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Abstract
Differential scanning calorimetry (DSC) is used to identify the thermal histories of samples to analyse and diagnose pro-
duction and quality concerns connected to industrial rheocasting semi-solid alloy, that had undergone different tempers of 
aluminium alloy EN AB-42000 alloy. In this study, the solidus temperatures of several alloy samples are investigated using 
thermodynamic calculations and DSC observations in this work. The balance of important characteristics, including pseudo-
eutectic, thermal sensitivity, heat flow, and enthalpies behaviour, of Al alloys has been investigated using experimental data 
from DSC and solid fractions. In addition, the choice of heating rates is critical as high rates can blur the two peaks in the 
mushy zone, while low rates lead to slower measurements. Using smaller sample weights and slower rates is preferable to 
obtain more accurate results. Analysing the shape of the fs curve, exact composition, and a reference composition without 
contaminants is essential for understanding complex behaviours, including pseudo-eutectic phenomena. The thermal sensitiv-
ity of compositions also plays a crucial role in the analysis. Despite heat flow decreasing with decreased sample weight, the 
measurement limit can still be exceeded at high heating or cooling rates (20 °C/min) during the eutectic reaction. The eutec-
tic reaction exhibits higher peaks with enthalpies ranging from 360 to 430 mJ/g. However, drawing conclusions regarding 
trends in heating versus cooling or comparing low-mass and higher-mass samples can be challenging. The non-equilibrium 
transformation of the eutectic occurs within a more confined temperature range. Increasing rates lead to overlapping reac-
tions, resulting in complex thermal behaviour.

Keywords Semi-solid · Rheocasting · Aluminium alloy EN AB-42000 · Differential scanning calorimetry (DSC) · Solid 
fraction

Introduction

Gently heating or cooling both a sample and a reference 
chamber, differential scanning calorimetry (DSC) measures 
the difference in heat flow between the two chambers. By 
subjecting the sample and reference to controlled tempera-
ture changes, DSC enables the characterization of thermal 
properties and processes of the material under investiga-
tion. This technique provides insights into phase transitions, 
reactions, melting points, and other thermal phenomena by 
comparing the heat flow of the sample to that of the refer-
ence. DSC is a versatile and widely used analytical tool in 
materials science, chemistry, and other fields [1]. An adi-
abatic insulator separates the two chambers. The molecule 
of interest is contained in a suitable buffer in the sample 
chamber, whereas the reference chamber has the same buffer 
[2]. The Al-Si system's phase diagram appears to be rather 
straightforward [3]. Even at temperatures significantly lower 
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than the thermal unfolding or "melting" temperature (Tm), 
there is still a noticeable disparity in heat flow between the 
sample cell and the reference cell when the sample con-
tains a protein [4]. This disparity occurs because energy is 
supplied to the protein, leading to the disruption of non-
covalent interactions that maintain its solvation, secondary, 
and tertiary structures. As a result, more heat flows into 
the sample cell compared to the reference cell, reflecting 
the energy input required to modify the protein's structural 
arrangements. This observation highlights the sensitivity of 
differential scanning calorimetry (DSC) in detecting even 
subtle changes in protein conformation and behaviour at 
temperatures below the Tm. [5]. In the DSC process, as the 
temperature gradually rises, there comes a point where the 
protein initiates its unfolding. At this stage, there is a notice-
able and substantial increase in the disparity of heat flow 
between the sample and reference chambers. This increase 
reaches its peak at a specific temperature known as Tm, 
which represents the midpoint of the unfolding process [6]. 
Subsequently, as the unfolding process is finalized, the heat 
flow begins to decline, leading to a distinct peak in the plot 
of heat flow versus temperature, also known as a thermo-
gram. This thermogram provides valuable information about 
the unfolding characteristics and thermal stability of the pro-
tein under investigation. [7].

A popular casting method for creating components made 
of aluminium is called Al semi-solid rheocasting. In this 
procedure, an aluminium slurry is created utilizing meth-
ods like mechanical stirring or electromagnetic stirring [8]. 
The automotive and aerospace industries extensively employ 
the Al semi-solid rheocasting process to manufacture engine 
blocks, suspension parts, wheels, and other components 
[9]. This technology provides precise dimensional control, 
reduced porosity, and improved surface finish, making it a 
favourable option for aluminium component manufactur-
ing. Overall, the Al semi-solid rheocasting process offers a 
cost-effective and eco-friendly approach to producing high-
quality, complex-shaped aluminium components compared 
to conventional casting methods [10].

The novel DSC technique proves to be highly beneficial 
in commercial applications of AA6xxx alloys. These alloys 
are now supplied in pre-aged conditions, offering enhanced 
technical qualities [11]. In this context, DSC plays a crucial 
role in optimizing both the processing techniques and the 
material properties. By analysing the heat flow and thermal 
behaviour of the alloys, DSC allows for a thorough under-
standing of the ageing process and helps fine-tune the pro-
cessing parameters. This optimization leads to improved 
control over the final properties of the AA6xxx alloys, mak-
ing the DSC technique a valuable tool in the industry [12].

The first endothermic peak's enthalpy grew, whereas 
the second endothermic peak's enthalpy dropped with an 
increase in silicon concentration. For powders without 

silicon addition, an endothermic peak was seen, while in 
the case of alloys with Si addition, it was conspicuously 
lacking [13].

The importance and implications of key characteris-
tics are typically investigated in a differential scanning 
calorimetry (DSC) analysis of an aluminium alloy like EN 
AB-42000. These characteristics include pseudo-eutectic 
behaviour, thermal sensitivity, heat flow, and enthalpy 
changes [14].

