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Three of the methods used to determine the volume fraction of solid as a function of
temperature in alloys in the semisolid state, namely utilization of thermodynamic data,
thermal analysis, and quantitative metallography on quenched microstructures, are
studied. The accuracy of each method is evaluated and the advantages and limitations are
recognized. It is demonstrated that, while all methods are approximate, they offer distinct
and different advantages. C© 2000 Kluwer Academic Publishers

1. Introduction
Increased interest in semisolid metal processing during
the recent years has created the need for the accurate
evaluation of the volume fraction of solid in semisolid
alloys as a function of temperature, since this param-
eter controls to a large extent the rheological behavior
[1–5] and the evolution of microstructure [6–11] in the
semisolid state. Thus, this parameter is of critical im-
portance, both for fundamental work and for the control
of the process. It is important to note that, for each al-
loy, the volume fraction of solid is defined uniquely
at a given temperature only under equilibrium condi-
tions. In any other case, it depends on the prior thermal
history.

The volume fraction of solid,gS, can be evaluated
either directly or through its effects on a physical prop-
erty. The following methods are potential candidates:

• utilization of thermodynamic data (equilibrium
phase diagrams),
• thermal analysis techniques,
• quantitative metallography on microstructures

quenched from the semisolid state,
• ultrasonic monitoring (measurement of propaga-

tion speed of ultrasonic waves),
• measurement of electrical resistance/magnetic per-

meability, and,
• measurement of mechanical response (by indenta-

tion, back extrusion etc.).

The last three methods not only require calibration but
there is no unique correspondence between the char-
acteristic parameter measured (ultrasonic wave veloc-
ity ratio, average electrical resistance, and resistance to
deformation respectively) and the volume fraction of
solid. This is because, wave propagation and the elec-
trical, magnetic and mechanical properties of semisolid
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alloys depend strongly on the microstructure as well,
especially on the connectivity and distribution of the
solid phase. For these reasons, in this paper we focus
our attention on the first three methods. Use of phase
diagrams, thermal analysis, and image analysis are de-
scribed and examined below in terms of accuracy and
ability to characterize the transient states typical of in-
dustrial implementations of semisolid processing. For
this reason, we draw examples from our work on the
characterization of semisolid microstructures [12]. We
evaluate the volume fraction of solid in wrought and
cast aluminum alloys that have been produced by the
three major methods used for the production of alloys
with near-equiaxed microstructure, that are suitable for
subsequent semisolid processing: spray casting, mag-
netohydrodynamic (MHD) casting, and the stress in-
duced, melt activated (SIMA) process [1, 2]. Alloys
produced by these three methods share a similar thermal
history: they are produced from complete solidification
of the liquid phase but under different conditions; dur-
ing semisolid processing they are reheated with very
high heating rates and soaked for short periods of time
(of the order of few minutes) in the semisolid state prior
to forming.

2. Experimental procedures
Wrought and cast aluminum alloys, produced by spray-
casting, MHD-casting and the SIMA process, were
examined by thermal analysis and quenching experi-
ments. The most common alloys in semisolid form-
ing, the Al-7wt.%Si hypoeutectic alloys were the main
alloys investigated. In this work, Al-7.2wt.%Si alloys
produced by spray casting and SIMA were compared
with a A356 MHD-cast alloy. In addition, spray-
cast Al-4wt.%Cu and 2014 alloys were also inves-
tigated. Spray-cast preforms of Al-4wt.%Cu, 2014
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TABLE I Chemical composition (in wt.%) of alloys studied

Spray-Cast /
Alloy SIMA MHD-Cast Spray-Cast Spray-Cast
Element Al-7.2wt.%Si A356 2014 Al-4wt.%Cu

Cu <0.05 <0.05 4.24 4.04
Si 7.16 6.89 0.74 0.05
Mg <0.05 0.32 0.61 <0.05
Fe 0.21 0.12 0.39 0.09
Ti <0.05 <0.05 <0.05 <0.05
Zn <0.05 <0.05 0.23 <0.05
Mn 0.09 <0.05 0.77 <0.05
Pb <0.05 <0.05 <0.05 <0.05
Sn <0.05 <0.05 <0.05 <0.05
Ni <0.05 <0.05 <0.05 <0.05
Cr <0.05 <0.05 <0.05 <0.05
Al balance Balance balance balance

and Al-7.2wt.%Si were provided by Osprey Metals
Ltd., Neath, UK. MHD-cast A356 was provided by
CTC, Johnstown, PA, in the form of cylindrical ingots,
7.62 cm in diameter (3′′). SIMA Al-7.2wt.%Si was pro-
duced in the laboratory. Details on the process of pro-
ducing the SIMA alloy can be found in [11, 12]. The
chemical composition of the alloys used in this work is
shown in Table I.

2.1. Determination of volume fraction of
solid using thermal analysis

Thermal analysis techniques have been used tradition-
ally in order to evaluate the weight fraction of solid
[13–17]. The procedure consists of three steps: initially,
the heat of melting is measured, and subsequently, the
weight fraction of solid is calculated using themethod
of partial areas.Finally, the results for the weight frac-
tion of solid are transformed into volume fraction of
solid.

