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Abstract: Aluminum alloys 5083, 6061, and 7075 are prone to hot tearing under direct-chill casting
conditions; the defects that form during solidification of those alloys are highly sensitive to variation
in the alloying elements, with these elements commonly being Si, Fe, Cu, and Ti. This study
investigates the influence of the morphology, content, and size of intermetallic compounds on the
hot tearing behavior of the 5083, 6061, and 7075 aluminum alloys by combining a constrained rod
casting technique, phase diagram calculation, and multiscale microstructural characterizations. The
fishbone-shaped α-Al15(Fe,Mn)3Si2 in 5083 can serve as a path for crack nucleation and growth, and
an increase in Si content results in Mg2Si assuming fishbone morphology, thereby increasing hot
tearing susceptibility. The amount of plate-like β-Al5FeSi is the primary factor controlling the hot
tearing susceptibility of 6061. For 7075, increasing the Cu content can greatly enhance the remaining
liquid fraction, feeding, and hot tearing susceptibility. For all three alloys, TiB2 grain refiner minimizes
hot tearing. This study elucidates the influences of the amounts of Fe, Si, Cu, and TiB2 grain refiner
on hot tearing susceptibility. The findings can help establish compositional control standards for the
5083, 6061, and 7075 aluminum alloy series, particularly when the recycling rate must be increased.

Keywords: aluminum alloys; CALPHAD; constrained rod casting method; hot tearing susceptibility;
feeding mechanism; intermetallic compounds

1. Introduction

Reducing greenhouse gas emissions is currently a global priority, and enhancing
production efficiency and lowering energy consumption in metal processing technologies
have become imperative. Aluminum alloys—owing to their high recyclability, low mass
density, abundance in nature, and lower melting point compared with other structural
engineering alloys—have gained considerable attention in terms of their applications in a
wide variety of industries, such as the automotive, aerospace, and electronics industries.
Wrought aluminum alloys are designed to be suitable for plastic working, such as rolling,
extrusion, and forging processes. The amounts of alloying elements in wrought aluminum
alloys are kept lower than in cast aluminum alloys to prevent the formation of excessive
amounts of brittle eutectic phases, which are detrimental to formability [1]. Adding small
amounts of alloying elements can widen the alloy’s non-equilibrium freezing range, thus
reducing its fluidity during the later stages of solidification [2]. Due to their wide freezing
range, wrought aluminum alloys thermally contract to a considerable degree during direct-
chill (DC) casting, and this contraction results in the accumulation of internal tensile
stress [3,4]. When this stress acts on the brittle high-solid-fraction zones of wrought 5083,
6061, and 7075 aluminum cast billets, internal shrinkage pores are prone to expand along
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the interdendritic liquid channels. This ultimately results in the most severe and irreversible
defect of all solidification process defects—a hot tear [4,5].

DC casting is performed under non-equilibrium conditions, meaning that the solidi-
fication path can evolve toward the Scheil condition. The diffusion of solute in primary
αAl dendrites is inefficient and results in lower-than-predicted concentrations for most
solutes with a partition coefficient k < 1—such as Mg, Si, Fe, Cu, Mn, and Zn—in equiaxed
primary αAl grains. The solutes in the remaining liquid phase under the Scheil condition
are more concentrated than is predicted on the basis of the equilibrium condition, leading
to pronounced microsegregation and the formation of intermetallic compounds (IMCs) [3].

As aluminum alloys solidify, the solid fraction of the material increases from 0% to
100%, and the apparent viscosity rises by at least a factor of 108 [5]. At a critical point,
named the dendrite coherency solid fraction gS.Coh, the semisolid alloy can be divided into
slurry and mushy zones [6]. In the slurry zone, the solid fraction gS is smaller than gS.Coh,
and the alloy behaves like a slurry; that is, it can flow freely. In the mushy zone, gS is higher
than gS.Coh, and the primary aluminum dendrites become entangled, restricting the free
flow of the alloy. This can lead to the continuous accumulation of residual stresses as the
solid fraction increases. Given the morphology of equiaxed dendrites in the DC casting
process and the addition of a moderate amount of grain refiner (e.g., Ti content of 0.05 wt.%),
gS.Coh is approximately 0.3 [3]. Dahle et al. [6] proposed that the interdendritic feeding
mechanism becomes prominent when the volumetric solid fraction gS is slightly higher
than gS.Coh. In the aforementioned mechanism, mutually interlocking equiaxed dendrites
form a robust skeleton as the crystals grow during solidification. This sudden increase in
the bulk rigidity of the alloy results in a loss of flowability in the mushy zone. In the context
of DC casting, Eskin [7] suggested that as gS continually increases until the remaining
liquid network breaks down, the interdendritic separation mechanism becomes prominent.
At this point, the permeability of the material is too low, and further thermal contraction of
the αAl leads to the creation of shrinkage porosities and hot tears. Finally, when gS > 0.9,
the solid feeding mechanism becomes predominant. Because the alloy’s tensile strength is
generated by the coalescence of αAl grains, only the creep of αAl crystals can compensate
for solidification contraction and thermal stresses [6,7]. In summary, increasing gS.Coh is
one approach to improving the flowability of a solidifying alloy and mitigating hot tearing.
Therefore, DC casting operations often involve grain refinement [8] or the use of a dendrite
fragmentation method [9].

Molten aluminum is continuously fed under DC casting conditions; thus, the primary
source of thermally induced strains is generally agreed to be a linear contraction in the hor-
izontal direction [10]. Scholars have researched linear contraction during the solidification
of aluminum alloys, and some trends have been observed [11]. First, the onset temperature
of linear contraction is closely related to the interdendritic separation mechanism [12], and
materials that exhibit major linear contraction tend to have severe hot tearing susceptibility
(HTS). Second, if an insufficient amount of grain refiner is added, noticeable linear con-
traction often occurs in the material [10]. The addition of the grain refiner TiB2 was found
to increase gS.Coh, thereby altering the feeding mechanism of the aluminum alloy [2] and
lowering the onset temperature of contraction; this, in turn, reduces the extent of linear
contraction in the alloy [9,11]. Scholars have also confirmed that adding a grain refiner to
suppress the formation of coarse dendrite arms can effectively reduce the linear contraction
of commercial alloys such as 1xxx, 2xxx, 5xxx, 6xxx, and 7xxx alloys [11]. For binary alloy
systems not containing Ti, such as Al–Cu and Al–Mg alloys [10], researchers indicated
λ-shaped trends in linear contraction, the non-equilibrium solidification range, and HTS.
This implies a distinct peak in the plot of HTS versus solute concentration [4]. According to
solidification theory, the generation of a λ-shaped curve can be divided into two stages. The
first stage corresponds to the considerable reduction in the non-equilibrium solidus (NES)
caused by the addition of solute atoms in the dilute concentration range. As the amount
of solute atoms increases, the degree of NES reduction also increases until the peak of the
λ-shaped curve is reached. In the second stage, however, as Cu or Mg atoms continue to
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be added, eutectic reactions can occur before the solid fraction of the primary aluminum
reaches 0.9, and the liquidus will decrease significantly considerably. Consequently, both
the degree of linear contraction and the crack length decrease [11].