Pseudoeutectic behaviour provides crucial insights into 
the alloy's solidification behaviour and its resulting micro-
structure, influencing how the material is used and pro-
cessed. Thermal sensitivity, determined through shifts and 
changes in peak shape or size in DSC analysis, can offer an 
understanding of the alloy's behaviour under various tem-
peratures, essential in many applications that require varying 
temperatures or swift temperature changes [15].

The heating rate can significantly affect the outcomes of 
the DSC analysis. It can cause shifts in the temperature at 
which phase transformations occur, resulting in peak broad-
ening that reduces the resolution of different events, and 
influences the emphasis on kinetic effects, with slow and fast 
heating rates producing different results [16].

The heating rate also affects observations in the "mushy 
zone" (temperature range where the alloy is partly solid and 
partly liquid) which is critical to the rheocasting process. 
Faster heating rates can cause the mushy zone to appear 
narrower and shift to higher temperatures [17].

Standard scan speeds irrelevant for industrial applications 
are frequently used in DSC studies for solid fraction analy-
sis [18]. The relationship between the solid percentage and 
temperature is of utmost importance for experimental assess-
ment and mathematical modelling purposes. Understanding 
how the solid percentage changes with temperature provides 
valuable insights into the behaviour and characteristics of 
the material under study [19]. This relationship forms the 
foundation for developing accurate mathematical models 
that can predict and simulate the material's response to tem-
perature variations. Experimental assessment coupled with 
mathematical modelling utilizing this relationship enables 
researchers to gain a comprehensive understanding of the 
material’s properties, allowing for better analysis, optimi-
zation, and design of various processes and systems [20].

In this work, we conducted a detailed analysis using ther-
modynamic calculations and differential scanning calorim-
etry (DSC) data to study the solidus temperatures of various 
EN AB-42000 rheocasting semi-solid samples, considering 
changes in sample dimensions. Furthermore, based on DSC 
experimental data and solid fractions, we examined the EN 
AB-42000 rheocasting semi-solid alloys. Specifically, we 
studied the balance of critical properties, including pseudo-
eutectic, thermal sensitivity, heat flow, and enthalpies behav-
ior. In addition, all processes are a series of heating include, 
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determining two-stage heating rates alloy to 550 °C; fast 
then slow heating alloy, fast cooling alloy, fast heating alloy 
to 600 °C, quick alloy heating to 650 °C and cooling not 
important, rapid alloy heating to 700 °C, controllable heat-
ing alloy to 700 °C; fast alloy heating to 700 °C, control-
lable heating alloy to 700 °C; quick alloy heating to 700 °C, 
controllable heating alloy to 700 °C; rapid alloy heating to 
700 °C The quantity varies due to different precipitation pat-
terns. Solid fractions were determined similarly by cycling 
temperatures between 500 and 700 °C at different rates (0.5, 
1, 2, 5, 10, and 20 °C/min), recording heating and cooling, 
and computing solid fractions.

Metal and methodology

Table 1 shows the chemical compositions of the alloys uti-
lized in this study. The aluminium silicon alloy grade (EN 
AB-AlSi7) is commonly used for pressure-tight castings that 
are susceptible to fatigue loading. After heat treatment, it has 
good corrosion resistance and high strength [21, 22].

The aluminium alloy EN AB-42000 is an alloy in the 
wrought Al-Si series 4xxx, which is not strongly included 
in ASTM standards. Aluminium alloy EN AB-42000 is gen-
erally formed by rolling and extrusion. Despite its uncom-
mon practice with this alloy, the series can also be forged 
and clad [23]. The main applications are scaffolding auto-
motive, aerospace, electronics elements, rail coach parts, 
offshore constructions, containers, machine-building, and 
mobile cranes [23]. Using alloy EN AB-42000 in the above 
applications displays good resistance to dynamic loading 
conditions. The resistance is attributed to its fine-grained 
structure. Besides this alloy, EN AB-42000 is an expert in 
marine applications [24]. In the practical alloy EN AW 4244, 
the aluminium alloy contains Si in a 6.5–7.5 wt% range. 
This alloy typically has more than one type of Si and exhib-
its unique properties at semi-solid temperatures [25]. When 
searching for its ASTM counterpart, it is essential to exam-
ine the unique chemical makeup and mechanical attributes 
of EN AB(AC)-42000, aiming to identify an ASTM B518 
alloy with similar properties.

Rheocasting has been known as such since ground-break-
ing research at MIT in 1972 when it was discovered that 
metals in the semi-solid state, with globular grains, exhibit 
unique rheological characteristics that make them appropri-
ate for high-quality component casting [26].

Over the years, numerous techniques have been developed 
to create semi-solid slurries for rheocasting. One crucial 

aspect of this process is to prevent the formation of den-
dritic grains when transitioning a liquid into a semi-solid 
state. To achieve this, it is essential to have precise control 
over the heat extraction while simultaneously employing 
vigorous stirring or similar mechanisms. This combination 
of controlled cooling and intense agitation helps ensure 
the formation of uniform, fine-grained slurries suitable for 
rheocasting [27]. By carefully managing these parameters, 
manufacturers can optimize the rheocasting process and pro-
duce high-quality components with desirable microstruc-
tures and mechanical properties [28]. A slurry with tiny, 
spherical grains and a well-controlled solid fraction should 
result. In addition, the process should be able to create huge 
volumes of slurry in a short length of time at a low cost. 
Unfortunately, most methods have failed to meet at least one 
of these criteria, which is why rheocasting is still a niche 
industry [29].

