Precise Analysis of Microstructural Effects on Mechanical
Properties of Cast ADC12 Aluminum Alloy
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The effects of microstructural characteristics (secondary dendrite arm spacing, SDAS) and
Si- and Fe-based eutectic structures on the mechanical properties and failure behavior of an
Al-Si-Cu alloy are investigated. Cast Al alloy samples are produced using a special continuous-
casting technique with which it is easy to control both the sizes of microstructures and the
direction of crystal orientation. Dendrite cells appear to grow in the casting direction. There are
linear correlations between SDAS and tensile properties (ultimate tensile strength oyrs, 0.2 pct
proof strength a(,, and fracture strain ¢). These linear correlations, however, break down,
especially for oyts vs SDAS and & vs SDAS, as the eutectic structures become more than 3 um
in diameter, when the strength and ductility (cyts and &) decrease significantly. For eutectic
structures larger than 3 um, failure is dominated by the brittle eutectic phases, for which SDAS
is no longer strongly correlated with oyts and &. In contrast, a linear correlation is obtained
between g, and SDAS, even for eutectic structures larger than 3 um, and the eutectic structure
does not have a strong effect on yield behavior. This is because failure in the eutectic phases
occurs just before final fracture. In situ failure observation during tensile testing is performed
using microstructural and lattice characteristics. From the experimental results obtained,
models of failure during tensile loading are proposed.
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I. INTRODUCTION

FOR environmental reasons, reductions in automo-
tive exhaust gases, such as carbon dioxide and nitrogen
oxides, are required. With this aim, automotive parts
made of heavy steel have been replaced with lighter
metals such as aluminum alloys. The Al-Si-Cu alloy
family (ADCI12) is widely employed in the automotive
industry because of its good castability, high strength,
and low density. In recent years, there has been
increasing use of automotive parts made of cast Al
alloy, a number of which are produced by high-pressure
and high-speed casting, i.e., die casting. High-pressure
die-casting technology has the advantage of providing
good mechanical properties because of the high cooling
rate used in the process."! However, die-cast ADCI12
components possess complicated microstructures and
exhibit various defects, making them unsuitable for the
automotive industry, and the use of cast ADCI12 alloys
to replace steel in the manufacture of safety—critical
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parts in automobiles has been considerably restricted
because of their lower strength and lower ductility.
From our previous work, it appears that failure in
cast ADCI12 alloys is strongly influenced by a-Al grains
(through their effect on secondary dendrite arm spacing,
SDAS), eutectic phases, crystal orientation, and casting
defects. Mechanical properties of high-pressure die-cast
ADCI12 alloy have been investigated, and it has been
found that failure (or crack initiation) occurred from
casting defects, for example, cold flakes and porosity.[**!
There are various casting defects in die-cast ADCI12
alloys, such as porosities, shrinkage cavities, oxide
layers, and cold flakes.**! Zhao er /¥ have investi-
gated the tensile properties of ADCI12 die-cast plate
samples, which are directly influenced by porosit;/ and
serrated faces. It has been reported by Jana ez al.”! that
fatigue cracks in cast Al alloy emanate from the edges of
porosities as a result of the high stress concentration
there. Mechanical properties are also affected by micro-
structural characteristics, such as o-Al grains and
eutectic phases. Many investigators have found that
SDAS is a significant factor determining the mechanical
properties of cast Al alloys, with smaller SDAS leading
to better mechanical properties, i.e., grain-boundary
strengthening. It is also considered that high mechanical
properties could be obtained in the Al alloys with
smaller SDAS due to the decrement of porosity.l®
Youssef et all”' synthesized a bulk nanocrystalline
Al-Mg alloy that possessed the excellent strength of
Al-5083 alloy along with good ductility. Good mechan-
ical properties are achieved in cast Al alloys by o-Al
grain refinement, i.e., a submicrometer grain size is a
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significant advantage,'® although, for most metals, very
small grains (10 nm) result in poorer mechanical prop-
erties because of an inability to support dislocation pile-
ups.”! Furthermore, the effect of eutectic structure (size
and shape) on mechanical properties has been consid-
ered for cast Al alloys, and it appears that large and
elongated eutectic particles %Fe-based phase) result in
lower mechanical strength.l'” The crack propagation
rate in Al-Si-Mg alloy varies because of the agglomer-
ated Si particles in the eutectic region; moreover, cracks
in the o-Al grains propagate rapidly in comparison with
cracks growing in the eutectic and in grain bound-
aries.'" Interesting work has been carried out by
Wang,'” where the tensile properties and fracture
characteristic of cast Al alloys are dependent on not
only SDAS but also size and shape of cutectic Si
particles and Fe-rich intermetallic. Wang!"®! has also
reported the plastic deformation behavior of the cast Al
alloys: at low strain region, the aspect ratio of the
eutectic particles and matrix strength are attributed to
the work hardening, whereas at large strain region, the
hardening rate depends on SDAS. In our previous
studies, it was shown that the crystal orientation of cast
Al alloys is one of the important factors determining
tensile properties, with uniform crystal formation in cast
Al alloys possessing high ductility.

