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Abstract

The variation in microstructure, macrosegregation, and solidification behavior during
aluminum alloy Direct Chill casting is investigated with respect to geometry. Optical
microscopy, energy dispersive analysis and differential scanning calorimetry were employed
to study the grain size evolution, distribution of alloying elements and solidification sequence
across the cross-section of DC cast AA5182 aluminum alloy. The results show: (1) grain size
increases from the surface to center of the ingot, corresponding to a decrease in the heat
extraction rate; (2) there is a considerable macrosegregation of Mg, Mn and Cr, with Mg
showing negative segregation at the center and positive segregation at the surface, Mn showing
negative segregation both at center and surface and positive segregation elsewhere, and Cr
showing positive segregation at the center and negative segregation at the surface; (3) thermal
analysis of the as cast AA5182 also demonstrated that the solidus and the reaction temperatures
vary as a function of position due to the local chemical composition and cooling rate. These
findings, which show the interconnectivity of grain size, segregation and solidification
sequence, are useful in further analysis of the DC casting process and in predicting casting-
related defects, specifically hot tear formation.
Keywords: Direct chill casting; Aluminum alloys; Grain size; Macrosegregation; Differential

scanning calorimetry

1. Introduction

Aluminum alloys are widely used in industry, particularly in the automotive and
aerospace sectors, owing to their low density, high specific strength, appreciable corrosion
resistance and great energy absorbency [1,2]. The main method for casting wrought aluminum
alloys is the Direct Chill (DC) casting process, which produces cylindrical billets and
rectangular ingots for subsequent processing in extrusion or rolling operations [3].

In recent decades, there has been great effort by researchers to better understand
different aspects of the DC casting process as well as the microstructural properties of DC cast
aluminum alloy products. Segregation of alloying elements, inhomogeneity of grain size,
inclusions, porosity, and the formation of hot tears and cold cracks are some of the main issues

usually associated with DC casting [4-7]. Hot tearing, in which a crack forms at temperatures
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within the semisolid, has been particularly difficult to control [8]. In order to overcome these
issues, various mathematical models have been developed. For example, Drezet et al. [9]
examined dimensional instability of ingots using finite element (FE) analysis. Sengupta et al.
[6] developed a comprehensive three-dimensional FE simulation to examine the effects of
primary and secondary cooling during the start-up phase as well as cooling by the bottom block.
Williams et al. [10] developed a multi-physics DC casting model coupling melt flow, stress
and heat transfer. In each of these cases, the goal was to understand and predict the relationships
between process parameters and the evolution in temperature and/or stress during casting. More
recently, Jamaly et al. [11] studied the effect of microstructural features and process parameters
on hot tearing formation during DC casting by coupling a novel semisolid constitutive law with
a 2D thermal/stress DC casting model for AA5182.

The microstructural features of DC cast alloys have also been studied as a function of
processing conditions. Macrosegregation along a cross-section of a DC cast billet was studied
by Nadella et al. [12]. Eskin et al. [13] studied the effect of cooling rate and grain refinement
on elemental distribution; low casting speeds were found to enhance positive segregation in
DC cast billet independently of grain size while higher speeds required significant inoculation
and thus grain refinement in order for positive segregation to occur. Effects of melt temperature
and DC casting speed on hot tearing, dendrite arm spacing, grain size, eutectic volume fraction,
porosity and segregation have also been studied, with a focus on Al-Cu alloys [14].

Wrought AA5182 aluminum alloy produced via DC casting is widely used in
automotive components and for beverage cans. Although a number of mathematical models
have been developed to understand and reduce distortions and hot tear formation, there have
been only a few studies systematically examining alloy microstructure, and compositional
variations. In one work, Glenn et al. [15] examined the effect of grain refiners on grain size,
macrosegregation, and thermal conductivity. However, additional experimental study is needed
to characterize the grain structure and solute re-distribution during DC casting. As shown by
Jamaly et al. [11], knowledge of grain size and grain coalescence during solidification is key
for predicting hot tearing. Furthermore, macrosegregation, if not controlled during casting,
reduces the quality of the finished product.

