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Abstract
The eﬀect of Si content (0.5, 1.5, and 5 wt.%) and growth velocity on the microstructure,
microhardness, ultimate tensile strength, electrical resistivity, enthalpy, and speciﬁc heat properties of the directionally solidiﬁed Al-Mn eutectic alloy have been investigated. Al-1.94Mn-xSi
(x = 0.5, 1.5, 5 wt.%) samples were prepared from pure metals (99.99 % purity) under the
vacuum. These alloys were directionally solidiﬁed under constant temperature gradient G
(4.9 K mm−1 ) and diﬀerent growth velocities V (from 8.3 to 978 µm s−1 ) in a Bridgman-type
growth apparatus. Measurements of primary dendrite arm spacing (λ), microhardness (HV),
ultimate tensile strength (UTS) and electrical resistivity (ρ) of the samples were carried out
and then expressed as functions of growth velocity and Si content (Co ). Additionally, the enthalpy of fusion (ΔH) and speciﬁc heat capacity (Cp ) for the same alloys were determined by
a diﬀerential scanning calorimeter (DSC) from the heating curves. It has been found that the
values of HV, UTS, and ρ increase with increasing values of V and Co . On the contrary, the
values of λ decrease with increasing V . The increasing Si content in Al-Mn leads to a decrease
of ΔH and Cp .
K e y w o r d s : Al-Mn-Si alloys, solidiﬁcation, microstructure, mechanical properties, thermal
properties, electrical resistivity

1. Introduction
Al-Mn alloys are known to have good formability with high enough strength [1], good mechanical
properties, good corrosion resistance, ease of welding and brazing. They are convenient for many engineering, chemical, transportation, building, desalination, marine, and food handling applications. The size,
shape, and distribution of intermetallic compounds
are known to aﬀect the recrystallized grain size of
Al-Mn alloys [2–4]. Because these alloys are generally
used in the form of sheet, strip or foil, the problem of
grain reﬁnement assumes added importance. On the
other hand, Al-Si alloys are an essential class of aluminum die casting alloys having wide ranging applications in industry. The application area of an alloy
is speciﬁed by the physical properties of the casting,
which are inﬂuenced by the chemical composition and
microstructure [5–8].
Within the past few years, research activities dedi-

cated to multiphase solidiﬁcation of ternary and multicomponent alloys have reached considerable levels
[9–11]. Multiphase solidiﬁcation of multicomponent
materials attracts pronounced academic interest as
well. The study of the solidiﬁcation behavior of multicomponent and multiphase systems is an important
point in understanding the diﬀerent properties of these
materials.
It is well known that the physical properties (mechanical, electrical, thermal, etc.) of metallic materials are aﬀected by their morphology. The microstructure evolution during solidiﬁcation depends on the
composition, melting conditions, solidiﬁcation velocity, casting process, and the applied thermal treatment [5, 7, 10, 11]. When an alloy is solidiﬁed, the
most frequently observed solid morphology is eutectic or dendritic microstructures [12]. The microstructure parameters characterize microstructures. Numerous solidiﬁcation studies have been reported with
a view to describing the microstructure parameters
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as a function of growth velocity [13, 14].
The microstructural, mechanical, electrical, and
thermal properties of directionally solidiﬁed Al-based
alloys which are important commercial materials have
been reported in several investigations [5–14], but the
results diﬀer from each other.
This work aimed to experimentally investigate the
eﬀect of Si content (Co) and growth velocity (V ) on
the microstructure (primary dendritic spacing, λ), microhardness (HV), ultimate tensile strength (UTS),
electrical resistivity (ρ), enthalpy of fusion (ΔH), and
speciﬁc heat capacity (Cp ) of the directionally solidiﬁed Al-1.94Mn-xSi (x = 0.5, 1.5, 5 wt.%) ternary alloys. In addition, another aim is to examine the possible eﬀects of the composition and temperature on the
thermal (ΔH and Cp ) and electrical (ρ) properties.
2. Materials and methods
2.1. Sample preparation
Al-1.94Mn-xSi (x = 0.5, 1.5, 5 wt.%) alloys have
been prepared under vacuum atmosphere by using
99.99 % purity metals. After allowing time for melt
homogenization, the molten alloy was poured into the
hot ﬁlling furnace. The molten alloy was directionally
solidiﬁed from bottom to top to ensure that the crucible was full. Then, each sample was positioned in
a Bridgman type furnace in a graphite cylinder. In
this technique, the specimens were heated to about
100 K above the melting temperature. After stabilizing the thermal conditions in the furnace, the samples were grown by pulling it downwards at diﬀerent growth conditions under an argon atmosphere.
The samples were solidiﬁed under steady-state conditions at a constant temperature gradient, and a
wide range of growth velocities (8.3–978 µm s−1 ) in
the Bridgman-type growth apparatus described elsewhere [7–13]. After 10–12 cm steady-state growth, the
samples were quenched by rapidly pulling them down
into the water reservoir. The temperature of water
in the reservoir was kept at 283 K by using a heating/refrigerating circulating bath. The sample temperature was controlled with an accuracy of ± 0.1 K
using a temperature controller. In order to see the effect of growth velocity and Si content on microstructure and mechanical properties, directional solidiﬁcation experiments were done at four diﬀerent growth
velocities for each Al-Mn-xSi alloy.
2.2. Measurement of temperature gradient
and growth velocity
The temperatures in the samples were measured
by three K-type thermocouples. All the thermocouples were connected to the measurement unit consist-