From the above literature survey, it is obvious that
the mechanical properties of cast ADCI12 alloys are
sensitive to their microstructural characteristics.!'¥
However, the significance of microstructure in deter-
mining mechanical properties has not been clearly
reported—for example, which microstructural charac-
teristics (a-Al grains or eutectic phases) have the more
significant effect on mechanical properties? In the
present work, an attempt is made to clarify the
influences of microstructures, such as a-Al phases and
Fe- and Si-based eutectic phases, on the mechanical
properties of cast Al alloys.

Displacer block

Graphite mold

Molten metal

Heated mold

II. EXPERIMENTAL PROCEDURES

In the present work, a JIS-ADC12 Al alloy was used.
This alloy is used in various automotive parts, such as
transmission cases, converter housings, and engine
blocks. The main chemical composition of ADCI12 is
(mass pct) 10.6Si, 2.5Cu, 0.3Mg, 0.5Zn, 1.1Fe, 0.3Mn,
and 0.1Ni, with the remainder consisting of Al. The
ADCI12 samples were prepared by the heated-mold
continuous-casting (HMC) process. The HMC process
was used because it produces high-quality cast samples
without casting defects. In addition, this casting method
allows easy control of both microstructure size!'” and
crystal orientation."® On the basis of the material
characteristics, microstructural effects on mechanical
properties of cast Al alloys can be determined accu-
rately. Before the casting process, a molten metal
treatment was conducted with a flux based on K-CI-F-
Al to remove inclusions and oxide. Figure 1 shows a
schematic illustration of a horizontal-type HMC
arrangement, consisting of a melting furnace, a heated
graphite mold 5 mm in diameter, a graphite crucible, a
cooling device, and a dummy rod for withdrawal of the
cast sample. About 0.2 kg of ADCI12 ingot was placed
in the graphite crucible for melting, with the graphite
mold heated to approximately 898 K (625 °C), which is
just above the liquidus of the ADC12 alloy. The melted
Al alloy in the crucible was fed continuously into the
mold through a runner. Details of the HMC process can
be found in References 15 through 17. To obtain various
microstructural characteristics, the casting operation
was carried out at different speeds, from 0.1 to 7.5 mm/
s. With our HMC process, round rod samples 5 mm in
diameter and 1 m in length were produced. It should be
pointed out first that, in the previous work, excellent
mechanical Proﬁgerties of the HMC-ADCI12 samples
were found,!'®'® but those samples were made only at
1.9 mm/s.

Water cooling Pinch machine

Cast rod
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i
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Fig. 1-—Schematic illustration of the horizontal-type heated continuous-casting device.
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Tensile and fatigue properties were investigated at
room temperature using an electro-servo-hydraulic sys-
tem with 50-kN capacity. Dumbbell-shaped round
specimens (diameter 2 mm and length 4 mm) were
employed. The tensile properties were evaluated via
curves of tensile stress vs tensile strain, which were
monitored during the tensile tests using a data acquisi-
tion system in conjunction with a computer through a
standard load cell and strain gage. The test was
conducted at a speed of 1 mm/min until the specimen
fractured completely. The fatigue properties were eval-
uated from the relationship between the stress amplitude
and the number of cycles to failure (the S,—N; curve).
The fatigue tests were carried out with cyclic loading at a
frequency of 30 Hz and a load ratio of 0.1 until 10’
cycles or complete fracture of the sample.

To further understand the mechanical properties of
the cast Al alloy in details, the hardness measurement
was carried out using a micro-Vickers hardness tester
(HM-112 Akashi) with the indentation load of 9.8 N for
15 seconds. The sample surfaces were polished to mirror
level before the hardness measurement.

