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Abstract: The effects of Si content (X = 4 to 7 wt.%), heating rate (5 to 25 ◦C/min) and sample
mass (20 to 200 mg) on determination of the thixoforming working window by differential scanning
calorimetry DSC were analyzed for the Al-Xwt.%Si-4wt.%Zn, or simply AlXSi4Zn, system. The
critical lower and upper temperatures for thixoforming processing were determined by applying
the differentiation method to DSC heating cycle data. Lower Si content, heating rate and DSC
sample mass made identification of the working window temperatures more accurate because of the
sharpening of the DSC curve when lower values of these variables were used. Data obtained when
lower sample masses and heating rates were used agreed better with those obtained by Calculation
of Phase Diagrams, (CALPHAD) simulation (near-equilibrium Scheil condition) for all the Si contents
analyzed. Larger DSC sample masses were associated with significant heterogeneity in heat transfer
through the sample, leading to results similar to those for a diffuse transition, an effect enhanced
by an increase in the heating rate. Since Si content represented a limitation when identifying the
working window by the differentiation method, alloys with high Si content should be analyzed with
lower DSC masses and lower heating rates to allow more accurate determination of the interval at
conditions near those used in thixoforming operations.

Keywords: CALPHAD; thixoforming working window; DSC; Al-Si-Zn alloys

1. Introduction

Determining the extent to which the solid-to-liquid transformation can be controlled,
i.e., the thixoformability of a material, is the first step in evaluating potential feedstock
for use in semisolid materials processing (SSM). In the processing of materials in the
semisolid state, the main issue to take into account is the thermodynamic control capacity
of the operations.

In recent years, different criteria have been developed to assess whether the alloy
of interest is applicable for semisolid processing, in other words, whether there is an
acceptable process window. Important contributions of thixoformability criteria include
the works of Liu et al. [1], Kazakov [2], Tzimas and Zavaliangos [3], Zoqui et al. [4] and
recently Hu X.G. et al. [5]. These criteria are divided into three types: the temperature
sensitivity of the liquid (solid) fraction [2], the time sensitivity of the liquid fraction [6] and
the enthalpy sensitivity of the liquid fraction [5]. However, when it comes to specific alloys,
neither enthalpy sensitivity nor time sensitivity provide a clear basis for judgment [7]. In
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this sense, the temperature sensitivity of the liquid (solid) fraction (dfL/dT or dfS/dT in ◦C−1),
to date, is the most used [7]. Therefore, the criteria adopted in this paper is as follows: “The
sensitivity of the liquid fraction (or solid fraction—dfL/dT or dfL/dT), at the desired liquid
fraction, (or solid fraction—fL or fS), exclusively for the primary phase must be as low as
possible (<0.03 ◦C−1)” [4].

Thixoformability is determined by a set of thermodynamic characteristics, which are,
in turn, mainly determined by the chemical composition of the alloy, but are also affected
by the processing conditions to which the alloy is subjected, e.g., controlled heat input for
endothermic processing, which involves all types of thixoforming operations [4], or even
controlled heat extraction for exothermic processing (rheocasting processes) [8], as well as
by kinetic effects (e.g., heating rate) [9].

The main tool used to assess thixoformability is the solid fraction vs. the temperature
(fS vs. T) curve of the alloy in the semisolid state. This can be determined by CALPHAD
(Calculation of Phase Diagrams) simulation [4,10–14] (at equilibrium/near-equilibrium
conditions for solidification) or experimentally (far from equilibrium conditions and during
melting) by techniques such as differential scanning calorimetry (DSC) using low-mass
samples (of the order of milligrams) to provide rapid, reliable measurement of the heat flow
variations associated with the semisolid transformations [4,10–14]. In this paper, the effects
of Si content (X = 4–7 wt.%), heating rate (5–25 ◦C/min) and sample mass (20–200 mg)
on determination of the thixoforming working window by DSC are analyzed for the
Al-Xwt.%Si-4wt.%Zn (AlXSi4Zn) system using the differentiation method (DM) [15,16] in
an attempt to increase the range of raw materials that can be used in rheocasting and thixo-
forming operations, as well as to provide a better understanding of the practical choices
that must be made when selecting the heating rate and sample size in DSC experiments.
Note that the processing window evaluation performed in this work refers to thixoforming
processes and is not suitable for rheocasting processes.

2. Materials and Methods

Thermodynamic simulation and thermal analysis were performed with four AlXSi4Zn
alloys produced by conventional casting from a mix of raw materials including A356 alloy
and commercially pure Al and Zn. These were melted in the appropriate proportions in a
SiC crucible in an electric furnace, built in the laboratory, at 700 ◦C and then poured into
metallic molds. An acceptable deviation of ±0.3 wt.%Si and ±0.2 wt.%Zn was adopted.
The chemical composition was determined with a BILL OES optical spectrophotometer
(Anacon Scientific, São Paulo, Brazil) and is shown in Table 1.

Table 1. AlXSi4Zn alloys (composition in wt.%) for use in thixoforming processes; standard uncer-
tainties are shown as the deviation corresponding to a 0.95 confidence interval.