Alloying elements such as Mn, Si, and Fe have low maximum solubility in αAl, making
them prone to forming IMCs or reacting with other IMCs. Additionally, because aluminum
alloys can undergo metallurgical reactions with mechanical devices such as steel molds
in various stages of their processing, Fe can accumulate in the aluminum melt, forming
compounds such as the irregularly shaped Al13Fe4. High Fe content is, thus, considered
to have the most negative effect on an aluminum alloy’s mechanical performance. The
composition of the alloy and type of IMCs present after solidification should ideally be
controlled by adjusting the alloy’s composition and cooling rate. For example, replacing
needle-like or plate-like Fe-rich IMCs with IMCs such as AlxFe (x > 4) or other ternary
or quaternary compounds can yield metastable IMCs with Chinese script, fishbone, or
polygonal shapes [13]. A standard method for classifying Al–Fe IMCs is based on their
crystal structure [14]; α-type IMCs have a cubic or hexagonal crystal structure resembling a
‘Chinese-script’ shape, whereas β-type IMCs have a crystal structure that is monoclinic, or-
thorhombic, or tetragonal and exhibit plate-like or needle-like morphology. β-type Fe-rich
IMCs, especially the commonly encountered coarse β-Al5FeSi [15,16], not only promote
the initiation and growth of cracks but also induce the formation of shrinkage pores by
impeding the flow of residual liquid. According to the review by conducted Wang [14],
which included several studies on IMCs in cast aluminum alloys [17,18], IMCs that hin-
der the flow of the liquid phase include β-Al5FeSi, α-Al15(Fe,Mn)3Si2, and Al8FeMg3Si6.
Additionally, Al2Cu clusters can aggregate on Fe-rich IMCs, further hindering flow. Stud-
ies have indicated that increasing the cooling rate helps refine the IMCs’ structure and
strongly reduces porosity. The Cu content should be kept lower than 0.2 wt.% to prevent
Al2Cu clusters from excessively hindering interdendritic liquid flow [17,18]. However,
different aluminum alloy series have differing types of primary IMCs, and adding alloy
components has nonlinear effects on HTS, such as that illustrated by the λ-shaped curve
mechanism [4,19]. Therefore, how variations in elements such as Fe, Si, and Cu and that in
TiB2 grain refiners affect IMCs and hot tearing behavior in widely used wrought aluminum
alloys—including 5083, 6061, and 7075—should be systematically investigated.

In this study, the method to quantify HTS is known as the constrained rod casting
(CRC) method [4,20], in which molten aluminum is poured into a gravity-casting mold
composed of parallel rods of various lengths, which enables the efficient observation of
hot tearing behavior in aluminum alloys. The hot tearing mechanism has been found to be
influenced by various factors, such as the casting method, casting speed, thermomechanical
routes in the processing parameters, alloy composition, and microstructural characteristics,
including the size, shape, and distribution of αAl grains and IMCs. Using a hot tearing
test device to quantify HTS yields considerable cost savings because it does away with the
need for DC casting trials and allows for investigations to be conducted under isolated
conditions [11]. Thus, the present study aimed to investigate the relationship of HTS
and IMCs by (i) the CRC method for quantifying HTS value, (ii) thermodynamic analysis
performed using the calculation of phase diagram (CALPHAD) method to understand
types of phase that may form under the Scheil condition, and (iii) multiscale microstructural
characterization and phase identification methods. Combining these approaches helped
clarify the effects of Fe, Si, Cu, and the grain refiner TiB2 on the IMCs and how IMCs
influence the hot tearing behavior of 5083, 6061, and 7075 aluminum alloys. The present
findings can contribute to establishing composition control standards for these three series
of aluminum alloys.

2. Materials and Methods
2.1. Alloy Designations

This study investigated the factors affecting the HTS values of 5083, 6061, and 7075
aluminum alloys containing various amounts of alloying elements. Initially, the weight
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fraction of each element in the alloys was determined using an optical emission spectrome-
ter (GVM-1014S, Shimadzu, Japan). The CALPHAD simulation software Pandat (version
2021, CompuTherm, Middleton, WI, USA) was then employed to gain a preliminary under-
standing of the solidification path for each alloy and the types and weight percentages of
IMCs these alloys contained. Subsequently, a CRC method [21] was used to quantify HTS
under various conditions. Finally, the information gathered from these steps was integrated
with observations of IMC morphology from scanning electron microscopy (SEM) images of
hot tearing fracture surfaces and cross-sectional microstructure to summarize the factors
that influence hot tearing.

The investigation of the alloy design in the present experiment primarily involved
varying the Fe, Si, Cu, and TiB2 content of the alloy. For clarity and readability, this article
uses the following abbreviations: 5083, 6061, and 7075 for 5083, 6061, and 7075; T, F, C, and
S for more Ti, Fe, Cu, and Si solute addition than base compositions (abbreviated as b). Ti
solute was added by Al-5Ti-1B (wt.%) grain refining agent. Table 1 presents the weight
percentage of the base alloys and the alloys with increments after remelting and alloying.

Table 1. Weight percentages for all base alloys and alloys with increments, as measured using a
spectrometer. Bold and underlined numbers emphasize the increase in the specific alloy composition.

5083 Mg Si Fe Cu Cr Mn Zn Ti Al

5b 4.72 0.12 0.30 0.05 0.07 0.68 0.12 0.05

Bal.

5T 4.79 0.12 0.30 0.05 0.07 0.66 0.12 0.09
5S 4.73 0.23 0.32 0.05 0.08 0.68 0.13 0.07

5ST 4.63 0.22 0.31 0.05 0.08 0.67 0.13 0.13
5F 4.81 0.13 0.52 0.03 0.07 0.52 0.12 0.06

5FT 4.73 0.13 0.51 0.03 0.07 0.51 0.12 0.10
5C 4.74 0.12 0.31 0.09 0.08 0.68 0.14 0.08

5CT 4.68 0.12 0.31 0.09 0.08 0.67 0.13 0.12

6061 Mg Si Fe Cu Cr Mn Zn Ti Al

6b 0.90 0.65 0.33 0.31 0.07 0.03 0.05 0.05

Bal.

6T 0.90 0.65 0.33 0.31 0.07 0.03 0.05 0.09
6S 0.96 0.94 0.26 0.32 0.07 0.04 0.05 0.04

6ST 0.98 0.97 0.27 0.33 0.07 0.04 0.05 0.08
6F 0.89 0.66 0.48 0.31 0.07 0.04 0.05 0.04

6FT 0.82 0.65 0.62 0.31 0.07 0.03 0.05 0.11
6C 0.90 0.69 0.37 0.50 0.07 0.03 0.05 0.04

6CT 0.88 0.68 0.38 0.48 0.07 0.03 0.05 0.09

7075 Mg Si Fe Cu Cr Mn Zn Ti Al

7b 2.84 0.13 0.22 1.72 0.21 0.07 6.01 0.04

Bal.

7T 2.87 0.13 0.23 1.75 0.20 0.07 6.04 0.07
7S 2.57 0.22 0.22 1.70 0.27 0.07 5.76 0.04

7ST 2.59 0.22 0.22 1.79 0.21 0.07 5.77 0.08
7F 2.57 0.12 0.44 1.69 0.21 0.07 5.88 0.03

7FT 2.52 0.12 0.44 1.75 0.21 0.07 5.72 0.07
7C 2.57 0.11 0.22 2.29 0.20 0.07 5.84 0.04

7CT 2.35 0.10 0.22 2.30 0.22 0.07 5.46 0.10

2.2. HTS Measurement

Figure 1 shows the design of the CRC mold, which consisted of four rods of various
lengths. Starting from the bottommost rod, the lengths of these rods were 150.5, 112.5,
74.5, and 36.5 mm, respectively; a sphere of radius 9.5 mm was present at the front end
of each rod. At the base of each rod, a thermocouple was installed; the thermocouples
(Li in Table 2) are numbered in increasing order corresponding to the CRC hot tearing
weighted index. The bottommost rod had an index of 1 because hot tearing was most likely
in this location. The thermocouple numbering continued from the bottommost rod to the
topmost rod, with the thermocouples labeled Tb1 to Tb4. When the temperature measured
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by Tb3 reached 316 ◦C, the aluminum melt, heated by a melting furnace to 756 ◦C and held
at that temperature for 1 h before being cast, was poured into the mold. The mold was
opened to observe hot tearing when the temperature at Tb3 dropped to 400 ◦C. The liquidus
temperature of the 6061 alloy is approximately 19 ◦C higher than those of the 7075 and
5083 alloys. However, using a casting temperature of 775 ◦C or 756 ◦C did not strongly
affect the HTS of the 6061 aluminum alloy. Furthermore, to assess the effectiveness of the
grain refiner, grain size was measured by examining the microstructure at the base of the
longest rod in the mold (Table 3). All alloys underwent the CRC experiment at least three
times to check for reproducibility.
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Figure 1. (a) Design of the CRC mold and (b) the CRC mold in Rhino 6 software. The red circles and
numbers indicate the positions and numbering of the four thermocouples inserted into the mold
from bottom to top, 1 to 4, which means Tb1 to Tb4, respectively.