Thermal analysis through differential scanning calorimetry (DSC) represents a
powerful approach for studying multicomponent alloy solidification [16]. In the case of DC
casting, DSC can be used to characterize the kinetics of solidification of specimens taken from
different locations in the casting, which have different chemical compositions. Bearing this in

mind, microscopy, composition mapping and thermal analysis have been combined in the



current study to provide new insight into the solidification kinetics, microstructure and

macrosegregation of a DC cast AA5182 ingot.

2. Experimental methods

The experimental material was an AA5182 DC cast ingot section® from the steady-state
regime, with a cross-section of 1650x510 mm, provided by Rio Tinto. A series of small cubic
samples, 10 mm on a side, were cut from the centerline of the rolling face. In total, 5 samples
were taken, from the center to the surface (0.0/center, 62.5, 125/middle, 187.5, and 250/surface
mm). These samples were used for grain size measurements, chemical composition analysis
and thermal (DSC) analysis.

Grain size: Measurements were carried out on each sample. Sample preparation took
place by mounting with a thermosetting resin, grinding, then polishing down to a 1 um finish
with colloidal silica, then electrochemically etched using Barker’s reagent to reveal the grain
boundaries. The metallographs were then characterized using a Zeiss Axio optical microscope.
Jeffrie’s method was used to measure the size of grains based on the description given in ASTM
E112 [17]. Briefly, a circle is drawn on a metallographic image with a magnification selected

so that the circle partially/fully inscribes at least 50 grains. The grain density, Na, is then
obtained by Ny = f(Ninside + W), where Ninside is the number of grains completely

inscribed by the circle, Nintercept IS the number of grains partially inscribed in the circle, and f is
known as the Jeffries’ multiplier, which is a function of magnification.

Chemical analysis: An Oxford Instruments X-max 80 mm? energy dispersive

spectroscope (EDS) coupled to a Tescan Mira 3 field emission scanning electron microscope
(SEM) and Oxford AZtec 2.0 analysis software was used to determine the composition of each
sample. Specifically, an EDS signal was acquired on ~10 rectangular subregions, each with a
dimension of 100x100um. The compositions of each element from different locations within
the same sample were then averaged to represent the bulk composition of that element within
that sample. To ensure accuracy in the EDS results, we followed the requirements proposed by
Newberry and Ritchie [18] for performing quantitative EDS.

Thermal analysis: Small specimens of ~20 mg were extracted from each sample for

thermal analysis. DSC was performed using a Netzsch STA 449 F3 thermal analysis instrument

1 The nominal composition, Al-3.92wt.% Mg—0.38wt.%Mn-0.18wt.%Cr, was determined by averaging the EDS
measurements at individual locations presented in Table 2. The values of Mn and Cr fall within the alloy’s
specification. The value for Mg is below what is expected for AA 5182, 4-5 wt.%Mg.



in order to acquire the evolution in solid fraction with temperature. First, the instrument was
calibrated using standards of In, Al, Ag, Au and Ni. Second, each specimen was placed into an
alumina crucible within the DSC. The chamber was closed and then evacuated and purged with
N2 gas. Third, the testing cycle was programmed into the software, requiring the evolution in
temperature with time to be specified. Specimens were first heated to 700°C and then cooled
to 400°C at either 10 or 20 *C/min. To ensure that the results were reproducible, 3 specimens
from each location were tested. The results were then analyzed using the Netzsch Proteus

software.

3. Results and discussion
3.1 Grain size

Example microstructures selected from different locations from the center of the ingot
out towards the surface along the centerline of the rolling face are shown in Fig. 1. As is seen,
the grains are equiaxed dendritic in all locations, but with a grain size that changes significantly.
Qualitatively, the highest grain size is obtained at the center and then the size of grains
gradually decreases out to the surface. The quantitative measurements of grain size are given
in Table 1. The measurements also confirm the qualitative observation; the average grain size
in center is more than four times larger than the value found at the surface.

