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Abstract. The dendritic microstructure formed during solidification plays a critical role in
determining the mechanical properties of aluminum castings. In particular, secondary dendrite arm
spacing (SDAS) is strongly influenced by the cooling rate and is closely related to yield strength,
ultimate tensile strength, and elongation. However, experimental validation of these relationships
requires a consistent methodology for defining cooling rate and linking it to microstructural and
mechanical measurements. In this study, an experimental framework was established to investigate
the relationships among cooling rate, SDAS, and mechanical properties in aluminum castings.
Casting blocks with different thicknesses were fabricated to obtain a wide range of cooling rates.
Cooling curves were measured during solidification, and cooling rates were determined using the
second derivatives of the cooling curves. SDAS measurements and tensile tests were conducted on
specimens extracted from symmetric positions within the casting blocks to ensure equivalent thermal
histories. The results showed that the cooling rate—SDAS relationship exhibited a linear trend on a
logarithmic scale, consistent with previously reported correlations. Smaller SDAS values were
associated with increased yield strength, ultimate tensile strength, and elongation. The agreement
between the present results and literature data confirms the validity of the proposed experimental
framework for correlating solidification conditions, microstructure, and mechanical properties of
aluminum castings.

1. Introduction

Aluminum castings are widely used in automotive, aerospace, and structural applications due to their
low density, good castability, and favorable mechanical performance. The mechanical properties of
aluminum castings are strongly governed by the microstructure developed during solidification [1-
3]. Among various microstructural parameters, secondary dendrite arm spacing (SDAS) has been
recognized as a key indicator of solidification conditions and final material performance [4-6].

It is well established that SDAS decreases with increasing cooling rate, leading to finer
microstructures [7, 8] and improved mechanical properties such as yield strength (YS), ultimate
tensile strength (UTS), and elongation (El) [9, 10]. Numerous studies have proposed empirical
relationships linking cooling rate and SDAS, as well as correlations between SDAS and mechanical
properties [11, 12]. Despite these efforts, experimental verification of such relationships remains
challenging due to ambiguities in defining cooling rate and difficulties in directly correlating
microstructural observations with mechanical test results obtained from the same thermal conditions.
One major experimental challenge arises from the fact that cooling curves obtained during casting
are often non-ideal, making the determination of representative cooling rates ambiguous.
Additionally, it is not always feasible to extract specimens for microstructural analysis and
mechanical testing from the exact same location within a casting, which can lead to inconsistencies
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in thermal history and data interpretation. These limitations highlight the need for a robust
experimental framework that enables consistent evaluation of cooling rate, SDAS, and mechanical
properties.

The objective of this study is to establish and validate an experimental methodology for correlating
cooling rate, SDAS, and mechanical properties in aluminum casting. By employing casting blocks
with different thicknesses, cooling rates were systematically varied and quantified using the second
derivatives of cooling curves. SDAS measurements and tensile tests were conducted on specimens
extracted from symmetric locations to ensure equivalent thermal histories. The experimental results
were analyzed and compared with literature-reported correlations to assess the validity of the
proposed framework.

2. Specimen Preparation

Casting Design and Solidification Conditions. To achieve various cooling rates, the casting was
designed to have six steps with different thicknesses of 4, 5, 7, 10, 14 and 18 mm, where thinner steps
were intended to produce higher cooling rates. A total of seven castings were solidified to ensure
repeatability of the experimental data.
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Fig. 1. Aluminum castings with multiple thicknesses

Temperature Measurement and Specimen Location Strategy. To establish correlations between
cooling rate, SDAS, and mechanical properties, it is ideally required that thermocouple
measurements, SDAS observations, and tensile tests be conducted at the same location. However,
this was not feasible for several reasons.

First, tensile specimens could not be extracted from the thermocouple location due to the presence of
the thermocouple hole. Second, SDAS observation requires grinding and polishing, which would
damage tensile specimens if performed prior to testing. Conversely, performing tensile tests before
SDAS observation would deform the dendritic structure, preventing accurate SDAS measurement.
While most of the prior studies do not mention about this problem, a study has addressed this issue
by extracting specimens near the thermocouple location or measuring SDAS at the grip region of
tensile specimens [11]. However, these approaches may result in discrepancies in thermal history
between the gauge region and the thermocouple measurement location.

