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To better understand the effects of cast defects on mechanical properties, cast aluminum alloys
with various porosities were used. Porosity in the cast samples was created during the casting
process, and to clearly identify the porosity effects on the mechanical properties, artificial defects
(porosity-like tiny holes) were created mechanically. The tensile properties for the cast
aluminum alloys appear to be attributed to the area fraction of the porosity on the fracture
surface (namely, the defect rate, DR), although there were different trends because of the
different stress concentrations: the ultimate tensile strength and 0.2 pct proof strength were
linearly related to DR, while a non-linear correlation was detected for fracture strain. Even in Al
alloys with small amounts of defects, significant reductions in the fracture strain were observed.
These results were verified using tensile tests on specimens containing artificial defects. The
effects of artificial defects on the tensile properties were further investigated using numerous tiny
holes, created in several formations. The artificial defects (several small holes), lined up at
perpendicular (90 deg) and 45 deg directions against the loading direction, made significant
reductions in the tensile properties, even though only weak defect effects were observed for the
90 deg loading direction. No severe defect effects were obvious for the specimen with a tiny
defect of ¢0.1 mm, because of the lower stress concentration, compared to the microstructural
effects in the cast Al alloys: the grain boundaries and the second phases. Such phenomena were
clarified using tensile tests on cast samples with differently sized microstructures. There were no
clear defect effects on the yield strength as the defect amount was less than 10 pct, and
microstructural effects were not detected either in this case. Failure characteristics during tensile

loading were revealed directly by in-situ strain observations using high-speed cameras.
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I. INTRODUCTION

In the automotive industry, aluminum alloys are the
optimum choice for the manufacture of parts, because of
their low weight and for environmental reasons, espe-
cially lower fuel consumption!! and lower CO, emis-
sion.’) In fact, automotive parts made of cast irons
(y = 7.8 g/em®) have been replaced with lighter alu-
minum alloys (y = 2.7 g/em?), and the production of
cast aluminum alloy for automotive parts has increased in
recent years.!”) The advantages of cast Al alloys include
not only their light weight, with a density of approxi-
mately one third that of cast iron, but also their attractive
appearance, excellent fabricability, and high resistance to
corrosion.”) In particular, the use of aluminum-sili-
con-copper (Al-Si-Cu) cast alloys is widespread in differ-
ent fields of application because of their good castability.
However, cast Al-Si-Cu components possess complicated
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microstructures and exhibit various defects, so the use of
cast Al alloys to replace cast iron in the manufacture of
safety-critical parts in automobiles is significantly
restricted because of their low mechanical properties or
low reliability. The mechanical properties of cast Al
alloys have been investigated, and it was found that
failure (or crack initiation) occurred, originating from the
cast defects. One of the significant defects was associated
with porosity (i.e., blow holes),** because related defects
could involve the cast sample, especially caused by
pressure casting, e.g., the cold-chamber die casting
process. Jana et al!® reported that fatigue cracks
emanated from the edges of porosities as a result of high
stress concentration. There was a strong correlation
between the porosity and mechanical properties of the
cast Al alloys, in which the parameter of global volumet-
ric porosity was used.'”) In the study by Zhao ez al.,”*! the
tensile properties of Al-Si-Cu cast plate samples were
found to be directly affected by porosity. The effects of
porosity on mechanical pro[gerties have been investigated
by several researchers (e.g.,”). Irfan er al.l" reported that
there was a linear correlation between the pore area and
ultimate tensile strength, but their data appeared to be
slightly scattered. They stated that “due to the scatter in
data it is hard to make any meaningful conclusions based
on this data.” In their approach, the pore area was
determined on one particular section of the tensile test
sample, which may not be representative of the whole
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volume of the tensile sample. Weiler and Wood!"” carried
out an examination of the relationship between the
fracture strain (gr) and the area fraction of the porosity (f)
using finite element (FE) analysis. In their work, a
centered pore model was employed, where the model
was characterized by an empirical relationship: ¢ =
0.016/°3°. Their prediction was in good agreement with
the fracture strains resulting from the failure model
discussed in Reference 11. Several investigators have
examined the influences of defects on the tensile proper-
ties in cast Al alloys experimentally and theoretically.
Caceres and Selling!'? have examined the relationship
between the casting defects and tensile properties for an
Al-Si-Mg alloy, where it appears that the decrease in
tensile properties correlates with the area fraction of
defects in the fracture surface of the samples, and their
experimental results are in agreement with the prediction
of a simple analysis based upon models for the growth of
a plastic instability in a tensile sample.!'” The influence of
the porosity on the fatigue behavior of Al-Si-based
aluminum alloys has been investigated experimen-
tally.**'31 The porosity was observed to have the greatest
propensity for acting as a crack initiation site, and the
fatigue strength decreased when the size of the porosity
increased.’! Several investigators have examined the
influences of defects on the mechanical properties in cast
Al alloys. However, the authors believe that there is still a
lack of experimental data to clearly understand them.
This is because detailed defect information, i.e., defect
size, shape, and position, has not been considered. We
also have to consider that the mechanical properties of
cast aluminum alloys (Al-Si-Cu) are affected not only by
the defects, but also by their complicated microstructures
(coarse a-Al phase and needle-shaped eutectic phases).!'*
Thus, in the present work, the mechanical properties
of cast Al-Si-Cu alloys were examined using specimens
with various defects: (i) porosity (created in the casting
process) and (ii) porosity-like tiny holes (artificial
defects). The artificial defects were made in various
formations in cast samples without any cast defects.