Table 2. Weighted index for the location of hot tearing fractures.

Crack Width
Rating Wi

Hot Tearing
Location Rating fi

Rod Length
Rating [mm] Li

Hairline 1 Closed to the sprue 1 150.5 1
Light 2 At ball end 1.5 112.5 2

Severe 3 In the middle of
the rod 2 74.5 3

Complete
separation 4 - - 36.5 4

Table 3. Size of grains at the base of the first rod for each alloy in the CRC experiment.

5083 Grain Size
(µm) 6061 Grain Size

(µm) 7075 Grain Size
(µm)

5b 78.18 ± 12.68 6b 64.78 ± 9.13 7b 54.07 ± 8.33
5T 71.18 ± 9.64 6T 51.5 ± 7.67 7T 50.43 ± 7.16

5S 68.25 ± 8.70 6S 64.61 ± 8.55 7S 38.99 ± 3.94
5ST 67.93 ± 8.63 6ST 59.59 ± 6.00 7ST 31.07 ± 4.70

5F 74.45 ± 8.82 6F 55.67 ± 8.51 7F 40.87 ± 4.89
5FT 67.94 ± 9.46 6FT 50.28 ± 8.51 7FT 37.74 ± 4.16

5C 79.9 ± 10.67 6C 82.61 ± 18.01 7C 55.78 ± 7.63
5CT 73.02 ± 10.43 6CT 63.43 ± 10.80 7CT 54.7 ± 9.80

Several studies on solidifying alloys in CRC molds [11,21,22] predicted an uneven
thermal stress distribution, as shown in [Supplementary Figure S1] (see Supplementary
Materials) [22]. These studies observed a notable temperature differential near the junction
where the sprue and horizontal rod meet. The sprue and rod exhibit a relatively uniform
temperature distribution, but the sprue consistently has a higher temperature than the rod.
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The temperature variations at the junction between the sprue and rod result in significant
thermal strains, leading to the formation of hot tears. Simulation results also indicated
that the middle of the rod experiences the lowest temperature variations, resulting in the
lowest thermal stress. Accordingly, weighted indexes of 1, 1.5, and 2 were assigned to
these fracture locations, as mentioned in Table 2. The index for crack i is denoted fi. The
length of the cylindrical rod also strongly affects hot tearing. Longer rods are more prone
to cracking. Thus, Li was used to reflect the tendency of hot tearing, and Li was varied
from 1 to 4 (Table 2). On the basis of the severity of hot tearing (illustrated in Figure 2),
scores from 1 to 4 were assigned for various levels of hot tearing: a hairline crack, a small
crack, a severe crack, and complete separation, respectively. These scores are detailed in
Table 2 and denoted Wi. Finally, the following equation was used to calculate the HTS of
each alloy given these weighted indexes and scores:

HTS = ∑
i
(Wi × fi × Li) (1)
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2.3. Microstructure Analysis

Specimens for SEM observation were prepared by grinding samples with SiC sandpa-
per and polishing them with a diamond suspension. To measure grain sizes, optical mi-
croscopy was conducted by immersing the samples in room-temperature Keller etchant for
1 min. However, for the 5083 alloy, the corrosion effect of this etchant on grain boundaries
was not ideal; thus, a 90-s anodization treatment was conducted at room temperature and
20 V by using Barker’s etchant in conjunction with polarized light microscopy. Transmis-
sion electron microscopy (TEM) specimens were prepared using a precision ion polishing
system and focused ion beam techniques.

The SEM instrument used in this experiment was the FEI Nova NanoSEM 450 (Thermo
Fisher Scientific, Waltham, MA, USA). Because of the differences in the average atomic
number between the precipitates and αAl matrix, the backscattered electron (BSE) mode
resulted in favorable image contrast. The secondary electron (SE) mode or through-lens
detector under the SE mode was used to enhance the height variation on the sample surface
for observing hot tearing fracture surfaces after CRC experiments. However, in some
cases, the BSE mode was used to supplement microstructure observations for studying
the distribution of various IMCs. When the content of IMCs and the weight percentage
of various alloying elements were sufficient, energy-dispersive X-ray spectroscopy (EDS)
mapping, combined with BSE images, enabled rapid identification of IMC morphology
and contrast. A field-emission electron probe microanalyzer (EPMA; JEOL JXA-8530F
Plus, JEOL Ltd., Tokyo, Japan) was used to detect elements present in lower amounts and
provided a more accurate quantitative analysis of various parameters, such as IMC content
and elemental mapping. The TEM devices used in this study were the FEI Tecnai G2 T20
and FEI Tecnai G2 F20 (Thermo Fisher Scientific, Waltham, MA, USA). The open-source
software Fiji ImageJ v2.9.0 (National Institute of Health, Bethesda, MD, USA) was employed
for the processing of optical and polarized light microscopy images. The threshold function
was employed to measure the percentage of the total area in SEM-BSE images that was
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occupied by IMCs rather than the αAl matrix. The Weka image segmentation method [23]
was used to identify areas occupied by different phases.

3. Results
3.1. Influence of Compositional Increments on HTS

The HTS of each alloy is illustrated in Figure 3. The HTS of the 5083 alloys was found
to be lower than those of the 6- and 7075 alloys. Compared with the base material 5b,
the alloys with single-component increments—5S, 5F, and 5C—exhibited more severe hot
tearing behavior. However, the alloys with Ti increments—5T, 5ST, 5FT, and 5CT—had
lower HTS values than the corresponding alloys without Ti increments.
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right, the bars in the charts represent the base material and alloys with Ti (T), Si (S), Si–Ti (ST), Fe (F),
Fe–Ti (FT), Cu (C), and Cu–Ti (CT) increments.

Among the materials investigated in this study, the 6061 alloys had the highest HTS.
The trends in this alloy series were the same as those for the 5083 alloys: higher HTS values
for single-component incremental materials (6S, 6F, and 6C) and corresponding lower HTS
values for the alloys with Ti increments (6T, 6ST, 6FT, and 6CT).

The HTS values of the 7075 alloys were between those of the 5083 and 6061 alloys.
Notably, two differences were discovered in these alloys’ hot tearing behavior. First, the
HTS values of the alloys with Fe and Si increments, 7S and 7F, were higher, whereas that
for 7C was much lower, different from the results for 5C and 6C. Second, not all of the
alloys with Ti increments had lower HTS values than the corresponding alloys without Ti
increments. The values for 7ST, 7FT, and 7CT matched the trend discovered in the 5083 and
6061 alloys, but the alloy with only the Ti increment, 7T, had a much higher HTS.