The microstructural characteristics of the ADCI2
alloys were examined using optical microscopy, energy-
dispersive X-ray spectroscopy (EDX), and electron
backscatter diffraction (EBSD). For EDX, a JSM-6510
scanning electron microscope was employed, and the
analysis was conducted with an acceleration voltage of
15 kV. For EBSD analysis, a JSM-7000F high-resolu-
tion electron microscope was used. The EBSD scans
were performed with an acceleration voltage of 15 kV, a
beam current of 5 nA and a step size of less than 20 um.
To analyze the crystal orientation characteristics, HKL
Channel 5 software was used. The EBSD analysis was
performed on the cast samples in directions perpendic-
ular and parallel to the casting direction.

III. RESULTS

A. Microstructural Characteristics

Figure 2 shows optical micrographs and EDX anal-
yses of HMC-ADCI12 samples produced at various
casting speeds. From these observations, it can be seen
that the microstructures basically consist of needle-
shaped eutectic phases of Si and Al-Fe-Si (AlgSi
Fe,),'11 embedded between primary o-Al grains.
Because of the acicular nature of the Si- and Fe-based
eutectic particles in the interdendritic regions.,””! these
particles cause a high stress concentration when high
stress is applied to the samples. It is clear from the
optical micrographs that the a-Al dendrite cells grow in
the casting direction. Because of the different cooling
rates (resulting from the different casting speeds), grain
structure transition occurred, i.e., equiaxed or columnar
microstructure.”” In this case, equiaxed grains can be
seen in the cast samples created at low cooling rates
(CR), while columnar structures are seen for the high
CR ones. The sizes of the a-Al grains and the eutectic
structures also differ among the samples, because of the
different casting speeds. In this case, high cooling rate is
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required to make the cast samples at the high casting
speeds as the melt Al alloy cannot be solidified to the
round rod of 5 mm in diameter, i.e., about 1064 K/s
(at 7.5 mm/s]), which estimated by CR = 2 x 10*
SDAS 2¢7 U8 The measurement data (n = 50) are
plotted in Figure 3, where it can be seen that the higher
the cooling rate, the finer is the microstructure. The
mean SDAS was 3.0 um for the high casting speed of
7.5 mm/s and 22.0 um for the low speed of 0.1 mm/s.
On the other hand, the mean diameters of the eutectic
structures for the high (7.5 mm/s) and low (0.1 mm/s)
casting speeds were 0.4 and 10.0 um, respectively. It
should be pointed out that, from our microstructural
observations, no clear cast defects (pores or inclusions)
were detected in any of the cast samples.

Figure 4 depicts crystal orientation (inverse pole
figure, IPF) maps of the cast samples obtained by
EBSD. The color level of each pixel in the IPF map is
determined according to the deviation of the measured
orientation, as indicated in the stereographic projection.
The black solid lines show misorientation angles of more
than 5 deg, which define the grain boundaries. In
Figure 4(a), the observation was conducted in the
direction perpendicular to the casting direction, and a
relatively uniform lattice orientation can be seen over a
large area in almost all the samples. In our samples, the
crystal orientation of the HMC samples is almost
perfectly orientated with (100), which formed perpen-
dicular to the casting direction, as seen in the pole figure
(Figure 4(a)). The uniformly organized crystal forma-
tion in the HMC samples is due to the unidirectional
solidification process.

Figure 4(b) shows IPF maps for the representative
cast samples (0.1, 3.5, and 7.5 mm/s) observed in the
direction parallel to the casting direction. In contrast to
the crystal orientation on the surface perpendicular to
the casting direction, the orientation on the surface
parallel to the casting direction varies among the
samples. This is due to the different polishing directions
on the basis of the (100) planes. It is interesting to note
that stripe-shaped grain boundaries are seen on the face
parallel to the casting direction. This can be attributed
to the unidirectional grain growth. The distance between
the grain boundaries becomes narrower with increasing
cooling rate (Figure 4(b)). This trend is related to the
size of the microstructures as shown in Figure 3. Such
grain boundaries could result in different mechanical
properties.

B. Mechanical Properties

Figure 5 shows the variation of the Vickers hardness
(HV) as a function of casting speed. As seen, the
hardness value increases nonlinearly with increasing
casting speed. It should be pointed out that the hardness
values in Figure 5 are widely scattered, especially for the
samples produced at low casting speeds (i.e., less than
0.4 mm/s), in which the low-hardness data are domi-
nated by the hardness of the soft «-Al grains, and the
high-hardness data can be attributed to the greatly
enlarged hard eutectic structures. In fact, the Martens
hardness (HM) of a-Al grains, examined by a special
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Fig. 2—(a) Optical micrographs and (b) EDX analyses of the cast samples, showing the microstructural characteristics of cast ADC12 Al alloys.

nano-indentation hardness test machine, is about
798 MPa, which is about five times and eight times
lower than the values for eutectic Si and the Al-x-Fe
base structure, respectively.l*!)

