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Abstract: The hot-tearing resistance of Al-Cu-Mn-Zr (ACMZ) alloys was investigated as a step toward
introducing these new cast alloys for severe duty, higher-temperature applications, such as cylinder
heads for down-sized, turbocharged automotive engines. Alloy Cu compositions were varied from
5 to 8 wt.%. Targeted Ti levels were 0.02, 0.1, and 0.2 wt.% via additions of the Al–5Ti–1B master
alloy. Hot-tearing resistance was assessed by visual examination and ranking of the cracking severity
in a multi-arm permanent mold casting. It was found that at high impurity contents (Fe and Si of
0.2 wt.% each), the Al–Cu–Mn–Zr alloy with 4.95 wt.% Cu exhibited the poorest hot-tearing resistance,
irrespective of the grain refining amount. Microstructural analysis indicated an effective reduction in
the grain size, as the Ti additions were increased to 0.02 and 0.1 wt.% Ti via the Al–Ti–B grain refiner.
The finest grain size was attained with a 0.1 wt.% Ti. Based on the hot-tearing evaluation, it was
found that the additional grain refining via the Al–5Ti–1B master alloy at 0.1 wt.% Ti significantly
reduces the hot-tearing susceptibility at Cu contents greater than 7.3 wt.% for ACMZ alloys with low
Fe and Si. These findings indicate that the best hot-tearing resistance was observed at a grain refiner
level of 0.1 wt.% Ti and high Cu content (greater than 7.3 wt.%). This study to indicates that these
Al–Cu–Mn–Zr alloys, which possess excellent microstructural stability and mechanical properties at
elevated temperatures, can also possess excellent hot-tearing resistance.
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1. Introduction

Hot tearing is a major casting defect that is difficult to overcome, especially for multicomponent
Al-Cu alloys, which are well known to be prone to hot tearing in semi-permanent mold castings
used for automotive cylinder heads. The objective of this study was to investigate grain refinement
effects on the hot-tearing resistance of a new family of cast Al-Cu alloys containing Mn and Zr
additions. These alloys have been designed for microstructural stability and retention of mechanical
properties at higher temperatures (>300 ◦C) and are referred to as Al-Cu-Mn-Zr (ACMZ) alloys [1].

Metals 2020, 10, 430; doi:10.3390/met10040430 www.mdpi.com/journal/metals

http://www.mdpi.com/journal/metals
http://www.mdpi.com
https://orcid.org/0000-0003-3088-6474
https://orcid.org/0000-0001-7499-3808
http://dx.doi.org/10.3390/met10040430
http://www.mdpi.com/journal/metals
https://www.mdpi.com/2075-4701/10/4/430?type=check_update&version=3


Metals 2020, 10, 430 2 of 18

Although a previous hot-tearing resistance study of several non-grain-refined ACMZ alloys indicated
dramatic improvements in hot-tearing resistance due to Cu, at Cu additions of 7.3 and 8 wt.% [2],
the hot-tearing resistance of ACMZ alloys still required further enhancement to enable casting of
complex automotive components such as advanced cylinder heads, using common high-volume,
commercial casting methods.

One of the key challenges for the high-volume production of automotive cast metal parts is
the minimization of casting defects [2]. Hot tearing is one of the most detrimental solidification
casting defects—the formation of which depends on both the local state of stress and interdendritic
feeding of liquid due to the solidification shrinkage [3–5]. In general, hot-tearing resistance has been
assessed based on the examination of cracking in castings after they are cooled to room temperature in
regions where cross-sectional size changes by employing molds that provide geometrical constraints,
in geometries that mimic features from production castings, such as ring [6], “dog-bone or I-beam” [7,8],
or “finger-mold” [9,10] in sand molds [6,11–14] or permanent molds [15].

