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Predictions of secondary dendrite arm spacing (SDAS) for multicomponent aluminum alloys
using a dendrite ripening model are compared with experimental observations. For six of the
seven alloys studied, the predicted SDAS was within 20 pct of the measured SDAS. It was found
that the final SDAS was dependent upon both the solidification time and the solute profile of the
solidifying alloys. It is interesting that while the solidification times and the solute segregation
during solidification varied significantly over the range of alloys, these two factors largely
canceled each other out so that the predicted SDAS did not vary much between the alloys. The
experimental and modeling results show that elements causing high constitutional undercooling
near the beginning of solidification, e.g., Ti, which reduces the grain size substantially, have little
effect on the SDAS. Instead, it was found that elements that strongly partitioned toward the end
of solidification were more effective at restricting SDAS coarsening.
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I. INTRODUCTION

OVER the past 60 years, there has been a substantial
amount of work on grain refining mechanisms in
alloys,[1–3] and the factors affecting the development of
grain size are now well established.[4–7] The other
feature of the microstructure that is commonly observed
in many castings is the secondary dendrite arm spacing
(SDAS). A refined SDAS is known to improve many
mechanical properties of Al-Si alloys.[8] The SDAS is
also known to affect the permeability of semisolid
structures during solidification[9–11] and can affect the
hot tearing susceptibility of an alloy.[11–13] Hence,
knowing how to manipulate or predict the SDAS of
an alloy may be useful for optimizing the properties of
an alloy or for designing new alloys.

Equiaxed grains tend to grow dendritically for two
reasons.[14] First, the thermal profile of an equiaxed
grain is such that the grains are at a higher temperature
than the surrounding melt. Hence, any perturbation will
grow preferentially. Second, the addition of alloying
elements leads to the formation of constitutional und-
ercooling in front of the growing grain, which further
increases the tendency for perturbations to grow and

dendrites to form. The second factor also leads to
dendritic growth in columnar growth conditions. In
some systems in which the grain size is small enough to
satisfy the Mullins–Sekerka stability criterion, spherical
growth will occur,[15] e.g., in fine-grained Mg-Zr
alloys,[15,16] but in most equiaxed systems, dendritic
growth occurs. It should be noted that in some systems,
particularly peritectic systems such as Al-Ti, spherical
grains may appear to have formed but etching tech-
niques can reveal the dendritic structure formed during
solidification of the grains.[17,18]

It is well established that dendrite arms coarsen
during solidification.[19,20] Factors governing arm spac-
ing have been proposed to be a combination of
competitive growth, coalescence, and ripening,[19] with
ripening considered to be the dominant mechanism at
low solid fractions.[14,21–23] At higher solid fractions,
arm coalescence may become more influential if coars-
ening continues to occur.[24,25] Experimental data for the
secondary SDAS, k2, are usually described by the simple
empirical equation:

k2 ¼ Ktnf ½1�

where tf is the solidification time interval between the
liquidus and the solidus, n is between 0.33 and 0.5, and
K is a fitting factor. The K is dependent upon the alloy
elemental concentration[26,27] and constituents.[28] At
long holding times, dendrite arm coarsening leads to
spheroidization of the grains.[24,29]

Some effort has been made to model the growth of
the dendrites during solidification, primarily based on
the assumption that dendrite ripening is the most
important coarsening mechanism.[14,22,30,31] Initially,
these formulations were confined to binary sys-
tems;[14,31] however, more recently, the model for the
prediction of dendrite ripening has been extended so
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that predictions can be made for multicomponent
alloys.[30] According to this model, the SDAS can be
predicted by

k2 ¼ 5:5 Mtf
� �0:33 ½2�
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C is the Gibbs–Thompson coefficient, D is the diffusion
coefficient, cf is the final liquid composition (often
assumed to be the eutectic composition), m is the
liquidus gradient with respect to element j, and k is the
partition coefficient for each element j.

Theoretical models that include solute redistribution
by convective as well as diffusive means predict an
increase in the SDAS as well as n values of 0.5 rather
than 0.33.[21,32] The change in n was verified by
experiments in which forced convection produced by a
magnetic field was found to increase the coarsening rate
of the secondary SDAS and also tended to give an n
value closer to 0.5 rather than 0.33.[33]

Recently, there has been considerable development of
phase field models of solidification,[34–37] including the
prediction of the growth of dendrite arms in simple
multicomponent systems.[37,38] While these developments
are continuing, there is still a need to develop simpler
models that are less computationally complex and that
provide reasonable predictions of the keymicrostructural
features that can affect material properties.