3.2. Results of CALPHAD Evaluation

The types and amounts of the IMCs within each alloy were predicted via the PanPhase-
Diagram module in the Pandat software with the PanAluminum 2021 database. Because
the cooling conditions did not meet the equilibrium solidification (i.e., the infinite diffusion
coefficient of solutes in the primary αAl phase) while casting, the Scheil model was utilized
for discussion. This approach can be referenced in the literature [24,25]. The compar-
ison between equilibrium solidification and Schiel solidification for a multicomponent
aluminum alloy is shown in [Supplementary Figure S2] (see Supplementary Materials).
The outcomes based on weight fractions are illustrated in Figure 4. For the 5083 alloys,
a notable phase, T-Mg32(Al,Zn)49, was predicted to contain approximately 9 wt.% Cu;
this was ascribed to the substitution of Zn with Cu, resulting in detectable Cu signals
during EDS and EPMA analysis. For the 6061 alloys, three iron-rich IMCs were found to
exist: α-Al15(Fe,Mn)3Si2, α-Al8Fe2Si, and β-Al5FeSi. Directly identifying these phases from
SEM images is challenging, and TEM was thus needed for accurate identification. Pandat
predicted that α-Al15(Fe,Mn)3Si2 and β-Al5FeSi contained small amounts of Mn, whereas
α-Al8Fe2Si contained only Al, Fe, and Si. α-Al8Fe2Si was discovered to be absent in the 5083
and 6061 alloys. Therefore, α-Al15(Fe,Mn)3Si2 was considered the representative α-type
Fe-rich IMC in this study [26]. Pandat also predicted trace amounts of reactant phases,
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such as Al13Cr2 and Al3Ti, but Al13Cr2 was not observed in this study. Scheil solidification
condition does not account for this phenomenon due to the absence of consideration for
peritectic reactions, but Al13Cr2 can undergo peritectic reactions and may be consumed.
In the future, more advanced CALPHAD models can be employed to consider the finite
diffusion of solutes in αAl, providing a more accurate capture of back-diffusion [5] and
peritectic reactions. On the other hand, Although Al3Ti may occasionally be detected in
small amounts, its nanosized nature means that it minimally influences hot tearing; Al3Ti
is thus excluded from the discussion in this paper.
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Predictions were made using Pandat software (version 2021) with the Scheil solidification model.

3.3. Phase Identification and IMC Distribution

Thread-like gray IMCs were found to be visible in specific regions of the 5083 alloys
(Figure 5b). EDS revealed that no major Si signals came from these IMCs. According to the
predictions made by Pandat, these gray, thread-like phases were Al3Mg2. The remaining
areas (black arrow) emitted Si signals corresponding to Mg2Si. Additionally, signals for
both Fe and Mn originated from the prominently observed white, fishbone-shaped IMCs
(white arrow). Therefore, these IMCs were identified as α-Al15(Fe,Mn)3Si2. Signals for both
Zn and Cu were obtained using an EPMA from white dots with sizes ranging from 2 to 5 µm
(red arrow), which were identified as T-Mg32(Al,Zn)49, where Zn and Cu can be mutually
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substituted. In the cross-section shown in Figure 5b, four types of IMC—Al3Mg2, Mg2Si, α-
Al15(Fe,Mn)3Si2, and T-Mg32(Al,Zn)49—are visible. Comparing this cross-section with the
three-dimensional fracture surface shown in Figure 5a revealed that the fishbone-shaped
α-Al15(Fe,Mn)3Si2 in two dimensions appeared as polyhedrally faceted IMCs in three
dimensions. The small white dots of T-Mg32(Al,Zn)49 in two dimensions manifest as small
spherical particles in three dimensions. Due to hot tearing involving intergranular fracture,
the positions of T-Mg32(Al,Zn)49 on the fracture surface correspond to the locations of grain
boundaries in three dimensions. Mg2Si was found to be distributed at grain boundaries in
both two and three dimensions.
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Figure 5. (a) Fracture surface (three-dimensional) and (b) cross-section (two-dimensional) of 5FT.
Gray thread-like Al3Mg2 (orange arrow), black Mg2Si (black arrow), white fishbone-shaped α-
Al15(Fe,Mn)3Si2 (white arrow), and white irregular small dots of T-Mg32(Al,Zn)49 (red arrow) can
be observed.

For the 6061 alloys, the EDS detector could barely detect Mn and Zn signals because
the Mn and Zn contents were less than 0.07 wt.%. Therefore, through EDS, the existence of
three IMCs could only be inferred on the basis of Fe and Si signals, namely signals from
α-Al15(Fe,Mn)3Si2, α-Al8Fe2Si, and β-Al5FeSi. The black phase with high contrast in the
images of the 6061 alloys was speculated to be from Mg and Si signals corresponding to
Mg2Si because Q-Al5Cu2Mg8Si6 is expected to offer high contrast. Because the existence of
α-Al15(Fe,Mn)3Si2, α-Al8Fe2Si, and β-Al5FeSi could not be conclusively determined solely
using the EPMA and EDS, TEM was employed for phase identification. The results in
Figure 6a confirm that the fishbone-shaped IMCs were indeed α-Al15(Fe,Mn)3Si2, not α-
Al8Fe2Si (which has a hexagonal close-packed structure). α-Al15(Fe,Mn)3Si2 was discovered
to have a cubic-I body-centered cubic structure with a lattice constant of 1.254 nm (the
literature value [27] is 1.257 nm). The reason for the absence of the HCP α-Al8Fe2Si
predicted by Pandat can also be explained by the fact that the equilibrium hexagonal form
of α-AlFeSi is only thermodynamically stable in high-purity Al–Fe–Si alloys, but additions
of V, Cr, Mn, Cu, Mo and W all promote a body-centered cubic structure for the α-AlFeSi
phase (isostructural to α-Al(Fe,Mn)Si) [27]. Figure 6b reveals that the 6061 alloys also
contained β-Al5FeSi, which connected the roots of the fishbone-shaped α-Al15(Fe,Mn)3Si2
and had a needle-shaped form. This phase had a monoclinic structure with the following
lattice constants: a = 2.081 nm, b = 0.618 nm, c = 0.616 nm, and β = 90.42◦ [28]. Calculations
revealed that the diffraction pattern in this zone was Z = [031].

Overall, the TEM, EDS, EPMA, and Pandat results confirmed the existence of four
types of IMC in the 6061 alloys: the white fishbone-shaped α-Al15(Fe,Mn)3Si2, needle- or
plate-like β-Al5FeSi, irregular black Mg2Si, and light gray spherical Q-Al5Cu2Mg8Si6. From
Figure 7a, Q-Al5Cu2Mg8Si6 was inferred to have formed within grains, which made its
existence undetectable in images of the three-dimensional fracture surface. Similar to in the
5083 alloys, irregular black Mg2Si, in two or three dimensions, was observed at the grain
boundaries, and white fishbone-shaped α-Al15(Fe,Mn)3Si2 on the fracture surface had a
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polyhedral faceted structure. Smaller α-Al15(Fe,Mn)3Si2 phases appeared as small white
granules. By contrast, the cross-sectional (two-dimensional) view of the needle-shaped
β-Al5FeSi indicated plate-like morphology on the fracture (three-dimensional) surface; this
morphology leads to more severe stress concentration and offers potential nucleation sites
for hot tearing.
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image (left) and diffraction pattern (right) of β-Al5FeSi.
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Figure 7. (a) Fracture surface (three-dimensional) and (b) cross-section (two-dimensional) of 6C. Light
gray spherical Q-Al5Cu2Mg8Si6 (yellow arrow), black Mg2Si (black arrow), white fishbone-shaped
and granular α-Al15(Fe,Mn)3Si2 (solid white arrow), and white plate-like β-Al5FeSi (dashed white
arrow) can be observed.
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Regarding the 7075 alloys, the black IMC shown in Figure 8 is Mg2Si, whereas the
widespread white eutectic phase is MgZn2. Similar to T-Mg32(Al,Zn)49 in the 5083 alloys,
Cu can substitute for Zn in the MgZn2 lattice; thus, the distributions of Cu and Zn in
MgZn2 were nearly identical. In the middle of the BSE image shown in the upper left of
Figure 8, a gray phase of approximately 16 µm in size can be observed. According to the
Pandat predictions, Al, Cu, and Fe signals originated from two phases in the 7075 alloys:
Al23CuFe4 and Al7Cu2Fe. A comparison of the EPMA results with those in the literature [29]
confirmed that Cr and Mn signals came from Al23CuFe4 and that the composition ratio of
Al23CuFe4 aligns closely with the result of this study. Similar to the figures for the 5083 and
6061 alloys, Figure 9 shows that black Mg2Si was located at the grain boundaries in two and
three dimensions. The gray irregular Al23CuFe4 on the cross-sectional view also appeared
irregularly at grain boundaries on the fracture surface. Mg(Zn,Cu,Al)2, which formed
during solidification at the eutectic temperature, was primarily fishbone-shaped, with
some portions being spherical. Furthermore, on the fracture surface shown in Figure 9a, a
considerable amount of light gray Mg(Zn,Cu,Al)2 was found to be dispersed on the three-
dimensional grain boundaries (also considered the surface of three-dimensional grains).
Mg(Zn,Cu,Al)2 was also visible in the central pore in Figure 9b. Mg(Zn,Cu,Al)2 with this
morphology was likely to be present in the form of thin slices on the surface of the grains.
However, this morphology may not have been present in cross-sections due to the grinding
and polishing procedures used in SEM sample preparation.