Alloy Si Zn Fe Mg 1 Cu 1 Mn 1 Ti 1 Res. 1,2 Al

Al4Si4Zn 4.15 ± 0.20 3.88 ± 0.13 0.17 ± 0.02 0.14 0.08 0.07 0.03 0.03 Bal. 3

Al5Si4Zn 5.18 ± 0.16 3.98 ± 0.18 0.19 ± 0.02 0.17 0.10 0.09 0.04 0.04 Bal. 3

Al6Si4Zn 6.11 ± 0.28 3.86 ± 0.16 0.19 ± 0.03 0.23 0.12 0.11 0.06 0.06 Bal. 3

Al7Si4Zn 7.24 ± 0.17 3.72 ± 0.14 0.19 ± 0.02 0.39 0.14 0.12 0.07 0.05 Bal. 3

1 When not specified, standard deviation is ≤0.01. 2 Sum of residual elements, such as Cr, Ni and Pb. 3 Balance.

Thermodynamic simulation was performed with Thermo-Calc® software (V4, Basel,
Switzerland) and the TTL5 database, which was used to generate the solid fraction (fS) vs.
temperature (T) curve (where fS is dimensionless and T is in ◦C) for all the alloys under the
non-equilibrium Scheil condition [15,16]. The percentages of Al, Si, Zn, Mg, Fe, Cu, Mn, Ti,
Ni and Cr were taken into account in the simulation.

Thermal analysis to determine the experimental heat flow rate (HFR) vs. T curves
for the alloys (HFR in mW/mg) was performed with a NETZSCH STA 409 C system,
NETZSCH-Gerätebau GmbH Büro Leuna, Germany (with a measurement accuracy of more
than 0.5 ◦C) using solid cylindrical samples weighing approximately 20, 90 and 200 mg.
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These were chosen to cover a wide range of masses compatible with the dimensional
limitations of the DSC apparatus. The DSC samples were heated to 700 ◦C at 5, 10, 15,
20 and 25 ◦C/min. The faster heating rates analyzed here are close to those normally used
in industrial thixoforming processes [15,16]. The cooling curves, more suitable for the
evaluation of the rheocasting processing window, will be analyzed in a future work.

For each alloy and sample mass, all the thermoanalytical tests were carried out with
the same specimen to avoid differences in chemical composition along the billet influencing
the results. Prior to data acquisition, the DSC samples were heated to 700 ◦C and then
cooled to room temperature to ensure that the composition was uniform throughout and to
avoid incipient melting/solidification in subsequent cycles [15,16].

Thixoformability analysis was performed using the differentiation method (DM) [15]
by calculating the derivative of the HFR data with respect to temperature to give the
variation in the HFR with temperature during heating (i.e., the dHFR/dT vs. T curves,
where dHFR/dT is in mW/mg◦C and T is in ◦C). The DM allowed several critical tem-
peratures, such as the solidus and liquidus temperatures, as well as the lower (TSSML)
and upper (TSSMH) limits of the thixoforming working window (∆TTHIXO), to be identi-
fied. The same method can be applied to determine the critical temperatures for rheo-
casting processes [15,16]. The fS vs. T relationship, where fS is dimensionless and T is
in ◦C, was then determined with NETZSCH Protheus® thermal analysis software (V5,
NETZSCH-Gerätebau GmbH Büro Leuna, Germany) by applying the Flynn method [17]
of integration of partial areas between the DSC curves and baseline using the values of the
solidus and liquidus as references.

The sensitivity curve (i.e., dfS/dT vs. T, where dfS/dT is in ◦C−1 and T in ◦C) was also
plotted to analyze the stability of ∆TTHIXO. Origin® V4 software (OriginLab Corporation,
Northampton, MA United States) was used for further integration and differentiation
operations and to plot the graphs [4,13,15,16].

The angle (θ) between the baseline and DSC curve at the beginning of the melting
transformation, i.e., on the left of the curves, was measured for all the cycles studied.
According to Braga et al. [18], θ is proportional to the total thermal resistance (R) associated
with the DSC assay, and the relationship can be expressed as tan (θ) = 1/R. The total
resistance, in turn, is the sum of three resistances, RI, RC and RS, which are associated,
respectively, with the DSC instrument, the crucible and the sample. The instrument and
crucible are the same in all the cycles studied, so any change in R observed here is expected
to be due to the change in the sample mass (RS).

The integral of the HFR (in mW/mg) with respect to temperature (in ◦C) gives the area
(in mW◦C/mg) between the DSC curves and a baseline (represented here as HFR vs. T).
The integral of the HFR (in mW/mg) with respect to time (s) gives the enthalpy change,
∆H (in J/g), corresponding to the melting transformation.

3. Results

The DSC curves for all the alloys, heating rates and sample masses studied here are
shown in Figure 1. The curves have two endothermic valleys, one related to the melting of
the Si-rich eutectic, at lower temperatures (left), and another related to the melting of the
Al-rich primary phase (Al-α), at higher temperatures (right). Each valley is indicated in
the curves in Figure 1a for reference. The area between the DSC curves and the baseline,
the enthalpy change corresponding to the melting reaction and the solidus, liquidus and
semisolid interval for all the cycles are shown in Tables 2–4, respectively. Table 5 compares
the variation in these parameters for extreme (lower and upper) values of Si content, heating
rate and sample mass.
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Figure 1. DSC heat flow rate (y-axis) vs. temperature (x-axis) curves during melting of the AlXSi4Zn
alloys, X = 4 (a–c), 5 (d–f), 6 (g–i) and 7 wt.%Si (j–l), at 5–25 ◦C/min with DSC sample masses of
20 (left), 90 (middle) and 200 mg (right).

Table 2. Area between the DSC curves and baseline for the alloys studied here when heated at 5 and
25 ◦C/min with different sample masses.