Figure 6 shows the representative tensile stress vs
strain curves for each cast sample. As can be seen, the
behavior of the tensile properties differs among the
samples. On the basis of these stress—strain curves, the
tensile properties were investigated further.

1600—VOLUME 46A, APRIL 2015

Figure 7 shows the variations of ultimate tensile
strength oyts, 0.2 pct proof strength ¢y, and fracture
strain & as functions of casting speed. It can be seen in
Figure 7(a) that like the results for Vickers hardness, the
mean ultimate tensile strength increases nonlinearly with
increasing casting speed, with changing slope severely at
a casting speed between 1 and 3 mm/s. The mean
maximum oyts 1S approximately 400 MPa for the
samples produced at the highest casting speed of
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Fig. 3—(a) Secondary dendrite arm spacing (SDAS) and (b) sizes of
Si- and Fe-based eutectic particles in cast ADCI2 Al alloys.

7.5 mm/s, which is about 70 pct higher than for the
samples produced at 0.1 mm/s. Such a high tensile
strength can be simply explained by the presence of very
fine microstructures in these samples. It should be noted
that the overall tensile strength of the HMC samples is
much higher (more than 1.5 times) than that of ADC12
alloys produced by conventional die-casting and grav-
ity-casting processes.!'®*? Tensile properties of the high-
pressure die-cast ADCI12 with T6 and T7 treatments
were carried out, and it appears that their ultimate
tensile strengths are around 350 MPa,**! which is still
lower than that for our highest oy1s. Moreover, another
approach was executed to obtain excellent tensile
properties, in which ADCI12 alloy was produced by
the following process¥: (i) rapidly solidified ADCI2
alloy was cold rolled before degassing, (ii) the ADC12
sample was machined with hot extrusion process at
673 K (400 °C), and (iii) the machined sample was heat
treated (T6). The tensile properties of the ADCI2
sample increase, which is slightly higher than that for
our highest oyts. In order to verify this, the tensile
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properties of our ADCI2 samples after T6 treatment
were investigated, where cast sample created at cooling
speed of 1.9 m/s was used. In this case, artificial aging
process was conducted to and held at 433 K (160 °C) for
13 hours following solution treatment: 773 K (500 °C)
for 10 hours in air furnace followed by water quenching.
The tensile properties increase apparently after the T6
treatment (oyts = 380 MPa and & = 10 pct), which
are closed to those for the as-cast ADCI12 at 7.5 m/s, see
Figure 7.

As shown in Figure 7(b), ¢, increases linearly with
increasing casting speed, which is possibly a conse-
quence of the Hall-Petch relation. Interestingly, the
variation of strain with casting speed has a convex
shape, as shown in Figure 7(c), although the data plots
are scattered: the strain increases with increasing casting
speed until about 3.5 mm/s and then decreases when the
speed is further increased. This behavior, particularly
for the samples created at lower casting speeds, is in
contrast to the normal inverse relationship between
strain and strength (i.e., the higher the strength, the
lower the ductility). This may be a consequence of the
complicated multiple microstructures of our samples. To
understand this inconsistency, the effects of grain size on
tensile properties were investigated.

Figure 8 shows the relationship between the tensile
properties (oyTs, ao% and &) and the inverse square root
of SDAS (SDAS™'?). It should be pointed out that
SDAS was employed as parameter in this approach
although it is also considered to be the grain size instead
of SDAS. The reason for SDAS selected is first that the
a-Al grains grow with dendrite formation clearly, and
the effect of SDAS and grain size on mechanical
properties is similarly obtained for the related aluminum
alloy.”®! The results all show basically similar trends to
those in Figure 7, with nonlinear and linear correlations
being found for oyrs vs SDAS™? and a4, vs SDAS ™'/,
respectively, in Figure 8(a) and (b). Those relationships
were caused by the fact that the SDAS is reflected by the
cooling rate (CR). For the data analysis with the theory
of grain-boundary dislocation sources, i.e., the Hall-
Petch relation, the SDAS was employed as data param-
eter in Figure 8. Although nonlinear correlation is
obtained for our oyrs vs SDAS™'2 linear relations
were also reported in the previous works.*>*! More-
over, some data seem to be scattered in g, vs SDAS.*"!
Note that our data in Figure 8(a) may not be enough
number to determine the nonlinear correlation, so
further approach will be required in the future.