A different approach, taken by some researchers,[39,40]

is to apply mathematical modeling using experimental
datasets to determine empirical relationships between
the composition and the SDAS. This approach has the
advantage of potentially giving more accurate predic-
tions for the alloys used, but has the disadvantage of
offering no basis of prediction for alloys with untested
elements or element combinations.

Hence, the purpose of this article is to apply the
diffusion-based ripening model (Eq. [2]) for predicting
the SDAS to complex multicomponent aluminum alloy
systems to determine the applicability of the model.
Furthermore, the experimental data and model predic-
tions produced by this study enable consideration of the
effect of the alloy composition on the final SDAS.

II. EXPERIMENTAL METHODS

This study analyzes the dendrite arm spacings of
castings that were the subject of previous studies on
grain refinement in which the experimental details are
described in full;[4,41,42] hence, a briefer description is
given here.
Seven wrought alloys (1050, 2014, 3003, 5083, 6060,

6061, and 6082) (Table I) were melted in 1- to 2-kg
batches in a resistance furnace. Additions of 0.005, 0.01,
and 0.02 wt pct TiB2 via an Al-3Ti-1B grain refiner
master alloy were made along with three different
additions of solute Ti up to 0.05 wt pct. These alloys
were solidified in a preheated graphite crucible in which
the presolidification cooling rate was measured to be
approximately 1 K/s. The dimensions of the crucible were
a 50-mm outer diameter, a 5-mm height, and a wall
thickness of 10 mm.[43] Alloys 1050, 5083, 6060, and 6061
were preparedwith 0.005 pct TiB2 at additions of Ti up to
0.05 pct, and were cast at cooling rates of 0.3 K/s, 4 K/s,
and 15 K/s. These various cooling rates weremeasured in
samples in which the crucible was packed in Fiberfrax,*

cooled with forced air, and cooled with water spray,
respectively. These ‘‘cooling rates’’ were determined in the
fully liquid state at temperatures just above the liquidus.
Because the cooling rate is controlled in these experiments
by a rate of energy extraction that decreases monotoni-
cally with decreasing temperature, the cooling rates
during solidification will be significantly lower. In partic-
ular, it should be noted that in some of the previous
literature,[44] an ‘‘average cooling rate’’ between the
liquidus and solidus was used. That form of cooling rate
is not simply proportional to the cooling rate before
solidification, because it also includes a material-depen-
dent component related to the rate of latent heat release
with temperature.
Metallographic samples were prepared as described

previously.[4,41,42] After polishing, the samples were
anodized in Barker’s reagent and viewed optically under
polarized light. The dendrite arm spacing was measured
by finding a number of adjacent dendrite arms from one
primary dendrite arm and measuring the distance
between the dendrite centers. Wherever possible, at least
two fields were analyzed for each measurement, with

Table I. Average Alloy Compositions for Alloys as Measured by Inductively Coupled Plasma-Atomic Emission Spectroscopy;
These Compositions Were Used for SDAS Modeling

Alloy Si (Wt Pct) Fe (Wt Pct) Mg (Wt Pct) Cr (Wt Pct) Mn (Wt Pct) Cu (Wt Pct)

1050 0.2 0.27 <0.01 <0.01 <0.01 <0.01
2014 1.09 0.51 0.45 <0.01 0.45 4.78
3003 0.55 0.58 0.01 <0.01 1.37 0.12
5083 0.35 0.29 4.24 0.17 0.86 <0.01
6060 0.54 0.12 0.31 <0.01 <0.01 <0.01
6061 0.83 0.05 0.73 <0.01 <0.01 0.21
6082 1.09 0.04 0.60 <0.01 0.46 <0.01

*Fiberfrax is a registered trademark of Unifrax, Melbourne,
Australia.
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approximately 50 secondary dendrite arms frommultiple
primary dendrite arms being counted in each field.