Area between DSC Curve and Baseline (W◦C/g)

dT/dt (◦C/min) 5 - - 25 - -
Mass (mg) 20 90 200 20 90 200

Al4Si4Zn 30.6 27.9 25.5 162.5 140.1 121.3
Al5Si4Zn 30.8 31.1 24.5 167.4 159.0 122.1
Al6Si4Zn 31.8 29.0 25.4 172.8 144.9 122.8
Al7Si4Zn 32.6 28.9 24.9 163.9 139.4 119.1
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Table 3. Enthalpy change for the melting transformation for the alloys studied here when heated at
5 and 25 ◦C/min with different sample masses.

Enthalpy Change (J/g)

dT/dt (◦C/min) 5 - - 25 - -
Mass (mg) 20 90 200 20 90 200

Al4Si4Zn 369.7 334.8 309.5 364.8 312.9 275.8
Al5Si4Zn 381.6 375.5 295.7 361.0 360.9 277.8
Al6Si4Zn 388.0 349.0 303.9 389.8 324.3 279.0
Al7Si4Zn 394.0 344.0 294.0 359.0 313.8 272.8

Table 4. Solidus, liquidus and semisolid interval for the melting transformation for the alloys studied
here when heated at 5 and 25 ◦C/min with different sample masses.

Solidus Temperature (◦C)

dT/dt (◦C/min) 5 - - 25 - -
Mass (mg) 20 90 200 20 90 200

Al4Si4Zn 551.7 546.9 554.3 543.8 541.7 546.1
Al5Si4Zn 552.4 548.4 553.3 546.2 544.2 545.5
Al6Si4Zn 550.3 547.0 550.1 545.4 540.4 542.1
Al7Si4Zn 549.4 546.6 548.7 541.4 536.8 543.3

Liquidus Temperature (◦C)

Al4Si4Zn 631.8 641.3 651.7 664.7 686.9 714.9
Al5Si4Zn 625.5 633.0 643.0 654.1 681.3 701.4
Al6Si4Zn 620.0 625.3 636.1 651.2 673.0 694.3
Al7Si4Zn 612.9 615.7 621.4 642.3 663.9 682.7

Semisolid interval (◦C)

Al4Si4Zn 80.1 94.4 97.4 120.9 145.2 168.8
Al5Si4Zn 73.1 84.6 89.7 107.9 137.1 155.9
Al6Si4Zn 69.7 78.3 86.0 105.8 132.6 152.2
Al7Si4Zn 63.5 69.1 72.7 100.9 127.1 139.4

Table 5. Comparison of the variables area between DSC curve and baseline (A in W◦C/g), enthalpy
change (∆H in V/g), solidus (S in ◦C), liquidus (L in ◦C) and semisolid interval (S–L in ◦C) for extreme
(lower and upper) values of Si content, heating rate and sample mass.

Condition
(Lower–Upper)

Ratio 4

A ∆H S L S-L

Si (4–7 wt.%) 1.01 0.24 0.99 0.96 0.80
dT/dt (5–25 ◦C/min) 5.04 0.93 0.98 1.07 1.66

mass (20–200 mg) 0.76 0.77 1.00 1.05 1.31
4 Ratio between two extreme (lower and upper) conditions, e.g., for the area between the DSC curve and baseline
the ratio between Si contents is given by A7Si/A4Si; between heating rates, the ratio is given by A25◦C/min/A5◦C/min;
between sample masses, by A200mg/A20mg; and so on for the other parameters.

3.1. Effect of Si Content

As the Si content increases from 4 to 7 (top to bottom in Figure 1), the valley correspond-
ing to the eutectic transformation becomes progressively deeper on the HFR axis and more
widely spread along the temperature axis. Both behaviors are due to the larger amount
of eutectic being formed (the eutectic composition for the system studied is 11.8 wt.%Si
according to the CALPHAD simulation at equilibrium). For the valley corresponding to
the Al-α phase, the behavior is the opposite: the valley becomes progressively smaller on
the HFR axis and narrower on the temperature axis. These trends can be seen in detail in
Figure 2, in which the alloys with 4 and 7 wt.%Si are compared for the same heating rate
and sample mass.
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Figure 2. DSC heat flow rate (y-axis) vs. temperature (x-axis) curves during melting of the Al4Si4Zn
(a) and Al7Si4Zn (b) alloys at 5 ◦C/min with a DSC sample mass of 90 mg.

The area between the DSC curves and baseline is barely affected by Si content (for a
given sample mass and heating rate), varying around only 1% when the Si content is raised
from 4 to 7 wt.% (ratio A7Si/A4Si = 1.01 in Table 5). The enthalpy changes and the semisolid
interval decreases as the Si content increases, and the average reductions are 76% and 20%,
respectively, as the eutectic composition is approached (Table 5). This decrease is due more
to a reduction in the liquidus temperature (average reduction of 4%, see Table 5) than to an
increase in the solidus (maximum change of 1%, see Table 5), which is in agreement with
the nature of the eutectic reaction (constant solidus and rapidly decreasing liquidus as the
eutectic composition is approached).