The relationship between ¢4, and SDAS™ /2 may be
explained in terms of grain-boundary strength, and is
represented by the following equation:

602 = 59.0 x SDAS™/2 1+ 120.3, (1]

with 69, in MPa and SDAS in um. As mentioned,
almost linear aq, vs SDAS™? can be obtained. In the
previous work, the microstructural effect on flow stress
was introduced for cast aluminum A356 with fine and
coarse grains, e.g., SDAS = 20 to 30 ym and 80 to
100 um, where the higher flow stress is obtained for the
Al alloy with coarse grains.”® On the other hand, no
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Fig. 4—Crystal orientation maps of cast ADC12 Al alloys observed in directions (a) perpendicular and (b) parallel to the casting direction.

clear correlation between g, and SDAS was obtained
for the heat-treated cast Al alloy A356.%! In the study
by Youssef et al./! the Hall-Petch approach was
adopted and several Al alloys (nanocrystalline and
polycrystalline) were employed. Using Eq. [1], the
0.2 pct proof strength has been estimated for two of
these alloys: (i) nanocrystalline (nc) Al-5083 with grain
size 0.030 um and (ii) polycrystalline (pc) Al-5083 with
grain size 55 um.”! The 6, values thus obtained are
460.9 MPa for nc Al-5083 and 128.3 MPa for pc Al-
5083. The estimated value of g, » for the pc Al alloy is in
good agreement with the experimental value of
145 MPa found by Youssef ef al. In contrast, there is
poor agreement between estimates (460.9 MPa) and
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experiments (690 MPa) for the nc Al alloy (about 50 pct
difference), which may be a consequence of the differ-
ence in grain size, which was of the order of nanometers
for the alloys studied by Youssef et al. and micrometers
for those in the present investigation, on which Eq. [1] is
based. It should be pointed out that a convex o,
variation in Al-Zn-Mg alloys has been reported by
Kovacs et al.,? who investigated the variation of o,
with the diameter of precipitated particles. In their
study, the yield strength is attributed to two different
precipitated particle systems: the GP zone and the
Orowan mechanism. In this instance, the largest yield
stress is expected at an average radius of about 3 nm.
The yield strength decreases, however, with increasing
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Fig. 6—Representative curves of tensile stress vs tensile strain for
cast ADCI12 Al alloys.

particle size of the #” phases (the Orowan mechanism).
This is because of the wide range of particle sizes,
including large particles. Kovacs et al., reported a clear
convex strain variation in the e.—SDAS relation, where &
increases with increasing SDAS™'? until SDAS™? =
0.4 um~'? and then decreases with further increases in
SDAS ™2, On the basis of the work in Reference 30 this
convex behavior is related to the different microstruc-
tural characteristics. Tiryakioglu er a/.®" have discussed
the effects of SDAS on the ductility for various
aluminum alloys, in which they have pointed out that
“only a limited number of attempts have been made to
explain the strong effect of SDAS on ductility from a
micromechanical point of view.” They also introduced
some related works, e.g., an elongation increases with
decreasing SDAS, and an increase in SDAS from 20 to
45 yum would cause a drop in elongation from 11 to
5 pct. Even though the range of SDAS between 20 and
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45 um is the large size compared to that for our Al alloy
samples, the decrement of the elongation is similar trend
of our experimental result shown in Figure 8(c). Because

VOLUME 46A, APRIL 2015—1603



450

—~
&
~—

400

350

300

250

Ultimate tensile strength, MPa

(b) 180
o
o
o o
£ 160} o -
= = ©8_.8
= _ma
i ° &
T .- oT o
- 8_-_——" 2
e ° 8o
=3 00
2 oo ©
S 120t
S
100 : : :
02 03 0.4 0.5 0.6
SDAS-[/Z, "m-uz
(c) 18
16 -
O
14+
O
°\°, 12+ o
£ o 8 O S
S 10F o %%
z 0 B8 e, o
2 8r ) ,”; OO e\\\\g
= -7 0o -—
5 ol - 0_o
= /,o o ©
4r E 8 8
298
0 Il Il Il
0.2 03 04 0.5 0.6
SDAS"/Z, pm'm