Metals 2024, 14, x FOR PEER REVIEW 12 of 23 
 

 

Pandat predictions, Al, Cu, and Fe signals originated from two phases in the 7075 alloys: 

Al23CuFe4 and Al7Cu2Fe. A comparison of the EPMA results with those in the literature 

[29] confirmed that Cr and Mn signals came from Al23CuFe4 and that the composition ratio 

of Al23CuFe4 aligns closely with the result of this study. Similar to the figures for the 5083 

and 6061 alloys, Figure 9 shows that black Mg2Si was located at the grain boundaries in 

two and three dimensions. The gray irregular Al23CuFe4 on the cross-sectional view also 

appeared irregularly at grain boundaries on the fracture surface. Mg(Zn,Cu,Al)2, which 

formed during solidification at the eutectic temperature, was primarily fishbone-shaped, 

with some portions being spherical. Furthermore, on the fracture surface shown in Figure 

9a, a considerable amount of light gray Mg(Zn,Cu,Al)2 was found to be dispersed on the 

three-dimensional grain boundaries (also considered the surface of three-dimensional 

grains). Mg(Zn,Cu,Al)2 was also visible in the central pore in Figure 9b. Mg(Zn,Cu,Al)2 

with this morphology was likely to be present in the form of thin slices on the surface of 

the grains. However, this morphology may not have been present in cross-sections due to 

the grinding and polishing procedures used in SEM sample preparation. 

The Pandat, EDS, EPMA, and TEM results indicated the presence of the following 

IMCs in the 5083 alloys: white fishbone-shaped α-Al15(Fe,Mn)3Si2, black irregular Mg2Si, 

gray-black irregular fine lines of Al3Mg2, and gray dots of T-Mg32(Al,Zn)49. In the 6061 

alloys, the identified phases included white α-Al15(Fe,Mn)3Si2 or β-Al5FeSi (as indicated 

by TEM), black irregular Mg2Si, and gray-white spherical Q-Al5Cu2Mg8Si6. In the 7075 al-

loys, white fishbone-shaped MgZn2, black irregular Mg2Si, and gray irregular Al23CuFe4 

were identified. 

 

Figure 8. Results of EPMA mapping of 7FT. Figure 8. Results of EPMA mapping of 7FT.



Metals 2024, 14, 15 12 of 21Metals 2024, 14, x FOR PEER REVIEW 13 of 23 
 

 

 

Figure 9. (a) Fracture surface (three-dimensional) and (b) cross-section (two-dimensional) of 7C. 

Three morphologies of Mg(Zn,Cu,Al)2 (fishbone-shaped, solid white arrow; spherical, dashed white 

arrow; and widespread distribution), black Mg2Si (black arrow), and light gray Al23CuFe4 (purple 

arrow) can be observed. 

3.4. Influence of Compositional Variation on Microstructure 

In the 5083 alloys, four main types of IMC were found; their distributions are illus-

trated in Figure 10. In 5b, numerous irregular fine gray-black lines of Al3Mg2 were discov-

ered (Figure 10a). Mg2Si mainly existed in granular form, with the grain sizes (maximum 

Feret diameter) being approximately 8–10 μm. Sometimes, Mg2Si had an irregular strip-

like form. Additionally, the morphology of T-Mg32(Al,Zn)49 was not limited to spherical 

dots; this phase also had polygonal appearance and formed around α-Al15(Fe,Mn)3Si2. Ac-

cording to the solidification sequence provided by Pandat, this was because the formation 

temperature of α-Al15(Fe,Mn)3Si2 is approximately 600 °C, whereas that of T-Mg32(Al,Zn)49 

is approximately 447 °C. The quantity of spherical Mg2Si in 5S was much lower than that 

in 5b (Figure 10b). However, because of the higher Si content, more Si atoms could com-

bine with Mg atoms to form Mg2Si. Consequently, Mg2Si transitioned from an irregular 

form to larger fishbone-like structures that were approximately 15 μm in size (upper right 

corner of Figure 10b), and the amount of Al3Mg2 noticeably decreased. The increase in Fe 

content led to a major increase in the quantity of fishbone-shaped α-Al15(Fe,Mn)3Si2, and 

the morphology of this phase became more pronounced. Additionally, Al3Mg2 was not as 

abundant in 5F as in 5b (Figure 10c). More T-Mg32(Al,Zn)49 was present, and much less 

Al3Mg2 was present (to the point of being negligible) in 5C than in 5b (Figure 10d). 

A comparison between 5b and 5T (with versus without the grain refiner) revealed 

that adding the refiner reduced the grain size from 78 to 71 μm and that IMCs were more 

dispersed and distributed more finely in 5T. Figure 10a shows that hot tearing occurred 

mainly near α-Al15(Fe,Mn)3Si2. On the basis of the microstructural evidence, this study 

observed that when a 5083 alloy was subjected to shrinkage-induced thermal stress, the 

inherently brittle fishbone-shaped IMCs turned into hot tearing nucleation points and 

fractured [Supplementary Figure S3] (see Supplementary Materials). Once hot tearing had 

occurred, the continuous-phase Al3Mg2 along the interdendritic spaces became a medium 

for transmitting and promoting crack growth (e.g., the distribution of Al3Mg2 shown in 

[Supplementary Figure S4] (see Supplementary Materials)), which may be similar to the 

role of Al3Mg2 in friction stir welding [30]. Moreover, due to the widely distributed fish-

bone-shaped α-Al15(Fe,Mn)3Si2 in 5b, continuous fractures such as local pore clusters (Fig-

ure 10f) or elongated irregular fracture patterns (Figure 10d) emerged upon crack expan-

sion. For 5T, the refined grains provided more pathways during the solidification process, 

leading to a better ability to feed with the remaining liquid. Consequently, 5T exhibited 

fewer cracks and areas without feeding than did 5b. This was the primary reason for the 

lower HTS of 5T than 5b. Additionally, the fracture-prone α-Al15(Fe,Mn)3Si2 and crack-

Figure 9. (a) Fracture surface (three-dimensional) and (b) cross-section (two-dimensional) of 7C.
Three morphologies of Mg(Zn,Cu,Al)2 (fishbone-shaped, solid white arrow; spherical, dashed white
arrow; and widespread distribution), black Mg2Si (black arrow), and light gray Al23CuFe4 (purple
arrow) can be observed.

The Pandat, EDS, EPMA, and TEM results indicated the presence of the follow-
ing IMCs in the 5083 alloys: white fishbone-shaped α-Al15(Fe,Mn)3Si2, black irregular
Mg2Si, gray-black irregular fine lines of Al3Mg2, and gray dots of T-Mg32(Al,Zn)49. In
the 6061 alloys, the identified phases included white α-Al15(Fe,Mn)3Si2 or β-Al5FeSi (as
indicated by TEM), black irregular Mg2Si, and gray-white spherical Q-Al5Cu2Mg8Si6. In
the 7075 alloys, white fishbone-shaped MgZn2, black irregular Mg2Si, and gray irregular
Al23CuFe4 were identified.