The ACMZ alloys that were considered in this study are strengthened via metastable θ′ precipitates,
which are known to strengthen most Al-Cu and Al-Si-Cu alloys at temperatures below 200 ◦C [16].
Moreover, in ACMZ alloys, these metastable intermetallics (Al2Cu) can be stabilized to much higher
temperatures by microalloying with additions of Mn and Zr, while also maintaining low Fe and Si
levels, resulting in substantial improvements in mechanical properties at elevated temperatures as
compared to other cast alloys [1,17,18]. For example, two variants of ACMZ alloys, with 5.0 wt.%
Cu and 6.4 wt.% Cu, exhibited significant mechanical properties and microstructural stability after
extended exposure (200 h) at temperatures up to 350 ◦C [1]. A higher copper level (∼6.4 wt.% Cu) was
found to increase alloy hardness over that of the alloy with 5.0 wt.% Cu, due to the increased volume
fraction of the intermetallic strengthening precipitates. The effect of intermetallic grain boundary
particles on tensile elongation was investigated for a series of ACMZ alloys with Cu contents varying
between 6.0 and 9.0 wt.% [19]. Owing to their improved thermal stability, two ACMZ alloys were
shown to exhibit superior creep resistance at 300 ◦C as compared to a conventional 206 Al-Cu alloy [20].

One approach to further improving hot-tearing resistance without detrimentally affecting the
high-temperature stability of these ACMZ alloys is through grain refinement. For Al alloys, grain
refinement has long been used to improve both mechanical properties and hot-tearing resistance [21].
Initially, grain refining via inoculation was introduced to improve the mechanical properties by the
formation of a fine, uniform, and equiaxed grain structure [22,23]. For Al-Cu alloys, the hot-tearing
resistance of castings with fine equiaxed dendritic morphologies were found to be greater than those
with columnar dendritic morphologies [24,25]. However, the effect of grain refinement on hot tearing is
not consistent for Al-Cu alloys. This inconsistency could be due to the wide range of process conditions,
mold configurations, and alloy compositions (including minor additions) that lead to the formation of
distinct intermetallics across various studies. For example, grain refining was found to not affect the
hot tearing of the binary Al-Cu alloys, which were cast in sand molds with a superheat of 65 ◦C [14].
This is in contrast with the hot-tearing data of an Al-Cu system in graphite molds with a superheat of
250 ◦C [8]. For another Al-Cu system at 250 ◦C superheat [8], the hot-tearing-resistant composition
was shifted from 7 wt.% (for the non-refined) to 5 wt.% (for the grain refined at 0.01 wt.% Ti addition).
In general, for Al alloys, higher additions of grain refiner, e.g., 1 wt.% Ti for 7050 and 7010 Al alloys,
were found to be detrimental to the hot-tearing resistance [26].

For commercial Al-Cu alloy 206, there are several studies that report a wide range of hot-tearing
resistance with grain refinement. For example, hot tearing in a six-finger permanent mold of the
Al alloy 206 (with 0.12 wt.% Fe and 0.06 wt.% Si) at 300 ◦C mold temperature was found not to be
improved after grain refinement [9], whereas a reduction in hot tearing was observed after grain
refinement of a modified 206 Al alloy (with 0.05 wt.% Fe and 0.05 wt.% Si) [27]. This difference could be
simply due to the lower Fe content in the alloy used by Li et al. [27] or different pouring temperatures,
which were not specified in that study [9]. This comparison illustrates that hot-tearing resistance does
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not necessarily improve after grain refinement of Al–Cu alloys, and also suggests significant sensitivity
to alloy composition including impurity levels.

The beneficial effect on hot tearing in Al alloys has been found to be due to the influence of
grain refinement on several variables that affect interdendritic flow, particularly permeability and
dendrite coherency [28]. Through grain refinement, the permeability of the mushy zone is likely to
increase at high solid fractions as the dendritic morphology would allow an increased liquid amount
per unit volume. For Al-Cu alloys, the onset of mushy zone strength was found to shift to higher solid
fractions with grain refinement [29,30]. This effect was explained by the fact that dendrites are smaller,
almost globular, and not as highly branched as those in the non-grain-refined alloys, allowing easier
grain reorientation and sliding after the coherency point, moving the onset of strength at higher solid
packing as solidification proceeds.

