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Abstract In this study, the influence of magnesium

content on thermal and structural parameters during the

unsteady-state unidirectional solidification of Al–Mg alloys

is analyzed. Using a special device, Al–Mg alloys con-

taining 5, 10, and 15 wt% Mg were submitted to unidi-

rectional solidification. Using a data acquisition system, the

temperature variations along the casting during solidifica-

tion were measured. From these results, the variations of

solidification parameters as growth rate of dendrite tips,

thermal gradient, cooling rate, and local solidification time

were determined. The variation of global heat transfer

coefficient at metal/mould interface was estimated through

the adjustment of experimental temperature variation close

to the interface and numerical predictions. Primary and

secondary dendrite arms spacing variations during solidi-

fication were measured by optical microscopy. From these

results, comparative analysis were developed to determine

the influence of magnesium content.

Introduction

The understanding of variation of thermal parameters and

their influence on mechanisms of microstructure evolution

during solidification of metallic alloys is important in

modern casting technology to improve the quality of metal

castings, since the resultant properties depend markedly on

the final structure [1, 2]. The parameters that affect

microstructure formation are the dendrite tips growth rate,

thermal gradient ahead of solid/liquid interface, cooling

rate, and local solidification time. Monitored unidirectional

solidification is a powerful experimental technique and has

been widely applied to analyze the correlation between

these parameters and the microstructure formation [3].

During solidification of metallic alloys, a substantial

change in solute concentration is observed ahead of the

solid/liquid interface, affecting the local equilibrium liq-

uidus temperature [1, 2]. The liquidus temperature increa-

ses with the distance from the interface. Depending on the

alloy this change in concentration can reach a long

extension. Ahead of the interface may exist a zone affected

by constitutional supercooling. This zone represents a

volume of melt ahead of interface in which the real tem-

perature of the liquid is lower than the local equilibrium

liquidus temperature. The liquid in this zone is under-

cooled, thus in a metastable state, given rise to a mushy

zone and leading to a dendritic structure and to microseg-

regation between dendritic arms [2]. During the last dec-

ades several studies have been developed to analyze solid/

liquid interface morphology, growth conditions, instabili-

ties at solid/liquid interface, and to correlate primary and

secondary dendrite arms evolutions with solidification

conditions. Melo et al. applied unsteady-state unidirec-

tional solidification to analyze dendrite arm spacing vari-

ation and microporosity formation in Al 4.5 wt% Cu
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alloys, proposing a numerical method to predict dendrite

arm spacing and position, amount and size of micropo-

rosity formed both by dissolved gases and solidification

shrinkage [4, 5]. The authors concluded that for a given

initial hydrogen content, the volumetric fraction of pores

and the size of pores decreases as cooling rate increases

and that for cooling rates below 11 �C/s, the volume of

porosity formed by dissolved gases increases abruptly.

Rocha et al. studied cellular/dendritic transition in Sn–Pb

alloys and the influence of heat flow parameters on dendrite

spacing in Sn–Pb and Al–Cu alloys during unsteady-state

solidification [6, 7]. The authors concluded that cellular/

dendritic transition occur for the Sn 2.5 wt% Pb alloy over

a range of cooling rate from 0.5 to 5.2 K/s. They also

established theoretical conditions for cellular/dendritic

transition in Sn–Pb alloys. Gündüz and Çadirli solidified

unidirectionally different Al–Cu alloys under steady-state

conditions and correlate experimental results for dendrite

arm spacing, dendrite tip radius, and mushy zone depth

with solidification parameters, using linear regression [8].

Whitesell and Overfelt analyzed the influence of solidifi-

cation variables on microstructure, macrosegregation, and

porosity formation in directionally solidified bars of nickel-

base superalloy [9]. They imposed, in each experiment, a

constant growth rate obtaining constant interdendritic

spacing. From the results, they establish better conditions

to minimize pore formation. Lin et al. studied the influence

of solidification rate on primary cellular and dendritic

spacing solidifying different aluminum alloys directionally

in a vacuum Bridgman apparatus [10]. They concluded that

for a given growth condition, there is a wide range of

primary spacing for both cellular and dendritic growth.