II. EXPERIMENTAL PROCEDURES

A. Material Preparation

In this study, an AIl-Si-Cu aluminum alloy
(JIS-ADCI12) was selected. The main chemical compo-
sition of this aluminum alloy was (mass pct): 10.6Si,
2.5Cu, 0.3Mg, 0.5Zn, 1.1Fe, 0.3Mn, 0.INi, and the
remainder consisted of Al. The Al alloy samples were
prepared by three different casting methods: (i) high-
speed vacuumed casting (VC), (ii) heated mold contin-
uous casting (HMC), and (iii) gravity casting (GC). The
three different casting processes made cast samples with
different amounts of porosity and different C.

The VC samples had fine microstructures, the HMC
samples had fine microstructures, and the GC samples
had coarse microstructures. HMC and GC samples did
not have cast defects, including porosity, which was
verified by X-ray diffraction. To clearly examine the
effects of the defects on the mechanical properties of the
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cast Al alloys, artificial defects (porosity-like holes) were
made directly into the HMC and GC specimens using
tiny drills. Figure 1 presents schematic illustrations of
the HMC and GC specimens (8 x 2 x 1 mm?®) with the
artificial defects (tiny holes). The diameters of the tiny
holes were determined to be from ¢0.1 mm to ¢1 mm
(Figure 1(b)). Note that, in this approach, the small
specimens were used due to the following reasons: (i)
technical issue to make tiny holes (I mm is the maxi-
mum specimen thickness to make ¢0.1 mm hole); (ii)
elimination of the cast defects from the specimen
(stochastic). The number of artificial defects was
changed from one to four. The artificial defects were
created with different formations at 0, 45, and 90 deg
directions against the loading direction (see Figure 1(c)).
To prevent the microstructural change (grain growth
and plastic deformation) during the machining process,
the tiny holes were made at high rotation speed in
machine oil. Because natural defects (porosity) were not
clarified for HMC and GC by X-ray diffraction, we
believe that artificial defects (tiny holes) would be the
main defect in those specimens.

In the VC process, 15 g of the Al alloy was melted in
an arc melter under vacuum at approximately
2.5 x 1072 Pa, and injected rapidly into a copper mold
using a vacuumed casting system designed by Makabe
Giken Co., Ltd. A bulk Al alloy rod of dimensions ¢
6 mm x 100 mm was fabricated at various injection
speeds (casting speed, CS) of 400, 700, 1000, and
1300 mm/s. The reason for the different casting speeds
was to make different volume fractions of porosity in the
cast samples, where the extent of turbulent flow of the
melt Al alloy during the injection process was altered.