III. EXPERIMENTAL RESULTS

The change in dendrite morphology as the grain size is
reduced is very important to the measurement of the
SDAS. With no grain refiner addition, the grains were
large and dendritic and could be either columnar or
equiaxed (Figures 1(a) and (b)). As the grains were
refined, they changed to a fully equiaxed dendritic grain
structure (Figures 1(c) and (d)). Further grain refiner

addition led to a more globular grain structure
(Figures 1(e) and (f)), as noted previously.[45] The SDAS
is easily measured when the grains are large, but as the
grain size decreases, it is more difficult or impossible
to measure. For spherical grain structures, such as
Figure 1(e), it is impossible to obtain a meaningful
measurement of the SDAS.
It is apparent from Figure 2 that once an equiaxed

grain structure was obtained, the addition of Ti made no
systematic difference to the SDAS for these alloys. It
was also found that Al3Ti1B additions made no
difference to the SDAS; they only reduced the grain
size. For this reason, the data for a particular alloy at a

Fig. 1—Optical micrographs using polarized light of (a) 6061 and (b) 2014 without grain refiner additions; (c) 6061 and (d) 2014 grain refined
with a 0.01 pct TiB2 as Al3Ti1B addition; and (e) 6061 and (f) 2014 with a 0.02TiB2 as Al3Ti1B addition plus approximately 0.05 pct Ti as
solute. All samples were cooled at 1 K/s. The scale bar in each of the micrographs is 500 lm.
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particular cooling rate were grouped and averaged to
produce the data presented in Table II. One of the
advantages of this approach is that the difficulties with
measuring the SDAS in globular and spherical struc-
tures, e.g., for the 0.05Ti samples for some alloys, do not
influence the results, because a representative SDAS can
be obtained using the less refined castings for a
particular cooling rate.

Figure 3(a) shows the influence of the cooling rate just
above the liquidus on the SDAS. The values are plotted
against the cooling rate at the liquidus because that is an
unambiguous and independent experimental parameter.
These plots have been fitted to Eq. [1], in which the
cooling rate substituted for 1/tf. The coefficients are
presented in Table III, with the n values falling within
the expected range of 0.33 to 0.5.[14] Of the four alloys
tested, alloy 5083 consistently had the finest SDAS while
the others had similar values of SDAS. The similarity in
the SDASs is to some extent a coincidence, because the
alloys have different freezing ranges and therefore
different tf values for a given cooling rate, which is
illustrated in Figure 3(b), in which the SDAS is plotted
against tf. From a theoretical perspective, it would be
preferable to relate the SDAS to tf, however tf is
dependent both on material characteristics and on
experimental heat flow conditions. The consequences
of relating SDAS to the presolidification cooling rate
(heat extraction rate) or tf are discussed in more detail in
Section IV–A.

It was also observed that as the cooling rate increased,
a finer and more dendritic grain morphology was
obtained in the alloys studied (Figure 4), indicating that
the SDAS decreased with the increasing cooling rate
more rapidly than the grain size.[12]

IV. MODEL PREDICTIONS OF THE SDAS

A. Determination of Solidification Time

To be able to use Eq. [2] to predict the SDAS, a
number of factors need to be determined. One of the
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Fig. 2—Measured SDAS as Ti contents increase for each of the
alloys at a cooling rate of 1 K/s and a TiB2 concentration of
0.005 wt pct. A useful measurement of SDAS at Ti additions of 0.05
Ti was difficult to obtain in some alloys because these alloys were
typically globular rather than dendritic.

Table II. Measured SDAS for Each of the Alloys

Solidified at 1 K/s

Alloy k2,meas (lm) Standard Deviation (lm)

1050 85.7 2.3
2014 62.3 8.1
3003 83.9 12.4
5083 51.4 5.1
6060 111.3 6.5
6061 90.1 7.5
6082 91.4 9.3

Fig. 3—Plots of the SDAS of the each of the alloys plotted against
(a) the cooling rate just above the liquidus and (b) the total solidifi-
cation time (as determined from cooling curves). Dashed lines are
arbitrary lines illustrating the effect of the exponent in Eq. [1].
Extreme tf values for alloy 5083 were not determined and were
therefore estimated from scaling rules.

Table III. Data for Lines of Best Fit of Data Presented
in Figure 3(a) to the equation: log(SDAS) = log(K) –

n log(Cooling Rate)

Alloy K (lm) n R2

1050 91.3 0.40 0.98
5083 55.9 0.34 0.99
6060 101.3 0.50 0.996
6082 95.8 0.48 0.998
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most important factors is the solidification time tf, which
is dependent upon the alloy composition and the heat
extraction rate. Simple heat flow considerations can
provide a predictive approach to calculating tf. The
cooling rate is related to the heat extracted from the melt
and the latent heat evolved during solidification by the
equation:

_T ¼ �qeA
mc�Cp;c þmm�Cp;m �mmDhf

dfs
dT

� � ½3�

where _T is the cooling rate at a particular point in time,
qe is the external heat flux, A is the surface area of the
crucible, mm is the mass of the melt, fs is the fraction
solid, Dhf is the latent heat of fusion, and Cp is the
specific heat capacity.[14] The subscripts c and m refer to
the crucible and metal, respectively. Parameters qe, Cp,c,
and fs are assumed to be temperature dependent during
solidification, while the remainder are constant. Equa-
tion [3] was converted to a differential form, and Dtf was
calculated at 0.5 K intervals and numerically integrated
to give predictions of tf as a function of the final fraction
solid.