Henry et al. analyzed different aluminum alloys,

including Al–Cu, Al–Mg, and Al–Si, directionally solidi-

fied under controlled thermal and convection conditions,

observing particular growing morphologies for relatively

high solidification rates [11]. Specially for the 5182 Al–Mg

type alloy, they observed not twinned columnar grains

together with feathery crystals. The authors concluded that

these so-called exotic morphologies in aluminum alloys are

probably due to small anisotropy of the surface tension of

the solid–liquid interface.

Most of the articles cited previously, apply the unidi-

rectional solidification technique to study different aspects

of solidification parameters’ variations during the solidifi-

cation of metallic alloys and their influences in the macro

and microstructure formation. In spite of the technological

importance of Al–Mg alloys, not many publications con-

cerned to the analysis of the solidifications process of these

alloys are found in literature. The knowledge of the influ-

ence of alloy content on solidification parameters and on

microstructure formation is particularly important due to

the influence on final mechanical properties. In the present

study, unsteady-state unidirectional solidification of Al–Mg

alloys is used to analyze the influence of magnesium con-

tent on thermal and structural parameters during solidifi-

cation process. Temperature variations along the casting

were measured during solidification. From the casting

temperature data, the variations of solidification parameters

as growth rate of dendrite tips, thermal gradient ahead of

dendrite tips, cooling rate, and local solidification time were

determined. The variation of global heat transfer coefficient

between the solidifying alloy and the coolant at metal/

mould interface was estimated through the adjustment of

experimental temperature variation close to the interface

and numerical predictions, by using the inverse method.

Primary and secondary dendrite arms spacing variations

during solidification were measured by optical microscopy.

The results obtained permitted to establish the influence of

magnesium content on the thermal parameters, on the

columnar/equiaxial transition and on dendrite arm spacing.

Experimental procedure

Three Al–Mg alloys were prepared containing 5, 10, and

15 wt% Mg. Some experiments were conducted also with

pure aluminum for comparisons concerning to columnar/

equiaxial transition. The samples were directionally solid-

ified using a experimental device, showed schematically in

Fig. 1. This device was successfully used in previous
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Fig. 1 Schematic representation of the experimental device used to

promote upward unidirectional solidification
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studies [4, 5]. The alloys were melted and poured in a

cylindrical ceramic tube with an internal diameter of 40

and 260 mm in length, positioned over a water-cooled

cooper mould which promotes upward unsteady-state

directional solidification. The cylindrical ceramic tube is

placed in a furnace and kept at 600 �C for pure aluminum

and 550 �C for the Al–Mg alloys, before the beginning of

the solidification to minimize radial heat losses. In order to

initiate solidification process, the electric heaters of the

furnace are disconnected when the water flow is initiated.

A superheat of about 10% was adopted in all experiments,

which mean initial temperatures equal to 720 �C for pure

aluminum and 650, 670, and 700 �C for the alloys with 15,

10, and 5% Mg, respectively. Argon was injected in the

melt before pouring to eliminate dissolved gases. Tem-

perature variations during solidification were measured

using chromel–alumel thermocouples coupled to a data

acquisition system, positioned along the centerline of the

cylindrical ceramic tube containing the sample, at metal/

mould interface and at distances of 2, 20, 40, 60, 80, 100,

and 120 mm from this interface.

The macro and microstructures were analyzed through

optical microscopy. The longitudinal sections of the solidi-

fied specimens were polished and etched for macroscopic

examination. Pure aluminum was etched with a reagent

containing 45% HCl, 15% HNO3, 15% HF and 25% water,

and Al–Mg alloys with a reagent containing 20 mL glycerin,

30 mL HCl, 2 mL saturated water solution FeCl3, 1 mL

HNO3 and HF (7 drops). Selected samples of the longitu-

dinal sections were polished and etched for microscopic

examinations of Al–Mg alloys. The alloy containing 5 wt%

Mg was etched with a reagent containing 20 mL H2O, 1 mL

HF, 6 mL HNO, and 12 mL HCl and the alloys containing

10 and 15 wt% Mg with a 10% HF water solution.

