd/4). The corrected thickness varied between 0.2 and

0.3wm with a large natural standard deviation of Ou08. [ A2,c,,=0.20 H3, G,,=0.044 wt.%
The thickness distributions all had a median at aroung.th2 1.00 \
The small differences in the DAS value afdlates thick- c
ness between the various alloys confirmed that the initial mi- % 0.75 |
crostructures of all alloys under investigation are comparable. £ H2. 6,,=0.022 W%
The nucleation distance is an important input parameter S
i X . S 050 T e =05
in the FEM and therefore this was determined for each alloy % N 1o coottwiee |
separately. The nucleation distance between individ yair- & o
ticles was measured on fully homogenised samples (2 days 5 f=0.25
at 580°C). After this homogenisation, the intermetallics are
present as strings of particles. On average, one string con- 0.00

n 1 n 1
. : \ . . 12 24
tained approximately four or five particles. Thex particles 0 H 0 o i 240
situated on one string were formerly nucleated on the faces omogenisation time (min)
ofonep plate_s. Therefore, the dls_ta_n_ces betwee_n thO_SG trans'Fig. 10. Measured transformation fraction at 580for alloys containing
formeda particles represents the initially nucleation distance various Mn levels. The labels of the alloys and the Mn contents of the various

on thep plates. Twenty optical micrographs were made on alloys are indicated in the figure.
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Fig. 12. The relative-fraction of a 6063 alloy with a low Mn and Si content
as a function of time for several temperatures: $80°C; (#) 570°C; (5)
560°C; (A) 550°C; (x) 540°C. The trends of the measured temperature
are indicated in the graph by the solid lines.

5.2. Influence of alloy contents on T-dependence of
transformation

Fig. 12shows the kinetics at various temperature for an
AA 6063 alloy (alloy A1), which has a low Mn alloy con-
tent of 0.02 wt.%. The Johnson—Mehl-Avrami equafizisi,
fy =1—exp(1—kt") was used to fit the experimental data
points. It was found that for all temperatures the parameter
n was approximately 0.5, which is in line with a diffusion
controlled transformatiof23]. Fig. 12makes it clear that the
transformation in the AA 6063 alloy has a strong temper-

(): measured rates at various kinetic forces as derived for the bounded ature dependence. The figure shows that for a homogenisa-

silicon concentrationacs;=0.2, 0.3, 0.35 and 0.4 wt.%:) model.

In calculating the kinetic force, it was assumed that part
of the Si concentratior/cg;) is bound to precipitates and in-
termetallics, and giving reduction of the Si matrix concentra-
tion by: Csjmatrix= Csialloy — ACsj. ThereforeFig. 11shows
for four experimental alloys the rate of transformation as a
function of the calculated kinetic force for variongs; val-

tion temperature of 54€C there is hardly any transformation,
even after homogenisation times of 5760 min (4 days), whilst
for a homogenisation temperature of 5&0) the material is
already homogenised to a fractionfgf=0.8 after 360 min
(6 h). The temperature dependence of the transformation in
an AA 6005A alloy[7] (alloy A2), which had a higher Mn
and Si content, was found to be less than that for the AA 6063
alloy.

In Fig. 13 the experimental transformation rates at

ues, ranging between 0.2 and 0.4 wt.%. The solid lines give f, =0.25 and, =0.50 are compared with the rates predicted
the predicted rate as a function of kinetic force, showing, as by our model, for alloys which have a low (0.02 wt.%) and

expected, a linear behaviour.
Fig. 11b shows that for the experimental ratefat 0.5

a high (0.18wt.%) Mn content. For the model we used a
bounded Si concentration @fcsj=0.35. Again, the exper-

the experimental transformation rate are comparable with theimental rate was determined by the derivative with respect

model prediction at a Si binding afcs;=0.35. The rate at
low Mn level of 0.011wt.% deviates from this trend. One
explanation for the anomalously low speed for low Mn alloys
is that now hexagonat particles are formed, which might
have a different growth mechanid@j. Another explanation

is that the low Mn content leads to a less cubiawuclei,
leading to a slower transformation.

Fig. 11a shows that the experimental ratdat 0.25 de-
viates significantly from the model. Possibly this is due to
the uncertainty in the initiak particle size and incubation
time.

to time of thef, fraction (d,/dt). Since the transforma-
tion rate decreases as time proceeds in our experiments, the
experimental transformation rate fat=0.25 is higher than
atf, =0.5. From the model we observe the contrary; since
the modelled transformation rate increases during time, the
modelled rate af, =0.25 is lower than af, =0.5. Prob-
ably this is due to the model assumption that the interfa-
cial concentrations are fixed at all times during the trans-
formation process. Multi-component models show that the
interfacial concentration changes as time proceedg ($ge
The assumption of fixed interfacial concentrations is used
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Temperature (°C) 540 550 560 570 580 In contrastFig. 13 shows that the temperature dependence
of the experiments for high Mn concentrations (alloy A2)

agrees better with the model predictions. The experimental
rates have an almost linear relation with the kinetic force and

2

1074

— model, £,=0.5 . X
e the experimental fractions t=0.25 show an almost perfect
£ 107 \ 3 match with the model (sefig. 13).
3 o Model+ ] Although a perfect agreement between the model and the
"1055 \ T-dep. nucleation | measurements is not to be expected due to the many simpli-
§ 1044 model, £,=0.25 at,=05 ] fications in the model, the very big difference in activation

energy Qexp= 950 kd/mol versuQrem = 300 kd/mol) for the

o 1 alloy with a low Mn content (se€ig. 13) is rather sur-

/> Measurements, £,=0.5 prising. When we examine the temperature dependence of
parameters in the model, only the diffusion coefficient and
the Acge are taken to bé&-dependent while all geometri-
cal factors are fixed. This assumption is probably incorrect
for the nucleation distance must Bedependenf24]. Un-
fortunately we did not succeed in determining it experimen-

measurements, f,=0.25

1x10™ 10"
(a) Kinetic force, D-ac  (wt%-ms")