Differential scanning calorimetry (DSC) has an ad-
vantage compared with differential thermal analysis
(DTA), as it measures directly the evolution of the heat
of melting during the solid-liquid phase transformation,
especially with the recent development of high tem-
perature DSC instruments that permit measurements to
temperatures up to 1700◦C. In this method, small pieces
of the alloy under investigation,∼5 mg, are heated
from a temperature where the alloy is 100% solid (usu-
ally 30◦C below the nominal solidus temperature§), to
a temperature above the liquidus. The result is given
in terms of the differential power flow rate, (dQ/dt),
required by the specimen in order to be at the same
temperature with a reference sample, as a function of
temperature, when heated at a constant heating rate.
The energy absorbed during heating contributes to the
change of the heat content of the solid and liquid phases
and the heat of melting [18, 19]:

dQ

dt
= m

(
fsCp,s+ (1− fs)Cp,L +1H

d fs
dT

)
dT

dt
(1)

§ The solidus temperature is herein used in a broader sense as the tem-
perature where the first liquid phase is formed, thus substituting for the
eutectic temperature.

wherem is the mass of the sample,Cp.S andCp,L are
the heat capacities of the solid and liquid phases respec-
tively, and,1H is the heat of melting.

To simplify the calculations, a baseline is defined,
used to isolate the energy that corresponds to the heat
of melting of the solid phase and thus the term dfs/dT ,
from the heat needed to change heat content. Although
a straight line may be adequate when the heat capacities
of the solid and liquid phases do not vary significantly,
typically a sigmoidal baseline must be created to define
the lower limit of the area under the DSC curve. This
is necessary since the slope of the baseline (which rep-
resents the heat capacity) changes with a phase trans-
formation, and the use of a linear baseline may lead to
significant errors. The simplest method to create the
sigmoidal baseline is the extrapolation of the initial
and final baselines to the thermodynamic transforma-
tion temperature. This method is approximate and may
introduce errors in the results. More accurate methods
require the knowledge of the exact values of heat capac-
ities of the solid and liquid phases [20]. The total area
between the DSC curve and the created baseline corre-
sponds to the net energy required to melt the sample,
the heat of melting.

Since measurements are performed at a fixed heat-
ing rate,Ṫ , the decrease of the weight fraction of solid
during melting can be calculated from the measured
increase of the absorbed heat of melting. From Equa-
tion 1:

d fs = 1

Ṫ m1H

(
dQ

dt

)
dT ⇔ 1 fs = 1− fs(T)

= 1

Ṫ m

T∫
TS

1

1H

(
dQ

dt

)
dT (2)

A usual approximation to Equation 2 is derived by as-
suming that,the heat of melting is independent of the
temperature and thus the composition of the solid phase
and is linearly proportional to the amount of the melted
alloy:

fs(T) = 1− 1

m1H
Q(T) (3)

whereQ(T) is the heat absorbed from the beginning
of melting until the temperature of the alloy isT , or
in other words the area under the DSC curve bound
on the right by the temperature of interest. Then, the
weight fraction of solid is proportional to the evolution
of heat during melting, i.e. the area under the DSC
curve. This approach is called themethod of partial
areas.The transformation of the weight content into
volume content is described in 3.1.

Our experiments were performed with a heating rate
of 10 K/min using a Perkin Elmer DSC 7. Small sam-
ples were machined from the billets of the examined
alloys and tested using alumina holders. Samples were
taken from various positions from each ingot to min-
imize the possibility of getting non-representative re-
sults due to local compositional variations due to seg-
regation. Our results showed that, the melting behavior
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in spray-cast alloys did not vary with the position of
the ingot where the tested samples came from, while
the variation observed when the SIMA and MHD-cast
alloys were tested was small, within the experimental
error of the method.

2.2. Determination of volume fraction of
solid using quenching experiments

Quenching experiments are used to ‘freeze’ the mi-
crostructure in the semisolid state and permit the eval-
uation of the volume fraction of solid using quantita-
tive metallography. The cooling rate during quenching
has to be very fast to minimize the extent of dendritic
and epitaxial solidification of liquid on the solid phase,
which increases the size of the solid grains and reduces
the accuracy of the method.

Image analysis is used to calculate the volume frac-
tion of solid from images of the quenched microstruc-
ture, typically obtained by optical microscopy. The
method consists of four discrete steps: sample selec-
tion and preparation, image acquisition and processing,
measurement and data analysis [21]. The area selected
for analysis from the quenched sample must be repre-
sentative for the alloy. Examination of microstructure
of semisolid alloys has shown that, although the solid
phase is uniformly distributed in the liquid phase in
SIMA and spray-cast alloys, it exhibits a high degree of
segregation in MHD-cast alloys [11]. Therefore, a large
area has to be examined in order to obtain represen-
tative and reproducible results. Typically, many areas
from the same sample have to be measured. These areas
must be selected based on a systematic sampling plan
to minimize the bias from the operator. Samples must
be prepared very carefully: an image of good quality,
a result of proper polishing and etching that enhances
contrast between the solid and liquid phases, permits the
unambiguous detection and identification of the phases
by the image analyzer. Bad image quality from prepa-
ration and focusing and uneven sample lighting intro-
duces an error in the results. The two phases are dis-
tinguished by gray level thresholding that is performed
either manually or automatically. Automatic threshold-
ing minimizes the influence of operator fatigue, reduces
the analysis time, and increases the accuracy and repro-
ducibility of the measurements compared with manual
thresholding. After the phases have been identified, the
volume fraction of solid is calculated by the ratio of
picture elements that correspond to the solid phase to
the number of picture elements that correspond to the
whole image.