In this study, thermal symmetry about the center line of the casting was assumed. Thermocouples
were placed at a distance of 50 mm from the center line, and SDAS specimens were extracted at the
same location. Tensile specimens were extracted from another location 50 mm from the center line
on the opposite side, where an identical thermal history was assumed. The validity of this assumption
was verified by comparing SDAS values measured at both symmetric locations, which showed good
agreement.

Specimen Geometry and Preparation. For SDAS measurement, coin-shaped specimens were
fabricated. From the top view, the center of the specimen corresponded to the thermocouple location.
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The specimen diameter was 25 mm, which was selected to accommodate grinding and polishing
procedures. From the side view, grinding and polishing were performed until the mid-plane along the
thickness direction of the casting block was reached, allowing observation of the microstructure at
the thickness center.

Tensile specimens were extracted in a similar manner. From the top view, the center of the gauge
section coincided with the symmetric position relative to the thermocouple location. From the side
view, specimens were extracted from the mid-thickness of the casting blocks.
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Fig. 2. Locations of thermocouples, specimen extraction positions, and extracted specimens

Tensile Specimen Type Selection. For tensile testing of cast metals, round specimens are commonly
used to minimize the influence of non-uniform pore distribution. However, for casting blocks with
thicknesses of 4, 5, and 7 mm, the limited thickness made it impractical to fabricate round specimens.
Therefore, flat specimens were employed for these conditions.

Although the combined use of round and flat specimens may raise concerns regarding result
comparability, thin casting blocks were required in this study to achieve high cooling rates, making
the use of flat specimens unavoidable. While round specimens with reduced gauge diameters could
have been extracted, such specimens were expected to be excessively sensitive to porosity, resulting
in large scatter and poor repeatability in tensile test results. Consequently, flat specimens were
selected to ensure more consistent and reliable mechanical property measurements under high cooling
rate conditions.

3. Thermal Analysis

Challenges in Analyzing Non-Ideal Cooling Curves. In an ideal cooling curve, a plateau with zero
slope appears during phase transformation, where the temperature remains constant due to the release
of latent heat. In practice, however, this plateau often exhibits a finite slope as a result of an imbalance
between the rate of latent heat release and the rate of heat loss to the surrounding environment.
Furthermore, experimental noise and extremely high cooling rates can obscure subtle slope changes,
making it difficult to clearly identify the phase transformation region directly from the cooling curve.
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Identification of Phase Transformation using Derivatives. To identify phase transformation under
non-ideal cooling conditions, numerical differentiation of the cooling curve was employed. While
phase transformation can be inferred from changes in the slope (or first derivative) of the cooling
curve, gradual slope variations make it difficult to determine a distinct transformation point. Since
the second derivative captures the onset of slope change, it provides a clearer mathematical criterion
for detecting phase transformation. Moreover, from a physical standpoint, the release of latent heat
during phase transformation reduces the cooling rate, resulting in a pronounced response in the second
derivative. Previous studies have also reported that using the second derivative provides a more
reliable criterion for identifying the onset of phase transformation [13, 14]. Accordingly, the second
derivative of the cooling curve was used to identify phase transformation regions in this study.

The material investigated was an Al-Si alloy, in which primary a-Al solidifies first, followed by
eutectic Si. Therefore, the first peak in the second derivative was defined as the onset of primary a-
Al solidification, and the second peak as the onset of eutectic silicon solidification.
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Fig. 3. Identification of the dendritic growth region based on the second derivative of the cooling
curve

Average Cooling Rate over Dendritic Growth Region. Once the phase transformation interval was
identified, the average cooling rate relevant to SDAS formation was calculated. Previous studies have
shown that dendritic growth becomes negligible after the onset of eutectic Si solidification, and thus
SDAS is not expected to change beyond this point [15, 16]. Based on this assumption, the dendritic
growth interval was defined as the temperature range between the onset of primary a-Al solidification
and the onset of eutectic Si solidification [8, 17]. The average cooling rate was calculated over this
interval and used for correlation with SDAS.