In the HMC process, a horizontal-type HMC
arrangement was used, which consisted of a melting
furnace, a graphite crucible, a graphite mold, a cooling
device, and a stainless steel dummy rod made for
withdrawal of the cast sample. The size of the cast
sample was 5 mm in diameter. Approximately, 200 g of
ADCI2 ingot was melted in the graphite crucible. The
molten metal and mold were heated to just above the
liquidus temperature of the ADCI12 alloy. The melt Al
alloy in the crucible was fed continuously into the mold
at 1.9 mm/s under an argon gas atmosphere. The sample
was water cooled just outside of the mold, where the
liquid (or semi-solid) Al alloy rod of 5-mm diameter was
solidified directly by water droplets.

In the GC process, the melt was ?oured directly into a
metal mold (600 x 90 x 40 mm~) for creating 5 kg
metal ingots using a ladle. It should be noted that our
GC process was not a representative conventional GC
process, because our GC system did not have a sprue,
runner, or gate.

B. Experimental Details

Tensile tests were conducted at room temperature using
an electro-servo-hydraulic system with 50 kN load capac-
ity. The relationship between the tensile stress and tensile
strain was obtained using a standard load cell and strain
gage. In the tensile tests, static tensile loading was
conducted at 1 mm/min to final fracture. The strain
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Fig. 1—Schematic illustrations of the test specimens with artificial defects. (¢) Dumbbell shaped rectangular specimen. (b) Single hole with differ-

ent diameters. (¢) Several holes lined up with different formation.

characteristics were further examined experimentally and
numerically using the following two methods: (i) a
high-speed camera system and (ii)) FE analysis. Figure 2
shows the experimental setup of the high-speed camera
system, in which the two cameras (Photron
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FASTCAM-SA1.1) with related software for three-di-
mensional strain measurement (Correlation System
VIC-2D, Correlated Solutions Inc.) were used. The strain
level on the specimens was captured with an image
resolution of 1024 x 1024 pixels at a frame rate of 5 kHz.
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FE analysis was conducted to investigate the strain
characteristics for the tensile test samples. In this
analysis, two-dimensional FE simulation with eight-
node quad elements was used. The models for the cast
Al alloy were designed by considering the different
microstructural phases, e.g., a-Al, Cu, Si, and Fe. In this
case, all eutectic phases for HMC samples (Cu, Si, and
Fe) were considered to be combined as a colony in the
FE analysis, because those phases are all fine and are

Dark curtain

Load direction

mixed together. Such microstructural characteristics are
demonstrated in section III-A. The material properties
of the eutectic phase were determined on the basis of the
applied load vs deformation relationships, measured
using a dynamic ultra-micro-hardness tester (DUH-211
Shimadzu).['>'% This tester can measure the mechanical
properties in a small region on the specimen surface.
Because of the greater hardness of the eutectic phase
compared to the Al matrix phase, arising from the hard
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Fig. 2—Schematic diagram of the experimental setup for strain observation with high-speed cameras.

Table I. Material Properties of the HMC Samples for FE Analysis

HMC Sample
a-Al Eutectic Phase
Young’s modulus (GPa) 72.0 88.8
Tangent modulus (GPa) 7.2 8.9
Poisson’s ratio 0.33 0.3
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Fig. 3—Optical micrographs of cast ADC12 Al alloys: (@) VC, (b)) HMC, and (¢) GC samples.
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Fe- and Si-based structures, the Poisson ratio for the
eutectic phase was determined to be 0.3, while that for
Al matrix was 0.33. To determine the plastic strain
characteristics, the case of bilinear kinematics hardening
was selected. In this case, the initial slope of the
stress—strain curve was taken to be the elastic constant
of the associated materials, and, after yielding, the
stress—strain curve continued along a second slope,
defined as the tangent modulus. The tangent modulus
for each structure was determined to be equal to 10 pct
of the elastic constant, as a first approximation. The
material properties are summarized in Table I.