2. Alloy Selection and Grain Refining

In this study, ACMZ multicomponent alloys in which the Cu composition was varied from
~5 to 8 wt.% were considered since they exhibit excellent high-temperature mechanical properties [1].
A review of the Cu content effect on hot tearing in Al-Cu alloys indicated that data on hot-tearing
susceptibility at Cu contents > 5 wt.% were much less common than that available for alloys with Cu
contents < 5 wt.% [2]. The Cu contents of the five alloys (DA1, DA2, DA5, DA6, and DA7) in this
study were 4.95, 6.2, 7.3, 8.3, and 8 wt.%, respectively. The composition of these alloys, which was
considered for hot-tearing assessment using a smaller mold with load measurement capability [2],
was slightly different than that shown in Table 1. Exact compositions of the five alloys evaluated in this
study are shown in Table 1. For all the new ACMZ alloys considered, the nominal composition of the
non-grain-refined condition included 0.06 wt.% Ti. Alloy DA6 had a similar nominal Cu content to
that of alloy DA7 (Table 1), but intentionally higher Fe and Si. Our previous study of non-grain-refined
ACMZ alloys found that those with higher Cu content (7.3 and 8 wt.% Cu, i.e., DA5 and DA7) were the
most hot-tearing resistant [2]. Alloy 206 was chosen as a comparative baseline commercial alloy for
this study as it is one of the multicomponent Al–Cu alloys used in automotive, aerospace, and other
industries where lightweight castings with excellent mechanical performance are required [21].

Table 1. Nominal non-grain-refined alloy composition.

Alloy Cu wt. [%] Mn wt. [%] Zr wt. [%] Si wt. [%] Fe wt. [%] Mg wt. [%] Ni wt. [%]

206 4.82 0.254 0.004 0.041 0.095 0.274 0.0065

DA1 4.95 0.106 0.147 0.051 0.1 0.0026 0.163

DA2 6.214 0.448 0.191 0.0587 0.0952

DA5 7.316 0.441 0.168 0.0501 0.0983

DA6 8.211 0.44 0.207 0.202 0.219

DA7 8.01 0.451 0.187 0.0488 0.102

The grain refining behavior of two 206 Al alloys was studied extensively by others [31]. Alloy A206,
which is used in aerospace and other high-integrity applications, is a higher-purity version of the
standard 206 Al alloy. Alloy B206 has similar purity requirements as A206 but its titanium level is limited
to 0.1 wt.%, while the titanium level in the non-grain-refined A206 ranges from 0.15 to 0.25 wt.% [32].
According to a previous investigation [31], the alloy B206 was registered based on data on the
effectiveness of the Al–Ti–B grain refining for alloy A206 when the overall level of Ti was less than
0.15 wt.% Ti [21].

The B206 alloys were grain refined elsewhere [33] using 0.01 and 0.02 wt.% Ti, following
recommendations to limit the Ti content from Al-Ti-B grain refining to a maximum of 0.05 wt.% for the
A206 [21]. A significant decrease in grain size was found for a minimum amount of 0.02 wt.% Ti that
was added via the Al–Ti–B grain refiner for B206 [34]. The effect of grain refiners below the 0.05 wt.%
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Ti limit on grain size of B206 was found [33] to be the same as that observed for B206 castings [34].
On the other hand, a minimum Ti content of 0.07 wt.% was used for the Al-4.5%Cu alloy elsewhere [35].
Apparently, the size of the equiaxed grains obtained with 0.01 wt.% or less of Ti [33] was approximately
ten times larger than that observed for the binary Al-4.5%Cu alloy [35].

The most widely used inoculants for Al alloys are based on Al-Ti-B [36]. Al-5Ti-1B was used for
the grain refinement in this study as it is one of the most common master alloys [37]. Based on the
review on grain refining via the Al-5Ti-1B master alloy, the target Ti levels selected in this study were
0.02, 0.1, and 0.2 wt.%.

3. Casting Procedures and Microstructure Characterization

Multi-arm (MA) casting, which consists of six dog-bone arms of different lengths attached to a
riser [9], was employed in this study for e -situ characterization of hot tearing (Figure 1). This MA
casting approach was first used by Sigworth and DeHart [9], while four-arm casting was used in [10].
A picture of the casting prior to removal from the mold is shown in Figure 1a. The dimensions of each
of the six arms are shown in Figure 1b.
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Figure 1. Multi-arm casting in permanent mold for hot-tearing assessment: (a) photo, and (b) geometry
details and dimensions [cm].