The observed grain size variation from center to surface is due to the variable cooling
conditions experienced throughout the cross section of the ingot. At the surface, the rate of heat
removal is high due to the primary mould interfacial cooling, resulting in small grains. This
effect diminishes away from the surface, as the rate of heat removal is controlled by the rate of
heat conduction through the casting, which diminishes the heat extraction rate. The observed
decrease in grain size with increasing cooling rate can be then reasoned as follows. Increasing
the cooling rate enhances both the nucleation potency of the inoculant in the melt and the
density of active nucleation sites [19]. Since grain growth occurs at a uniform rate for a given
set of cooling conditions, an increase in the nucleation density leads to the formation of finer
grains.

In addition to the cooling rate effects, the local variations in chemical composition may
also affect the grain size. It is generally accepted that increasing the solute concentration has a
grain refinement effect by hindering grain growth through solute pile-up at the solid-liquid
interface, enhancing grain nucleation due to the constitutional undercooling [20]. As is

elaborated in the next section, the alloying elements are not evenly distributed and particularly



the center is solute-depleted of Mg and Mn. This may be another reason for the very coarse
grains observed at the center of the ingot.

The grain size evolution with cooling rate observed in this study is qualitatively in good
agreement with previous works on DC casting by Erdegren et al. [21], Nadella et al. [12] and
Suyitno [22]. Erdegren et al. [21] found, on a DC cast 6xxx series alloy, an increase in grain
size with increasing distance from the surface. However, Nadella et al. [12] and Nagayumi [23]
found that in Al-Mg alloys the maximum and minimum grain sizes occur in the area adjacent
to the center and in the subsurface region, respectively, not exactly at the center and the surface
asis seenin Fig. 1.

3.2 Segregation

An analysis of the non-uniformity in the chemical composition across the cross section
of the samples was done using EDS analysis. As is known, the prominent constituent elements
of AA5182 are Mg (3.92wt.%) and Mn (0.38 wt.%). Additionally, the experimental alloy
contained a small amount of Cr (0.18 wt%). The variation in the amount of alloying elements
from the center to the surface of the experimental DC cast alloy is shown in Table 2. At the
first glance, it is obvious that there is significant macrosegregation. This is due to fluid flow
during casting, and solute rejection by the solid phase (partitioning of solute elements between
liquid and solid) during solidification. In order to quantify the macrosegregation of alloying

elements in different locations, the deviation from the nominal (average) composition (

X~ Xnominal ) is used as a representative of segregation, where [X] is the composition of

[X]nominal

element X and [X]nominar IS the nominal composition of element X in the ingot. Fig. 2 shows the
deviation from nominal composition of each alloying element at different distances from the
center. Values greater than zero of this deviation imply ‘positive’ macrosegregation and
conversely, values less than zero indicate ‘negative’ macrosegregation.

As can be seen in Fig. 2, Mg has considerable negative macrosegregation at the center
of the ingot. This is in line with the results of previous studies on DC cast billets and ingots by
Erdegren et al. [21] and Eskin et al. [24]. The observed centerline segregation is likely
attributed to solutal convection. Based on this mechanism, small particles of lower solute
concentration detach from the first solidified shell and settle at the center causing
macrosegregation. The particles settle since they have a higher density due to a lower Mg
content and fall towards the base of the sump due to gravity. One can also see a small positive
segregation of Mg close to the chill surface. This phenomenon is most likely due to the presence

of liquid richer in solute within the interdendritic channels close to the surface during



solidification as suggested by Erdegren et al. [21]. Due to solidification shrinkage, liquid of
higher concentration away from the surface is sucked back into these channels, thus solidifying
with a higher concentration of Mg and resulting in a positive segregation of Mg close to the
chill surface.