3.4. Influence of Compositional Variation on Microstructure

In the 5083 alloys, four main types of IMC were found; their distributions are illustrated
in Figure 10. In 5b, numerous irregular fine gray-black lines of Al3Mg2 were discovered
(Figure 10a). Mg2Si mainly existed in granular form, with the grain sizes (maximum
Feret diameter) being approximately 8–10 µm. Sometimes, Mg2Si had an irregular strip-
like form. Additionally, the morphology of T-Mg32(Al,Zn)49 was not limited to spherical
dots; this phase also had polygonal appearance and formed around α-Al15(Fe,Mn)3Si2.
According to the solidification sequence provided by Pandat, this was because the formation
temperature of α-Al15(Fe,Mn)3Si2 is approximately 600 ◦C, whereas that of T-Mg32(Al,Zn)49
is approximately 447 ◦C. The quantity of spherical Mg2Si in 5S was much lower than that
in 5b (Figure 10b). However, because of the higher Si content, more Si atoms could combine
with Mg atoms to form Mg2Si. Consequently, Mg2Si transitioned from an irregular form to
larger fishbone-like structures that were approximately 15 µm in size (upper right corner of
Figure 10b), and the amount of Al3Mg2 noticeably decreased. The increase in Fe content
led to a major increase in the quantity of fishbone-shaped α-Al15(Fe,Mn)3Si2, and the
morphology of this phase became more pronounced. Additionally, Al3Mg2 was not as
abundant in 5F as in 5b (Figure 10c). More T-Mg32(Al,Zn)49 was present, and much less
Al3Mg2 was present (to the point of being negligible) in 5C than in 5b (Figure 10d).

A comparison between 5b and 5T (with versus without the grain refiner) revealed
that adding the refiner reduced the grain size from 78 to 71 µm and that IMCs were more
dispersed and distributed more finely in 5T. Figure 10a shows that hot tearing occurred
mainly near α-Al15(Fe,Mn)3Si2. On the basis of the microstructural evidence, this study
observed that when a 5083 alloy was subjected to shrinkage-induced thermal stress, the
inherently brittle fishbone-shaped IMCs turned into hot tearing nucleation points and
fractured [Supplementary Figure S3] (see Supplementary Materials). Once hot tearing
had occurred, the continuous-phase Al3Mg2 along the interdendritic spaces became a
medium for transmitting and promoting crack growth (e.g., the distribution of Al3Mg2
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shown in [Supplementary Figure S4] (see Supplementary Materials)), which may be similar
to the role of Al3Mg2 in friction stir welding [30]. Moreover, due to the widely distributed
fishbone-shaped α-Al15(Fe,Mn)3Si2 in 5b, continuous fractures such as local pore clusters
(Figure 10f) or elongated irregular fracture patterns (Figure 10d) emerged upon crack
expansion. For 5T, the refined grains provided more pathways during the solidification
process, leading to a better ability to feed with the remaining liquid. Consequently, 5T
exhibited fewer cracks and areas without feeding than did 5b. This was the primary reason
for the lower HTS of 5T than 5b. Additionally, the fracture-prone α-Al15(Fe,Mn)3Si2 and
crack-transmitting Al3Mg2 in 5T were finer and more widely dispersed than those in 5b.
Taking the gray irregular Al3Mg2 as an example, its distribution range in 5b was greater
and more continuous. By contrast, the IMCs in 5T were present in smaller localized areas
within the aluminum alloy.
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Figure 10. BSE images of 5083 alloys: (a) 5b, (b) 5S, (c) 5F, (d) 5C, (e) 5b (at 500×magnification), and
(f) 5F (at 250× magnification). The main phases affecting the feeding capacity are white fishbone-
shaped or white circular α-Al15(Fe,Mn)3Si2 (white arrows), black Mg2Si (solid black arrows) or
Al3Mg2 (dashed black arrows), and gray irregular T-Mg32(Al,Zn)49 (red arrows).

Most of the Mg2Si in 5S exhibited a fishbone-like morphology rather than irregular
fine line or spherical morphology. This change contributed to the higher HTS of the 5083
alloys containing Mg2Si. Similar to what was observed in 5b, fishbone-shaped IMCs acted
as crack nucleation points in the aluminum alloy, resulting in a higher HTS value for 5S
than for 5b. This higher HTS was attributable to the formation of fishbone-shaped IMCs,
making it more prone to internal fracture than 5b, similar to the statement in ref. [31]. The
HTS of 5ST was lower than that of 5S, similar to the result for 5T, primarily due to improved
feeding capability and IMC dispersion and refinement, which the ref. [32] has also clarified.
Increasing the Fe content (i.e., 5F) further raised the α-Al15(Fe,Mn)3Si2 content, leading to
higher pore density (Figure 10f). The grain refinement effect was also significant in 5FT, as
demonstrated by the dispersed nature of pore clusters, which were less concentrated in
specific areas with the dispersion of α-Al15(Fe,Mn)3Si2.
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Finally, increasing the Cu content of the 5083 alloys led to an increase in the content
of spherical T-Mg32(Al,Zn)49. Because the Zn content of the alloy was approximately
0.12 wt.%, much lower than the 0.68–0.70 wt.% required for T-Mg32(Al,Zn)49 to form both
at grain boundaries and within grains [28], T-Mg32(Al,Zn)49 predominantly formed at grain
boundaries, and such formation impeded liquid flow, which has also been observed in
ref. [33]. Consequently, the feeding capability of 5C was low, leading to a high HTS value.
By comparing the microstructural and HTS differences between 5b and 5C, the effects of
Al3Mg2 and T-Mg32(Al,Zn)49 on hot tearing could be understood. The 5b alloy contained a
considerable amount of Al3Mg2 but much fewer and smaller T-Mg32(Al,Zn)49 phases. In 5C,
the opposite was found. According to Pandat, the difference in α-Al15(Fe,Mn)3Si2 content
between 5b and 5C was not substantial (1.335 and 1.350 wt.%, respectively), suggesting
similar trends in crack nucleation. The difference in HTS indicated the consequences of
the effect of T-Mg32(Al,Zn)49 on feeding capability, revealing that T-Mg32(Al,Zn)49 has a
stronger effect on the hot tearing behavior of 5083 alloys than Al3Mg2.

Figure 11 presents BSE images of the 6061 alloys. According to the EPMA and TEM
analyses, these alloys mainly featured four types of IMC that contributed to HTS: white
α-Al15(Fe,Mn)3Si2 and β-Al5FeSi, black Mg2Si, and gray-white spherical Q-Al5Cu2Mg8Si6.
Figure 11a shows that the Fe-rich IMCs in 6b were predominantly white needle-like β-
Al5FeSi. This was because when the Fe content was lower, β-Al5FeSi tended to form
rather than α-Al15(Fe,Mn)3Si2. Consequently, the amount of α-Al15(Fe,Mn)3Si2 in 6b was
relatively low. The black irregular strip-like IMCs at some grain boundaries were Mg2Si,
and Q-Al5Cu2Mg8Si6 was present within the grains. The size of the Mg2Si particles had a
slightly positive relationship with Si content. An increase in the Fe content enhanced the
amount of fishbone-shaped α-Al15(Fe,Mn)3Si2, whereas the quantity and size of Mg2Si and
Q-Al5Cu2Mg8Si6 phases were relatively consistent with those in 6b. In 6C, the quantity
and size of Q-Al5Cu2Mg8Si6 were notably higher than in 6b; the presence of other phases
had to be determined using Pandat.

Microstructural comparisons revealed that a large amount of needle-like β-Al5FeSi led
to two problems. In terms of the feeding mechanism, these two-dimensional needle-like
and three-dimensional plate-like IMCs severely hindered the flow of remaining liquid.
This is because, according to the Pandat calculation, β-Al5FeSi forms at 580 ◦C, which
is significantly higher than non-equilibrium solidus. As the solidification proceeds, the
interdendritic liquid space becomes channel-like, which may be blocked by β-Al5FeSi.
This phenomenon can be correlated with the statement in ref. [34]. Moreover, these less
deformable plate-like β-Al5FeSi IMCs contributed to the stress concentration, making this
phase more prone to fracture due to thermal stress accumulation than other IMCs [11]. In
6T, these problems were effectively alleviated. First, the addition of the grain refiner led to
the grain size decreasing from approximately 64.0 to 51.5 µm, meaning that the feeding
capability was higher in 6T than in 6b. Furthermore, the amount of plate-like β-Al5FeSi
was much smaller (Figure 11b), and the domains of this IMC were smaller (shorter needle
length), leading to less extensive fracturing caused by stress concentration. The 6S alloy
was discovered to contain more β-Al5FeSi, consistent with the Pandat predictions. The
β-Al5FeSi content of 6b was approximately 0.1 wt.%, whereas that of 6S was more than
double at 0.23 wt.%. As was the case in 6b, excess Si atoms not only combined with Mg
but also with Fe to form a Fe-rich phase. However, due to insufficient Fe, the amount of
α-Al15(Fe,Mn)3Si2 remained relatively low, resulting in a higher HTS value for 6S than for
6b. The effect of the grain refiner was similar to that for 6T; the HTS value of 6ST was lower
than that of 6S.
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Figure 11. BSE images of 6061 alloys: (a) 6b, (b) 6T, (c) 6S, (d) 6ST, (e) 6F, and (f) 6F at
500×magnification. The main phases affecting the feeding capacity were white fishbone-shaped or
white circular α-Al15(Fe,Mn)3Si2, white plate-like or needle-like β-Al5FeSi, black Mg2Si, and gray or
white circular Q-Al15Cu2Mg8Si6 (green arrows).