The following casting procedure was followed at Nemak, Inc. For each casting run, approximately
270 kg of alloy was molten in a gas crucible furnace. The melt was heated to 770–780 ◦C and held at
this temperature for ~30 min. For titanium and boron additions, a commercial Al-5Ti-1B master alloy
rod was used. The target Ti contents were additional 0.02, 0.1, and 0.2 wt.% Ti via the master alloy.
After degassing and dross removal from the melt, the grain refiner rod was added and allowed 20 min
to melt. Meanwhile, the melt was gently stirred to ensure a uniform distribution of the grain refiner.
Titanium and boron concentrations in the alloy were measured using optical emission spectroscopy.
During the alloy melting, the mold was also prepared and preheated to the targeted temperature
of 275 ◦C. The pouring temperature in this study was 730 ◦C. The casting was removed from the
mold after two minutes. During this time, the mold heated to an average temperature of 315 ◦C.
For each alloy, five castings were poured in the non-grain-refined condition and five castings for each
grain-refined condition. In total, 115 multi-arm castings were poured and compared for this evaluation
of hot-tearing resistance.

Microstructure Characterization for the DA2 Alloy

In this section, a detailed microstructure characterization is presented for the DA2 alloy in the
as-aged condition, which consisted of solution annealing at 540 ◦C for 5 h and ageing at 240 ◦C
for 4.5 h [1]. For all five ACMZ alloys considered, the grain size trends after inoculant additions
varied in a similar way to that for the DA2 alloy and thus data for all alloys was not included in
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this manuscript. Specimens from the various DA2 castings were cut from an arm centerline, ground,
and polished. Grinding of specimens was conducted with wet SiC grinding papers, down to grit size
4000. Fine polishing was conducted with a MasterTex cloth (Buehler Inc., Lake Bluff, IL, USA) in a
distilled water suspension with 50% Syton HT-50 colloidal silica, rinsing with water and ethyl alcohol.
The grain structure was examined using a JEOL 6500 (JEOL Ltd., Tokyo, Japan) scanning electron
microscope (SEM) employing electron backscatter diffraction (EBSD) in order to study grain sizes and
orientations. The electron beam current was set to ~5 nA, and the incident-beam energy was set to
15 keV.

Typical SEM microstructures for all the conditions of the DA2 alloy are shown in Figure 2. The SEM
micrographs indicate an effective reduction in grain size as the Ti additions were increased to 0.02
and 0.1 wt.% Ti via the Al-Ti-B grain refiner. The grain sizes and size distributions are revealed more
clearly in the EBSD images of Figure 3. Grains with diameters of 30 µm or less were not included in
the EBSD analysis in order to filter out noise and eliminate the artifacts due to smaller intermetallic
sizes. A further increase in the Ti addition to 0.2 wt.% Ti was found to slightly increase the grain size
compared to the 0.1 wt.% Ti addition (Figures 2d and 3d). Quantitative analysis of the grain size was
conducted using the SEM images. The grain size has been evaluated automatically using the EDAX
OIM software (AMETEK.Inc., Berwyn, PA, USA) [38]. The surface area characterized was identical for
all of the grain refinement levels. While almost 300 grains were counted for each of the grain-refined
specimens, only approximately 30 grains were counted for the non-grain-refined specimen due to the
much larger grain size. A histogram that describes grain size distribution is shown in Figure 4 for
the non-grain-refined alloy and all of the grain-refined conditions. The overall grain size distribution
for the non-grain-refined alloy, which is indicated in Figure 4a with a large dash line, exhibited a
bimodal distribution. For the non-grain-refined DA2 alloy, the grain count indicates a similar number
of very large grains (800–2000 µm) and fine grains (less than 80 µm), with only few medium size grains
(200–300 µm). As qualitatively observed from the SEM and EBSD images, the grain size decreases with
increasing Ti levels to 0.02 and 0.1 wt.%.Metals 2020, 10, 430 6 of 18 
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The SEM micrographs (Figure 2) reveal the variation in the morphology and density of
the intermetallic particles, which appear in brighter contrast than the primary phases in the
SEM micrographs. These particles are likely the primary eutectic θ (Al2Cu) phase [39]. In the
non-grain-refined alloy, these θ particles appear both at the grain boundaries and on cellular boundaries
within the grain bulk. However, in the grain-refined alloys, the θ particles are concentrated only on the
grain boundaries since the refined grain size is small enough that the cellular and grain boundaries
coincide with each other. Several metrics for the intermetallic size and density characterization
were included in Table 2. This data shows that despite the large difference in intermetallic particle
distribution between the non-grain-refined specimen and the grain-refined specimens, there is only a
weak dependence of the θ particle size, number density, and phase fraction on the grain size.
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Table 2. Median grain size [µm] and parameters for intermetallic particle characterization for the
DA2 alloy.