The experimental setup designed to test the accu-
racy of the method is shown in Fig. 1a. A vertical tube
furnace was used to heat the sample to the quenching
temperature. The sample was hung inside the furnace
by a thin copper wire. A calibrated thermocouple was
placed inside a hole located on the top surface of the
sample (3–4 mm deep) to ensure that the sample had
reached the predefined quenching temperature. The ma-
terial was heated to the quenching temperature with an
average heating rate of 40 K/min and soaked for 2 min
before quenching, to ensure uniform partial melting.

(a)

(b)

Figure 1 (a) Setup used for the quenching experiments; (b) quenching
sample.

After soaking, the wire was cut and the specimen was
immersed into the quencher. To ensure that the speci-
men is cooled rapidly, its dimensions must be kept to
a minimum. On the other hand, the strength of the al-
loy is decreased at temperatures above solidus, so the
presence of thick walls around the thermocouple hole
is necessary to keep the thermocouple inside the spec-
imen. To overcome this problem, L-shaped specimens
were used, as shown in Fig. 1b. The thick part of the
sample supported the thermocouple while the thin part
was quenched rapidly and used for examination.

While water is usually been used as a quencher, liquid
metal of low melting point was chosen as the quench-
ing medium for our experiments. Quenching was done
in liquid eutectic Sn-Pb (solder) that offers high ther-
mal diffusivity and good wettability of the samples and
eliminates the problem of reduced heat transfer due to
the formation of a vapor film on the surface of the sam-
ple when water is used as the quencher. The quencher
was placed underneath the furnace and was held at a
temperature of∼220◦C using a gas torch. In order to
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overcome the buoyancy of the specimens in the liquid
solder (density 8.8 g/cm3), a piece of copper (density
8.98 g/cm3) was attached to the samples, dragging them
into the bath. Relatively high cooling rates of the order
of 70 K/s were achieved using this setup. An estimate
was made by measuring the secondary dendrite arm
spacing (SDAS) of the rapidly solidified liquid phase
[22, 23]. The measured SDAS for the Al-Si and Al-Cu
alloys were 2.5µm and 4.3µm respectively.

Images from the quenched microstructures were
taken at relatively low magnification (100×–200×).
Finally, the public domain NIH Image 1.55 software
[24] was used to evaluate the volume fraction of solid.

3. Analysis
3.1. Calculation of volume fraction of solid

utilizing thermodynamic data
Direct evaluation of the volume fraction of solid based
on phase diagrams can be performed for alloys that melt
or solidify under equilibrium conditions only. For sim-
ple binary eutectic alloys, the lever rule allows for the
analytical determination of the weight fraction of solid,
f Eq
s , at a given temperature,T , in the semisolid range.

Assuming that the solidus and liquidus lines of the
phase diagram are linear then:

f Eq
s =

(TM − T)−mLC0

(TM − T)(1− k)
(4)

wherek is the partition coefficient of the alloy,mL is the
slope of the liquidus line,C0 is the alloy composition
andTM is the melting point of the pure solvent.

The phase diagram can also be used in the case of
a fully microsegregated alloy that results from non-
equilibrium solidification conditions, i.e. under com-
plete diffusion in the liquid phase and no diffusion
in the solid phase. For simple binary alloys, the non-
equilibrium lever rule, or Scheil equation, can be used
for the analytical determination of the weight fraction
of solid, f Sch

s , at a given temperature in the semisolid
range [25]:

f Sch
s = 1−

(
TM − T

TM − TL

)− 1
1−k

(5)

whereTL is the liquidus temperature of the alloy.
Thermodynamic database software such as Thermo-

calc [26], can utilize equilibrium phase diagrams and
the Scheil equation to allow for the prediction of the
weight fraction of solid in complex multi-component
alloy systems.

Finally, to determine the volume fraction of solid
from the weight fraction of solid, it is necessary to know
the densities of the solid and liquid phases,ρS andρL
respectively, as functions of temperature,T , and com-
position,C:

gs = fs

fs+ (1− fs)
ρs(C, T)

ρL(C, T)

(6)

However, equilibrium and maximum microsegrega-
tion conditions represent limiting cases. Although non-
equilibrium conditions are often present during solidi-
fication of alloys, slow back diffusion in the solid phase
during and after solidification leads to homogenization
of the solid phase. In addition, partial reheating prior
to semisolid forming results in a further shift from mi-
crosegregated towards equilibrium conditions. There-
fore, the extent of back diffusion determines the level of
homogenization and furthermore, the solid content at
a given temperature. Complex models, based on solute
redistribution, are required to predict the evolution of
solid during solidification and remelting that include
back diffusion in the solid while the alloy is in the
semisolid state [18, 25]. According to these models,
the weight solid fraction in binary eutectic alloys is
given as a function of the modified Fourier number of
the process,a′:

fs = 1

1− 2α′k

{
1−

[
TM − T

mLC0

] 1−2α′k
k−1

}
(7)