Similar to Mg, Mn also shows negative segregation at the centerline, due to solutal
convection, and positive segregation between the center and the surface. However, contrary to
Mg, Mn shows negative segregation at the surface of the ingot. This phenomenon has not been
seen before as Eskin et al. [24], and Nadella et al. [25] found positive segregation of Mn in DC
cast ingots, while Dons et al. [26] observed that manganese resists macrosegregation in DC
cast Al-Si alloys. Finally Cr shows a positive segregation at the center, no segregation at the
middle and negative segregation at the surface of the ingot.

The segregation of Mg and Mn away from the center of the casting and for Cr towards
the center is in line with the expected behavior based on their partition coefficients, k, in a
binary alloy with Al. In general, it has been reported (e.g. [12]) that alloying elements with k<1
such as Mg and Mn show a solute-depleted centerline segregation, while elements with k>1
such as Cr exhibit the opposite pattern. The extent of the segregation can be associated to
magnitude of the partition coefficient. Values close to 1, like for Mn (k~0.9) show only slight

segregation, while small values, like for Mg (k~0.4), show strong centerline segregation.

3.3 Thermal analysis

Fig. 3 shows the DSC signals of the material during solidification under cooling rate of
10 °C/min. Because the solidification phenomenon is an exothermic reaction, the curve takes
a downward path. As can be seen, the liquidus is easily identifiable on the right side of the
curve at ~636 °C. To estimate the solidus point, a third order polynomial baseline was drawn
with the points well above the liquidus and well below the expected solidus. The intersection
point of this baseline with this curve provides a good estimate of the solidus, which is estimated
to be ~510 °C. Besides these two points, one can see two obvious deviations in the middle part
of the curve, which correspond to the eutectic reaction and the formation of precipitates. During
cooling the material from fully liquid state, the primary a phase nucleates and begins to solidify
at a temperature of about 636 °C. Upon further cooling to 591 °C, the liquid goes through a
eutectic reaction, in which a eutectic of a(Al) and Alg(FeMn) forms. Finally, at a temperature
of ~561 °C the Mg>Si phase is observed to precipitate.

The observed sequence of solidification for AA5182 is in line with the findings of

Thompson et al. [27] during solidification of the same alloy. However, in addition to these



reactions, Arnberg et al. [28] and Backerud et al [29] also reported the formation of a complex
eutectic of (Al+Mg.Si+AlzFe+AlsMgs). This reaction was not observed in the current study,
nor in the work by Thompson [27]. Thompson argued that the peak identified in [28] and [29]
as the main eutectic reaction was actually caused by a strong temperature recalescence and
subsequent plateau due to nucleation and growth of the primary phase. This argument was
supported in [27] through examination of micrographs, which showed that the primary o-Al
dendrites occur about 80-90% of the microstructure. The DSC curve presented in Fig. 3 also
provide further evidence that the solidification of AA5182 contains only two main reactions,
in addition to the liquidus temperature, since the curve only contains two deviations. The main
reactions observed in the present thermal analysis can thus be summarized as:

Tv: Start of solidification and formation of a-Al

R1: Start of eutectic reaction as L — a(Al) + Al;(MnFe)

Rz: Precipitation of Mg.Si as L — a(Al) + Mg,Si

In a same manner as the method for grain size and segregation studies, samples were
taken from different locations between the centerline and the chill-surface for thermal analysis.
The solidification behavior of these samples was then analysed. Three tests were run at each
location. The resulting DSC traces are shown in Fig 4. It is clear from the figures that the
samples of the three positions (center, middle and surface) show different solidification
behavior in such a way that there are some shifts in liquidus, eutectic and precipitation with
variation in position. As the distance from the surface increases, all these points shift to lower
temperatures, although there is virtually no difference in the solidification curves for the
‘middle’ and the ‘center’ samples. The liquidus, solidus and the solidification reactions Ry and
R> along with their range of variation within the same location are listed in Table 3. For
comparison purpose, the reaction temperatures determined by Thompson, Arnberg, and
Bakerud [27-29] are also included in the table, with the assumption that only two secondary
reactions are occurring during solidification.