Fig. 8—Relationship between tensile properties and SDAS for cast
ADCI12 Al alloys: (@) ours vs SDAS™'2; (b) 69, vs SDAS™'% (¢) &
vs SDAS™ /2,

the crack growth occurs along the dendritic boundaries
at the large SDAS,P! the eutectic phases may be
dominated feature to the ductility.
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As mentioned previously, different microstructural
characteristics were obtained, e.g., equiaxed and colum-
nar structure. Those structures could also be attributed
to their mechanical properties. Eskin er al®?! have
introduced the related experimental results for the
aluminum alloy, and the material ductility is different
depending on the microstructural characteristics. In our
samples, such structures (equiaxed and columnar) are
related to the cooling rate although the cooling rate
makes also the grain size as described. The authors
believe that the mechanical properties are strongly
attributed to the grain size, compared to the structural
characteristics in this case, because the cooling rate is
altered widely. However, further study will be required
in the future.

It appears that hardness tests can be useful for the
indirect determination of other mechanical properties,
and studies of the relationship between hardness and
tensile strength have been conducted by several investi-

. [33.34] &= p ati ;

gators. Figure 9(a) presents the relationship between
the mean ultimate tensile strength and the mean hardness.
As can be seen, there is linear correlation between oytg
and HV, with correlation rate R = 0.96. On the other
hand, the correlation rate between o, and hardness is as
low as R = 0.47. Tabor proposed the following formula
to estimate the ultimate tensile strength (in MPa) from the
diamond pyramid hardness™*":

ouTS(Tabor) = HV/2.9 x [1—(m—2)]
x [12.5(m=2)/{1—(m=2)}""*, 2]

where m is Meyer’s hardness coefficient. Using Eq. [2],
the ultimate tensile strengths of our samples were
approximated, using our mean hardness data and tak-
ing m—2=0.1 as a first approximation.® The
results are shown in Figure 9(b). There is a clear linear
correlation between them (R? = 0.96):

outs = 2.70uTs(Tabor)—707.5, (3]

in MPa. However, in this case, the value of 6yrsTabor) 1
not close to our experimentally obtained oys; in other
words, the coefficient in Eq. [3] is not close to 1. Thus,
the Tabor model is not applicable for estimating the
ultimate tensile strength of our Al alloy from its
hardness.

Figure 10 shows the relationship between stress ampli-
tude S, and fatigue life N; for representative samples
produced at casting speeds of 0.1, 3.5, and 7.5 mmy/s. In
this case, 10’ cycles are determined as the endurance
limit, indicated by the arrows in Figure 10. It can be seen
that the samples produced at 3.5 and 7.5 mm/s show the
highest fatigue strengths and the samples produced at
0.1 mm/s the lowest. The S,—N; curves for the samples
produced at 7.5 and 3.5 mm/s almost coincide, although
the fatigue strength for the 7.5 mm/s sample is slightly
higher. The S,—N; relationship is sometimes evaluated
using the Basquin equation™ as follows:

S, = orN?, [4]

in MPa, where oy is the fatigue strength coefficient and b
is the fatigue exponent. The values of ¢ and b obtained
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speeds of 0.1, 3.5, and 7.5 mm/s.
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using Eq. [4] for the three samples (0.1, 3.5, and 7.5 mm/s)
are op = 169.5,179.7, and 218.9 MPa and b = —0.079,
—0.034, and —0.042. Note, those parameters were
estimated approximately from the solid curves of the
S.,—Nr relationship represented by a power law depen-
dence of the applied cyclic stress and cycle number to
final fracture in Figure 10. The higher ultimate tensile
strength for the 7.5 mm/s samples indicates that this
quantity may be more sensitive to the fatigue strength.
We have reported previously!'® that excellent fatigue
properties were obtained for HMC-ADCI2 alloy at
1.9 mm/s, but are slightly poorer than those of the
7.5 mm/s samples, as indicated in Figure 10. On the
other hand, the fatigue properties of the ADCI2 alloy
produced by conventional gravity casting!'® are almost
the same as those of our 0.1 mm/s samples.

IV. DISCUSSION

As described in the previous section, the HMC
samples produced at casting speeds of more than
3.5 mm/s have excellent tensile properties compared
with conventional die-cast and gravity-cast samples, for
example, oyts = 246 MPa and ¢ = 1.7 pct for a cold-
chamber die-cast sample.'® The lower strength and
lower ductility of die-cast and gravity-cast alloys are
assumed to result from internal defects and greatly
enlarged microstructures. On the other hand, the high
strength and high ductility of HMC samples result from
very fine microstructures and uniform crystal orienta-
tion. On the basis of their microstructural characteris-
tics, the excellent tensile properties of HMC alloys can
be interpreted using the schematic diagram shown in
Figure 11. Here, slip occurs in the HMC alloy at a low
applied force because of the uniform crystal orientation

HMC sample

E Casting direction

Slip line

—

Piled-up dislocations

/ //< De.g_ (110) %

Loading direction

Fig. 11—Schematic illustration showing the mechanism responsible
for the high strength and high ductility of HMC-ADCI2 alloys.
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(Figure 4(a)), leading to the high ductility; on the other
hand, this slip is interrupted by thin lamellar grain
boundaries (Figure 4(b)), i.e., piled-up dislocations,
resulting in the high strength.