The modified Fourier number,a′, is used to describe the
thermal history of the alloy, and is of the form [18]:

a′ = a

[
1− exp

(
−1

a

)]
− 0.5 exp

(
− 1

2a

)
(8a)

whereα is the Fourier number of the process defined as:

α = DS tSL

x2
(8b)

where tSL is the time that the alloy spends in the
semisolid state during both solidification and reheat-
ing, Ds is the diffusion coefficient of the solute in the
solid state andx is the characteristic distance for back
diffusion. In the case of equiaxed microstructures, this
characteristic distance is half the grain size, (d/2), while
in dendritic microstructures, it is half the secondary
dendritic arm spacing, (SDAS/2), as it evolves dur-
ing ripening. The Fourier number,α, may vary from
0 (maximum microsegregation - Scheil equation) to∞
(equilibrium solidification - lever rule), while the mod-
ified Fourier number,α′, varies from 0 to 0.5 under the
same conditions [18].

For a given alloy system, high cooling rates during
solidification reduce the local solidification time, in-
creasing the amount of residual non-equilibrium eutec-
tic and reducing the degree of homogenization. At the
same time, short solidification times result in a small
grain size which represents the characteristic length
for back diffusion, so higher cooling rates decrease
the characteristic diffusion distance, decreasing the re-
quired homogenization time. The net effect of cooling
rate,Ṫ , on the Fourier number is (Appendix I):

α ∝ Ṫ−1/3 (9)

Therefore, the Fourier number decreases with the in-
crease of the cooling rate, indicating that the conditions
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Figure 2 Evolution of weight fraction of solid with temperature in the
Al-13wt.%Mg alloy, as calculated using: the phase diagram (equilib-
rium conditions,a′ = 0.5), the Scheil model (maximum microsegrega-
tion, a′ = 0), and Equation 7 fora′ = 0.25 (partial homogenization).

prevailing during solidification, and therefore the pro-
cess used to produce the alloy, affect the evolution
of the solid content during subsequent remelting. As
an example, Fig. 2 shows the effect of Fourier num-
ber on the evolution of weight fraction of solid in the
Al-13wt.%Mg alloy.

In the thixoforming mode of semisolid processing, a
reheating stage in the semisolid regime proceeds form-
ing, and may affect the degree of microsegregation,
and in turn, the solid content during forming. For ex-
ample, current industrial practice involves the rapid
heating, of the order of 170 K/min, of A356 Al-Si al-
loys from room temperature to forming temperatures
above the eutectic within 200 s [27]. This heating rate
is so high that homogenization and dissolution of non-
equilibrium eutectic via solution treatment in the solid
state are negligible¶. In this case, the degree of mi-
crosegregation is not expected to change while the alloy
is still in the solid state. As a result, non-equilibrium
liquid is formed as soon as the temperature exceeds the
non-equilibrium eutectic temperature by melting mi-
crosegregated species that have resulted from prior non-
equilibrium solidification conditions. It is also common
practice to soak the alloys at the forming temperature
in order to promote spheroidization and achieve a uni-
form distribution of the liquid phase. Significant ho-
mogenization may occur during that stage, depending
on the alloy system and grain size, reducing the liquid
content as a result of freezing of non-equilibrium liquid.
Examples of homogenization times for various binary
alloy systems with a near-equiaxed microstructure can
be found in [29].

Non-equilibrium liquid can also form from melting
homogenized and equilibrium microstructures. For ex-
ample, at room temperature the Al-4wt.%Cu alloy con-
sists of a solid solution of Cu in Al (α phase) and parti-
cles ofθ phase. When the alloy is heated slowly,θ phase
begins to dissolve, and if heating is slow enough, all the
θ phase is dissolved above the solvus temperature. On

¶ In general, solution treatment is a very slow process, even at elevated
temperatures. Based on [28], if a 40µm grain is considered that contains
10 vol.% non equilibrium eutectic, uniformly distributed around its
surface, the time required to dissolve 10 vol.% of the eutectic is 24 min
for the Al-Cu system. This result shows that, the times required for
solution treatment exceed the times used in semisolid processing, so
no such change should be expected during the process.

the other hand, when the heating rate is high, much of
theθ phase remains undissolved [30], and when the eu-
tectic temperature of 548◦C is reached, melting begins
at the interface between theα phase and theθ phase
forming non-equilibrium liquid.

This discussion shows clearly that, thermodynamic
databases can be used to establish accurately the evo-
lution of the solid content during melting if the alloy is
near equilibrium, or in conjunction with an appropriate
model that accounts for the thermal history of the alloy.
Therefore, there is a need for experimental methods that
evaluate directly the alloy on thermal conditions sim-
ilar to the conditions employed by industrial practice.
Nevertheless, the use of thermodynamic databases of-
fers a very significant and unique advantage compared
with all other methods. This method is a valuable tool
for material selection and alloy design. For example, it
allows for the evaluation of the sensitivity of the vol-
ume fraction of solid to minor temperature variations.
For practical reasons this parameter must be small to
ensure processability via the semisolid route [29]. Us-
ing thermodynamic database software, alloys with low
sensitivity of the solid content to minor variations of
temperature can be identified and new alloys can be
designed.