In discussing the HTS of 6F, understanding the roles of α-Al15(Fe,Mn)3Si2 and β-
Al5FeSi in the 6061 alloys is essential. Similar to the 5083 alloys, α-Al15(Fe,Mn)3Si2
was a brittle IMC. However, in the 6061 alloys, the additional presence of β-Al5FeSi
makes the alloys more prone to stress concentration, leading to crack initiation under
thermal stress. Once localized cracking occurred, the residual thermal stress was released,
preventing the stress within the aluminum alloy from inducing further fractures in α-
Al15(Fe,Mn)3Si2. As indicated in Figure 11e,f, almost no hot tearing zones were present
around α-Al15(Fe,Mn)3Si2 in the 6061 alloys, whereas severe hot tearing behavior was ob-
served around β-Al5FeSi (Figure 11f). According to the Pandat predictions, the Fe content
of α-Al15(Fe,Mn)3Si2 was expected to be much higher in 6F than 6b, whereas the β-Al5FeSi
content decreased only slightly from 0.1 to 0.092 wt.%. However, the present observations
indicated that although the amount of localized α-Al15(Fe,Mn)3Si2 was greater, the amount
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of β-Al5FeSi was also much greater. Therefore, 6F was expected to exhibit more severe
hot tearing behavior than 6b. Similarly, the HTS value of 6FT was lower than that of 6F.
Due to efficient grain refinement in 6FT, the formation of α-Al15(Fe,Mn)3Si2 was promoted,
and that of β-Al5FeSi was suppressed, increasing the fraction of remaining liquid before
solidification (Figure 4). This resulted in lower HTS in 6FT than in 6b.

Finally, doubling the amount of Cu caused two problems: (i) according to Pandat,
the content of β-Al5FeSi increased slightly from 0.10 to 0.11 wt.%, and (ii) given the
solidification behavior of Al–Cu binary alloy [10], the addition of dilute atoms lowered the
NES of the aluminum alloy. When the Cu content was increased to approximately 0.5 wt.%,
the peak HTS value was obtained, and the NES decreased to the maximum degree. As the
liquidus slightly decreased and the NES dropped considerably, the solidification range of
the aluminum alloy expanded with the concentration of dilute atoms, leading to greater
shrinkage and the generation of more thermal stress. The spectrometry results revealed that
6b had a copper content of 0.31 wt.%, whereas 6C had a copper content of 0.5 wt.%. Pandat
predicted the NES (where the solid fraction, gS, was taken to be 0.99) to be 531.3 ◦C and
520.7 ◦C for 6b and 6C, respectively. This difference aligns with the results in the literature.
Therefore, 6C was expected to have a higher HTS value than 6b. Similarly, 6CT and other
alloys with Ti increments were expected to have lower HTS values relative to 6C.

Figure 12 shows that the primary IMCs in the 7075 alloys were white fishbone-shaped
Mg(Zn,Cu,Al)2, black irregular strip-like Mg2Si, and gray irregular Al23CuFe4. These
IMCs were present in both the base and incremental alloys. According to the Pandat
predictions, increases in Si led to increases in Mg2Si content, with the Mg2Si content of 7S
being 0.474 wt.% compared with 0.272 wt.% for 7b. Additional Fe led to higher Al23CuFe4
content: 1.715 versus 0.825 wt.%. Because Al23CuFe4 formed at the interdendritic liquid
spaces at about 600 ◦C as predicted by Pandat, which is much higher than the formation
temperature of Mg(Zn,Cu,Al)2 and the non-equilibrium solidus, it can hinder the flow of
interdendritic liquid. This phenomenon can be correlated with the statement in ref. [35].
Therefore, we can see that higher Al23CuFe4 content led to more severe hot tearing behavior
(Figure 12a), resulting in a higher HTS value for 7F than for 7b. A similar hindrance
was observed in 7S (Figure 12b). Additionally, higher Mg2Si content also led to lower
Mg(Zn,Cu,Al)2 content of the remaining liquid. This not only hindered flow to a greater
degree but also led to a smaller amount of feedable material, resulting in a higher HTS value
for 7S than for 7b. Similar to the 5083 and 6061 alloys, the grain refiner had favorable effects
on 7F and 7S. Finer grains led to better feeding capability, leading to a lower HTS value for
7FT and 7ST than for 7F and 7S. However, the 7075 alloys exhibited two hot tearing trends
that were distinct compared with those in the 5083 and 6061 alloys. First, the lower HTS
for 7C was due to Cu replacing Zn in Mg(Zn,Cu,Al)2 rather than due to the generation of
more Al23CuFe4. This was evident from the Weka segmentation statistics, which indicated
that the Mg(Zn,Cu,Al)2 area fraction for 7C was noticeably higher: 8.76% ± 0.34% for
7b (Figure 12d) versus 6.41% ± 0.18% for 7C (Figure 12c). Because Mg(Zn,Cu,Al)2 is the
eutectic that solidifies last, more Mg(Zn,Cu,Al)2 indicated superior feeding capability,
leading to a lower HTS for 7C than for 7b. Similarly, 7CT was found to have a lower
HTS than 7C due to its finer grains. Furthermore, the higher HTS for 7T than for 7b
was attributable to the excessive clustering of TiB2 particles at grain boundaries when
the proportion of grain refiner was increased but the amounts of other elements were
not increased. This clustering impeded the flow of residual liquid between dendrites
(Figure 12f), a phenomenon also identified in the literature [36].
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Figure 12. BSE images of 7075 alloys: fracture surface of (a) 7F, (b) 7S, (e) 7T, and (f) 7T with
magnifications of (a,b) 1000×, (e) 2500×, and (f) 5000×; images processed using Weka segmentation
of (c) 7b and (d) 7C at a magnification of 250×. The main phases influencing the feeding capacity
are Mg(Zn,Cu,Al)2 (solid white arrows for fishbone-shaped eutectic structures and dashed lines for
spherical), black Mg2Si (black arrows), gray Al23CuFe4 (purple arrows), and TiB2 cluster (red circle).

4. Discussion

Table 4 summarizes the microstructures of the IMCs found in the alloys and the effect
of the grain refiner on hot tearing. In the 5083 alloys, four primary IMCs were identified.
First, α-Al15(Fe,Mn)3Si2 was found to predominantly have fishbone-shaped morphology.
Based on the statement in ref. [31] and the observation in this study, the fishbone-shaped
IMCs are less deformable, which can be stress concentration points in the 5083 alloys.
Second, at grain boundaries, Mg2Si with irregular morphology was discovered. This
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morphology does not affect HTS, but if Mg2Si exists in a fishbone shape, the HTS can
be higher. Third, Al3Mg2 with irregular fine-line morphology exists at grain boundaries
and forms a continuous phase, contributing to crack propagation and increasing the HTS.
Similar descriptions can be found in ref. [30]. Finally, T-Mg32(Al,Zn)49 dots also form
at grain boundaries, contributing to an increased HTS. Note that from ref. [33,37] and
systematic investigations in this study, the mechanisms contributing to hot tearing in
Al3Mg2 and T-Mg32(Al,Zn)49 are different. Al3Mg2 can cause stress concentration and
continuous cracking along the interdendritic channel, whereas T-Mg32(Al,Zn)49 leads to
reduced interdendritic liquid feeding capability [33].