Dendrite arm spacing were measured using image pro-

cessing system Neophot 32 (Carl Zeiss, Esslingen,

Germany) and Leica Quantimet 500 MC (Leica Imaging

systems Ltd., Cambridge, England) adopting the method

proposed by Gündüz and Çardili [8].

Results and discussions

Figure 2 shows experimental set of cooling curves,

obtained using thermocouples and the data acquisition

system, for Al 5 wt% Mg (a), Al 10 wt% Mg (b), and Al

15 wt% Mg (c). From these curves, it is possible to

determine the positions of the liquidus isotherm, that means

the position of dendrite tip, as function of time. The liq-

uidus temperature for each alloy is indicated on the cor-

responding figures.

From the experimental results for temperature variations

in the casting during solidification, the variation of global

heat transfer coefficient between the solidifying alloy and

the coolant at metal/mould interface (hi) was determined

for the three alloys applying numerical simulation and the
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Fig. 2 Experimental set of cooling curves obtained for Al with 5, 10

and 15 wt% Mg
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inverse method [12, 13]. Accurate measurements of tem-

perature at several points in the casting, which depend on

the heat transfer coefficient, were used for determination of

this coefficient. Considering the efficient flow in the water-

cooled cooper mould, the temperature of the mould in

contact with the water is adopted as 25 �C during the

solidification process. The heat transfer coefficient is

manipulated to adjust the numerical prediction of the

temperatures to the experimental data. This heat transfer

coefficient represents an overall value between metal and

coolant, including the influences of air gap, cooper sheet,

and water/mould thermal resistance.

The numerical method used is the same applied in

previous articles by the authors [4, 5]. Basically, it was

developed considering the energy conservation equation at

macroscopic scale given by:

q � cp �
oT

ot
¼ r � ðk � rTÞ þ Q ð1Þ

where q is the density of the alloy, cp is the specific heat, k

is the thermal conductivity, Q is the heat liberated during

solidification, T is temperature, and t is time. The heat

liberated during solidification is taken into account

applying the enthalpy method [13]. The fraction of solid

(fs) as function of temperature is determined using the

Scheil equation [14]. Using the enthalpy method, the Eq. 1

can be put in the following form:

oH

oT
¼ q � cp � q � L � ofs

ot
ð2Þ

where H is enthalpy, L is latent heat of solidification, and fs
is fraction of solid. This equation permits to treat

continuously solidified metal, mushy zone, and liquid

metal. At metal/mould interface, the following energy

balance is established:

�k � oT

ox
¼ hi � ðTm � T0Þ ð3Þ

where hi is the global heat transfer coefficient between the

alloy and the coolant, Tm is the temperature of the alloy at

metal/mould interface and T0 is the temperature of the

coolant.

Considering variable thermophysical properties in the

alloy, published by Pehlke [15], and variable heat transfer

coefficient between solidifying alloy and coolant at metal/

mould interface and following a suitable discretization of

metal/mould system, the differential equations are solved

using finite difference method, and values of enthalpy varia-

tion in the sample as function of position and time are

obtained. The variation of temperature in the sample is

obtained from the values of enthalpy using a curve of variation

of enthalpy versus temperature of the alloy, previously cal-

culated from the variation of specific heat with temperature.

The determination of temperature variation in the sam-

ple during solidification process is also important because

from these results the variations of solidification parame-

ters as growth rate of dendrite tips, thermal gradient ahead

of dendrite tips, cooling rate, and local solidification time

are determined. These parameters are important to analyze

the influence of metal/mould characteristics on solidifica-

tion process.