Result and discussion

The Al semi-solid rheocasting method is a widely adopted 
casting process for producing aluminium-based components. 
This process involves the creation of a semi-solid slurry of 
aluminium using techniques like mechanical stirring or elec-
tromagnetic stirring. The semi-solid slurry is then processed 
using a die-casting method, where it is injected into a die 
cavity to achieve the desired shape. Compared to traditional 
casting methods, this process yields materials with enhanced 
mechanical properties, including improved hardness, low 
porosity, and superior surface finish [30].

Differential scanning calorimetry (DSC) is a widely used 
analytical technique in materials science and chemistry. It 
measures the heat flow into or out of a sample as a function 
of temperature or time. DSC works by comparing the heat 
flow of a sample to that of a reference material as they both 
undergo controlled temperature changes [31].

The significance of the solidus temperature—a crucial 
parameter in the rheocasting process—and the methods 
employed for its determination, namely thermodynamic 
calculations and differential scanning calorimetry (DSC). 
Both methods come with their own set of challenges and 
considerations [32].

Thermodynamic calculations use software tools to predict 
the solidus temperature based on the alloy's composition and 
each component's thermodynamic properties. However, the 
accuracy of these calculations relies heavily on the qual-
ity of the underlying database, and they assume that the 

Table 1  The chemical 
composition of Aluminium EN 
AB-42000 alloys

wt% Al Mg Si Sn Fe Mn Cu Ti Zn Pb Ni

EN AB-42000 Bal 0.25 6.5–7.5 0.05 0.45 0.35 0.15 0.20 0.15 0.15 0.15
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alloy is at thermodynamic equilibrium, which may not be 
true in real-world conditions. DSC, on the other hand, is an 
experimental technique that measures the heat absorbed or 
released by a sample during heating or cooling. This method 
can directly determine the solidus temperature. However, its 
accuracy can be affected by factors such as the sample's size 
and homogeneity, the heating rate, and the calibration of the 
DSC instrument itself.

By using both methods in conjunction, a more accurate 
determination of the solidus temperature can be achieved, 
providing a more complete understanding of the alloy's 
behaviour [33].

Semi‑solid rheocasting method

The EN AB-42000 alloy has a melting temperature of 
680 °C. The phase diagram depicts the influence of AlSi7 
weight per cent and phase transition temperatures [8]. The 
alloy was melted at 700 °C in an electric resistance furnace 
[10]. To allow for melting temperature, the alloy was kept in 
this furnace for minutes. The crucible was removed from the 
furnace, and the molten metal was placed in a stainless steel 
cylinder cup, which was permitted to cool at room tempera-
ture. The procedure outlined above was repeated for the same 
metal during the rheocasting process. Once the crucible was 
removed from the furnace, the melted metal was internally 
cooled using a ‘K type’ thermocouple to regulate the tem-
perature. Subsequently, the molten metals were vigorously 
agitated for a few seconds at 640 °C using steel attached to 
a spinning electric hand drill. This agitation was performed 
until the melt completely dissolved, aiming to produce 
globular shapes and disrupt the dendritic structure. To pre-
vent dendritic growth, the alloy should be cooled to room 
temperature with water as soon as the dendritic microstruc-
ture is replaced with a globular microstructure [30]. DSC 
has been used in several studies to investigate solid-state 
phenomena in aluminium alloys, such as precipitation and 
dissolution of precipitates, as well as precipitation kinetics 
during heat treatments [24]. The specimen under inquiry and 
a reference specimen is heated and cooled at the same time 
in a DSC experiment [34]. Within the examined temperature 
range, the reference specimen must not display any phase 
change [35]. During such a heating cycle, the difference in 
energy consumption or output per time and mass between 
the specimen and the reference is measured. As a function 
of temperature, this so-called heat flow is displayed. An exo-
thermic process, such as solidification or precipitation, is 
indicated by a positive peak. An endothermic process, such 
as melting or dissolution, is represented as a negative peak 
[36]. The semi-solid rheocasting offers several advantages 
over conventional casting techniques, making it especially 
suitable for aluminium alloys like EN AB-42000. These 
benefits include improved flow ability, reduced defects (like 

porosity and hot tearing), enhanced mechanical properties, 
and lower energy consumption. Furthermore, rheocasting is 
cost-efficient, producing near-net-shape parts requiring less 
machining. These advantages enhance the performance and 
viability of components made from EN AB-42000, a widely 
used alloy in demanding sectors like automotive, aerospace, 
and electronics industries [37]. Further details can be found 
in the authors previous studies [33].

DSC samples used in dimensions and crucible type

The rheocasting can offer additional and valuable insights 
into the solidus temperature of an alloy, which can comple-
ment or enhance the information obtained from traditional 
techniques like thermodynamic calculations or differential 
scanning calorimetry (DSC) analysis. The advantages of 
rheocasting include its ability to reflect real-world condi-
tions, its use of larger, more representative samples, the 
possibility of visual observation, and the opportunity for 
post-process microstructure analysis. However, rheocasting 
is not a replacement for other methods but should be used 
in conjunction with them to obtain a comprehensive under-
standing of an alloy's behaviour.

Smaller sample sizes are preferred for DSC measure-
ments to ensure even heating throughout the sample and 
a quicker response to changes in temperature. Larger, non-
homogeneous samples may heat unevenly, and their thermal 
inertia might slow down responses to temperature changes, 
leading to inaccurate results.

Similarly, slower heating rates are advantageous as they 
allow sufficient time for phase transformations to occur at 
their "proper" temperatures. Faster heating rates may cause 
these transformations to appear at higher temperatures and 
can also reduce the resolution of closely spaced thermal 
events.