Ti wt.% Median Grain
Size (µm)

Intermetallic
Area Fraction

Intermetallic Number
Density (1/µm2)

Intermetallic Average
Area (µm2)

0 525.6 0.0171 0.00141 12

0.02 137.2 0.0119 0.00094 13

0.1 57.8 0.0137 0.00087 18

0.2 70.1 0.0122 0.00098 12

The metastable θ′ (also Al2Cu) precipitate phase is also present. The θ′ phase is precipitated via
solutionizing, water quench, and aging heat treatments [40]. After the ageing step at a temperature
of 240 ◦C, it was shown in [1,16,19,20] that no Guinier–Preston (GP) zones, GP1, or GP2(θ′′) phases
were stable and that the only strengthening phase that remains stable was the θ′ phase. During the
solutionizing heat treatment, copper is dissolved into the matrix until the matrix composition is
relatively homogeneous. The grain refiner content (and, by extension, the grain size) is unlikely to
affect the size or distribution of the θ′ precipitates for the following reasons: (a) Cu content in all
specimens were the same for all DA2 alloys with different grain refinement levels, (b) the composition
was homogeneous after solutionizing, and (c) θ′ does not precipitate on grain boundaries. Thus,
the only impact that grain size theoretically could have on θ′ precipitate distribution would be in
the precipitate-free zone (PFZ), which is a region near the grain boundary that does not contain any
precipitates [41]. For small grains, the PFZ would extend over a significant fraction of the microstructure,
and the θ′ number density of the grain would be reduced. However, as the PFZ thickness was observed
to be ~1 µm or less for these specimens in the as-aged condition, the PFZ covered a negligible fraction
of the microstructure of the specimens tested here. Although not shown here, the SEM analysis for
each of the specimens confirmed that the θ′ distributions and sizes appeared to be nearly identical for
the grain-refined specimens considered.

4. Hot-Tearing Characterization

During solidification, each arm in the MA casting experienced different stresses at the arm-riser
junction due to the different geometrical constraints imposed by different arm lengths. Thus, the cracking
severity is expected to be proportional to the arm length, i.e., smallest in shortest arms and largest
in longest arms. All castings were visually inspected, and the severity of cracking in each arm was
ranked according to the classification provided in Table 3. A simple scaling of hot-tearing resistance
from the original cracking index range of [0:1], which was considered in [9], to a range of [0:10] was
considered in this study in order to enable direct comparison with data presented in other papers
using this mold. The cracking index was marked on each casting arm and a picture was taken for
each casting of the riser region, where arms are joined to the riser and hot tearing is expected to occur.
Due to the very large number of castings, images of only one representative casting for each alloy
without any grain refining and at Ti additions of 0.02, 0.1, and 0.2 wt.% Ti were shown in Figures 5–8,
respectively. In these figures, only the arm-riser joint region is shown in order to better indicate the
hot-tearing defects in each arm. In Figures 5–8, pictures of the castings were taken after the castings
were removed from the mold and turned upside down such that the shortest arm and longest arm
appear to the left hand side and right hand side of each image, respectively.

Due to the severity of hot tearing for some alloys, the 6th arm was completely detached from the
casting and is missing from pictures for DA1 and DA6 (Figure 5a,d for the non-grain-refined condition),
DA1 (Figure 6a with 0.02 wt.% Ti), DA2 (Figure 7b with 0.1 wt.% Ti). For all of the alloys and for all
grain refining conditions, there was no visible casting defect in the shortest arm.
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Authors should discuss the results and how they can be interpreted in perspective of previous
studies and of the working hypotheses. The findings and their implications should be discussed in the
broadest context possible. Future research directions may also be highlighted.

Table 3. Assigned cracking index, Ci, for each casting arm.