The variation in qe with temperature was determined
by experimental measurements on a block of graphite of
the same external dimensions as the crucible for the case
in which the presolidification cooling rate was 1 K/s.

The calculated heat flux was fit to the following
quadratic equation over the temperature range 573 to
973 K (300 to 700 �C):

qe ¼ �5830þ 28� Tþ 0:073� T2 ½4�

where T is in degrees Celsius and qe is in watts per
square meters. The value of R2 for the fit was 0.996.
The predictions of qe were scaled proportionally for the
other cooling rates. The validity of the prediction was
verified for the current experimental conditions,
although there was significantly higher variability
(±30 pct) at the highest cooling rate condition, both
from one curve to the next and even within a single
sample.
To estimate the solidification time tf, additional

factors need to be defined in Eq. [3]: Dhf is assumed to
be 390 kJ/kg and Cp is assumed to be 1050 J/kgÆK.[14]

The Cp for graphite was taken from NIST equations.[46]

By using these values for aluminum, the assumption is
made that only solid Al is being precipitated, which is
reasonable because it is by far the dominant phase,
especially early in solidification. A somewhat more
precise technique would be to use enthalpy tables
directly from thermodynamic calculations, but this was
not done in this case because the difference was assumed
to be insignificant for these relatively dilute alloys.

Fig. 4—Alloys (a) 1050 and (b) 5083 with 0.005TiB2 as Al3Ti1B addition and 0.05 Ti as solute cooled at 0.3 K/s. The same alloys, (c) and (d),
respectively, cooled at 15 K/s. The scale bar in each of the micrographs is 500 lm.
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In a simple binary alloy, only one solid phase grows
over the temperature interval from the liquidus to the
solidus, or just above the solidus if there is a final
eutectic. However, in multicomponent alloys, the reac-
tions that occur during solidification are often compli-
cated, with secondary phases usually solidifying well
above the solidus. The precipitation of phases early in
the solidification sequence could have two consequences
for a ripening model. First, the minor phases would
appear to delineate dendrites independent of any ripen-
ing of the neighboring dendrite arms. Second, the
formation of the new phase will locally alter the solute
gradients in the liquid, which might disrupt the ripening
process. For purposes of evaluating the model, it was
assumed that for each alloy system, there is a key
solidification reaction that effectively determines the
final SDAS and that negligible ripening occurs at lower
temperatures after the key reaction is complete.

The data for the fraction solid at various temperatures
fs(T) were obtained from ThermoCalc** using the

ThermoTech TT-Alv6 database (Thermotech Ltd.,
Surrey Tech. Centre, Guildford, UK) (Figure 5) using the
nonequilibrium Scheil–Gulliver module, which is gener-
ally used for modeling solidification processes. It is seen
that the alloys studied exhibit a wide range of solidifi-
cation paths. One of the considerations for choosing the
key reaction that defines the final SDAS was that it
occurs later in the solidification sequence, i.e., when
there is less liquid for solute transport. Another consid-
eration was that the reaction is related to the prevalent
SDAS boundary phase (eutectic or precipitates) in each
of the alloys. The key reactions were identified through
the authors’ own investigations, e.g., b AlFeSi in the
6000-series alloys or by using the observations of other
researchers who have studied those alloys.[28] Obviously,
there is some discretion as to which reaction was chosen,
particularly in alloys in which intermetallics form almost

throughout the whole of solidification, e.g., in alloys
3003 and 5083. However, to some extent, the reaction
chosen toward the end of the solidification process does
not have a very significant effect on the estimated SDAS,
as will be shown later, because most coarsening takes
place early in solidification.

B. Inputs to the Modeling

To obtain SDAS predictions from Eq. [2], input data
for a number of factors are required. The Gibbs–
Thompson coefficient (C) was assumed to be
2 9 10�7 KÆm.[47] Table IV lists the liquidus gradient
(m) and the partition coefficient (k), and compares
values from binary alloys with those derived from
thermodynamic calculations specific to each alloy.
It is difficult to obtain an accurate value of the

diffusion coefficient in the liquid, and often a value of
3 9 10�9 m2/s is assumed across all alloys, e.g., Refer-
ences 21,31, and 48. Recently, expressions for the
diffusion coefficients of a range of elements have been
determined by considering previously published exper-
imental data,[49] and the factors determining the diffu-
sion coefficients are given in Table V. The diffusion
coefficient for each of the elements in each alloy was
calculated as the average over each temperature range.