3.2. Effect of Heating Rate

As the heating rate is increased from 5 to 25 ◦C/min (blue to green curves in the graphs
in Figure 1, the intensity of the valleys increases steadily because of the larger heat flow
needed for the phase transformations to occur in progressively shorter times. In addition,
the curves are spread over a wider temperature range (i.e., the semisolid interval becomes
larger) and the transformations are delayed (pushed to higher temperatures). The semisolid
interval increases on average 66% when the heating rate increases from 5 to 25 ◦C/min
(Table 5) for a given sample mass and Si content. This increase is due more to a rise in the
liquidus (average increase of 7%) than to a reduction in the solidus (change of only 2%).
This behavior is the result of the combined effect of two factors: (1) higher heating rates and
(2) progressively higher temperatures as the reaction progresses; together, these increase
the reaction activation energy (E) compared with cycles performed near-equilibrium and
lower-temperature transformations [19]. An increase in E results in a larger thermal power
requirement, causing the reaction to occur at a progressively higher temperature [20], which
in turn leads to a cumulative effect at the end of the melting transformation (increase in the
liquidus). These trends can be seen in detail in Figure 3, in which the heating rates of 5 and
25 ◦C/min are compared for the same Si content and sample mass.
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Figure 3. DSC heat flow rate (y-axis) vs. temperature (x-axis) curves during melting of the Al4Si4Zn
alloy at 5 (a) and 25 (b) ◦C/min with a DSC sample mass of 90 mg.
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The area between the DSC curves and baseline increases with the increase in the
heating rate. The ratio between the areas corresponding to 5 and 25 ◦C/min (for a given
Si content and sample mass) is approximately A25/A5 = 5 for all the conditions tested
(Table 5), which is exactly the ratio between these heating rates. This value can be explained
as follows: as the enthalpy change is the integral of the DSC output (thermal power) with
respect to time, for the heating rates of 25 and 5 ◦C/min the times (t) involved in the
melting follow the proportion t5 = 5t25 (subscripts referring to the heating rates). Since the
enthalpy change should be the same for both heating rates given a constant sample mass
(same amount of matter being transformed), the following equation is assumed:∫ t5

0
P5 dt =

∫ t25

0
P25 dt, (1)

where P is the thermal power (energy per unit time) and t is the time for the melting
transformation to take place (the subscripts 5 and 25 refers to the heating rates). As can be
seen from Equation (1), P25 = 5P5. When the thermal power is integrated with respect to
temperature (the areas between the DSC curves and baseline), i.e.,∫ L5

S5

P5 dT = P5 ∆TSL−5, (2)

and ∫ L25

S25

5P25 dT = P25 ∆TSL−25, (3)

It can be seen that the areas between the DSC curves and baseline are linearly depen-
dent on the heating rate and on the length of the semisolid interval:

A5 = P5 ∆TSL−5, (4)

and
A25 = 5P5 ∆TSL−25, (5)

where L and S are the solidus and liquidus and ∆TSL is the semisolid interval in Equations (2)–(5).
Considering an identical semisolid interval for both conditions, the area is totally dependent
on the heating rate, and the equations fit the data in Table 5 (A25/A5 = 5).

However, ∆TSL is not invariant with the increase in heating rate. As seen before, it
increases by on average 66% from 5 to 25 ◦C/min (Table 5), so the only possible explanation
for the ratio A25/A5 = 5 is that the enthalpy change decreases with the increase in heating
rate, compensating for the increase in ∆TSL. This is exactly what is observed empirically:
the enthalpy change, ∆H, corresponding to the melting reaction, is reduced by 7% on
average (Table 5) with the increase in the heating rate.

The decrease in the measured ∆H with the increase in heating rate (for identical
masses) can be explained by a difference in the heat loss when the heating rate is changed.
The samples subjected to longer cycles will be exposed to the environment (DSC crucible
and furnace) for longer periods, resulting in larger heat loss to complete the same state
transformation and vice versa for shorter cycles. The extra heat supplied by the equipment
to compensate for this heat loss is not taken into account in the theoretical relationship
between ∆H and dT/dt but is substantial in real cycles (7% of the power supplied, as seen
before) and mistakenly appears in the DSC curves as if this power were used for the
transformation itself.

The height (h) [21], shape and position [22] of each individual HFR valley with respect
to the curve baseline are affected by the change in enthalpy (∆H), the heating rate (dT/dt),
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the heat capacity of the sample (CS) and the thermal resistance (R’) of the DSC apparatus.
The relationship between the height [21] and these parameters is given by:

h = −
(

dT
dt

)
× CS +

[(
dT
dt

)
2× C2

S + 2×
(

dT
dt

)
× ∆H

R

] 1
2
, (6)

It follows that the larger the heating rate, the deeper the valley: exactly as seen when
the blue and green curves in Figure 1 are compared. Ideally, the baselines of the DSC curves
should be around zero. However, because of mismatching of the thermal properties of
the sample and reference materials, and possible asymmetry in the construction of the
sample and reference holders, the baselines are displaced from the reference position. This
displacement (h′) is proportional to the calibration factor (K), heating rate (dT/dt) and heat
capacity of the sample (CS); the relationship between these parameters is given by the
following expression [19]:

h′ = K×
(

dT
dt

)
× CS, (7)

Hence, higher heating rates produce more marked displacements in the baseline, as
seen in the curves in Figure 1. Furthermore, sloping baselines can be generated as a result
of differences in the emissivity of the reference and crucible materials and differences in
the CS between the low-temperature form (solid) and high-temperature form (liquid) of
the sample material [19,23,24].