Ci Crack Description

0 No cracks

2.5 Small crack

5 Moderate crack

7.5 Severe crack

10 Arm fractured
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Initially, the overall hot-tearing indicator (HTI) for this multi-arm casting was defined to be the
simple average for all of the arms of individual cracking indices in each arm, Ci, as [9]:

MS =
1
6

6∑
i=1

Ci (1)

Several considerations have to be made concerning the use of individual cracking indices
(Ci-Table 3) in each arm to formulate overall hot-tearing indices. In MA castings, cracks are likely to be
more severe in longer arms than in shorter arms, thus identical cracking in different arms should yield
different cracking susceptibilities, i.e., cracks in longer arms should have a smaller effect than those in
shorter arms in the overall HTI. As the simple average indicator, MS, does not take into account the
higher probability of cracking in longer arms than in shorter arms, a weighted average of individual
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cracking indices in each arm, Ci, was used. As it was observed that the shortest arm seldom cracks
while the longest arm cracks most of the time, the effect of excluding the shortest arm (i.e., 1-st arm)
and/or the longest arm (i.e., 6th arm) from the hot-tearing index needs to be considered. Thus, several
hot-tearing indices can be defined based on cracking indices from several consecutive arms, as:

MJ–K =

∑K
i=J wiCi∑K

i=J wi
(2)

where J and K indices indicate the shortest arm and longest arm that were considered in the weighted
average, respectively. Here, the weight factor for each arm, i, was simply considered to be inversely
proportional to the arm length, Li, i.e., wi =

1
Li

[33]. In the third and fourth columns of Table 4, the data
is presented for the simple average indicator, MS, and a 4-arm average, M2–5, for which the arms 2
through 5 were considered, respectively. For the data shown in Table 4, the average of MS and M2–5
for five castings were calculated based on Equations (1) and (2). From industrial practice, an overall
acceptable hot-tearing index for MS, MA

S , is considered to be 3.33 when Ci ranges between 0 and 10,
which would correspond to a small to moderate crack in each of the six arms. Consistent with the
acceptable value of MA

S = 3.3, an overall acceptable hot-tearing index for M2–5, MA
2–5, is considered to be

2.6 when Ci ranges between 0 and 10. The alloys and Ti concentration in wt.%, for which the acceptable
hot-tearing resistance was attained, are: DA2 at 0.1 wt.% Ti, DA5 at 0.1 wt.% Ti, and DA7 at 0.02, 0.1,
and 0.2 wt.% Ti. The data shown in Table 4 indicate that the MS and M2–5 indices exhibit close values.
The data shows that the M2–5 is larger than MS for the least hot-tearing-resistant alloys (206 and DA6).
On the other hand, M2–5 is smaller than MS for the most hot-tearing-resistant alloys (DA5 and DA7).

The data shown in Table 4 on the hot-tearing indicator for multi-arm castings, M2–5, indicate the
following main effects of the grain refinement and Cu content on hot-tearing:

• For the 206 alloy, M exhibited a larger decrease from the non-grain-refined condition to that with
0.02 wt.% Ti additions than that from Ti additions of 0.02 to 0.1 wt.%.

• For the DA1 alloy, M increased slightly with grain refinement.
• For the DA2 alloy, M is initally unchanged with 0.02 wt.% Ti addition from the non-grain-refined

casting. Then, M decreased with grain refinement with a minimum of HTI observed at 0.1 wt.%
Ti addition.

• For the DA5 alloy, M decreased with grain refinement, exhibiting a minimum M at 0.1 wt.% Ti
addition. Unlike DA1 and DA2, M showed a decrease between the non-grain-refined casting
and the alloy with 0.02 wt.% Ti addition, a decrease that was similar in magnitude to that for the
206 alloy.

• For the DA6 alloy, M showed the highest value among all of the DA alloys considered. The M
variation with the amount of wt.% Ti addition resembles that for DA1, although at high values.
The striking difference between the M values for the DA5 and DA7 alloys is solely due to a higher
amount of Fe and Si impurities in the DA6 alloy than those in the DA7 alloy.

• For DA7 alloy, M is the smallest among all of the DA alloys. M exhibited a significant decrease
between the non-grain-refined casting and the alloy with 0.02 wt.% Ti addition.