3.2. Thermal analysis technique
The thermal analysis approach, specifically the method
of partial areas, is approximate. As the temperature in-
creases, the composition of the solid phase changes
to maintain local equilibrium at the solid-liquid inter-
face following the equilibrium phase diagram. More
importantly, the heat of melting, which reflects the en-
ergy required by the atoms to be transferred from the
solid phase to the liquid across the solid-liquid inter-
face, is also a function of composition as it depends on
the type of atoms, their concentration and their spatial
distribution. A detailed examination, based on simple
thermodynamic principles, that quantifies the effect of
composition on the heat of solidification/melting shows
that, there are significant errors in the results calculated
by the method of partial areas, when the heat of melting
of the alloy is significantly different from the latent heat
of the solvent metal, i.e. when the alloy is not dilute. In
addition, the error increases at medium solid content,
which is the range of interest for semisolid process-
ing. For example, the maximum error predicted for the
Al-4wt.%Cu alloy is 0.02 atfs= 0.85, while for the
Al-17Si-4.5Cu alloy the error is 0.2 atfs= 0.07 [31].

The use of thermal analysis techniques has an ad-
ditional shortcoming. A comparison between the high
heating rates used in semisolid processing (170 K/min)
and the slow rates used in the DSC tests (5–30 K/min)
shows that, current thermal analysis techniques do not
simulate accurately industrial conditions as they can-
not achieve very high heating rates. Homogenization
is enhanced during measurements by thermal analysis,
thus imposing an additional error on the results, due to
the different thermal histories. This is very important
for binary alloys, while conventionally cast commer-
cial alloys with multiple alloying elements may exhibit
slower homogenization rates than binary alloys.
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Although thermal analysis may not portray accu-
rately the evolution of the solid content during melt-
ing, it can provide useful information on characteristic
temperatures such as the liquidus and solidus or eutec-
tic, which can be used to identify the presence of non-
equilibrium species in an alloy. These measurements
may be performed either during cooling, to study the
kinetics of solidification, or during heating to study the
kinetics of melting, as it is described herein. The proper
heating profile is dictated by the purpose of the exper-
iment. For the study of casting processes, experiments
should be performed during solidification. To get useful
results, suitable for evaluating the solid content during
thixoforming, experiments performed during cooling
are inappropriate as they include nucleation effects and
undercooling of the liquid phase. On the other hand, the
study of the behavior of alloys during melting simulates
more closely industrial conditions and avoids the prob-
lems of nucleation and undercooling, since overheating
in metallic solids is always absent [32].

More importantly, thermal analysis can be used to
compare the melting kinetics of similar alloys and
provide with comparative information that otherwise
would not be possible to obtain. Two examples follow
that outline this advantage:

The first example shows the difference in the evolu-
tion of solid content during melting, between spray-cast
and conventionally cast Al-4wt.%Cu alloys. Initially, a
sample from spray-cast Al-4wt.%Cu alloy was exam-
ined. The melted sample was resolidified with a cooling
rate of 100 K/min inside the DSC simulating conven-
tional solidification conditions, and was tested again.
The resulting DSC curves are shown in Fig. 3a. The
difference between the two alloys lies in the presence
of an endothermic reaction at 548◦C for the conven-
tionally solidified alloy, the eutectic temperature of the
Al-Cu system. This reaction corresponds to the melting
of non-equilibrium eutectic that has resulted from the
non-equilibrium conventional solidification conditions.
On the other hand, the spray-cast alloy does not exhibit
such a reaction, and the temperature where heat starts
to be absorbed for melting, that is indicated by the tem-
perature where the DSC curve deviates from the base-
line, coincides with the solidus temperature of the alloy,
as predicted by the equilibrium phase diagram for the
Al-4wt.%Cu alloy composition. This result agrees with
our results from other spray-cast alloys and shows that,
spray-cast microstructures are fully homogenized, and
therefore, the evolution of the solid content in spray-
cast alloys is more accurately predicted by using the
phase diagram than by using the Scheil equation as has
been proposed by other investigators for alloys in gen-
eral [3, 33]. The results from the DSC, as well as the
predictions of the lever rule and the Scheil equation that
correspond to the Al-4wt.%Cu alloy composition, are
shown in Fig. 3b. The observation that, the result of the
thermal analysis for the spray-cast alloy is very close to
the result predicted by using the lever rule shows that,
the error imposed by using the method of partial areas
is not significant, at least in this case where the Cu con-
centration is low. Microsegregation in spray-cast mi-
crostructures is often absent due to rapid solidification.
That is because, liquid droplets experience significant

(a)

(b)

Figure 3 (a) DSC curves for Al-4wt.%Cu alloys produced by spray cast-
ing and under conventional solidification conditions; (b) evolution of
weight fraction of solid as calculated using the lever rule, the Scheil
equation and the method of partial areas for the Al-4wt.%Cu alloy. The
results from the quenching experiments are superimposed.

undercooling [34], due to the high cooling rates during
atomization (of the order of 103–105 K/s). In conse-
quence, the solid that is formed inside the droplets has
a composition that is closer to the nominal alloy com-
position than in typical castings. Furthermore, the solid
content of the spray prior to deposition (which is of
the order of 50 vol.%) homogenizes quickly due to the
very small droplet size and the small SDAS within the
droplets. After deposition, solidification continues at a
relatively low cooling rate (1–20 K/s), completing ho-
mogenization.