Another feature observed with the increase in the heating rate is the overlapping of
the valleys, making identification of the transition between the Si-eutectic and the Al-α
phase transformations difficult. This effect, which is undesirable from the point of view of
thixoformability analysis, is due to the increase in the temperature gradients in the sample
as a result of the increase in heating rate, i.e., the heterogeneous heat transfer flow along
the sample leads to the same phase transformation occurring at different locations and
times inside the same sample. The sum of the contributions of each “portion” of phase
transformation leads to a result similar to that for a diffuse transition. This same hypothesis
can be used to justify the larger spread of the curves along the temperature axis with the
increase in the heating rate discussed earlier.

3.3. Effect of the Sample Mass

Progressive overlapping of the DSC valleys is observed with the increase in the sample
mass (left to right in Figure 1), making identification of the transition between the two
phase transformations difficult. Additionally, a 31% increase in the semisolid interval can
be observed (for constant Si content and heating rate) as a consequence of a 5% increase
in the liquidus temperature. The solidus temperature is practically unaffected by the
increase in the sample mass (ratio S200mg/S20mg = 1). These trends can be attributed to
the larger temperature gradient generated in the heavier samples, resulting in temporally
and spatially more heterogeneous melting along the sample. The overall result is seen as
delayed, overlapping transformations in the DSC curves. These trends can be seen in detail
in Figure 4, in which the masses of 20 and 200 mg are compared for the same Si content
and heating rate.

Another effect seen in the DSC curves is the influence of the sample mass on the slope
of the curve at the beginning of the melting reaction, i.e., the angle (θ) between the baseline
and the DSC curve [13]. This angle is indicated in the curves in Figure 1d–f for reference.
The values of θ measured on the curves were, regardless of the Si content and heating rate
used, θ20 = 100.5◦, θ90 = 118.0◦ and θ200 = 130.0◦. The respective R values were R20 = 0.18,
R90 = 0.53 and R200 = 0.85 (note that R = 1/tan (θ)). As can be seen, R200 > R90 > R20,
which is in agreement with the fact that a larger sample offers greater resistance to heat
transfer along its volume. When the increases in mass, m200/20 = 10, m90/20 = 4.5 and
m200/90 = 2.2, and the respective increases in thermal resistance, R200/20 = 4.7, R90/20 = 2.9
and R200/90 = 1.6, are compared, it can be concluded that the resistance R increases in
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proportion to m0.7. This result is in agreement with the fact that any change in R is due to
the sample (change in mass) since both instrument and crucible are the same for all the
cycles. As a practical outcome, this result shows that a lower sample mass is once again
recommended to enhance the precision of the thermoanalytical measurement since this
results in a steeper initial slope on the DSC curve associated with the phase transformations.

Figure 4. DSC heat flow rate (y-axis) vs. temperature (x-axis) curves during melting of the Al4Si4Zn
alloy at 5 ◦C/min with DSC sample masses of 20 (a) and 200 (b) mg.

Although the values of the area between the DSC curves and baseline and the enthalpy
change in Tables 2 and 3 are already divided by the sample mass, reductions of, on average,
24% and 23% are observed for A and ∆H, respectively, with the increase in the sample
mass (for constant Si content and heating rate, see Table 5). This result can be explained by
the different heat loss when different sized samples are used. Table 6 shows the average
dimensions of the samples weighing 20, 90 and 200 mg. The ratio between the surface
area and volume (As/V) of the samples decreases by 50% when the sample mass increases
from 20 to 200 mg. The heat that is not used to produce the phase transformations is
transferred from the sample to the environment, mainly by forced convection to the furnace
atmosphere (heat loss through the flat bottom of the sample can be ignored because of
the good thermal insulation of the crucible material). With the decrease in the As/V ratio,
there is a significant reduction in heat loss compared with the total heat used by the DSC
device. Thus, in contrast to all the results discussed above, the enthalpy change can be more
precisely measured for heavier samples, since this parameter is the total heat exchange
during the transformation and therefore is greatly affected by the heat loss during the test.

Table 6. Average DSC sample dimensions.

Mass (mg) Height (mm) Radius (mm) As
5 (mm2) V (mm3) As/V (mm−1) Ratio (-)

20 1.0 3.6 64.06 41.28 1.55 1.00
90 2.1 4.2 108.71 112.54 0.96 0.62
200 2.6 5.1 164.49 212.18 0.77 0.50

5 The surface area was considered to be the effective area where a significant amount of heat exchange with the
environment occurred (i.e., the flat top and the side of the cylindrical samples).

Note that the assumptions made so far ignore possible sources of error in the DSC
operation: the assumption of a constant heating rate for the sample, which fails to take into
account the effect of self-cooling or self-heating during reactions [25], and the assumption
that the temperatures of the reference and sample are identical to those predicted by the
heating program (in real cycles there may be a considerable lag) [24,26], among several
other factors [27–36].

3.4. Thixoforming Working Window

In order to understand how the trends observed in the DSC curves affect the thixo-
forming working window (∆TTHIXO) [6], the analysis applied to the DSC data is shown
schematically in Figure 5 in the following order: starting with the original HFR curve
(black curve in Figure 5a), the derivative of the HFR curve with respect to T is plotted
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(red curve in Figure 5a) and the temperatures of the beginning (TSSML) and end (TSSMH)
of ∆TTHIXO are determined using a baseline = 0 established by the differentiation method
(DM) [10]. Using the solidus and liquidus temperatures (also obtained by the DM), the
limits of integration of partial areas between the DSC curve and the baseline are set and
the fS vs. T curve (blue curve in Figure 5b) is drawn [12]. The positions on the fS curve
corresponding to TSSML and TSSMH on the dHFR/dT vs. T curve provide the solid frac-
tions corresponding to these temperatures, i.e., fsSSML and fsSSMH (Figure 5c). Finally, the
derivative of fS with respect to temperature, i.e., the dfS/dT vs. T (or sensitivity curve), is
obtained (light blue curve in Figure 5d). By examining the dfS/dT values within ∆TTHIXO, it
can be established whether the dfS/dT(SSML-SSMH) < 0.03 ◦C−1 criterion is met [1], thereby
guaranteeing adequate process control and stability.