• The minimum M is observed at 0.1 wt.% Ti addition for each of the most hot-tearing-resistant
alloys (DA2, DA5, and DA7).
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Table 4. Hot-tearing indices MS and M2–5 from multi-arm castings.

Alloy
(Cu wt.%) * Ti wt.% MS M2–5

206
(4.82)

0 7.5 8.47

0.02 6.67 7.07

0.1 6.17 6.31

DA1
(4.95)

0 5.9 5.71

0.02 6.25 6.4

0.1 6.16 6.31

0.2 6.25 6.4

DA2
(6.2)

0 5.4 5.1

0.02 5.5 5.27

0.1 3.42 2.6

0.2 4.25 3.21

DA5
(7.3)

0 5.8 5.53

0.02 4.25 4.03

0.1 3.25 2.49

0.2 3.42 2.84

DA6
(8.2)

0 6.5 6.71

0.02 6.9 7.36

0.1 6.6 6.88

0.2 6.1 6.05

DA7
(8)

0 5.1 4.86

0.02 3.33 2.6

0.1 2.5 2.01

0.2 2.75 2.36

* Addition target (via the Al-Ti-B master alloy).

5. Discussions

To better clarify the effect of grain refining at different Cu contents on hot tearing, data shown in
Table 4 is further analyzed. In Figure 9, the M2–5, which was obtained as an average for arms 2 through
5, is graphed as a function target Ti addition wt.% at different Cu contents and low content of Fe and Si
(of ~0.1 and 0.05 wt.%, respectively). For reference, the data on the baseline alloy 206 is also shown.
The data shown in Figure 9 clearly indicates that grain refining of ACMZ alloys is much more effective
at Cu contents greater than 7.3 wt.% (DA5 and DA7 alloys), with a minimum hot-tearing index value
at 0.1 wt.% Ti additions, as evidenced by the significant reduction in the hot-tearing index.

The data for DA6, with higher Fe and Si impurity contents, is shown in Figure 10, along with
the data from the corresponding low impurity alloy, DA7. Both of these alloys have a high nominal
Cu content of ~8 wt.%. As shown in Figure 10, at high contents of Fe and Si (i.e., ~0.2 wt.% each),
the hot-tearing index is high while the alloy with lower content of Fe and Si (~0.1 and 0.05 wt.%,
respectively) shows significant reduction in hot-tearing index levels, and thus improvement in
hot-tearing behavior, with grain refining and also some improvement in hot-tearing resistance with no
grain refinement.
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Aside from the beneficial effect of the higher Cu content on hot-tearing resistance discussed
above, the grain size effect is briefly discussed below for the DA2 alloy. The median grain size,
which was obtained from the microstructure analysis is shown together with the hot-tearing index
for all grain-refined conditions in Table 5. The data shows that at grain sizes larger than 130 µm,
the hot-tearing index exhibits insignificant variation with the reduction in grain size. However, at small
grain sizes (less than 100 µm), the hot-tearing index decreases significantly with the smaller grain sizes.

Table 5. Hot-tearing indices MS and M2–5 from multi-arm castings.

Alloy Ti wt.% Median Grain Size (µm) M2–5

DA2

0 525.6 5.1

0.02 137.2 5.27

0.1 57.8 2.6

0.2 70.1 3.21
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As reviewed in the previous sections, there is a wide range of hot-tearing resistance with grain
refinement for alloys 206, A206, and B206. ASM specifications for wt.% Fe, Si, and Ti are 0.15, 0.1,
0.15–0.3 for 206, 0.1, 0.05, 0.15–0.3 for A206, and 0.1, 0.05, 0.10 for B206, respectively. Without being
exhaustive, the recommended wt.% Ti grain refining for enhancing the mechanical properties and
hot-tearing resistance is summarized in Table 6 for 206 alloys and the ACMZ alloys used in this study.
It was found that the optimum wt.% Ti of 0.1 for ACMZ alloys is within the range recommended for
the low-impurity and low-Ti 206 alloy [27] but larger than that recommended for the A206 and B206
alloys [9,33].

Table 6. Maximum and optimum Ti wt.% addition for hot-tearing resistance.