The use of smaller sample weights and slower heating 
rates can lead to sharper, better-defined peaks in the DSC 
curve and a more accurate determination of phase transition 
temperatures. This improves the understanding of the alloy's 
thermal behaviour and makes it easier to interpret differ-
ent thermal events. As a result, this approach can provide 
valuable insights for optimizing processes like rheocasting. 
Table 2 shows the number of DSC tests, including samples, 
measurements of alloy tape, sample dimension, and crucible 
type utilized in the test.

Heating vs cooling: Differences can arise due to thermal 
hysteresis and kinetic effects. Interpretation of these differ-
ences can be complex, particularly if more energy is required 
to melt the alloy than is released during solidification.

Low-mass vs higher-mass samples: Issues with heat trans-
fer, differences in microstructure, and sample representative-
ness could all affect the observed thermal behaviour.
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To gain more accurate insights, researchers can mitigate 
these challenges by conducting multiple experimental runs, 
utilizing complementary characterization techniques, and 
applying theoretical calculations.

DSC heating curve of the Al alloy measured heat 
flow two‑stage heating rates to 550 °C; fast then 
slow heating; fast cooling

The measurement sample was two-stage heating rates to 
550 °C and fast then slow heating, in the second stage fast 
cooling sample. The thermal cycle for the first measurement 
started heating to 500 °C at 100 °C/min, heating to 550 °C 
at 50 °C/min, holding at 550 °C for 1 min, and cooling to 
RT at 100 °C/min.

In Fig. 1a, the analysis measurement of the sample is dis-
played. We can observe a small exo peak around 350 °C and 

a sudden drop in heat flow at 500 °C when there’s a change 
in the heat rate. Control stabilises as the range increases by 
about 20 °C, and rapid cooling ensues. However, control is 
lost at 350 °C, making the cooling rate of 100 °C/min unsuit-
able for results and sample inspection. Notably, no melting 
occurs in this instance.

Conversely, Fig. 1b provides an analysis measurement 
where the small exo peak at around 350 °C is absent. The 
endo-reaction begins at approximately 570 °C, suggesting 
potential melting. During cooling, a prominent exo peak 
indicates solidification. A cooling rate of 50  °C/min is 
applicable for this measurement. Upon sample inspection, 
there was a noticeable color change, indicating that some 
melting might have taken place. The sample did not stick 
to the holder. The second measurement of the first sample 
was fast heating to 600 °C. The thermal cycle for the second 
measurement started heating to 600 °C at 50 °C/min, heating 

Table 2  DSC dimension of samples, crucible type, and sample preparations

Samples measurements Tape of alloy Dimension of the sample Crucible-
type ceramic 
mg

Sample preparation

Diameter mm High mm Wight gm

1 1 AlSi7 Rheocasting semi-solid 4.5 3 124.7 152.3 –
2
3
4
5

2 6 116.5
7

3 8 120.3 153.3
9 83.1 152.3
10 153.3
11 Rinse in ethanol, wipe with a 

paper towel
4 12 4.5 2 83.1 152.3 Clean in ethanol, wipe with a 

paper towel5 13 4.5 1 40.1 153.5

Fig. 1  a DSC heating curves of the Al alloy first Sample Measured heat flow 2-stage heating rates to 550 °C; fast then slow heating; fast cooling, 
b heat flow fast heating to 600 °C
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to 600 °C at 50 °C/min, holding at 600 °C for 1 min, and 
cooling to RT at 50 °C/min.

In a DSC analysis, when the heating or cooling rates are 
high (for instance, 20 °C/min), the rapid energy changes 
that occur during phase transformations might exceed the 
measurement limit of the DSC instrument. This limitation 
can lead to inaccurate enthalpy measurements, difficulty in 
distinguishing thermal events, and potential misinterpreta-
tion of the alloy's thermal behaviour. Several steps can be 
taken to mitigate these limitations: reducing the heating or 
cooling rate can result in more accurate measurements; using 
smaller samples can decrease the total energy change, reduc-
ing the likelihood of exceeding the measurement limit; using 
a high-capacity DSC instrument with higher measurement 
limits can handle larger heat flows.

The heating curve of Al alloy measured heat flow 
up to 650 °C and 700 °C, while cooling wasn't 
significant

The measurement of the sample was fast heating to 650 °C 
and cooling was not important. The thermal cycle for the 
third measurement started heating to 650 °C at 50 °C/min, 
holding at 650 °C for 1 min, and cooling to RT at 100 °C/
min.

Figure 2a shows an analysis third measurement of the 
first sample was a small exo peak at around 350 °C, endo-
reaction starts at about 570 °C, with a small peak, then a 
large one. Melting might not be completed, a cooling rate 
too high, not measurable, and sample inspection; colour 
changed, some melting might occur. The sample did not 
stick to the holder.

Figure 2b demonstrates an analysis measurement of the 
sample where a small exo peak at around 350 °C, endo reac-
tion onset at around 570 °C, with a small peak, then a large 
one, large, elongated peak-end at about 670 °C, complete 
melting captured, a cooling rate too high, not measurable 

and sample inspection; colour changed, some melting might 
occur. The piece did not stick to the holder.

The fourth measurement of the first sample was fast heat-
ing to 700 °C. The thermal cycle for the fourth measurement 
started heating to 700 °C at 50 °C/min, holding at 700 °C for 
1 min, and cooling to RT at 100 °C/min.

DSC heating curves of the Al alloy measured heat 
flow‑controlled heating to 700 °C

The measurement of the sample aimed to control heating to 
700 °C. The thermal cycle for the fifth measurement started 
heating to 700 °C at 20 °C/min, holding at 700 °C for 1 min, 
and cooling to RT at 100 °C/min.