T ,—-T,. ..
Average Cooling Rate = “‘Al—_e‘;““c )

eutectic a-Al

For the 4 mm thick casting block, solidification of primary a-Al began before the molten metal fully
filled the mold, making it impossible to directly identify the onset of a-Al solidification from the
cooling curve. Consequently, the average cooling rates obtained from other block thicknesses were
fitted using an exponential function, and the extrapolated value was adopted as the average cooling
rate for the 4 mm block. This exponential fitting was used solely for estimating the cooling rate of
the 4 mm block. For blocks with well-defined average cooling rates, the experimentally determined
values were directly used, together with the measured SDAS, to establish the relationship between
SDAS and average cooling rate.
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Fig. 4. Measured average cooling rates according to the block thicknesses

4. Results and Discussion

Relationship between SDAS and Average Cooling Rate. The dendritic microstructures were
observed near the thermocouple locations using optical microscopy, as shown in Fig. 5. A clear
difference in microstructural scale was observed depending on the casting block thickness, and
consequently on the cooling rate. SDAS was measured using the linear intercept method [18], which
is widely adopted for SDAS evaluation. The measured SDAS values are plotted as a function of

average cooling rate in Fig. 6.
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Fig. 5. Optical micrographs showing dendritic microstructures in 4 mm and 18 mm casting blocks
near thermocouple location
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Fig. 6. SDAS versus average cooling rate with fitted curve

The relationship between SDAS and average cooling rate is commonly described by a linear fit on a
log—log scale. Accordingly, in the present study, the experimental data were fitted using the power-
law:

SDAS =h(AC)™" (2)

where b =37.303 um-(°C/s)***, n=0.385 and AC denotes the average cooling rate. The obtained

exponent » falls within the range of 1/3 to 1/2 reported by Flemings [7], indicating that the
experimental procedure and data analysis employed in this study are consistent with established
literature.

It should be noted that some scatter is present in the SDAS measurements, which can be attributed to
local variations in dendritic morphology and inherent uncertainties associated with the linear intercept
method. Nevertheless, the overall trend of decreasing SDAS with increasing cooling rate is clearly
observed, and the fitted relationship captures the experimental data well. This result suggests that the
SDAS measurements obtained in this study are sufficiently reliable for establishing quantitative
correlations with cooling rate and mechanical properties.

SDAS Agreement at Symmetric Location. To verify the assumption that symmetric locations with
respect to the casting centerline experience identical thermal histories, SDAS measurements were
performed at both locations. One location corresponded to the thermocouple position, from which
specimens for SDAS observation were extracted, while the other was the symmetric position used for
tensile specimen extraction.

Table 1. Comparison of SDAS measured at symmetric locations

Thickness of the block SDAS at thermocouple SDAS at the symmetric
[mm] location [pm] location [pm]
18 21.4 22.3
14 25.3 25.7
10 28.8 27.5
7 31.4 32.0
5 37.6 34.3
4 46.2 44.5
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The measured SDAS values at the two symmetric locations are summarized in Table 1. For all casting
block thicknesses examined, the SDAS values measured at the symmetric locations showed good
agreement.

These results confirm that the assumption of equivalent thermal histories at symmetric locations is
reasonable for the present casting geometry. Accordingly, the tensile specimens extracted from the
symmetric positions can be reliably correlated with the SDAS values measured at the thermocouple
locations, enabling consistent analysis of the relationships among cooling rate, microstructure, and
mechanical properties.