Figure 5. HFR vs. T (black), dHFR/dT vs. T (red), fs vs. T (dark blue) and dfs/dT vs. T (light blue) curves
for Al7Si4Zn alloy with a 5 ◦C/min heating rate and 20 mg sample mass; the temperatures/solid
fractions at the beginning (SSML) and end (SSMH) of the thixoforming processing working window
are shown as solid dots. (a) Firt step-obtaining of the dFHR/dT/dT from FHR, (b) Second step-Partial
integration of the HFR curve to obtain the fs × T curve, (c) derivative curve of the solid fraction
as equivalent of the sensitivity, (d) solid fraction and its corresponding sensitivity as a function
of temperature.

To identify ∆TTHIXO properly by the DM it is crucial that both the main transformations
(Al-α and Si-eutectic) produce well-defined valleys in the DSC curves, i.e., that an inversion
from a positive to a negative curvature be observed at the Al-α/Si-eutectic interface (X1,
in Figure 6a). This is seen as the “peak”, formed between the two valleys in the curves
for 4–6 wt.%Si. If this curvature inversion is not observed X2, as in the curve for 7 wt.%Si
(red curve in Figure 6b), then TSSML and TSSMH cannot be identified, since the absence of
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a curvature inversion will result in a derivative curve that does not cross the baseline = 0
used in the method.

Figure 6. HFR vs. T curves for 4 to 6 wt.%Si with a 5 ◦C/min heating rate and 200 mg sample
mass, complete curvature inversion at the Al-α/Si-eutectic interface X1 (a), and HFR vs. T curve for
7 wt.%Si with a 5 ◦C/min heating rate and 200 mg sample mass, with incomplete curvature X2 (b).

This situation is illustrated in Figure 7, where the DSC derivative corresponding to
7 wt.%Si (X2 in Figure 7b) does not cross the baseline and ∆TTHIXO cannot be defined. For
the other alloys (4–6 wt.%Si), the derivatives cross the baseline and both TSSML and TSSMH
can be determined. (Note that the two points where the curve crosses the baseline are
identified as TSSML and TSSMH in the DM).

Figure 7. dHFR/dT vs. T curves for 4 to 7 wt.%Si with a 5 ◦C/min heating rate and 200 mg sample
mass (a). Magnification at the ∆TTHIXO zone (b).

As can be seen in Figure 7b, the fact that ∆TTHIXO cannot be identified for 7 wt.%Si is
a direct consequence of the tendency for the working window to decrease as the Si content
increases. With progressive additions of Si, both TSSML and TSSMH, particularly the latter,
are displaced to higher and lower temperatures, respectively, bringing them closer to each
other and narrowing the working window. As they are further displaced, the two critical
points will eventually become a single point on the curve where it touches the baseline (in
which case only TSSML, i.e., this point, can be identified); finally, if the curve does not touch
the baseline anymore, neither TSSML nor TSSMH can be identified, as seen for 7 wt.%Si. The
narrowing of the working window with increasing Si content is analyzed in detail in a
previous work [11].



Metals 2022, 12, 734 12 of 19

In order to identify ∆TTHIXO for 7 wt.%Si, cycles with other heating rates were tested
for this alloy. The DSC derivatives for cycles with 5 (as in Figure 7), 10, 15, 20 and 25 ◦C/min
heating rates are shown in Figure 8, from which it can be seen that the problem worsens
as the heating rate increases since the curves are displaced farther from the baseline. In
addition, as the heating rate increases, the curves are pushed to higher temperatures. This
morphological behavior, i.e., the delay and enlargement of the curves as the distance from
equilibrium increases, as discussed earlier in this work, is inherited from the original
DSC curves.

Figure 8. dHFR/dT vs. T curve for 7 wt.%Si with heating rates from 5 to 25 ◦C/min and sample mass
of 200 mg (a). Magnification at the ∆TTHIXO zone (b).

A further attempt to determine ∆TTHIXO was made by reducing the DSC sample
mass from 200 mg (Figures 5 and 7) to 90 mg (Figure 9) and 20 mg (Figure 10). This
resulted in the valleys becoming steeper and the derivatives crossing the zero baseline more
often, facilitating identification of the critical temperatures and overcoming the limitation
observed before for 200 mg samples (Figure 8).

Figure 9. dHFR/dT vs. T curve for 7 wt.%Si with heating rates from 5 to 25 ◦C/min and sample mass
of 90 mg (a). Magnification at the ∆TTHIXO zone (b).
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Figure 10. dHFR/dT vs. T curve for 7 wt.%Si with heating rates from 5 to 25 ◦C/min and sample
mass of 20 mg (a). Magnification at the ∆TTHIXO zone (b).