Fig. 5—Thermo-Calc predictions of the development of fraction
solid assuming Scheil–Gulliver solidification.

Table IV. The m and k Values for a Variety of Elements in

Binary Aluminum Alloys;[57] Data for Al-Ti Was Obtained

from Reference 58; Also Included Are the Ranges of Values at
the Liquidus Temperatures Determined by Thermodynamic

Modeling for the Alloys Studied (Including Only Those Ele-

ments Present in Significant Quantities)

Element

Binary Alloy
Predicted (Multicomponent)

Ranges

k m k m

Ti 7.33 30 10 34
Si 0.11 �6.6 0.09 to 0.11 �4.6 to �6.2
Cr 2.0 3.5 3.6 0.15
Mg 0.51 �6.2 0.3 to 0.36 �4.5 to �5.1
Fe 0.02 �3.0 0.02 to 0.03 �1.6 to �4.3
Cu 0.17 �3.4 0.10 �2.6 to �3.0
Mn 0.94 �1.6 0.67 to 0.9 +0.5 to �2

Table V. Factors for Arrhenius Equation, D ¼ D0e
�Qa

RT; for
Diffusivity of Elements in Liquid Al

[49]

Element D0 (m
2/s) Qa (kJ/mole)

Ti 4.29 9 10�7 36.3
Cr 2.53 9 10�7 32.8
Mn 1.93 9 10�7 31
Fe 2.34 9 10�7 35
Cu 1.06 9 10�7 24
Zn 5.12 9 10�8 22.2
Mg 9.90 9 10�5 71.6
Si 1.34 9 10�7 30

**ThermoCalc is a trademark of Thermo-Calc Software AB,
Stockholm, Sweden.
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C. Model Results

The SDAS values determined using the considerations
mentioned here are shown in Figure 6. It is seen that the
predictions are within 20 pct of the measured SDAS for
all alloys except 5083, in which the SDAS was predicted
to be 70 pct above the observed SDAS.

By using temperature-dependent tables of the various
parameters, Eqs. [2] through [4] can be used to estimate
the SDAS as a function of the fraction solid that is
assumed to mark the end of microstructural change. The
values of cf,j used in each calculation are given by the
liquid concentration at the end point and for other
parameters, the mean value between the start and end
point is used. These predictions are shown in Figure 7
together with the measured values plotted at the fraction
solid assumed to mark the fixing of the SDAS.

Note that these curves are not predicting the evolu-
tion of coarsening during solidification; they are not an

integration over the solidification interval but are simply
calculating values based on assumed end points. Even
so, the calculations provide an idea of how the SDAS
may coarsen during solidification. It indicates that by
halfway through the solidification process, the SDAS of
most of the alloys has coarsened to at least 80 pct of the
value predicted at the end of solidification. However,
calculations for many of the alloys appear to arrive at
the physically unrealistic conclusion that the SDAS
would reduce at high solid fractions, having maximized
earlier in the solidification process. The primary reason
for the predicted reduction in the SDAS is thought to be
due to these materials not conforming to a key assump-
tion behind the derivation of Eq. [2], namely, that the
liquid composition of each element varies linearly with
time.[30] Figure 8 shows that in no case is this condition
met, with most elements showing a monotonically
increasing rate of concentration increase while some
element concentrations decrease in the liquid as certain
precipitation reactions occur, which in turn leads to a
reduction in the SDAS predicted. While the liquid
composition may decrease in some alloys due to the
precipitation of various phases, this will not lead to a
reduction in the SDAS.
Alloy 5083 shows an apparently contrary trend of

increasing sensitivity to the chosen end point past 80 pct
solid (Figure 7). This is a distortion brought about by
the use of the fraction solid as the X-axis: the final 20 pct
of solidification in this alloy is calculated to occur over a
temperature range that exceeds the entire solidification
range of any of the other alloys.

V. DISCUSSION

A. Measurement and Model Accuracy

The model was able to give a surprisingly accurate
prediction of the SDAS for the alloys chosen (Figure 6),

Fig. 6—Predicted SDAS from Rappaz and Boettinger model against
the measured values at 1 K/s cooling rate. Error bars on the predic-
tion are derived from the observed deviations from the nominal
cooling rate. Dashed line is a perfect match, while dotted lines show
±20 pct deviation.