Figure 3 shows the time dependence of the global heat

transfer coefficient between metal and coolant for the

Al–Mg alloys containing 5, 10, and 15 wt% Mg. It is

observed that the coefficient increases significantly as

magnesium content increases. This behavior is probably

consequence of the improvement of wetting of the alloy as

the magnesium content increases, optimizing the contact

between metal and mould. For all the alloys, the heat

transfer coefficient decreases drastically with the time due

to the increasing of the air gap in the metal/mould interface

as consequence of the contraction of the alloy during

solidification.

The experimental results of temperature variation in the

alloy have been used also to estimate the variation of other

important parameters during the solidification process, as

displacement of liquidus isotherm, growth rate of dendrite

tip, local solidification time, cooling rate, and thermal

gradient ahead of dendrite tip.

Figure 4 shows the position of the liquidus isotherm (s)

as function of time (t) for the different Al–Mg alloys,

obtained from the set of cooling curves. From the experi-

mental data of temperature variation, it is determined that

the time necessary for the liquidus isotherm reach each

position in the sample. It is observed that increasing the

magnesium content, which increases the difference

Fig. 3 Variation of heat transfer coefficient at metal/mould interface

as function of time for the Al–Mg alloys containing 5, 10 and 15 wt%

Mg
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between liquidus and solidus temperatures, the time for the

dendrite tips reach an equivalent distance also increases.

Increasing the difference between solidus and liquidus

temperature, the zone affected by constitutional superco-

oling, in which the real temperature of the liquid is lower

than the local equilibrium liquidus temperature, increases

giving rise to a extended mushy zone with heat conduction

smaller than the solid zone, decreasing the heat flow. As a

consequence, the dendrite tip growth rate (v) decreases as

magnesium content increases, as it can be observed in

Fig. 5, increasing the time for dendrite tips reach an

equivalent distance.

Figure 5 shows the dendrite tip growth rate (v) as

function of the position of liquidus isotherm. The dendrite

tip growth rate is obtained from the experimental data for

temperature variation in the sample during solidification

process applying the relation:

v ¼ x2 � x1

t2 � t1

ð4Þ

where x2 - x1 is the distance between two positions, 1 and

2, of the dendrite tip in the sample and t2 - t1 is the time

necessary for the displacement of the dendrite tip (liquidus

isotherm) from position 1 to position 2. The results show

that the cooled mould imposes a high heat extraction close

to metal/mould contact, leading to a high growth rate. This

growth rate decreases along the solidification process due

to the increasing thermal resistance both at the interface, as

consequence of air gap formation, and to the increasing

solidified shell. It is also observed that increasing the

magnesium content decreases the growth rate, due to the

extended mushy zone as explained above. This is coherent

with the results for displacement of liquidus isotherm

presented in Fig. 4.

The local solidification time (tl) represents the time

interval between the passage of liquidus and solidus iso-

therms in a given position in the casting. The variations of

local solidification time as function of position of liquidus

isotherm for the three Al–Mg alloys are presented in Fig. 6.

The results show that local solidification time increases

with increasing magnesium content. The reason is related

to the influence of increasing alloy content on the differ-

ence between solidus and liquidus temperature. The

increasing in the difference between solidus and liquidus

temperature and the constitutional super cooling lead to an

increasing in the extension of the mushy zone, as previ-

ously explained, and consequently the time interval nec-

essary to the dendrites tips and roots pass to a given

position increases.
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The variations of thermal gradient (GL) ahead of liqui-

dus isotherm as function of the position of this isotherm for

the Al–Mg alloys are shown in Fig. 7. The thermal gradient

is obtained from the relation:

GL ¼
T 0 � TL

x0 � xL

ð5Þ

where TL is liquidus temperature, at liquidus isotherm

position (xL) and T0 is the temperature at a position (x0)
ahead of the liquidus isotherm position. The gradient is

higher at the beginning of the solidification process when

the superheat of liquid metal is high and decreases rapidly

as this superheat is dissipated approaching to zero. It is

observed that the gradient is a little higher for higher

magnesium contents decreasing slightly as magnesium

content decreases. The reason for this behavior is that heat

flow in the sample during solidification decreases with

magnesium content due to extended mushy zone, as

explained previously, attenuating the dissipation of super-

heat in the liquid metal.