Figure 3a and b illustrates the analysis measurements of 
the sample. A small Exo peak appears at around 350 °C, 
followed by an endo reaction onset at approximately 570 °C. 
This is initially marked by a small peak, which then escalates 
to a more significant peak ending around 650 °C, indicat-
ing complete melting. Due to the excessively high cooling 
rate, the measurement couldn't be taken. Upon inspecting 
the sample, a change in color was observed, suggesting that 
some melting might have occurred. The sample did not stick 
to the holder.

Heating curve of Al alloy measured controlled 
heating and cooling cycles at 700 °C with slow heat 
flow

The measurement of the sample aimed to control heating 
to 700 °C, and control cooling; repeated cycle. The thermal 
cycle for the sixth measurement started heating to 700 C at 
20 °C/min, holding at 700 °C for 1 min, cooling to 300 at 
40 °C/min, holding at 300 °C for 1 min, heating to 700 °C 
at 20 °C/min, hold at 700 °C for 1 min and cooling to RT 
at 40 °C/min.

Fig. 2  a DSC heating curves of the Al alloy third Sample Measured heat flow fast heating to 650 C, b cooling is not important and heat flow fast 
heating to 700 °C
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Figure 4a Figure 4a illustrates the analysis measurement 
of the sample. The results indicate that complete melting 
occurred, and the cooling rate was deemed satisfactory.

Measured elongated exo peak during solidification onset 
just below 620 °C; a small endo peak at the middle, sample 
inspection, the colour changed, some melting might occur, 
and the sample did not stick to holder.

Figure 4b presents the analysis measurement of the sam-
ple. At the observed rate, we can identify 2 distinct peaks. 
The onset of the endo reaction starts around 570 °C, marked 
by a minor peak. This is followed by a more prominent peak 
indicating initial melting. A subsequent peak, culminating at 
about 650 °C, signifies complete melting. The cooling rate 
was found to be satisfactory.

Measured elongated exo peak during solidification onset 
at 630 °C; a second peak ended at 565 °C, for heating. The 
liquid fraction is calculated by integrating the peaks. For 
cooling, the solid fraction is calculated by integrating the 
peaks, sample inspection: colour changed, some melting 
might occur, and the sample did not stick to the holder. The 
aim of the measurement of the sample was slow heating to 
700 °C and slow cooling; repeated cycle. The thermal cycle 
for the seventh measurement started heating to 700 °C at 

5 °C/min, holding at 700 °C for 1 min, cooling to 300 at 
5 °C/min, and cooling to RT.

The heating curve of the Al alloy measured 
measurement 8, multi‑cycle

The aim of the eighth measurement of the third sample was 
cycling temperatures between 500 and 700 °C with different 
rates (0.5, 1, 2, 5, 10 and 20 °C/min), recording heating and 
cooling, calculating solid fractions

Figure 5 demonstrates an analysis measurement of the 
sample was heating and cooling, calculating solid fractions. 
In our analysis, we observed that the onset of melting occurs 
around 590 °C and has limited dependence on the heating 
rate. For each heating rate, heat flow curves consistently fol-
low the same pattern. However, the conclusion of the melt-
ing process is strongly tied to the heating rate, with peak 
heights rising correspondingly. Notably, at heating rates of 
10 and 20 °C/min, the heat flow surpasses the measurable 
range. Additionally, a minor peak usually seen at 580 °C is 
absent at these rates. The cooling analysis cooling peaks 
shift to the left, the onset of solidification is dependent on 
the cooling rate, and the ending of solidification is highly 

Fig. 3  a DSC heating curves of the Al alloy fifth Sample Measured heat flow-controlled heating to 700 °C at 20 °C/min and hold at 700 °C for 
1 min, b cooling to RT at 100 °C/min

Fig. 4  a DSC heating curve of the Al alloy sixth Sample Measured heat flow-controlled heating to 700 °C, and controlled cooling; repeated 
cycle, b measured heat flow slow heating to 700 °C, and slow cooling
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dependent on the cooling rate. Upon inspecting the speci-
men, a darkened surface with indications of melting was 
observed. The diameter appears to have increased, yet the 
specimen can still be removed from the holder.

Figures 6, 7, 8 demonstrate an analysis measurement of 
the sample was heated rates at 10 and 20 °C/min; peaks 
were smeared. High values exceeding measurement limits, 

at lower rates, 2 separated peaks for the eutectic reaction and 
complete melting temperatures, even at low rates, heating, 
and cooling peaks were shifted; repeated cycles show good 
measurement reliability.

The first heating/cooling and first reheat cycles at 
0.5 °C/min show some minor deviation, indicating a differ-
ence between the initial state and the reheated state of the 

Fig. 5  DSC heating curve of the 
alloy eighth Sample measured 
heat flow overview, multi-cycle

Fig. 6  DSC heating curve of the Al alloy Heating, cooling, and first cycle solid fraction for 0.5 °C/min and 1 °C/min heating rate

Fig. 7  DSC heating curve of the Al alloy Heating, cooling, and first cycle solid fraction for 2 °C/min and 5 °C/min heating rate
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sample, and there is a breakpoint in the solid fraction curves 
at about fs = 60%. There is a significant difference between 
the S parameter (S = df/dT) S = 0.6/10 (1/°C) in the range of 
fs = 0–60%; and S = 0.4/40 (1/C) at fs = 60–100%.