Relationship Between Mechanical Properties and SDAS. Since SDAS measured at symmetric
locations showed good agreement, the SDAS obtained at the thermocouple locations was correlated
with the mechanical properties measured from tensile specimens extracted from the corresponding
symmetric positions. As discussed previously, this approach was established to overcome the
experimental limitation that microstructure observation and tensile testing cannot be performed
simultaneously on a single specimen. The experimental results and fitted relationships are given in
Fig. 7 and Eq. 3 to Eq. 5.
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Fig. 7. Mechanical properties versus SDAS with fitted line

YS [MPa] = —1.51(SDAS [um]) + 258.27 3)
UTS [MPa] =—2.31(SDAS [um]) + 346.64 (4)
El [%] = —0.128(SDAS [pm]) +10.04 (5)

One limitation of the present study is related to the quality of the casting process. The casting
experiments were conducted by a non-specialized casting facility, and as a result, the overall casting
quality was not optimal. In particular, a relatively high level of porosity was observed in the castings,
which contributed to significant scatter in the measured mechanical properties. Since tensile
properties are highly sensitive to porosity, especially elongation, this variability limited the
consistency of the experimental data. It is expected that improved control of the casting process, such
as optimized melt handling, degassing, and mold design, would reduce porosity and lead to more
reliable mechanical property measurements. Therefore, further improvement in casting quality would
enable more quantitative and refined correlations between SDAS, and mechanical properties.

Although some scatter was observed in the experimental data, a clear decrease in yield strength (YS)
and ultimate tensile strength (UTS) with increasing SDAS was evident. The scatter in elongation (EI)
to fracture was larger than that in YS and UTS, which can be attributed to the higher sensitivity of
elongation to casting porosity and specimen geometry. In particular, the use of both flat and round
specimens may complicate direct comparison of elongation. To minimize this effect, the cross-
sectional areas of the flat and round specimens were matched as closely as possible. Despite the
increased scatter, elongation also exhibited a decreasing trend with increasing SDAS. Overall, all
three mechanical properties—YS, UTS, and elongation to fracture—were found to decrease with
increasing SDAS. This trend can be explained in terms of microstructure refinement. A smaller SDAS
corresponds to a finer dendritic structure, which reduces the effective interdendritic spacing and
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restricts dislocation motion, thereby increasing strength. From a ductility standpoint, in fine dendritic
structures, interdendritic regions are fragmented, which limits the growth and coalescence of
localized strain zones and delays crack initiation, leading to improved elongation.

While similar trends between microstructure and mechanical properties have been reported for Al-Si
alloys [4, 17], different behaviors have been observed in other alloy systems. A more in-depth
discussion on the underlying mechanisms governing microstructure—mechanical property
relationships can be found in [19].

5. Conclusion

In this study, an experimental framework was applied to investigate the relationships among cooling
rate, secondary dendrite arm spacing (SDAS), and mechanical properties in aluminum castings.
Casting blocks with different thicknesses for obtaining wide range of cooling rates, and the use of the
second derivative of cooling curves for identifying phase transformation regions were adopted based
on established approaches reported in previous studies [13, 14]. Building upon these methods, this
work focused on improving the experimental linkage between thermal history, microstructure, and
mechanical properties.

The primary contribution of this study lies in the specimen extraction strategy. Due to inherent
experimental constraints, it was not possible to extract both SDAS and tensile specimens from the
exact thermocouple location. To address this issue, SDAS observation specimens were extracted from
the thermocouple locations, while tensile specimens were extracted from symmetric positions with
respect to the casting centerline, where identical thermal histories were assumed. This assumption
was validated by comparing SDAS values measured at the symmetric locations, which showed good
agreement. This approach enabled a consistent correlation between cooling rate, SDAS, and
mechanical properties.

The relationship between SDAS and average cooling rate followed a power-law form, with a fitted
exponent consistent with values reported in the literature [7], confirming the reliability of the thermal
analysis. Tensile test results demonstrated that yield strength, ultimate tensile strength, and elongation
increased with decreasing SDAS. Although some scatter was observed, particularly in elongation due
to porosity and specimen geometry effects, consistent trends were obtained across all specimens.
Overall, the results confirm that SDAS is an effective microstructural parameter for describing the
mechanical behavior of aluminum castings. The specimen extraction framework proposed in this
study provides a practical and reliable methodology for experimentally correlating cooling
conditions, dendritic microstructure, and mechanical properties, and can be readily extended to other
casting alloys and solidification studies.
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