From the results obtained for tip growth rate and thermal

gradient, the cooling rate (T*) associated to the liquidus

isotherm front is determined applying the equation [1]:

T� ¼ GL � v ð6Þ

where T* is the cooling rate, GL is the thermal gradient,

and v is the dendrite tip growth rate. Figure 8 shows the

variation of the cooling rate as function of position of

liquidus isotherm for the alloys studied. The cooling rate is

high at the beginning of the solidification processes but

decreases continuously due to the increasing thermal

resistance imposed by the crescent air gap at metal/mould

interface and the increasing solidified shell. Comparing the

results for the three alloys, it is observed that the cooling

rate decreases with magnesium content, as consequence of

decreasing observed in dendrite tip growth rate (see Fig. 5)

for the reasons explained before.

The following results refer to macro and microstructures

formation observed during solidification of the Al–Mg alloys.

Figure 9 shows the macrostructures for pure aluminum

(a) and for Al 5 wt% Mg (b), Al 10 wt% Mg (c), and Al

15 wt% Mg (d). In this case, results for pure aluminum were

added to analyze the effect of magnesium content in

columnar zone formation. It is observed that, in spite of

some anomalous grains, for pure aluminum the structure is

preponderantly columnar in all extension of the solidified

specimen, growing in the direction of heat transfer, and for

the Al–Mg alloys the extension of the columnar zone

decreases as the magnesium content increases. As observed

in Fig. 7, thermal gradients increase with magnesium con-

tent attenuating the dissipation of superheat and contribut-

ing to keep a columnar growth. Figure 10 presents the

extension of the columnar zone as function of the magne-

sium content. It is observed a practically linear variation of

the extension of columnar zone with the magnesium con-

tent. It is interesting to note that for Al 15 wt% Mg changes

in preferential growth direction is observed. These, gener-

ally denominated, feathery grains originate close to metal/

mould interface where the heat extraction is high. This

phenomenon was studied by Henry et al. who attributed it to

high thermal gradients and cooling rate [11]. The results

obtained in this study indicate that for Al–Mg alloys

these changes in growth direction are also affected by

the magnesium content, occurring for high values of Mg

content.
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Concerning now to microstructures, Fig. 11 presents the

variation of primary dendrite arm spacing (k1) as function

of position of liquidus isotherm (x), for the alloys

containing 5, 10, and 15 wt% Mg. The lines represent the

best fit of experimental measurements expressing the

dependence between spacing and position as a power

function. It is observed that near metal/mould interface, the

primary dendrite arm spacing is smaller due to high values

of tip growth rate and cooling rate and that spacing

increases during the solidification processes as heat transfer

coefficient decreases and thermal resistance of solidified

shell increases. The dependence of primary arm spacing on

alloy content is not yet well established, some authors

reported that the primary spacing is little affected by alloy

content [7, 16] and others concluded that it increases with

alloy content [17]. The results presented at Fig. 11 indicate

that for Al–Mg alloys the primary spacing increases with

magnesium content, but considering the deviation of the

measurements this influence is not very significant.

Considering that for certain alloys, the primary arm

spacing predictions furnished by theoretical models con-

cerning to steady-state conditions fit well with the experi-

mental results obtained in unsteady-state conditions [7], the

experimental results obtained for the Al–Mg alloys were

compared with predictions obtained applying models

Fig. 9 Macrostructures for pure

aluminum (a) and for Al 5 wt%

Mg (b), Al 10 wt% Mg (c) and

Al 15 wt% Mg (d)
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proposed by Hunt [18], Kurz and Fisher [1, 19], Trivedi

[20] and Geying and Lixin [21]. Basically, the primary arm

spacing depends on the product G-0.5�v-0.25 [1]. Fig-

ure 12a–c present the comparisons for the alloys contain-

ing 5, 10, and 15 wt% Mg, respectively. The primary arm

spacing was plot as function of the product: G-0.5�v-0.25. It

is clear from the results that for the Al–Mg alloys the best

fit is obtained using the model proposed by Hunt, which

can be applied to predict the primary space for these alloys.