Table 3 illustrates an analysis measurement of the sam-
ple where characteristic temperatures are the onset of the 
transformation, a break-point, and the ending. All tempera-
tures show an increasing trend with the rising heating rates; 
partially from the physical fact of material behaviour, and 
partially from the thermal lag of the measurement method 
and the increase of the transformation energy (e.g. total 
latent heat) shows also an increase with the heating rate; a 
deviation was seen at 10 and 20 °C/min due to the exceeded 
measurement limit.

The fs curve represents the fraction of solid phases pre-
sent in the alloy as a function of temperature during cooling, 
offering vital insights into the solidification process. It shows 
the temperatures at which solidification begins (liquids) and 
ends (solidus), marking the range known as the mushy zone 
where the alloy is semi-solid. Changes in the curve can indi-
cate complex behaviours such as pseudo-eutectic reactions, 
wherein a solid phase and a liquid phase transform into a 
different solid phase of the eutectic composition.

The heating curve of Al alloy recorded rates 
of heating and cooling, calculating solid and liquid 
fractions

The aim of the measurement of the sample was cycling 
between 500 and 700 °C with different rates (0.5, 1, 2, 5, 
10, 20 °C/min), recording heating and cooling, and calculat-
ing solid and liquid fractions. (Fig. 9) demonstrates a ninth 
analysis measurement of the third sample was heating and 
cooling, calculating solid fractions. In analysis, two peaks 
can be identified, the low-temperature peak is for the melt-
ing/solidification of the eutectic, and the high-temperature 
peak is for the melting/solidification of the alpha phase.

The two peaks may overlap depending on the heating 
and cooling rate. On heating rate, the onset of melting is 
less dependent, at about 590 °C; at each heating rate, heat 
flow curves follow the same envelope, ending of melting is 
highly dependent on the heating rate, Peak heights increase 
with the heating rate, at 10 °C/min and 20 °C/min heat flow 
exceeds the measurable range, tiny peak at 580 °C is miss-
ing. On cooling rate, cooling peaks shift to the left, the onset 
of solidification is dependent on the cooling rate, and end-
ing of solidification is highly dependent on the cooling rate. 
Inspection of the specimen reveals darkened surface with 
signs of melting; the diameter might have been increased; 
nevertheless, the specimen can be taken out of the holder.

Figures 10, 11, 12 demonstrate an analysis measurement 
of the sample was heated rates at 10 and 20 °C/min, peaks 
are smeared, and high values exceeding measurement limits, 
at lower rates, two separated peaks for the eutectic reaction 
and complete melting temperatures.

The observed enthalpies during the differential scan-
ning calorimetry (DSC) analysis of the aluminium alloy EN 
AB-42000 are within the range of 360–430 mJ/g. There are 
observable trends, but drawing firm conclusions from them 
is challenging due to the complexities of the system. Two 
key trends were observed:

Fig. 8  DSC heating curve of the Al alloy Heating, cooling, and first cycle solid fraction for 10 °C/min and 20 °C/min heating rate

Table 3  Heat rate, Solid fraction transient temperatures, and energy 
in transformation extracted data

Rate (°C/min) Solid fraction transient tempera-
tures (C)

Energy in 
transformation 
(mJ)

Onset Break (fs = 0.6) Ending

0.5 590 602 638 45,350
1 592 603 642 45,785
2 591 610 645 46,003
5 595 615 648 47,340
10 595 625 653 45,635
20 598 – 668 40,506
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a. The enthalpy during the heating process might be higher 
than during cooling. This could be attributed to various 
factors, including the difference in energy requirements 

for phase transitions during heating and cooling, or pos-
sible kinetic and thermal hysteresis effects.

Fig. 9  DSC heating curve of 
the Al ninth Sample measured 
heat flow overview, multi-cycle 
cooling

Fig. 10  DSC heating curve of the Al alloy Heating, cooling, and first cycle solid fraction for 0.5 °C/min and 1 °C/min heating rate

Fig. 11  DSC heating curve of the Al alloy Heating, cooling, and first cycle solid fraction for 2 °C/min and 5 °C/min heating rate
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b. The samples with lower mass tended to show higher 
enthalpies than those with a higher mass. This could 
be due to the more rapid attainment of thermal equilib-
rium in smaller samples, leading to more efficient heat 
absorption or release, or potentially due to differences 
in heat flow or microstructure.

Even at low rates, heating, and cooling peaks are 
shifted, and repeated cycles show good measurement reli-
ability. The first heating/cooling and first reheat cycles at 
0.5 °C/min show some minor deviation, indicating a differ-
ence between the initial state and the reheated state of the 
sample. There is a breakpoint in the liquid fraction curves 
at about fl = 60%. There is a significant difference between 
the S parameter (S = df/dT) S = 0.6/10 (1/°C) in the range 
of fs = 0–60%; and S = 0.4/40 (1/°C) at fs = 60–100%. The 
breakpoint at cooling is at fs = 50%.

Tables 4 and 5 illustrate an analysis measurement of 
the sample where characteristic temperatures are the onset 
of the transformation, a breakpoint, and the ending of the 
transformation.

Extracted data, at heating, all temperatures show an 
increasing trend with the rising heating rates: partially from 
the physical fact of material behaviour and partially from 
the thermal lag of the measurement method. The increase of 
the transformation energy (e.g. total latent heat) also shows 
an increase in the heating rate; a deviation is seen at 10 and 
20 °C/min due to the exceeded measurement limit. Extracted 
data, at cooling, all temperatures show a decreasing trend 
with the increasing heating rates, partially from the physical 
fact of material behaviour and partially from the thermal lag 
of the measurement method. There is a decrease in the trans-
formation energy with increasing cooling rates; the thermal 
capacity of the sample holder may cause a reduction in the 
apparent heat measured; a deviation is seen at 20 °C/min due 
to the exceeded measurement limit.