The second example shows the difference in the
kinetics of melting between spray-cast, SIMA and
MHD-cast Al-7wt.%Si alloys. The weight fraction vs.
temperature curves, calculated using the method of par-
tial areas, are shown in Fig. 4. In the same figure, the
predictions of the lever rule for the Al-7wt.%Si alloy
composition are also shown. It is interesting to observe
that, the three alloys follow different melting patterns.
At any temperature below 590◦C, where the melting
of the eutectic is complete, the MHD-cast alloy shows
the lowest amount of solid phase, while the spray-cast
alloy the highest. These differences are attributed to the
following factors:

• the MHD-cast alloy contains 0.3% Mg, while
Mg is absent in the SIMA and spray-cast alloys.
The presence of Mg in the MHD-cast alloy shifts
the eutectic temperature approx. 8◦C lower than
in the spray-cast and SIMA alloys, so melting
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Figure 4 Evolution of weight fraction of solid for Al-7wt.%Si alloys
produced by spray casting, SIMA and MHD casting, as measured using
DSC. The results from the quenching experiments for these alloys and
the predictions of the phase diagram for the same alloy composition are
also shown.

starts earlier producing Mg-rich liquid. In addi-
tion, the typical cooling rates during solidification
of MHD-cast alloys (6–10 K/s) [35] are higher
than in SIMA [12], therefore, the amount of non-
equilibrium species due to microsegregation is also
higher in the MHD-cast alloy than in the SIMA
alloy.
• While SIMA and spray-cast alloys have the same

chemical composition, SIMA shows a higher liq-
uid content at any temperature compared with the
spray-cast alloy, due to:

i. the presence of microsegregated species, a re-
sult of conventional solidification conditions
[36], and,

ii. the modification of the Al-Si phase diagram
that the spray-cast alloy follows, as the result
of the very high cooling rates during spray
deposition, that increase the eutectic compo-
sition in the Al-Si system and the maximum
solute solubility of Si the Al, thus decreasing
the amount of eutectic formed, changing the
kinetics of melting [37, 38].

In conclusion, thermal analysis techniques may be oc-
casionally inaccurate, but the error is small for dilute
alloys. Even when the error is significant, thermal anal-
ysis techniques can provide information on differences
in the melting kinetics, helping us understand the effects
of microstructure, as resulted from the prior thermal
conditions. Such an insight cannot be provided using
any other technique. Therefore, by using thermal anal-
ysis techniques, thermal information is related directly
to the physical picture of the microstructure of the alloy
as it melts, and valuable information on the solidifica-
tion process that produced these microstructures can be
obtained.

3.3. Image analysis in samples quenched
from the semisolid state

Attempts to quench alloys with a high solid content
(<75 vol.%) and consist mainly of a single phase
(spray-cast 2014 and Al-4wt.%Cu) failed to reveal the
presence of liquid. This is attributed to insufficient cool-

ing rates. At high volume fractions of solid, liquid wets
the grain boundaries by forming a thin film that solidi-
fies almost instantly. For example, if it is assumed that a
spherical grain, 50µm in diameter, is totally surrounded
by liquid, the average thickness of the liquid film,t , is
only 1.8µm, at volume of liquid,gL, of 20 vol.%. This
thickness is given by:

t = d

2

(
1− (gL)1/3) (10)

The quenching experiments do, however, reveal the
presence of liquid at medium and low volume con-
tents of solid. Fig. 5 shows typical microstructures
of spray-cast 2014 and Al-4wt.%Cu at 25 vol.% and
50 vol.% solid respectively, while Fig. 6 shows mi-
crographs from the quenched microstructure obtained
from Al-7wt.%Si alloys quenched at 55 vol.% liquid.
While the darker regions in the micrographs consist of
very fine dendrites and/or eutectic, resulting from rapid
solidification of the liquid phase, the white areas corre-
spond to the solid phase.

Morphological instability in the Al-7wt.%Si alloys
at the solid-liquid interface during rapid solidification
led to dendritic growth from the surface of the solid
grains that has to be taken into account during the mea-
surement of the solid phase (Fig. 6b). These fine den-
drites can be excluded manually when the microstruc-
ture is observed at high magnification so the original
solid-liquid interface can be detected. Nevertheless, im-
age analysis cannot be performed accurately at such

(a)

(b)

Figure 5 Microstructure of Al-Cu alloys quenched from the semisolid
state: (a) 2014 with 25 vol.% solid; (b) Al-4wt.%Cu with 50 vol.% solid.
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(a)

(b)

Figure 6 Microstructure of Al-7wt.%Si alloys quenched from the
semisolid state: (a) spray-cast alloy with 55 vol.% solid; (b) dendritic
growth on the surface of rapidly solidified semisolid SIMA Al-7wt.%Si.

high magnifications where the eutectic is resolved. In
this case, thresholding will separate the components of
the eutectic instead of considering it as a single phase
(liquid). Furthermore, a compromise in magnification,
where image analysis is performed, is essential. While
high magnification offers the advantage of high resolu-
tion, it minimizes the measured area and increases the
risk of bad image quality due to inaccurate focusing.
On the other hand, low magnification increases signifi-
cantly the area covered by every micrograph, thus min-
imizing the error due to inhomogeneous distribution of
phases, but decreases the resolution of the image.