As mentioned previously, oyts and & vary nonlin-
early with casting speed (or SDAS), as shown in
Figures 7(a) through (c¢) and 8(a) through (c). This
behavior can be explained as follows: The low ayTs and
low & at low casting speeds (e.g., 0.1 mm/s) result from
the greatly enlarged «-Al phase as well as the large
brittle eutectic phases (Si and Fe based®"). Both oyt
and & increase with decreasing SDAS and decreasing
size of the eutectic structures until the casting speed
reaches approximately 3-3.5 mm/s, at which oyts =
360 MPa and ¢ = 10.5 pct. As the casting speed
increases further, the strain value decreases (e.g.,
g = 7.3 pct at 7.5 mm/s), whereas the ultimate tensile
strength increases because of the small SDAS, i.e., grain-
boundary strength (oyts = 400 MPa at 7.5 mm/s). In
this region, the eutectic phases no longer have a strong
effect on the tensile properties. From this result, it
follows that the a-Al phases always affect the tensile
properties, whereas the eutectic phases are significant for
ayts and g only when those phases are enlarged to more
than 3 um (or the casting speed is less than 2.5 mm/s).
These microstructural effects on tensile properties are
schematically illustrated in Figure 12. Wang et al. have

also reported similarly that large and elongated eutectic
silicon particles in cast Al alloys show the greatest
tendency to crack failure.*®

A similar approach has been followed for die-cast
aluminum alloys with various silicon contents between
8.6 and 15.4 pct,*” in which both tensile strength and
fracture strain decrease dramatically with increasing
silicon content. In the study by Zhang et al.,”*® a linear
outs—SDAS relation was found for commercial A356
Al alloys, in contrast to the nonlinear relation found for
our samples. They studied Al alloy samples with
varying dendrite arm spacings (DASs), from about 5
to 20 um, which is a similar range to our samples. The
different oyrg behavior is a consequence of the lower
amount of eutectic phases in the samples studied by
Zhang et al.,”® which had low Si and Fe contents (6.5
7.5 and <0.2 pct, respectively). Moreover, a different
trend of oyts variation was found in a study of cast
iron,”® in which the ultimate tensile strength initially
decreased with increasing DAS, but then showed near-
plateau-like behavior for samples with DAS of more
than 5 um. Because of the different material (cast iron
vs Al alloy), a different oyrs—SDAS relation is to be
expected. The existence of a plateau in the relation
between ultimate tensile strength and DAS found in
Reference 38 is due to the absence of a supercoiling
effect.

Refinement strengthening

Eutectic phase

a-Al grain

A

ouTs
&

/
Small

o- phase
Eutectic phase

» | Large

A: Low casting speeds

f Loading direction

B: Intermediate level

SDAS?

C: High casting speeds

a-Al grain -

Crack path 4~ P~ -
Se—A>N\\\Slip line
\é ;\ p

Eutectic phase
(Si, Fe)

‘ /

Brittle eutectic phase

4

a-Al grain

k!

Eutectic phase

High dislocation density

Fig. 12—Schematic diagram showing the mechanisms determining the tensile properties of cast ADC12 Al alloys.
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As described in the previous section, there is a linear
correlation between ¢y, and SDAS (and thus casting
speed). Our analysis suggests that the eutectic phases do
not have a strong influence on the yield behavior of the
cast Al alloys in this study. Furthermore, it appears that
failure does not occur in the eutectic phases in samples
loaded to their yield strength. To verify the failure
characteristics of our samples, direct observations were
made during monotonic loading. Figure 13 shows the
microstructural characteristics of samples produced at
casting speeds of 0.1 and 7.5 mm/s, obtained at several
loading points (095, (cuts T 092)/2 and oyts). There
appear to be no clear material failures (microcracks) in
either the eutectic phase or the «-Al matrix of the
0.1 mm/s sample, even with the sample loaded to
permanent deformation, for example, at (oyts + 09.2)/
2. However, the density of tiny pits in the matrix and
around the eutectic structures apparently increases to a
value that may be taken as the dislocation density. In the
sample produced at 7.5 mm/s, the specimen surfaces are
severely distorted, showing meandering faces, especially
between «-Al grains and ecutectic phases at og»
and (oyTs + 09.,)/2. This will be a consequence of more
severe deformation of soft a-Al grains and weak strain
in the hard eutectic phases. On the other hand, slips and
microcracks around the eutectic phases can be observed
in both fractured samples, namely severe deformation
does not occur until the final failure point, which is

similarly observed in the study by Wang and Caceres.*”!