ing of data-logger and computer. The cooling curves
were recorded with a data-logger via computer during the solidiﬁcation process (details are given in [7]).
When the second thermocouple was at the solid/liquid
interface, the temperature diﬀerence (ΔT ) between
the ﬁrst and second thermocouples was read from the
data-logger record. The temperature gradient in liquid
at the solid-liquid interface (G = ΔT /ΔX) for each
sample was calculated from three cooling curves using
the measured value of ΔT and the value of ΔX.
2.3. Microstructure characterization
The quenched samples were removed from the
graphite crucible and cut into lengths of typically
8 mm. The longitudinal and transverse sections of the
ground samples were then cold mounted with epoxyresin. The longitudinal and transverse sections were
ground ﬂat with (180, 500, 1000, 2500, and 4000) grit
SiC paper, and then polished with (6, 3, 1, 0.25, and
0.05) µm diamond paste. After polishing, the samples
were etched (20 ml distilled H2 O + 20 ml HNO3 +
20 ml HCl + 5 ml HF from 5 to 8 s). The microstructures of the samples were revealed and photographed
by the SEM (LEO model). Primary dendrite arm spacing was measured with the Adobe Photoshop CS3 program. Chemical composition analysis of the samples
was carried out with the same SEM equipped with an
energy dispersive X-ray (EDX) spectrometer at 20 keV
using the X-ray lines as well as a computer-controlled
image system.
2.4. Measurements of dendritic spacing
Two diﬀerent methods were used to measure primary dendrite arm spacing, λ1 [15]. In the ﬁrst
method, the primary dendrite arm spacing, λ1L , was
obtained by measuring the distance between the nearest two dendrites tips (Fig. 1a) on a longitudinal section. The second method is the area counting method
[14]. The values of λ1T were measured in the transverse section of the sample (see Fig. 1). In this method
the average primary dendrite arm spacing, λ1T , was
determined from
 0.5
A
1
λT =
,
(1)
M N
where M is the magniﬁcation factor, A is the total
specimen cross-sectional area, and N is the number of
primary dendrites on the cross-section. λ is arithmetic
average value of λ1L and λ1T .
2.5. Measurements of microhardness, ultimate
tensile strength, and electrical resistivity
Microhardness values of the samples were measured by using a DuraScan digital hardness test de-
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Fig. 1. Schematic illustration of the dendritic spacing measurements in (a) longitudinal and transverse sections, (b) transverse section, and (c) longitudinal section.