In most cases during our experiments, the volume
fraction of solid was overestimated, compared with the
predictions of the lever rule for the nominal alloy com-
position, and the thermal analysis. The results from the
quenching experiments are superimposed in Figs 3b
and 4 for the Al-4wt.%Cu and Al-7wt.%Si alloys re-
spectively. This overestimation is so significant to be
attributed to errors in thermal analysis and in the use of
phase diagrams, and found to be more severe in practi-
cally single phase Al-Cu alloys (Al-4wt.%Cu and 2014)
compared with two-phase Al-Si eutectic alloys. Simi-
lar results that exhibit such an overestimation of the
volume fraction of solid have been reported by other
investigators [15, 39].

This overestimation of the solid content must be at-
tributed to the insufficient cooling rates. During quen-

ching, growth is constrained by the temperature profile
in the liquid phase. Furthermore, it is expected that any
instabilities that lead to dendritic growth become domi-
nant after the initial solid-liquid interface has moved by
epitaxial planar solidification by a distance of the order
of the secondary arm spacing, as dictated by the local
cooling rate. A correction procedure can be applied,
based on the secondary dendrite arm spacing (SDAS)
in the rapidly solidified eutectic (see Appendix II):

δgS ≤ gS

(
6

SDAS

d

)
(11)

whereδgS is the difference between the experimen-
tally measured and the actual volume fraction of solid,
andd is the grain size in the semisolid state. The re-
sults, when corrected using Equation 11, are in good
agreement with the results from the DSC and the pre-
dictions of the phase diagram. For example, spray-
cast Al-4wt.%Cu alloys quenched from 638◦C show
64 vol.% solid (Fig. 3b). Using Equation 11, the cal-
culated value forδgS is 22 vol.% and therefore, the
‘corrected’ value ofgs is 42 vol.%. At the same tem-
perature, the solid content predicted by DSC and the
use of phase diagram is 46 vol.%.

Based on Equation 11, the magnitude of the error is
significant when the solid grain size is small with re-
spect to the achieved SDAS. Therefore, the local cool-
ing rate dictates the amount of epitaxially solidified
liquid alloy and thus, the overestimation of the volume
fraction of solid.

Obviously, two-phase eutectic alloys reveal the eu-
tectic content that is in liquid form in the semisolid
state, but even in this case, the eutectic content mea-
sured in MHD-cast A356 is less compared with the
amount of eutectic measured in spray-cast and SIMA
Al-Si alloys, examined under similar conditions. This
difference is attributed to the morphology and distri-
bution of the solid phase and the eutectic. The eutectic
may be in divorced form, so the amount of visible eutec-
tic is reduced. In addition, the solid phase in MHD-cast
alloys is closely spaced, while in SIMA and spray-cast
alloys, the solid phase is dispersed into the liquid ma-
trix. As a result, for a given cooling rate and therefore
the same amount of epitaxially solidified alloy, space
of liquid fills more in MHD-cast alloys than in SIMA
and spray-cast alloys.

Another parameter that affects the local tempera-
ture field, besides the thermal properties of the sam-
ple and the quencher and the thermal conditions of the
experiment (i.e. the heat transfer coefficient between
the quencher and the sample) is the dimensions of the
sample. In our experiments, the thickness of the sam-
ples was kept to minimum (2 mm) but as the discus-
sion showed, it was found insufficient to permit fast-
enough cooling rates. The effect of the thickness of the
sample on the amount of liquid that freezes epitaxi-
ally on the solid grains, was determined by a modified
quenching experiment. A specimen of spray-cast 2014
was quenched from a temperature of 630◦C without
the presence of the copper weight that is required to
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drag it into the quencher. As a result, only one surface
of the sample was in direct contact with the quencher
and locally, it was quenched instantly, while the al-
loy experienced decreasing cooling rates at distances
away from the quencher-sample interface. At a distance
of 2 mm away from the rapidly quenched surface of
the sample, the measured volume fraction of solid in-
creased twofold (Fig. 7a). An analysis that appears in
Appendix II shows the strong dependence of the error
in measuring the volume fraction of solid with distance
from the quencher-sample interface,x:

gs(exp)− gs

gs
∝ x2/3 (12)

wheregs(exp) is the measured volume fraction of solid.

(a)

(b)

Figure 7 Change of solid content with distance from the quenched surface in spray-cast 2014 soaked at 630◦C for 2 min: (a) microstructure;
(b) image analysis measurements and model predictions.