Fig. 7—Plot of SDAS predicted for each alloy as a function of the
fraction solid that determines dendrite size. Presolidification cooling
rate of 1 K/s was assumed. Curves are labeled with the alloy, and
each arrow points from the prediction line for each alloy to its
experimentally measured value.

Fig. 8—Variation in liquid composition with time during solidifica-
tion. Only the elements with the strongest influence in each alloy
have been plotted: the most important element for each alloy is
shown with a solid line; other significant elements are shown with
dashed lines. Markers indicate the time (solid fraction) at which the
SDAS calculations in Fig. 6 were made.
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especially when it is considered that the model has no
adjustable parameters and that a number of the
assumptions underlying the model were not met in these
materials. Six of the seven alloys fell within 20 pct of the
measured values (Figure 6), which is approximately 2
standard deviations from the measured mean (Table II).
Despite the excellent match to the average SDAS, there
was not a good prediction of the relative variation in the
SDAS on the alloy composition, mainly because the
predictions for all the alloys were relatively similar. The
reason for the small variation in the predicted SDAS of
the alloys was that the alloys with the longer solidifica-
tion times (Figure 3(b)) tended to have much smaller M
values due to a greater solute effect. Hence, the two
major contributions to the dendrite arm spacing tended
to vary in opposite directions, cancelling each other out.

One source of error in predicting the time-tempera-
ture dependency is the reduction in the heat extraction
rate when the air gap forms between the crucible and the
nearly solid alloy.[50] Fortunately, it is likely that the
scale of the SDAS is already determined by this time.
Furthermore, errors in the prediction of the solidifica-
tion path by thermodynamic modeling are likely to
occur for two reasons: first, the Scheil–Gulliver equation
does not incorporate back diffusion and so overesti-
mates both the liquid fraction at a given temperature
and the amount of intermetallic phase formed,[51] and
second, peritectic type reactions are not considered,
which may lead to errors in the solute balance in the
liquid. Because the SDAS is related to the M and tf
values through a cube-root relationship, large changes in
either of these values lead to relatively small changes in
the predicted SDAS. The cube-root relationship means
that the prediction is relatively insensitive to errors in
the input values, e.g., a factor of 2 error in the
solidification time will change the predicted SDAS by
only 26 pct.

Alloy 5083 showed the poorest agreement between the
prediction and the measurement in which the predicted
SDAS was 70 pct higher than measured. It is also the
alloy for which the largest fraction of intermetallics is
formed early in solidification, even before the formation
of the a Al. It is possible that the formation of
intermetallics early in the solidification process restricts
the coarsening processes, as has been reported in the
solidification of composites,[52] leading to an overesti-
mate of the SDAS by the model. Furthermore, these
intermetallics, when formed between the dendrite arms,
will demarcate dendrites at lower solid fractions than in
other alloys. However, a difficulty with this explanation
is that alloy 3003 is also predicted to produce interme-
tallics early in solidification, although not as much, but
it gave the best agreement between prediction and
measurement. A second unusual feature of the 5083
alloy was that it had the greatest deviation between
prediction and measurement for the total solidification
time, as determined by the cooling curve. The experi-
ments suggest it had a much shorter solidification
interval than predicted, and no final eutectic was
detected. There is no obvious reason that this alloy
should deviate much further from the Scheil–Gulliver
predictions than the other alloys.

The different relative sensitivity to cooling rate, as
revealed by the power n in Table III, could indicate that
alloys 6060 and 6082 were strongly influenced by
convection while alloy 1050 was slightly influenced and
5083 was not influenced at all. Because convection
increases the SDAS, it would be expected that convec-
tion would lead to underprediction of the SDAS for
6000-series alloys. In fact, the 6000 alloys were found to
be the only ones in which the predicted SDAS was lower
than the measured value.
A driving force for thermosolutal convection is likely to

be density changes in the liquid during solidification. The
JMatPro software (Sente Software Ltd, Surrey Tech.
Centre, Guildford, UK) provides the facility to model
solid and liquid densities during Scheil–Gulliver simula-
tions[53,54] (Figure 9). A simple qualitative interpretation
of Figure 9 might suggest that a tendency to thermosol-
utal convection would increase as the slope deviated from
zero, either positively or negatively, suggesting that alloys
2014 and 5083 would be the most affected. This observa-
tion does not agreewith the interpretation of the observed
n values. It is also possible that the presence of interme-
tallics during solidification may upset convective pro-
cesses. Hence, it appears that simple estimates such are
this are apparently inadequate to predict changes in the n
value, or there are more factors involved in the cooling
rate sensitivity than just convection.
It has already been noted (Figure 7) that the model