Table 4. Information on IMCs, where “
√

” mark means visible, and their contribution to HTS. In
addition, (5), (6), and (7) in the "HTS Value" column mean that the intermetallic phase is only present
in 5083, 6061, and 7075 alloys, respectively.

IMCs 5083 6061 7075 Color Morphology HTS Value

Mg(Zn,Cu,Al)2
√

white fishbone-shaped or small circular dots or irregular ↓

α-Al15(Fe,Mn)3Si2
√ √

white fishbone-shaped or small circular dots ↑ (5) –(6)

β-Al5FeSi
√

white plate or needle-like ↑

Al23CuFe4
√

gray irregular ↑

Q-Al15Cu2Mg8Si6
√

gray/white spherical –

Mg2Si
√ √ √

black irregular or small circular dots ↑ (5, 7) –(6)

Al3Mg2
√

gray/black irregular (thinner than Mg2Si) ↑ (lower effect)

T-Mg32(Al,Zn)49
√

gray small circular dots (about 3~5µm) ↑ (higher effect)

TiB2
√ √ √

gray irregular particle – (↑ if clustering)

Four primary IMCs were discovered in the 6061 alloys. The first two are α-Al15(Fe,Mn)3Si2
and β-Al5FeSi, which are predominant. α-Al15(Fe,Mn)3Si2 mainly has fishbone-shaped
morphology but also appears as some small dots. By contrast, β-Al5FeSi has plate/needle-
shaped morphology and is the primary factor influencing the HTS of the 6061 alloys. The
plate/needle-shaped β-Al5FeSi is prone to causing stress concentration. Once cracking
occurs, the residual thermal stress inside the material is relieved. Therefore, fishbone-
shaped α-Al15(Fe,Mn)3Si2 is not the main contributor to hot tearing in the 6061 alloys,
which can be correlated to the finding from ref. [38]. Additionally, Mg2Si, with irregular
morphology similar to that in the 5083 alloys, and Q-Al5Cu2Mg8Si6, which has a spherical
morphology, have no effect on HTS in the 6061 alloys.

Three main IMCs were identified in the 7075 alloys, with the primary determinant of
hot tearing being Mg(Zn,Cu,Al)2. This phase is the last to solidify in the remaining liquid,
and as the content of Mg(Zn,Cu,Al)2 increases, the feeding capability rises, resulting in
lower HTS. Conversely, the irregular-shaped Al23CuFe4 and Mg2Si hinder the feeding of
interdendritic liquid, contributing to the increase in HTS. This finding can also be related
to ref. [35].

In all three series of aluminum alloys, fine TiB2 particles (approximately 100–200 nm
in diameter) have a minimal effect on HTS. However, if these particles agglomerate consid-
erably, these agglomerations can obstruct liquid flow in the semisolid state, reducing the
feeding capability and increasing the HTS. Adding the Al-5Ti-1B grain refiner (containing
TiB2 particles) can successfully refine needle-like or plate-like IMCs. However, similar to
the result of ref. [36], this study also found that TiB2 particle aggregation can occur, which
can block the liquid channels. The main IMCs in the 7075 alloys do not have the plate-like
morphology seen in the 5083 and 6061 aluminum alloys. Therefore, increasing the amount
of grain refiner without increments of other elements may reduce the HTS of the 5083 and
6061 aluminum alloys but, conversely, increase the HTS of the 7075 alloys. Additionally,
the amount of grain refiner employed in this study was relatively high, which inhibited the
growth of dendritic arms of the αAl phase [8]. This may have weakened the bridging effect
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of Fe-rich α-type IMCs. Consequently, this study did not observe a reduction in HTS from
the bridging effect of Fe-rich IMCs, as suggested by some literature [20,39,40].

5. Conclusions

1. In aluminum alloy 5083, when the Si content is increased to 0.2 wt.% or higher, Mg2Si
assumes fishbone morphology, whereas the amount and size of α-Al15(Fe,Mn)3Si2
remain almost unchanged. Increasing the Fe content from 0.3 to 0.5 wt.% greatly
increases the amount of α-Al15(Fe,Mn)3Si2, the morphology of which tends to be a
fishbone structure prone to stress concentration. When the Cu content is increased
from 0.03 to 0.09 wt.%, T-Mg32(Al,Zn)49 greatly hinders feeding. Both T-Mg32(Al,Zn)49
and Al3Mg2 contribute to hot tearing, although through different mechanisms. T-
Mg32(Al,Zn)49 leads to decreased feeding capability, whereas Al3Mg2 causes continu-
ous cracking resulting from stress concentration. Increasing the amount of Ti from
0.05 to approximately 0.1 wt.% effectively refines the grains, enhancing the overall
feeding capability and reducing the continuous cracking of fishbone-shaped IMCs.

2. In aluminum alloy 6061, when the Si content is increased from 0.6 to approximately
0.9 wt.%, the amount of α-Al15(Fe,Mn)3Si2 does not increase, but the amounts of
Mg2Si and β-Al5FeSi do. Mg2Si does not affect HTS, whereas β-Al5FeSi positively
affects HTS. Increasing the Fe content from 0.3 to 0.5 wt.% dramatically increases
the amount of fishbone-shaped α-Al15(Fe,Mn)3Si2 but cannot effectively reduce the
amount of harmful plate/needle-like β-Al5FeSi. Increasing the Cu content from 0.3 to
0.5 wt.% reduces the NES; it expands the solidification range, leading to an increase
in the contraction rate and an increase in the amount of plate/needle-like β-Al5FeSi.
Increasing the Ti content also effectively refines the grains, improving the overall
feeding capability and reducing stress concentration and severe blockage of remaining
liquid channels, thereby mitigating continuous cracking.

3. In aluminum alloy 7075, when the Si content is increased from 0.1 to approximately
0.2 wt.%, an increase in the Mg2Si content hinders the flow of remaining liquid and
leads to a decrease in the amount of αAl+Mg(Zn,Cu,Al)2 eutectic. Increasing the Fe
content from 0.2 to 0.45 wt.% greatly increases the amount of Al23CuFe4, which also
impedes the flow of interdendritic liquid. When the Cu content is increased from 1.7
to approximately 2.3 wt.%, the content of Al23CuFe4 does not increase considerably;
instead, the additional Cu tends to promote Mg(Zn,Cu,Al)2 formation, resulting in a
substantial increase in the remaining liquid content. When the Ti content is increased
from 0.05 to approximately 0.1 wt.%, the grain size decreases, and the overall feeding
capability is improved. However, the grain refiner may not be fully dispersed, and
this would lead to the formation of numerous TiB2 clusters, which hinder flow in
the liquid channel. By contrast, in the 5083 and 6061 aluminum alloys, in which
needle-shaped or fishbone-shaped IMCs tend to form, the benefit of reducing the
size of needle-shaped or fishbone-shaped IMCs due to the addition of grain refiner
outweighs the disadvantage of TiB2 clusters obstructing the flow of remaining liquid.
Therefore, Ti increments rather than base material increments are found to lead to
lower HTS in 5083 and 6061 aluminum alloys.

Supplementary Materials: The following are available online at https://www.mdpi.com/article/
10.3390/met14010015/s1, Figure S1. Fields of temperature gradient and HTS indicator discussed
in refs. [2,3]; Figure S2. Variation in phase fraction with temperature of A3527 core alloy under
(a) Scheil and (b) equilibrium conditions. [5]; Figure S3. This image is from the magnification of 500×
in Figure 5f, where the fishbone structure IMCs appears fractured; Figure S4. EDS data of 5b From the
Si mapping, we could identify that the gray IMCs were Al3Mg2 rather than Mg2Si and can become
channels of hot tearing propagation.
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