Alloy wt.% Fe and wt.% Si * wt.% Ti Reference Addition Max Ti wt.% Notes

206 0.12 and 0.06 0.24 [9] specified per ladle grain refining not affecting
hot tearing

206 0.05 and 0.05 0.006 [27] 0.15 optimum 0.1–0.15 wt.% Ti

A206 0.1 and 0.05 0.15–0.25 [9] 0.05 recommend ≤0.05 wt.% Ti

B206 0.06 and 0.1 0.01 [33] 0.05 recommend [0.02:0.05] wt.%
Ti range

ACMZ 0.07 and 0.08 0.06 This study 0.2 optimum 0.1 wt.% Ti

* Nominal, non-grain-refined alloy composition.

6. Conclusions

The grain refinement effect on hot-tearing resistance for a new family of Mn- and Zr-containing
Al-Cu alloys, termed ACMZ, was investigated using a six-arm casting, in which dog-bone arms of
different lengths are attached to a riser. Alloy 206 was chosen as the baseline alloys for this study, as it is
one of the multicomponent Al-Cu alloys used in several industries where high-mechanical-performance
castings are needed. Based on a review of grain refining via the Al–5Ti–1B master alloy for Al-Cu
alloys, and more specifically for alloy 206, the target Ti levels considered in this study were 0.02, 0.1,
and 0.2 wt.%.

A detailed microstructure characterization is presented for the ACMZ alloy with 6.6 wt.% Cu in the
as-aged condition. The overall grain size distribution for the non-grain-refined alloy, which included
very large grains (800–2000 µm), exhibited a bimodal distribution. The SEM and EBSD micrographs
indicate an effective reduction in the grain size as the Ti additions were increased to 0.02 and 0.1 wt.%
Ti via the Al–Ti–B grain refiner. The finest grain size was attained with a 0.1 wt.% Ti. Despite the large
difference in intermetallic distribution between the non-grain-refined specimen and the grain-refined
specimens, there is only a weak dependence of the primary eutectic θ (Al2Cu) phase particle size,
number density, and phase fraction on the grain size. The metastable θ′ (also Al2Cu) precipitate phase
appeared to be nearly identical for the grain-refined specimens considered.

All 115 castings were visually inspected, and the severity of cracking in each arm was ranked
according to a [0:10] scale. The overall hot-tearing indicator was defined to be the weighted average,
MJ–K, with the inverse of arm length, for individual cracking indices in several arms (J through K).
The weighted average was considered a more appropriate metric for the hot-tearing index than the
simple average, which it does not take into account the higher probability of cracking in longer arms
than in shorter arms. Moreover, as the shortest arm seldom cracks, while the longest arm cracks most
of the time, M2–5, with the weighted average for cracking indices in arms 2 through 5 were considered.
The least hot-tearing-resistant alloy was DA6 (8.2 wt.% Cu and high impurity contents of Fe and Si of
~0.2 wt.% each) while the hot-tearing resistance of the DA7 alloy, with similar Cu content but lower
impurity contents of Fe and Si of ~0.1 and 0.05 wt.%, respectively, was the best. The overall hot-tearing
indicator M2–5 indicated the following main effects of the grain refinement for alloys with low levels of
Fe and Si impurities:
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• Grain refining for the DA1 alloy (4.95 wt.% Cu) was inefective, as M was slightly higher for all
grain-refined conditions as compared to its non-refined condition.

• The hot-tearing resistance was highest for the DA7 alloy (with the highest Cu level at 8 wt.%),
followed by the DA5 alloy (7.3 wt.% Cu). The hot-tearing resistance significantly increased with
0.02 wt.% Ti addition (from the non-grain-refined condition).

• The best hot-tearing resistance was observed at 0.1 wt.% Ti addition for the most
hot-tearing-resistant alloys (DA2, DA5, and DA7). This finding is expected based on grain
size analysis, as hot-tearing resistance increases with smaller grain size and the metallography
observations indicate that the finest grain size was attained at 0.1 wt.% Ti.

• It was found that the optimum wt.% Ti of 0.1 for ACMZ alloys is within the range recommended
for the low impurity and low Ti levels for the 206 alloy but larger than that recommended for the
A206 and B206 alloys.

The assessment of the hot-tearing behavior as a function of composition and grain refining,
in which a commercial-scale mold was used, is an important step for the introduction of ACMZ alloys
for applications that demand very good high-temperature mechanical properties, such as modern
automotive cylinder heads.
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