It can also be observed from Fig. 4 that there is more latent heat evolved at the surface
position as compared to the middle and centre. One possible hypothesis relates to the amount
of micro-segregation. The largest negative segregation for Cr and Mn, is seen to occur at the
surface, Fig. 2, which would increase the total amount of Al and Mg in this region. Since Al

and Mg have the highest latent heat (the latent heat of the main elements are: Al ~390, Mg



~360, Cr =330, Mn =260, all in kJ/kg), this could lead to higher total latent heats of
solidification.

The results in Table 3 indicate that the liquidus and the R; point are invariant with
position within the level of uncertainty estimated by the standard deviation, while the R> and
the solidus are sensitive to casting location. Specifically, the Rz temperature increases slightly
from surface to center, and the solidus point decreases considerably, by 6 deg., from the surface
to the center. In addition, the reaction points are reproducible, as the standard deviation is less
than two degrees. The variation in solidus temperature is most likely due to the high negative
macrosegregation of Mg and Mn at the center, and positive segregation of Mg at the surface.
This change in solidus with respect to position could have an important influence on hot tear
formation in DC casting, since metals with a longer solidification regime are known to be more
susceptible to hot tearing. Thus, we hypothesize that not only are certain regions of an ingot or
billet more susceptible to hot tearing because of their sump depth and hence liquid feeding
difficulties but also because macrosegregation will have resulted in compositional variations
that depress the solidus temperature and extend the temperature window vulnerable to hot
tearing.

The evolution in solid fraction with temperature is also important during casting. This
can be determined by calculating the area under the curve between solidus and liquidus and is
shown in Fig 5 as a function of position along the centerline. There is a difference in the
evolution in fraction solid at different distances from the center. The fraction solid evolution
of the sample taken from center and the middle are almost identical, owning to similar DSC
curves, while that of the sample at the surface is quite different. This was expected given the
results in Table 3 as the change in location from center and middle to surface (and in turn
change in the local composition) depressed the precipitate formation temperature and increased
the solidus temperature. This limited the temperature interval and in turn the volume fraction
of solid formed during the last stages of solidification for the surface sample.

In previous paragraphs, the capability of thermal analysis in studying the effect of
macrosegregation on the solidification behavior of a DC cast AA5182 ingot was examined. In
addition, thermal analysis can be used to physically simulate casting under different cooling
rates. For this purpose two samples taken from the surface of the ingot were tested in the DSC,
at 10°C/min and 20°C/min cooling rates. The liquidus, solidus, and reaction temperatures for
these two cooling rates have been summarized in Table 4, while the corresponding curve
showing the evolution in fraction solid is given in Fig. 6. It is seen that the liquidus points occur

at the same temperature for both cooling rates within the level of uncertainty estimated by the



standard deviation, but the reaction and solidus temperatures are shifted towards lower
temperatures for the higher cooling rate.

The experimental grain size, macrosegregation, and thermal analysis measurements
performed in this study demonstrate the highly variable nature of such quantities in the DC
casting process. This knowledge is important in the field of semisolid processing, since
accurate prediction of defects requires localized knowledge of microstructural effects like alloy
composition and impurities that will be strongly linked to the solidification behavior as well as
the macroscale effects like segregation and cooling rate. The results of the current work indicate
that the critical points such as the solidus as well as the eutectic and precipitate formation
temperature vary as a function of cooling rate and local chemical composition. These would
alter the mechanical behavior of the mush. Future process models of DC casting should thus
take this variation in mechanical behaviour into account to improve semi-solid stress/strain

predictions.

4. Conclusions

The evolution in grain size and macrosegregation as well as the solidification sequence of a
direct chill cast AA5182 have been studied in the current work. The main findings are as
follows.

- Grain size is found to increase substantially from the surface to the center of the ingot, due to
the significant variation in cooling rate.