vice. In this work, 100 g load was applied to the sample
for 10 s. After taking about 20 measurements from the
longitudinal and transverse sections of each sample,
the average value of these measurements was taken.
The tensile tests were performed at a strain rate of
10−3 s−1 with a Shimadzu AG-XD universal testing
machine. Cylindrical tensile specimens with a diameter of 4 mm and a gauge length of 50 mm were machined from the directionally solidiﬁed samples prepared at diﬀerent growth velocities.
Electrical resistivity of the directionally solidiﬁed
samples was measured by the DC four-point probe
method at temperatures ranging from room temperature to 590 K.
2.6. Determination of enthalpy and speciﬁc
heat capacity
The thermal properties (enthalpy of fusion and the
speciﬁc heat capacity) of the Al-Mn-xSi specimens
were measured by DSC thermal analysis. The instrument measures the diﬀerence between heat ﬂow from
the sample and reference (empty crucible) sides of a
sensor as a function of temperature. The speciﬁc heat
capacity measurements were performed following the
standard ASTM E-1269-05. This method consists of

heating a blank (baseline), the sample, and a sapphire disk (reference material for Cp measurements)
through the same temperature range at a ﬁxed velocity in a controlled atmosphere (nitrogen ﬂow as protective gas). The diﬀerence between the sample curve
and the baseline curve was measured in milliwatts and
converted to speciﬁc heat as follows [16]:
Cp =

dQ 1
,
dt mβ

(2)

where dQ/dt is the heat ﬂow, m is the mass of the sample in (g), and β is the heating velocity in (K min−1 ).
The Al-Mn-xSi cast alloys were heated with a heating velocity of 10 K min−1 from 293 to 1200 K. The
values of the enthalpy of fusion and the speciﬁc heat
capacity were also calculated from the curves of the
heat ﬂow.

3. Results and discussion
3.1. Microstructural characterization
The microstructure of Al-Mn-xSi alloys consists
of Al-rich dendrites, as shown in Fig. 2. The EDX
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Fig. 2. The chemical composition analysis and growth microstructures of the Al-Mn-xSi alloys: (a) Al-1.94Mn-0.5Si, (b)
Al-1.94Mn-1.5Si, and (c) Al-1.94Mn-5Si.

analysis in Fig. 2 indicates that the chemical composition of the quenched liquid phase is very close to
the nominal composition, and the inter-dendritic gray

phase belongs to the Al-rich matrix phase. According to the EDX results, the measurements taken from
the liquid region of Al-1.86Mn-0.47Si, Al-1.81Mn-
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Fig. 3. Typical optical micrographs of the directionally solidiﬁed Al-1.94Mn-xSi alloys at V = 978 µm s−1 and G =
4.9 K mm −1 : (a) and (b) Al-1.94Mn-0.5Si, (c) and (d) Al-1.94Mn-1.5Si, (e) and (f) Al-1.94Mn-5Si.

-1.56Si, and Al-1.85Mn-5.18Si (wt.%) are very close
to the nominal composition of Al-1.94Mn-xSi (x =
0.5, 1.5, 5 wt.%) alloys, respectively. The chemical
composition of dendrite trunks in the solid phase
(Fig. 2a) are Al-1.66Mn-0.31Si, Al-07Mn-1.80Si, and
Al-0.56Mn-20.04Si (wt.%). As can be seen from
Figs. 2b,c, the amounts of Si in the dendrite trunks
increased and contributed to the formation of Si-rich
regions.

3.2. The eﬀect of growth velocity and Si
content on microstructure
The Al-Mn-xSi bulk samples were directionally
solidiﬁed under a constant temperature gradient G
(4.9 K mm−1 ) and diﬀerent growth velocities V (from
8.3 to 978 µm s−1 ). Microstructure features (Figs. 2,
3) of the grown samples were analyzed, and the inﬂuence of the growth velocity on the primary dendritic

H. Kaya et al. / Kovove Mater. 58 2020 275–285

280

Fig. 4. Variation of the dendritic spacing with the growth
velocity for Al-Mn alloys containing 0.5Si, 1.5Si, and 5Si.

Fig. 5. Variation of the microhardness with the growth
velocity for Al-Mn alloys containing 0.5Si, 1.5Si, and 5Si.

spacing (λ) was examined. From the experimental results, the relationship between primary dendritic spacing and the growth velocity can be written as:

transverse sections at about 30 diﬀerent randomly selected regions. As shown in Fig. 5, an increase in the
growth velocity leads to an increase in the microhardness. From the experimental results, the relationship
between microhardness (HV) and growth velocity can
be written as:

λ = k1 V −a ,

(3)

where k1 is the proportionality constant, and a is the
exponent value of V . As can be seen from Fig. 4, the
values of λ decrease with increasing values of V .
As can be seen from Fig. 4, the values of λ decrease
with the increasing growth velocity and increase with
the increasing Si content. The exponent values of V relating to λ were obtained to be 0.22, 0.35, and 0.41 for
0.5Si, 1.5Si, and 5Si in the Al-1.94 Mn alloys, respectively. The exponent values a are in a good agreement
with the values of 0.30, 0.24, 0.25, 0.24, and 0.28 obtained by Fan et al. [17], Lapin et al. [18] or Kaya et
al. [19, 20] for Al-based alloys prepared under similar
solidiﬁcation conditions. The exponent values a are
also close to the theoretical value of 0.25 predicted by
the Hunt [21], Kurz-Fisher [22], and Trivedi [23] models for binary dendritic growth. However, until now,
there has not been any accepted theoretical model for
ternary alloys in the literature to be compared with
the experimental results.
As shown in Fig. 4, the λ values increase with the
increasing Si content for the same growth velocities.
At the growth velocities of 8.3 µm s−1 , the λ values
are measured to be 190, 511, and 867 µm for 0.5Si,
1.5Si, and 5Si alloys, respectively.
3.3. The eﬀect of growth velocity and Si
content on microhardness and ultimate
tensile strength
The Al-Mn-xSi samples were solidiﬁed at diﬀerent
growth velocities ranging from 8.3 to 978 µm s−1 . In
this work, microhardness measurements were made on

HV = k2 V b ,

(4)

where k2 is the constant and b is the exponent of the
growth velocity V .
It is found that the increasing growth velocity from
8.3 to 978 µm s−1 leads to an increase in microhardness values from 326 to 468 MPa depending on the
Si content. The exponent values b are found to be
0.05, 0.03, and 0.05 for the 0.5Si, 1.5Si, and 5Si alloys, respectively. The exponent values b are in a good
agreement with the reported values ranging from 0.03
to 0.08 published by Kaya et al. [24], Guo et al. [25],
Lapin et al. [26], and Perdrix et al. [27] for ternary and
multicomponent alloys prepared under similar solidiﬁcation conditions.
Figure 5 shows that the HV values increase
with the increasing Co . At the growth velocity of
8.3 µm s−1 , the values of HV are measured to be
326 MPa, 348 MPa, and 367 MPa for 0.5Si, 1.5Si, and
5Si alloys, respectively. Similarly, at the growth velocity of 978 µm s−1 , the microhardness values increase
from 420 to 477 MPa with the increasing Si content
from 0.5 to 5 wt.%.
The eﬀect of growth velocity and Si content on the
ultimate tensile strength of Al-Mn-xSi alloys is presented in Fig. 6. The UTS values change with growth
velocity and Si content. While the maximum value
of UTS =165.4 MPa is measured for the Al-Mn-5Si
alloy at 978 µm s−1 (Fig. 6c), the minimum value of
59.4 MPa is measured for Al-Mn-0.5Si at 8.3 µm s−1
(Fig. 6a).
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Fig. 7. Variation of ultimate tensile strength versus growth
velocity (a) and variation of ultimate tensile strength versus Si content (b).

(σ) on V can be expressed as:
σ = k3 V c ,

Fig. 6. Strength-strain curves of Al-Mn alloys containing:
(a) 0.5Si, (b) 1.5Si, and (c) 5Si.

In this study, the values of UTS were measured on
cylindrical samples (4 mm after the directionally solidiﬁed). After the measurements, the average ultimate
tensile strength values were obtained for each alloy. It
can be seen from Fig. 7 that an increase in V and Co
leads to an increase in the ultimate tensile strength.
From experimental results, the dependence of UTS

(5)

where k3 is the constant and c is the exponent of the
growth velocity.
The values of UTS increase with increasing growth
velocity (Fig. 7b). It was found that the increasing
V from 8.3 to 978.0 µm s−1 leads to an increase of
the maximum ultimate tensile strength values from
59.4 to 165.4 MPa for the Al-Mn alloy with the addition of 5Si. The values of HV and UTS increase with
the increasing growth velocity and Si content. Especially, the Al-1.94Mn-5Si alloy has the highest values
of HV and UTS. Homogeneous distribution of silicon
particles formed along the dendritic regions improves
the microhardness and ultimate tensile strength of the
matrix. The exponent values c are found to be 0.09,
0.08, and 0.06 for 0.5Si, 1.5Si, and 5Si alloys, respectively. The exponent values c are in a good agreement
with the values ranging from 0.04 to 0.09 reported
by Çadırlı et al. [28], Kaya et al. [24, 29, 30] for
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Fig. 8. General morphology and high magniﬁcation views of the fracture surface of Al-Mn-Si alloys: (a) and (b) Al-Mn-0.5Si,
(c) and (d) Al-Mn-1.5Si, (e) and (f) Al-Mn-5Si fracture surface.