Reduction in the sample mass to 90 mg allowed ∆TTHIXO for the 7 wt.%Si alloy heated
at 5 ◦C/min to be identified, and a further reduction (to 20 mg) allowed the interval to
be identified not only at 5 ◦C/min but also at 10 ◦C/min. With the other heating rates
∆TTHIXO remained unidentifiable for this alloy. As a general trend, it can be concluded that
the lower the heating rate, Si content and sample mass, the easier it is to identify ∆TTHIXO
for the range of alloys and conditions studied here, as shown schematically in Figure 11.

Figure 11. Correlation between Si content, heating rate and DSC sample mass and the feasibility of
identifying ∆TTHIXO for the Al-Si-Zn system.

The fS vs. T curves obtained by DSC for the Al-(4-7)Si-4Zn alloys at the lowest
and highest heating rates (5 and 25 ◦C/min, respectively) are shown in Figure 12 for
sample masses of 200 (a), 90 (b) and 20 mg (c). The corresponding processing windows,
∆TTHIXO is shown in Table 7. As discussed before, as the sample mass decreases, the critical
temperatures for a progressively larger number of cycles (heating rates) and alloys (Si
contents) can be identified.
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Figure 12. fS vs. T curve for 4, 5, 6 and 7 wt.%Si with heating rates of 5 and 25 ◦C/min and sample
masses of 200 (a) 90 (b) and 20 mg (c).

Table 7. The ∆TTHIXO AlXSi4Zn for 05 ◦C/min and 25 ◦C/min, with a sample mass 200 mg, 90 mg,
and 20 mg.

Mass (mg) wt.%Si
∆TTHIXO (◦C)

05 ◦C/min 25 ◦C/min

200

4Si 33.8 38.1
5Si 23.3 27.7
6Si 10.9 13.5
7Si NI NI

90

4Si 35 32.3
5Si 23.5 18.2
6Si 16.7 12.7
7Si 4.6 NI

20

4Si 39.8 26.8
5Si 31.4 17.4
6Si 24.7 9.9
7Si 14.8 NI

Regardless of the sample mass used, an increase in Si content reduces ∆TTHIXO as this
is above the eutectic transformation (the larger the eutectic field, the smaller the remaining
Al-α phase temperature range for thixoforming). On the other hand, the effect of the
heating rate on ∆TTHIXO is directly influenced by the DSC sample mass: for 200 mg, the
increase in the heating rate leads to enlargement of ∆TTHIXO while for 90 and 20 mg this
trend is inverted. It has already been discussed in connection with Figure 1 that an increase
in heating rate leads to progressive overlapping of the Si-eutectic and Al-α phase valleys.
This effect leads to a progressively narrower ∆TTHIXO until the critical temperatures can
no longer be identified [11], exactly as observed for 20 and 90 mg samples. For 200 mg
samples, however, the heat transfer in the sample becomes more heterogeneous when the
heating rate is increased. A more critical time-dependent heat flow response to the power
supplied leads to an even more “diffuse” bulk transformation. The result is a curve, and
∆TTHIXO, with a greater spread along the temperature axis.

3.5. Lower Limit of the Semisolid Window

The fS vs. T curves obtained by CALPHAD simulation at the near-equilibrium Scheil
condition for 4 to 7 wt.%Si are shown in Figure 13 (solid lines) along with the experimental
curves for heating rates of 5 and 25 ◦C/min (dashed and dotted–dashed lines, respectively)
using 200 (a), 90 (b) and 20 mg (c) DSC samples. The temperature corresponding to the
lower limit of the working window (TSSML) is shown in Table 8. Special attention is given
to TSSML in Figure 13 because in thixoforming practice a knowledge of this point is enough
to determine the target operating temperature, which is usually chosen to be a few degrees
above TSSML in order to save energy and guarantee the structural stability of the semisolid
slurry immediately before thixoforming. The temperatures corresponding to the upper
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limit of the working window TSSMH identified here for the Al-(4-7)Si-5Zn system for all
the studied conditions correspond to fS < 0.2 (Figure 12), an extremely low solid fraction of
little practical use.

Figure 13. fS vs. T curves for 4 to 7 wt.%Si from CALPHAD simulation at the Scheil condition and
DSC curves for heating rates of 5 and 25 ◦C/min and 200 (a), 90 (b) and 20 mg (c) DSC samples.

Table 8. The TSSML for AlXSi4Zn in the Scheil condition, 05 ◦C/min and 25 ◦C/min, with sample
mass 200 mg, 90 mg and 20 mg.

Mass (mg) wt.%Si
TSSML (◦C)

Scheil 05 ◦C/min 25 ◦C/min

200

4Si 566 597.5 614.0
5Si 567 599.0 616.0
6Si 568 603.0 621.6
7Si 568 NI NI

90

4Si 566 591.6 607.2
5Si 567 595.3 615.4
6Si 568 593.5 609.4
7Si 568 599.2 NI

20

4Si 566 582.4 600.1
5Si 567 584.3 602.2
6Si 568 586.2 604.8
7Si 568 587.8 NI

The increase in Si content leads to the already expected increase in TSSML due to the
reduction in the Al-α field with the formation of a larger amount of eutectic. Additionally,
the displacement of TSSML to higher temperatures with the progressive distancing from
equilibrium is expected as a result of the delay and spreading of the phase transformations
with the increase in the heating rate.