calculations appear to give a physically unrealistic
prediction for some alloys in which the SDAS predicted
at higher solid fractions is lower than at a lower solid
fraction. This behavior may be related to the degree to
which the alloy deviates from the assumption of the
liquid composition varying linearly with time: the
greater the deviation, the larger the anomalous effect.
The deviations may be more pronounced in the leaner

alloys, in which deviations from the assumptions are
stronger. A simple measure of ‘‘leanness’’ in a complex
alloy is the amount of solid formed within a set
temperature below the liquidus. In fact, it may be this
leanness, with its larger range of dfs/dT over the
solidification interval, that translates to a larger range
of dci/dt, at least for these alloys. Other nonlinearities,

Fig. 9—Prediction of liquid phase density for each alloy during
Scheil–Gulliver simulations.
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particularly of the diffusion coefficients, may also play a
part. When the solidification path reaches a reaction
such as a monovariant eutectic, the value of m then
becomes rather ambiguous. Values for m determined by
thermodynamic modeling were found to be relatively
constant for the duration of single-phase alpha dendrite
growth, and so these same values were used in the
multiphase regions.

Overall, it appears that the Rappaz and Boettinger
model includes the most important factors that affect
the SDAS in alloys, although the precipitation of
intermetallic phases early in the solidification sequence
may lead to a reduction in the SDAS compared to the
predictions. Convective flow during solidification may
have had a minor affect on the SDAS, but it could not
be substantiated. Likewise, deviations from the model
assumption that the liquid composition increases line-
arly with time appears to lead to errors in the calcula-
tions, but these are relatively minor. However, the
model is unable to consistently predict trends between
the changing alloys. Given the uncertainty of the
currently known values of the parameters used in the
model and the uncertainty in the experimental measure-
ments, it is not clear whether this poor correlation
represents a limitation of the model or of the data.

B. Manipulating the SDAS

Because the SDAS can affect alloy properties and
defect size, it is desirable to know whether the SDAS can
be manipulated. It is well known that the SDAS can be
reduced substantially by increasing the cooling rate
(Eq. [1]) and consequentially decreasing the solidifica-
tion time. However, this study has confirmed that the
alloy composition can also affect the SDAS substantially
and could be another route to manipulating the SDAS
of an alloy.

By considering Eq. [2], it can be seen that the
compositional factor that most affects the SDAS is
Q ¼

P
j mjcj kj � 1

� �
: In fact, the value of M in Eq. [2]

can be rendered as

M ¼ �C
Pn

j¼1
ðQ0;j �Qf;jÞ=Dj

� ln

Pn

j¼1
�Qf;j=Dj

Pn

j¼1
�Q0;j=Dj

2

6664

3

7775
½5�

where Q0 is the value for the initial alloy concentration
and Qf is the value for the composition of the liquid at
the temperature at which the SDAS is determined,
usually due to a final eutectic reaction. The value Q0 has
been shown to be very important in grain refine-
ment,[5,7,55,56] in which it is denoted asQ[4,5,7] or GRF.[56]

It is not surprising that similar factors are involved in
prediction both of the grain refinement and of the
SDAS, because both are related to the development of
constitutional undercooling. From Eq. [5], it is seen that
not only is the initial rate of development of constitu-
tional undercooling, Q0, important, but so is the
development of constitutional undercooling at the end
of solidification, Qf.

Solute Ti has been shown to be very effective at grain
refining aluminum alloys. In lean alloys such as 1050,
the addition of solute Ti can reduce the grain size by up
to 80 pct,[4] because the relative effect on Q0 per unit
mass for solute Ti is 30 to 40 times that of other typical
alloy additions. A comparison is made in Figure 10
between the model predictions and the measured SDAS
for the highest cooling rate of 15 K/s for the addition of
Ti to alloy 1050. This cooling rate was chosen because
the grains are more dendritic (Figure 4(c)) and the
SDAS can be measured for a Ti content of 0.05 pct,
which could not be done at lower cooling rates because
of the globular grain structure (Figure 4(a)). It is seen
that the prediction is close to the experimental data, but
the predicted reduction in SDAS is only approximately
20 pct, which is too small to observe conclusively
experimentally, and this is the reason that the experi-
mental results (Figure 2) appear to show no observable
change in SDAS with Ti content.
To further investigate the role of Ti and its effect on

the SDAS, a comparison was made between alloy 1050
and alloy 6061 at 0 and 0.05 Ti contents for a cooling

Fig. 10—Plot of the SDAS against the solute Ti content for alloy 1050
at a cooling rate of 15 K/s compared with the predictions of the model.