The heating curve of Al alloy recorded rates 
of heating and cooling, calculating solid and liquid 
fractions through multi‑cycles with reduced mass

The aim of the measurement of the sample was cycling 
between 500 and 700 °C with different rates (0.5, 1, 2, 5, 

Fig. 12  DSC heating curve of the Al alloy Heating, cooling, and first cycle solid fraction for 10 °C/min and 20 °C/min heating rate

Table 4  Heat rate, solid fraction transient temperatures, and energy in 
transformation extracted data for heating rates

*Heat flow exceeds measurement limits

Heating rate 
(C/min)

Liquid fraction transient temperatures 
(C)

Energy in 
transformation 
(mJ)

Onset Break (fl = 0.6) Ending

0.5 590 602 638 45,350
1 592 603 642 45,785
2 591 610 645 46,003
5 595 615 648 47,340
10 595 625* 653 45,635*
20 598 –* 668 40,506*

Table 5  Cooling rate, solid fraction transient temperatures, and 
energy in transformation extracted data for cooling rates

*Heat flow exceeds measurement limits

Cooling rate 
(C/min)

Solid fraction transient temperatures 
(C)

Energy in 
transformation 
(mJ)

Ending Break (fs = 0.5) Onset

0.5 582 590 635 47,481
1 580 592 633 47,590
2 578 588 634 46,135
5 571 585 630 46,046
10 558 579 627 46,193
20 535 575 625 43,775*
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10, 20 °C/min), recording heating and cooling, calculating 
solid and liquid fractions, the sample Ambient N, 20 ml/
min. (Fig. 13) demonstrates a tenth analysis measurement of 
the fourth sample was heating and cooling, calculating solid 
fractions with multi-cycle with reduced mass. The sample 
weight is about 2/3 of the previous measurements (~ 80 mg 
vs. ~ 120 mg). Compared to sample 3 results, peak heat flows 
decreased, but the measurement limit still exceeded 20 °C/
min. The total temperature window in the plotted range is 
540–660 °C. The repeatability of the measurement is less 
accurate for the lower rates, especially for the solidification 
of the alpha phase. Inspection of the samples shows a large 
amount of oxidization.

Figures 14, 15, 16 demonstrate an analysis measurement 
of the sample was still 10 and 20 °C/min, peaks are smeared, 
and high values exceed measurement limits.

The two reactions are distinguishable; even at low rates, 
heating, and cooling peaks are shifted.

The first heating/cooling and first reheat cycles at 0.5 °C/
min show some minor deviation, indicating a difference 
between the initial state and the reheated state of the sample.

Tables 6 and 7 illustrate an analysis measurement of the 
sample where characteristic temperatures are the onset of the 
transformation, a breakpoint, and the ending of the transforma-
tion. At heating, at 0.5 °C/min curves slightly deviated from 
the others, as the sample is in the initial state, second heating 

Fig. 13  DSC heating curve 
of the Al alloy tenth Sample 
measured heat flow overview, 
multi-cycle with reduced mass

Fig. 14  DSC heating curve of the Al alloy Heating, cooling, and first cycle solid fraction for 0.5 °C/min and 1 °C/min heating rate
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at 0.5 °C/min shifts the heating curve to the right, and reheated 
cases show more similarities in their trends.

There is a slight increasing trend in the onset temperature; 
enthalpy is distinctly larger for the first heating, the similar 
for 1 and 2 °C/min, maybe slightly decreasing; data at 10 and 
20 are not suitable for comparison due to the exceeded meas-
urement limit in heat flow during the eutectic reactions. At 
cooling, heat flow deviates at 0.5, 1, and 2 °C/min, but trans-
formation temperatures are very similar, while enthalpy shows 
an increasing trend. All temperatures show a decreasing trend 
with the rising heating rates; a deviation is seen at 20 C/min 
due to the exceeded measurement limit; enthalpy is increasing 
with the increasing cooling rates.

Fig. 15  DSC heating curve of the Al alloy Heating, cooling, and first cycle solid fraction for 2 °C/min and 5 °C/min heating rate

Fig. 16  DSC heating curve of the Al alloy Heating, cooling, and first cycle solid fraction for 10 °C/min and 20 °C/min heating rate

Table 6  Heat rate, solid fraction transient temperatures, energy in 
transformation extracted, and enthalpy data extracted for heating rates

*Heat flow exceeds measurement limits

Heating 
rate (C/
min)

Liquid fraction transient tem-
peratures (°C)

Energy in 
transforma-
tion (mJ)

Enthalpy
(mJ/g)

Onset Break 
(fl = 0.6)

Ending

0.5 576 589 629 35,307 427.87
1 582 594 634 34,315 412.93
2 583 596 635 34,136 410.78
5 584 602 634 33,519 403.35
10 583 608 641 32,888* 395.76*
20 586 – 652 31,960* 384.59*
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The heating curve of Al alloy recorded rates 
of heating and cooling, calculating solid and liquid 
fractions through multi‑cycling with even lower 
mass

The aim of the measurement of the sample was cycling 
between 500 and 700 °C with different rates (0.5, 1, 2, 
5, 10, 20 °C/min), recording heating and cooling, calcu-
lating solid and liquid fractions, and the sample Ambi-
ent N, 20 ml/min. (Fig. 17) demonstrates a tenth analysis 
measurement of the fifth sample weight is further reduced 
to ~ 40 mg (vs. ~ 80 mg and ~ 120 mg). Compared to sam-
ple 4 results, peak heat flows further decrease; the meas-
urement limit covers the largest heating/cooling rates 
(20 °C/min) as well. The total temperature window in the 
plotted range is 540–660 °C; the repeatability of the ther-
mal cycles is quite accurate. Inspection of the samples 
shows a large amount of oxidization; it shows that the bot-
tom is melted; the top of the specimen keeps the original 
structure, and seemingly the top shell is not melted.