Moreover, the crack initiation in both samples occurs
due to the following incidents: (i) delamination-like
behavior between the ecutectic phase and the o-Al
matrix, (ii) failure in eutectic phase, and (iii) the slips
in the o-Al matrix. Based upon the above microstruc-
tural observation, the a-Al and eutectic phases would be
attributed to the tensile properties (oyTs, 092, and &),
while weak effect of eutectic phase on the yield strength,
because unclear damage in the eutectic structures is seen
until just before the final fracture.

To further substantiate the failure mechanisms, an
EBSD analysis was performed during monotonic load-
ing. Figure 14 presents IPF and misorientation (MO)
maps for 0.1 mm/s samples. As described in Figure 4,
the IPF maps indicate the crystal orientation, which is
represented by the color level in each pixel. Red solid
lines in the MO maps indicate misorientation angles of
more than 2 deg and less than 5 deg. From this analysis,
crack initiation seems to occur from a eutectic phase as
pointed by the arrow. Before crack initiation under
loading, the crystal orientation around the ecutectic
structure seems to be altered slightly in very limited
regions. However, the misorientation angle did not alter
significantly from the related MO maps. In addition,
even if the crack growth occurred to final failure, no
clear crystal orientation change is detected in the
sample. However, a slight increase in internal strain

0.1 mm/s

100

Tensile stress, MPa
2
a

7.5 mm/s

Tensile stress, MPa

Crack in eutectic phase Slip band

N\
Crack in eutectic phase Slip band

Fig. 13—SEM images showing material failure during monotonic loading to final fracture in cast ADC12 Al alloys produced at casting speeds

of 0.1 and 7.5 mm/s.
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Fig. 14—EBSD analysis showing crystal orientation and misorientation angle (from 2 to 5 deg) during monotonic loading to final fracture in

cast ADCI12 Al alloys produced at a casting speed of 0.1 mm/s.

(a high density of the reddish zone) is detected in the
MO map adjacent to the crack face, as enclosed by the
dashed circles. Such a high MO angle is created by the
severe strain in the final failure process.

V. CONCLUSIONS

The effects of solidification speed on the mechanical
properties of ADCI12 Al alloy produced by the HMC
process have been studied. On the basis of the results
obtained, the following conclusions can be drawn:

1. The o-Al grain size and the sizes of the eutectic
structures vary with the casting speed because of
the different solidification rates at different speeds.
A relatively uniform crystal orientation is obtained,
even if the casting speed varies. The microstructure
(a-Al grains) grows clearly in the casting direction.
Even though the sizes of microstructures vary, no
differences in crystal orientation and no clear cast
defects are detected at different casting speeds.

2. There are clear correlations between tensile strength
and microstructural characteristics (SDAS), with
tensile strengths oyts increasing nonlinearly with
decreasing SDAS. A linear correlation between o »
and SDAS. A convex shape of fracture strain & vs
SDAS is detected. Such different trends are attrib-
uted to the size of the eutectic phases. The yield
behavior is not affected strongly by the eutectic

1608—VOLUME 46A, APRIL 2015

structures, since failure in the eutectic phases occurs
just before final fracture. Although the size of
eutectic phases is decreased to tiny size of a few
microns with the increasing cooling rate, such tiny
eutectic phase cannot be further changed even if the
cooling rate increases. Unlike eutectic structures,
the SDAS is decreased further with increasing the
cooling rate. Those microstructural characteristics
make the nonlinear oyrs vs SDAS and concave &
vs SDAS.

3. Fracture models have been proposed and illustrated
schematically. The high strength and high ductility
of the HMC samples result from the existence of
very fine microstructures and the uniform crystal
orientation: dislocation movement is facilitated by
the uniform crystal orientation, leading to the high
ductility, but this slip is interrupted by thin lamellar
grain boundaries (piled-up dislocations), resulting in
the high strength.
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