Fig. 11—SDAS during solidification at a presolidification cooling
rate of 1 K/s for alloys 1050 and 6061 with (dotted line) and without
(solid line) the addition of 0.05 Ti as solute. Arrows indicate the cal-
culated shifts due to the Ti addition.
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rate of 1 K/s (Figure 11). By plotting the SDAS against
the fraction solid, it is observed that the addition of Ti
restricts the coarsening at low fraction solids but not at
higher fraction solids, because the Ti has already been
removed from the liquid due to its being a peritectic
element.[17] The effect is greater in the leaner 1050 alloy,
in which the SDAS is predicted to be reduced by
approximately 20 pct, than in alloy 6061, in which only
a 10 pct reduction is predicted.

The reason for the relatively small effect of the Ti
additions on the SDAS is that the SDAS is most
dependent upon the liquid becoming highly enriched by
eutectic solute elements near the end of solidification, i.e.,
Qf is very high. Enrichment of the solute toward the end of
solidification ismore effective at restricting the coarsening
of SDAS than the initial rate of undercooling develop-
ment, Q0, in which the Ti addition has a much greater
effect. Figure 12(a) shows that there is a very poor
correlation between Q0 and the measured or predicted
SDAS values, particularly if the addition of Ti is
considered; the Ti changesQ0 substantially but was found
to have little effect on the SDAS. However, Figure 12(b)
shows a good correlation between Qf and the predicted
SDAS values (R2 = ~0.8). In this case, Qf was

determined by using the predicted solute content and k
at the point in the solidification at which SDAS was
assumed to be determined. It can also be seen that except
for the point for alloy 5083, which has already been
identified as one in which the observations are signifi-
cantly different from the model, the experimental results
show a similar trend. Hence, it appears that Qf accounts
formost of the predicted compositional dependence in the
present calculations.More precise evaluationmay require
better data (such as composition-dependent values for C)
or better evaluation of the nonlinear rate of change of
liquid compositions. This finding is worthy of further
research over a broad range of alloys, in order to assess the
importance of Qf and its potential as a predictive
parameter of the effect of the alloy composition on SDAS.

VI. CONCLUSIONS

The SDAS was found to be influenced by the alloy
composition but not by grain refinement. Hence, grain
refinement changes only the grain morphology, leaving
the SDAS unchanged. In general, there was good
agreement (within 20 pct) between the predictions of
an SDAS coarsening model, which used no adjustable
parameters, and experimental measurements of SDAS.
In the one case of poor agreement, the model overesti-
mated the value of the SDAS in alloy 5083 by approx-
imately 70 pct. It is proposed that the overestimate is due
to the early precipitation of intermetallics in this system,
which then masks the effects of further coarsening.
The n values also varied between alloys and it was

investigated whether this could be related to different
alloys having lesser or greater susceptibility to solutal
convective flow. No correlations were identified that
could aid the prediction of this parameter.
Two major factors were identified that may limit the

use of predictions in complex alloy systems such as those
used here. One is the assumption of linear trends of
liquid concentration with time, which is rarely fulfilled,
and the other is the solidification of minor intermetallic
phases in the interdendritic spaces creating a condition
in which the coarsening end point is difficult to predict
and may, in fact, be indistinct.
The Rappaz and Boettinger model can be expressed in

terms of the parameter Q ¼
P

j mjcj kj � 1
� �

: It incorpo-

rates Q0 at the beginning of solidification and Qf for the
point in solidification at which the SDAS is established.
Large changes in Q0, which are correlated with large
changes in grain refinement, were found to have little
effect on either the predicted or the measured SDAS.
However, there is a strong correlation between Qf and
the predicted SDAS, suggesting that Qf is the dominant
parameter in the current evaluation.
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Fig. 12—Plots of (a) Q0 and (b) Qf against the predicted and mea-
sured values of SDAS in this study. Extended x error bar in (a)
shows the variation in Q0 caused by the addition of Ti. The Ti is
removed from the liquid before the end of solidification and has no
effect on Qf. Line of best fit for the predicted values in (a) was
SDAS, k2 = �0.53 9 Q0+91, R2 = 0.21, while in (b) it was
k2 = �0.35 9 Qf+105, R2 = 0.81.
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