Al-based alloys, Guo et al. [25], Lapin and Mareček
[26] for NiAl-based alloys. However, this exponent
value is lower than the values of 0.14 and 0.15 reported
by Lapin et al. [30] and Fan et al. [31] for TiAl-based
alloys, respectively. Figure 7b shows the values of UTS
as a function of Co . The highest UTS value is obtained
for the Al-1.94Mn-5Si alloy. The UTS values increase
from 59.4 to 122.9 MPa, approximately by 51 %.
Consequently, the microhardness and ultimate tensile strength of the alloys increase with the increasing
V and Co . Especially, the Al-1.94Mn-5Si alloy would
be expected to have the highest microhardness and ul-

timate tensile strength. Presence of AlSi5 IMC phases
throughout the matrix (α-Al) formed along the interdendritic region improves the microhardness and
ultimate tensile strength of the matrix.
3.4. Fracture behavior
Figure 8 shows the fracture surfaces of the Al-1.94Mn-xSi alloys for the lowest growth velocity
(8.3 µm s−1 ). As shown in Fig. 8b, the fracture surfaces exhibit a lot of dimples indicating the ductile
type of fracture. However, the brittle fracture feature
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becomes more evident when the Si content increases
from 0.5 to 5 wt.%. As apparent from Fig. 8f, there are
some cleavage planes and voids marked with white
arrows. Many micro-cracks start from these voids
(white arrow). As can be seen from these fractographs,
the elongation decreases with the increasing Si content. In particular, in the Al-1.94Mn-1.5Si and Al-1.94Mn-5Si alloys, the mode of fracture signiﬁcantly
changed from less brittle to more brittle. An important factor that causes brittle fracture is grain size. As
grains get smaller, the fracture becomes more brittle.
As seen in Figs. 8c,d, numerous cavities are formed on
the fracture surface.
3.5. Electrical properties
The electrical resistivity of the alloys is aﬀected by
microstructure, plastic deformation, heat treatment,
temperature, and chemical composition [32]. The
growth velocity and temperature dependence of electrical resistivity for Al-Mn-xSi alloys were measured
by the four-point probe method [33]. A sourcemeter (Keithley 2400) and a multimeter (Keithley 2700)
were used to provide current and the potential drop.
Platinum wires with a diameter of 0.5 mm were used
as current and potential probes. The voltage drop was
detected, and electrical resistivity and conductivity
were determined using a standard conversion method.
The results of the electrical resistivity measurements
are presented in Fig. 9. Figure 9a shows the variation
of electrical resistivity versus growth velocity and Si
content. Dependence of electrical resistivity on growth
velocity can be represented as:
ρ = k4 V d ,

Fig. 9. Variation of electrical resistivity versus growth velocity (a) and variation of electrical resistivity versus temperature (b).

(6)

where k4 is the constant and d is the exponent of the
growth velocity.
As seen in Fig. 9a, the values of ρ increase with
the increasing V values. It is found that the increase
growth velocity from 8.3 to 978 µm s−1 leads to an
increase in electrical resistivity from 3.97 × 10−8 to
5.49 × 10−8 Ω m for 0.5 Si, from 4.66 × 10−8 to
6.52 × 10−8 Ω m for 1.5 Si, and from 5.58 × 10−8 to
8.77 × 10−8 Ω m for 5Si alloys. The exponent values
d are found to be 0.07, 0.07, and 0.09 for 0.5Si, 1.5Si,
and 5Si alloys, respectively. The exponent values of d
obtained in this study are in good agreement with the
values ranging from 0.07 to 0.09 reported by Böyük
[33] for Al-Si-Ni eutectic, Çadırlı et al. [28], and Kaya
et al. [13, 34, 35] for Al-Ni alloys.
As shown in Fig. 9a, the resistivity increases with
the increasing Si content. At the growth velocity of
8.3 µm s−1 , the experimental values of ρ are measured
to be (3.97, 4.66, and 5.58) × 10−8 Ω m for the 0.5Si,
1.5Si, and 5Si alloys, respectively, at room temperature. The values of electrical resistivity were deter-