- There is strong macrosegregation of Mg, Mn and Cr from center to surface due to fluid flow
and partitioning of solute elements between liquid and solid during solidification. Mg shows
negative segregation at the center and positive segregation at the surface. Mn shows negative
segregation both at center and surface, and positive segregation elsewhere. Cr shows positive
segregation at the center and negative segregation at the surface.

- The sample location within a DC cast ingot influences the solidus and reactions temperatures,
as well as the evolution in fraction solid, mostly due to localized difference in chemical
composition.

- The nucleation temperatures of the different phases showed different trends with variation in

cooling rate in such a way that the liquidus temperature remains constant, but the formation



temperatures of the eutectic and precipitate as well as the solidus temperature were depressed

by increasing the cooling rate.
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Figures and Tables

Figure 1: Optical micrographs of samples taken from (a) center, (b) 62.5 mm (c) 125 mm, and
(d) at surface of the ingot, viewed under cross-polarized light with sensitive tint attachment.

Figure 2: Distribution of relative concentration of different alloying elements a function of
distance from the center of the ingot.
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Figure 3: DSC curve of a sample of as-cast AA5182 from the DC cast ingot (middle position),
cooling rate = 10°C/min. The dashed line represents the third-order polynomial drawn in the

single phase regions.
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Figure 4: DSC curves of samples of as-cast AA5182 taken from different locations within the

ingot, cooling rate = 10°C/min.
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Figure 5: Solidification path of samples of as-cast AA5182 taken from different locations
within the ingot, cooling rate = 10°C/min.
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Figure 6: Solidification path of samples of as-cast AA5182 taken from the surface of the ingot,
cooled as (a) 10°C/min and (b) 20°C/min.
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Table 1: Average grain size, d, of as a function of distance from the centre of the ingot

Position Relative to

i 1
Ingot Center (mm) d (mm) S-D.
0 515 31
62 394 27
125 257 28
187 257 38
250 (surface) 123 20

IStandard Deviation

Table 2: Average compositions of major alloying elements as a function of distance from the
centre of the ingot

Position Relative to  Alloying Element (wt%)

Ingot Center (mm) Mg Mn Cr
0 3.45 037 0.19

62 4.00 040 0.18

125 4.01 039 0.18

187 4.11 038 0.18

250 (surface) 4.03 0.38 0.17

Table 3: Comparison of averaged solidus, liquidus, and solidification reaction temperatures of
as-cast AA5182 to [27][28][29]. Note that the experimental values from this work correspond
to a cooling rate of 10°C/min. Note also that the standard deviation for each data point is shown
in parenthesis. All temperatures in °C

Source TL Ri1 R2 Ts
Exp. (center; 0 mm) 635 (2) 592 (2) 564 (1) 508 (1)
Exp. (middle; 125 mm) 636 (2) 591 (2) 561 (1) 510 (2)
Exp. (surface; 250 mm) 636 (1) 591 (1) 557 (2) 514 (2)

Ref. 28 637 582 560 536
Ref. 29 632 586 557 470
Ref. 27 624 587 557 508

Ref.28: Arnberg et al., Cooling rate=18 “C/min
Ref.29: Bakerud et al., Cooling rate=18°C/min
Ref.27: Thompson et al., Cooling rate=30 “C/min

Table 4: Comparison of solidus, liquidus, and solidification reaction temperatures of as-cast
AA5182 as a function of cooling rate. Note that the standard deviation for each data point is
shown in parenthesis. All temperatures in °C

Source CR To R1 R2 Ts
(°C/min)
Exp. (surface position) 10 636 (1) 591 (1) 557 (2) 514 (2)
Exp. (surface position) 20 637 (1) 590 (2) 556 (1) 504 (1)
Ref. 29 18 632 586 557 470
Ref. 29 54 632 584 556 470

Ref.29: Bakerud et al., Cooling rates=18 and 54 K/min
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