Figure 13 presents the variation of secondary dendrite

arm spacing (k2) as function of position of liquidus iso-

therm (x), for the alloys containing 5, 10, and 15 wt% Mg.

The lines represent the best fit of experimental measure-

ments expressing the dependence between spacing and

position as a power function. In a similar way observed in

the behavior of primary arms, near metal/mould interface

the secondary dendrite arm spacing is smaller due to high

values of tip growth rate and cooling rate and increases

during the solidification processes as heat transfer coeffi-

cient decreases and thermal resistance of solidified shell

increases. The dependence of secondary arm spacing on

alloy content is more evident in this case. As the secondary

arm spacing depends directly on the local solidification

time [1], the results indicate that this spacing increases with

magnesium content (see Fig. 6). The experimental results

for secondary arm spacing were compared with predictions

obtained from theoretical models proposed by Jones [22],

Feurer [23] and Kirkwood [24], considering unsteady-state

conditions. Figure 14a–c shows the comparisons for the

alloys containing 5, 10, and 15% Mg, respectively. The

secondary arm spacing was plot as function of the local

solidification time. In this case, predictions furnished by
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2292 J Mater Sci (2010) 45:2285–2295

123



the model proposed by Feurer shows a best fit with

experimental results.

Some other correlations can be established between

primary and secondary dendrite arm spacing and solidifi-

cation parameters. Figure 15 shows, adopting logarithm

scales, the variation of the primary arm spacing with the

cooling rate, for the three Al–Mg alloys studied. As the

primary arm spacing varies with the inverse of cooling rate

[1], the results indicate that the primary spacing decreases

as cooling rate increases. Analogous results are presented

in Fig. 16 for secondary dendrite arm spacing. The sec-

ondary arm spacing also varies with the inverse of cooling

rate [1], decreasing as cooling rate increases.

Conclusions

From the results obtained for unsteady-state unidirectional

solidification of Al–Mg alloys containing 5, 10, and

15 wt% Mg, some conclusions were derived and can be

summarized as follows.

The global heat transfer coefficient between metal and

coolant for the Al–Mg alloys increases significantly as

magnesium content increases.

Increasing the magnesium content, which increases the

difference between liquidus and solidus temperatures, the

time for the dendrite tips reach an equivalent distance also

increases.

The dendrite tip growth rate decreases with the distance

of metal/mould interface. Increasing the magnesium con-

tent, the dendrite tip growth rate decreases.
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The local solidification time increases with the magne-

sium content.

The thermal gradient ahead of liquidus isotherm is

higher at the beginning of the solidification process, when

the superheat of liquid metal is high, and decreases rapidly

as this superheat is dissipated approaching to zero. It is

observed that the gradient is a little higher for higher

magnesium contents decreasing slightly as magnesium

content decreases.

The cooling rate associated to the liquidus isotherm

front is initially high but decreases continuously during

solidification process. The cooling rate decreases with

magnesium content.

For pure aluminum, the structure is preponderantly

columnar in all extension of the solidified specimen,

growing in the direction of heat transfer, and for the Al–Mg

alloys the extension of the columnar zone decreases as the

magnesium content increases. It is observed that the

extension of columnar zone shows a linear variation with

the magnesium content.

Concerning to microstructure formation, it is observed

that near metal/mould interface, the primary and secondary

dendrite arm spacing are smaller, increasing during the

solidification processes. Both the primary and secondary

dendrite arm spacing increase with magnesium content. For

primary dendrite arm spacing the best fit between experi-

mental results and theoretical models is obtained using the

model proposed by Hunt and for secondary dendrite arm

spacing the best fit is obtained by the model proposed by

Feurer. Primary and secondary arms decrease with the

cooling rate during solidification.
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