mined in the temperature interval of 293–592 K and
the data are plotted in Fig. 9b. The ρ values increase
linearly with the increasing T values for each alloy
and increase with the increasing Si content. The similar trend is supported by the previous results of Kaya
[5], Boekelheide et al. [36], and Çadırlı et al. [37]. The
electrical resistivity was determined to increase from
3.97 × 10−8 to 20.07 × 10−8 Ω m with the increasing
temperature from 293 to 592 K.
3.6. Thermal properties
The Al-Mn-xSi alloys were heated with a heating velocity of 10 K min−1 from room temperature
to 1000 K by using a Perkin Elmer Diamond model
DSC. The corresponding heat ﬂow versus temperature curves are shown in Fig. 10. The melting temperatures were detected to be 944.7, 926.8, and 862.7 K
for the 0.5Si, 1.5Si, and 5Si alloys, respectively. The
values of the enthalpy of fusion were calculated to
be 185.5, 123.8, and 89.3 J g−1 for the 0.5Si, 1.5Si,
and 5Si alloys, respectively. The values of the spe-
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4. The values of ρ increase with the increasing
growth velocity. It was found that the values of electrical resistivity change with the Si content. While
the maximum ρ value of 5.58 × 10−8 Ω m is measured for Al-Mn-5Si alloy, the minimum ρ value of
3.97 × 10−8 Ω m is measured for Al-Mn-0.5Si alloy.
5. The melting temperatures of the Al-1.94Mn-xSi
alloys are found to be 944.7, 926.8, and 862.7 K for
x = 0.5, 1.5, and 5 wt.%, respectively. The values of
the melting temperature, enthalpy of fusion, and the
speciﬁc heat capacity decrease with the increasing Si
content.

Acknowledgements
Fig. 10. Heat ﬂow curves for Al-Mn-xSi alloys at a heating
velocity of 10 K min−1 .

ciﬁc heat capacity were also calculated to be 0.276,
0.189, and 0.151 J g−1 K−1 for the 0.5Si, 1.5Si, and
5Si alloys, respectively. As shown in Fig. 10 and results from the calculated results, the melting temperature of Al-1.94Mn alloys increases, but ΔH and Cp
values decrease with the increasing Si content. The
recommended values of ΔH for pure Al, Mn, and Si
are 396.9, 240.3, and 235 J g−1 , respectively [38]. The
speciﬁc heat capacity values for pure Al, Mn, and
Si are 0.879, 0.48, and 0.711 J g−1 K−1 at the melting temperature, respectively [38]. The values of ΔH
(89.3–185.5 J g−1 ) in this work are smaller than the
ΔH values of the pure Al, Mn, and Si. Similarly, the
calculated speciﬁc heat capacity values (0.151–0.276
J g−1 K−1 ) in this work are much smaller than the Cp
values of 0.879, 0.48, and 0.711 J g−1 K−1 for the pure
Al, Mn, and Si, respectively.

4. Conclusions
The eﬀects of growth velocity and Si content on
the microstructure, mechanical, electrical, and thermal properties of Al-1.94Mn-xSi (x = 0.5, 1.5, 5 wt.%)
Si alloys have been investigated in this research. The
principal results can be summarized as follows:
1. The primary dendrite arm spacing of Al-1.94Mn-xSi alloys decreases with the increasing growth velocity and increases with the increasing Si content.
2. The Vickers microhardness values HV increase
from 326 to 468 MPa with the increasing growth velocity from 8.3 to 978 µm s−1 . At a constant growth
velocity of 8.3 µm s−1 , the values HV increase from
326 to 367 MPa with the increasing Si content from
0.5 to 5 wt.%.
3. Depending on Si content, the increasing growth
velocity V from 8.3 to 978.0 µm s−1 leads to an increase of ultimate tensile strength values from 59 to
165 MPa.
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