Temperature (°C) 540 550 560 570 580
1 1 | Il Il

1074 Moasurements, £.20.25 0/‘0,;'.7-'—‘ tally. However, we can use the model to explore the effect
o of a temperature dependent nucleation distance on the trans-
N \0 /,xjj.'7<>"' formation rate. If we assume that at 54D the nucleation
F‘.g jge] MOUHETOS g . ¢ ] distance is 7 times longer as that at 580 we get a bet-
= \ - ° ter agreement between the apparent model predictions and
5 i the experimental data (see solid line Fig. 13). In this
e w0l \ Measurements, =05 | case, the experimental activation energy becomes close to the
g model, £,=0.25 modelled apparent activation ener@fparen= 900 kJ/mol).
This apparent activation energy is equal to the addition
B of the activation energy of diffusion (Q =183 kJ/mol), the
1010,.7 107 107 activation energy ofAcre (Q=~120kJ/mol) and the ac-

) Kinetic force, D-ac  (Wi%.ri2s") tivation energy of nycleatipn(;(: ~600 kJ/mol). In con-
trast, for the alloy with a high Mn content the experimen-

Fig. 13. Measured and modelled transformation rates versus the theoreticat@l activation energy Qexp=370kJ/mol) was found to be

kinetic force,D Ac. (a) For an alloy with alow Mn content (alloy A1). (b) For  close to the modelled activation ener@y-nm = 300 kJ/mol).

an alloy with a high Mn content (alloy A2). The corresponding temperatures This might suggest that for alloys with high Mn contents

are indicated on the top-axis. The dotted and dashed lines indicate the trend§he nucleation activation energy is lowQ & ~70 kJ/mol)

atf, =0.25 and af, = 0.5, respectively. The straight line in (a) indicates the d theref th leati dist | liahtl
model results &t, = 0.5 in the hypothetical case of atemperature dependence an erefore the nucleation distances are only slightly

in nucleation distance. T-dependent.
An other possible cause for the gap between the experi-

mental and modelled transformation rates for alloys with a
here since multi-component effects have not yet been im- low Mn content is the fact that multi-component effects at the
plemented in the Finite Element Model. This will serve a-interface were nottaken into account sufficiently. Since, the
as an accurate approximation for the early stages of thedisplacement of tha-interface should be equal for all alloy-
transformation. ing elements that are in theparticle, this poses an additional

From the model, it is expected that the transformation rate requirement on the relation between the interface concentra-
at a certain transformed fraction is linear with the diffusion tions of Mn and Fe. An estimate can be obtained by the use
coefficient and the Fe concentration difference between theof the methods if7]. Due to low sensitivity of the Fe inter-
B/Al and «/Al interface. FromFig. 13it is clear that for the facial concentration for high Mn interfacial concentrations,
model calculation, the rate is indeed linear with the kinetic this effect was not so important for the determination of the
force. For the model calculations at all temperatures we usedinterface concentration in alloy A2, where only high Mn lev-
the geometrical parameters as determined experimentally akels were considered. However, in the configuration where the
580°C. Mn contents may be low, the multi-component effects may

Fig. 13a shows that the temperature dependence of the ex-be more pronounced.
periments with a low Mn alloy composition is different from
the model predictions. The model calculationsFig. 13 5.3. Industrial implications
show that the rate depends on the kinetic force according to
a power law, but the slope of the measurements differs sig- A proper homogenisation leads to a considerable in-
nificantly from the slope obtained by the model predictions. crease of the extrudability and to fewer surface defects
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on the aluminium profiles. Therefore, preferably an ex- trol is an important aspect to achieve a guaranteed level of

trusion ingot is homogenised to attain a high relative  transformation.

fraction, e.g. at leasf,=0.8 and preferably more than

fo =0.9 [1]. Although the presented transformation model

is not applicable to homogenisation up to high rela- 6. Conclusions

tive a-fractions, yet still some important implications for

the alloy compositional dependence of the homogenisa- The Finite Element Model, as presented#ih, was used

tion kinetics can already be extracted from the numerical to describe the influence of the alloy content on fito-

experiments. o transformation rate. Thermodynamic databases (Thermo-
Mg is added to the AA 6xxx alloys system to form the Calc) were used to derive the Fe interfacial concentrations

age hardable Mg—Si precipitates in the final extrusion prod- at the interfaces of both the andp intermetallics for sev-

uct. However, since Mg has practically no influence on the eral alloy compositions. The model predicts a significant

interfacial concentrations on th@g and « particles[15], effect of the Si and Mn alloy content on the transforma-

this element has almost no influence on the transformationtion kinetics. It was found that Mn has the largest effect

rate. on the transformation rate. The results of the model corre-
The Fe alloy content has some influence on the transfor- spond with trends found with experiments both presented

mation speed since it influences the morphology of the castin this paper and observed by other authors. We conclude

B-AlFeSi particles. In AA 6xxx alloys, almost all the Fe in  from this agreement that it is justified to use the hypothe-

the alloy system will bind with the excess of Si and the abun- sis that the driving force of the transformation is the differ-

dant Al to form theB-intermetallics. Therefore, alloys with

ence in Fe concentration at the Aland Al{3 phase inter-

a low Fe concentration are preferable since after casting lessaces.

B-intermetallic volume is formed and probably this leads to
thinnerB-plates, which leads to a fastgfto-a transforma-

tion. Note that the Fe alloy content has hardly any influence References

on the Fe interfacial concentration of tBeanda particles
itself.
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