Figures 18, 19, 20 demonstrate an analysis measure-
ment of the sample was the two reactions are well distin-
guishable all over the heating–cooling rates.

The first heating/cooling and first reheat cycles at 0.5 °C/
min show some minor deviation, indicating a difference 
between the initial state and the reheated state of the sample. 
The next reheating shows good repeatability.

Figure 21 illustrates an analysis measurement of the sam-
ple where characteristic temperatures are the onset of the 
transformation, a breakpoint, and the ending of the transfor-
mation. At heating, at 0.5 °C/min, curves slightly deviated 
from the others, as the sample is in the initial state. Second 
heating at 0.5 °C/min shifts the heating curve to the right; 
reheated cases show more similarities in their trends.

There is a slight increasing trend in the onset tempera-
ture. Enthalpy is distinctly larger for the first heating, similar 
for 1 and 2 °C/min, maybe slightly decreasing; data at 10 
and 20 are not suitable for comparison due to the exceeded 
measurement limit in heat flow during the eutectic reactions. 
At cooling, heat flow deviates at 0.5, 1, and 2 °C/min, but 
transformation temperatures are very similar, while enthalpy 
shows an increasing trend. All temperatures show a decreas-
ing trend with the rising heating rates; a deviation is seen at 
20 °C/min due to the exceeded measurement limit. Enthalpy 
is increasing with the increasing cooling rates.

Figure 21 demonstrates an analysis measurement of the 
sample was latent heat trends vs. the heating/cooling rate; 

Table 7  Cooling rate, solid 
fraction transient temperatures, 
energy in transformation, and 
enthalpy data extracted data for 
cooling rates

*Heat flow exceeds measurement limits

Cooling rate 
(°C/min)

Solid fraction transient temperatures (°C) Energy in transfor-
mation (mJ)

Enthalpy (mJ/g)

Ending Break (fs = 0.5) Onset

0.5 573 583 625 30,206 363.48
1 574 583 626 31,956 384.54
2 572 582 624 32,793 394.62
5 567 579 621 32,713 393.65
10 559 576 620 32,865 395.48
20 543 575 619 31,960* 384.59*

Fig. 17  DSC heating curve of 
the Al alloy eleventh sample 
measured heat flow overview, 
multi-cycle with further reduced 
mass
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Fig. 18  DSC heating curve of the Al alloy heating, cooling, and solid and liquid fraction for each heating rate for 0.5 °C/min and 1 °C/min heat-
ing rate

Fig. 19  DSC heating curve of the Al alloy heating, cooling, and solid and liquid fraction for each heating rate for 2 °C/min and 5 °C/min heating 
rate

Fig. 20  DSC heating curve of the Al alloy heating, cooling, and solid and liquid fraction for each heating rate for 10 °C/min and 20 °C/min heat-
ing rate
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the data extraction from the last measurement set (Al5, 
m = 40.1 mg) is the most accurate, and it shows reliable 
trends. Enthalpy for first heating and cooling deviates from 
the subsequent thermal cycles. In the subsequent thermal 
cycles, reproducibility is good. Enthalpies in heating with 
increasing rates are decreasing, enthalpies in cooling with 
rising rates are growing, and enthalpies are asymptotic 
towards a value a bit higher than 400 J/g (~ latent heat for 
pure Al = 396 J/g). Latent heat for AlSi7 in the literature 
is at 480–500 J/g.

Figures 22, 23 demonstrate an eleventh measurement of 
the sample each peak moves with a different speed con-
cerning the heating/cooling rates. At 3 heating and cool-
ing, peaks would be located at identical temperatures at 
the intersection of the corresponding lines in the diagram.

The intersection of eutectic peaks in (Fig. 23) (p1 heat-
ing, and p4 cooling) would be at a heating/cooling rate of 
0.17 °C/min, and the intersection of alpha peaks (p2 heat-
ing, and p3 cooling) would be at a heating/cooling rate of 
0.39 °C/min.

Conclusions

This study demonstrated the DSC analysis and microstruc-
tures of Al-Si EN AB-42000 rheocasting semi-solid alloy. 
The following key findings were obtained:

1. High heating rates smear the two peaks in the mushy 
zone, while low rates result in slow measurements. 
Smaller sample weights and slower rates are preferable.

2. The shape of the fs curve, exact composition, and con-
taminant-less reference composition must be analysed to 
understand complex behaviours, such as pseudo-eutectic 
behaviours. The thermal sensitivity of compositions is 
also crucial.

3. Heat flow decreases with a decreased sample weight, but 
the measurement limit is still exceeded at high heating/
cooling rates (20 °C/min) for the eutectic reaction.

4. The peaks are higher for the eutectic reaction, with 
enthalpies in the range of 360–430 mJ/g, but difficult to 
conclude trends in heating versus cooling and low-mass 
versus higher-mass samples.

5. The temperature range for the non-equilibrium transfor-
mation of eutectic is more confined, while alpha trans-
formation is more spread, and reactions overlap with 
increasing rates.

Fig. 21  Latent heat trends vs the 
heating/cooling rate

Fig. 22  Characteristic peak temperatures
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6. Industrial needs, like shorter test durations, often deter-
mine rate choices.

7. Further research should examine various rates for a com-
plete thermal behaviour view.
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