When the DSC sample mass is reduced, TSSML at 5 ◦C/min and TSSML simulated at the
Scheil condition are similar. The largest difference observed between the Scheil condition
and 5 ◦C/min (Table 8) was 35 ◦C (for 6 wt.%Si and 200 mg), which reduced to only 16.4 ◦C
(for 4 wt.%Si and 20 mg). This can be attributed to more accurate measurement (yielding
results which are in better agreement with the simulation) for lighter masses, which are not
severely affected by heat transfer heterogeneity, as discussed earlier. It should be kept in
mind that CALPHAD simulates the semisolid transformation during solidification, so the
differences observed are due not only to the distancing from equilibrium but also to the
inversion in the heat flow considered as in DSC the melting reaction is measured.

When the experimental cycles at 5 and 25 ◦C/min are compared, the variations in
TSSML with heating rate are far smaller, ranging only from 20.1 ◦C to 15.6 ◦C (for 5 and
4 wt.%Si, respectively, both observed for 90 mg). This result may indicate that the effect of
the heating rate in delaying and extending the transformations along the temperature axis
for 25 ◦C/min is sufficient in itself for the effects of the sample mass on the transformations
to be negligible.
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3.6. CALPHAD vs. DSC

A comparison between the simulated (Scheil) and experimental sensitivity curves for
all the alloys and sample masses studied is shown in Figure 14 for heating rates of 5 ◦C/min
(left) and 25 ◦C/min (right). As these curves inherit the morphology of their respective fS vs.
T curves, the lower the Si content, sample mass and heating rate, the steeper the sensitivity
peaks. It can be seen that the lower heating rate curves (5 ◦C/min, left) are closer to the
Scheil curves than the higher rate curves (25 ◦C/min, right) are for each alloy and sample
mass; this is as expected as the former are nearer equilibrium than the latter. The greatest
similarity between the simulation and experimental data was achieved with the lowest
heating rate and mass (Figure 14e) independently of Si content. For all the experimental
curves, ∆TTHIXO determined by the DM was maintained because the sensitivity within this
interval is below 0.03 ◦C−1 for all the cycles.

Figure 14. dfS/dT vs. T curves for 4 to 7 wt.%Si obtained by CALPHAD simulation at the Scheil
condition and DSC curves for heating rates of 5 (left) and 25 ◦C/min (right) and DSC sample masses
of 200 (a,b), 90 (c,d) and 20 mg (e,f).
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Since high Si content represented a limitation when identifying ∆TTHIXO by the DM,
alloys with a high Si content should be analyzed with lower DSC masses and heating
rates to ensure a suitable processing interval. However, common thixoforming operations
usually involve high heating rates (in the order of 50 to 100 ◦C/min) during partial melting
treatment prior to forming. Another methodology for determining ∆TTHIXO should there-
fore be used with high-Si-content alloys at heating rates similar to those used in industry
(i.e., higher heating rates) in an attempt to overcome the limitations discussed here.

The thixoforming working window (both temperature and solid fraction) for the
lower-mass samples (20 mg) is shown in Table 9. As discussed above, these are considered
the most accurate results for the range of masses tested because of the homogeneous heat
transfer along the sample, the possibility of identifying critical temperatures by the DM
and the similarity between the experimental and CALPHAD data. The alloys containing
4, 5 and 6 wt.%Si have suitable working windows even at the highest heating rate tested,
but when the Si content is increased to 7 wt.%, the working window cannot be defined
for 25 ◦C/min, which is a low heating rate compared with those usually employed for
thixoforming operations. The design process for this alloy should therefore take into
account alternative heating cycles that enable the phase transformations during partial
melting to be more accurately identified.

Table 9. Thixoforming working window temperatures (in ◦C) and solid fractions (in mass fraction) for
the Al-Si-Zn alloys studied here for 20 mg samples. Values that were not identified are shown as NI.

dT/dt
(◦C/min)

TSSML TSSMH ∆TTHIXO fsSSML fsSSMH ∆fsTHIXO

5 25 5 25 5 25 5 25 5 25 5 25

4Si 582 600 622 627 40 27 0.58 0.51 0.07 0.13 0.51 0.38
5Si 584 602 616 619 32 17 0.45 0.37 0.04 0.12 0.41 0.25
6Si 586 605 612 615 26 10 0.36 0.28 0.04 0.13 0.32 0.15
7Si 588 NI 602 NI 14 NI 0.23 NI 0.05 NI 0.18 NI

4. Conclusions

The effects of Si content, heating rate and sample mass on determination of the
thixoforming working window (∆TTHIXO) by DSC were analyzed. Lower values of Si
content, heating rate and DSC sample mass allowed the lower and upper limits of ∆TTHIXO
to be identified more accurately because of the resulting sharper DSC curves, leading to a
complete curvature inversion at the Si-eutectic/Al-α phase transition and, consequently, a
DSC derivative curve that crossed the zero-baseline used by the DM. Furthermore, lower
sample masses and heating rates resulted in data closer to those obtained by the CALPHAD
simulation for all the values of Si content analyzed.

Larger masses were associated with significant heterogeneity in heat transfer flow
through the DSC sample, leading to the same phase transformation occurring at different
places and times in the sample. The sum of the contributions of each “portion” of phase
transformation led to results similar to those for a diffuse transition. An increase in
heating rate enhanced this effect by promoting a more critical time-dependent heat flow
response to the power supplied and led to an even more diffuse-like bulk transformation.
Diffuse transformations resulted in softened curves on which critical points could not be
satisfactorily identified by the DM.

Since higher Si content represented a limitation when identifying ∆TTHIXO by the DM,
alloys with high Si content should be analyzed with lower DSC masses and heating rates,
or another methodology for determining ∆TTHIXO should be used to identify a suitable
interval at conditions near thixoforming operations.
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