This analysis shows that, errors using this method are
unavoidable. Additional disadvantages of this method
are the complexity in optimization and setup of the ex-
periment and its labor-consuming character. Neverthe-
less, the volume fraction of solid may be estimated by
extrapolating the experimentally determined values of
volume fraction of solid as a function of distance from
the quenched interface, based on an acceptable model.
Based on the model developed in Appendix II, Equa-
tion 12 becomes:

gs(exp)

gs
= 1− Ax2/3⇔ gs(exp)= gs+ Bx2/3 (13)

whereAandB are constants. This model was applied to
the results of our experiment, as they appear in Fig. 7b,
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and yielded a value of 0.42 for thegs, while the DSC
calculated a value of 0.39 for the same alloy at 630◦C,
the quenching temperature.

The method, besides its use for the measurement of
the volume fraction of solid, offers a very significant ad-
vantage: it reveals the microstructure in the semisolid
state (morphology of the solid phase, distribution of
phases) providing with very valuable information that
can be used to characterize the evolution of microstruc-
ture and rheological behavior of alloys in the semisolid
state [11].

4. Conclusions
The evaluation of the methods that are used to deter-
mine the evolution of the volume fraction of solid as
a function of temperature in the semisolid state (use
of thermodynamic data, thermal analysis techniques,
and quantitative metallography after quenching exper-
iments) showed that:

• all methods are approximate
• the use of thermodynamic data can predict the max-

imum range where the volume fraction of solid may
vary as a function of temperature, but requires ad-
ditional information in order to take into account
the thermal history of the alloy
• DSC results may include an error due to the approx-

imation of the partial areas method that depends on
the composition of the alloy. Nevertheless, the error
is very small in commonly used dilute alloys, mak-
ing this method attractive due to minimal specimen
preparation required. Another restriction is the low
heating rates used in DSC, compared with the fast
heating rates that are used in industrial applications
of semisolid processing.
• use of image analysis after quenching provides use-

ful results, provided that, the quenching conditions
and specimen dimensions are properly chosen and
the necessary corrections are applied to the results.
• All three methods have significant and unique ad-

vantages. The use of thermodynamic data is a fast
and reliable tool for alloy design, thermal analysis
provides with comparative information and reveals
the prior thermal history of an alloy, and, image
analysis after quenching reveals the morphology
of microstructure in the semisolid state.

Appendix I
In general, the characteristic diffusion distance,x,
(grain size,d, or secondary dendrite arm spacing,
SDAS) scales with the local solidification time,tf
[18, 25]:

x ∝ t1/3
f (A.1)

Therefore, the Fourier number becomes:

α = A′
Dstf(
t1/3
f

)2 ⇔ α ∝ t1/3
f (A.2)

where A′ is a constant. For a fixed solidification
range,1T :

Ṫ = 1T

tf
⇔ tf ∝ (Ṫ)−1 (A.3)

Combining Equations A.2 and A.3 we obtain Equa-
tion 9.

Appendix II
The transient thermal conditions within a quenched
specimen may be described by assuming that the sam-
ple behaves as a semi-infinite medium that is initially
at a uniform temperatureTi , and at timet=0 one of its
surfaces is quenched to a temperatureTS, as the mod-
ified experiment describes. If it is also assumed that
the heat flux is one-dimensional then, the temperature
profile within the sample is given as a function of time,
t , and position,x, away from the quenched interface
by [40]:

T − TS

Ti − TS
= erf

(
x

2
√
αt

)
(A.4)

whereα is the Fourier number of the sample, defined as:

α = kt

ρCpx2

wherek, ρ andCp are the thermal conductivity, density
and heat capacity of the sample respectively∗. If it is
assumed that the sample solidifies in a non-equilibrium
manner then, the solidification range during quenching
is bound byTi andTE, the eutectic temperature. There-
fore the local solidification time,tf , can be calculated
using Equation A.4:

tf = x2

4α

[
erf−1

(
TE− TS

Ti − TS

)]2 ⇔ tf ∝ x2 (A.5)

The thickness of epitaxially solidified alloy,1R, is of
the order of the secondary dendritic arm spacing that is
related totf by Equation A.1. Combining Equations A.1
and A.5:

1R∝ x2/3 (A.6)

The error due to the epitaxial layer solidifying on the
solid grains is given by:

∗ In general,k, Cp andρ should account for the presence of both the
solid and liquid phases in the sample by using a rule of mixture. Since
growth is extremely fast and epitaxial growth occurs at the very early
stages of solidification, then it may be assumed thatk, Cp andρs are
not functions ofgs and may be considered as constants, retaining their
initial value.
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δgS

gS
= (χWSVepitaxial layer)/Vtotal

Vsolid grain/Vtotal
= χWS

Vepitaxial layer

Vsolid grain

(A.7)

whereχWSis the fraction of the surface of the solid grain
that is wetted (usually close to 1). IfR is the radius of
the solid grain in the semisolid state then, Equation A.7
becomes:

δgS

gS
= χWS

4/3π (R+1R)3− 4/3πR3

4/3πR3

= χWS

[(
1+ 1R

R

)3

− 1

]
(A.8)

Finally, when1R is small compared with the grain size
d, and of the order of the SDAS, then:

δgS

gS
= 6χWS

1R

d
≤ 6

SDAS

d
(A.9)

Combining Equations A.6 and A.9 we obtain Equa-
tion 12.
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