III. RESULTS AND DISCUSSION

A. Microstructural Characteristics

Figure 3 shows optical micrographs demonstrating
the microstructures of the VC, HMC, and GC samples.
Note that the microstructure of VC samples was only
for the sample produced at 700 mm/s, because there
were no clear microstructural differences between all VC
samples, i.e., at 400, 700, 1000, and 1300 mm/s casting
speeds (CS). From Figure 3, fine and round o-Al phases
with tiny eutectic structures consisting of Si, Fe, and Cu
were obtained similarly for VC and HMC samples. This
is because of the rapid solidification of the Al alloy. The
secondary dendrite arm spacings (SDASs) for VC and
HMC samples were found to be approximately 5.3 and
8.4 um, respectively. On the other hand, large «-Al
grains and needle-shaped eutectic structures were seen in
the GC samples, where SDAS = 31.8 um, because of
the lower cooling rate. Such a large microstructure for
GC samples could cause reductions in their mechanical
properties.'" Note that the number of repetition for this
measurement is more than 100.

B. Tensile Properties

Figure 4 shows the tensile properties of the VC
samples created at different casting speeds: (a) ultimate
tensile strength oyrs, (b) 0.2 pct proof strength o », and
(c) fracture strain & It is obvious that the data points
are widely scattered and that there is no clear correlation
between tensile properties and casting speed. The
average tensile properties with their standard deviation
values are summarized in Table II. Since the tensile
properties are similarly observed for all casting condi-
tions, there would be no clear casting speed effects on
the material properties (for CS = 400 to 1300 mm/s). In
the previous works, opposite experimental results were
reported, where the lower defect rate in cast aluminum
alloys was made by the vacuum pressure casting, leading
to the higher mechanical properties.'”'®! Such differ-
ence might be attributed to the different casting speeds,
where our casting speed would be much higher than that
for the other ones. Because turbulent flow occurs for our
all VC samples during the casting process at 400, 700,
1000, and 1300 mm/s, similar defect rate (or similar
mechanical properties) would be obtained: Reynolds
number (Re) for all casting speed calculated is more
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than 2000, e.g., Re = CS x d/v, where d is diameter of
the mold and v is viscosity. In this case, Re for the
casting speed 400 mmy/s is found to be 12,000, which is
much higher than that for 2000, e.g., Re = 400 mm/s
(CS) x 6 mm (d)/0.2 mm?/s (v). The mean tensile
strength of the VC samples was about 250 MPa, which
is almost equal to that for the conventional die-cast Al
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Fig. 4—Relationship between tensile properties and casting speed for
the VC samples: (a) ultimate tensile strength oyrs, () 0.2 pct proof
strength 6¢,, and (c) fracture strain &
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Table II. Data Analysis of the Tensile Properties of the VC Samples: oyrs, 692, and &

Casting Speed 400 mm/s 700 mm/s 1000 mm/s 1300 mm/s
Ultimate tensile strength (oyts) (MPa)

Average oyts 213.9 MPa 219.8 MPa 222.9 MPa 264.2 MPa

Standard deviation 77.7 MPa 75.9 MPa 68.4 MPa 64.6 MPa
0.2 pct proof strength (o,) (MPa)

Average (> 118.3 MPa 121.7 MPa 113.2 MPa 119.9 MPa

Standard deviation 12.2 MPa 8.8 MPa 18.6 MPa 45.7 MPa
Strain to failure (&) (pct)

Average & 2.22 pct 2.48 pct 2.98 pct 2.67 pct

Standard deviation 1.52 pct 2.07 pct 1.71 pct 0.41 pct

Defect rate: 4.3%

Defect rate: 15.2%

Defect rate: 24.4%

J

Fig. 5—SEM images for the VC samples showing the porosity on the fracture surface after tensile tests.

alloy (ADCI12), 240 MPa.l"! Because of the similar
microstructural characteristics in all VC samples (SDAS
and size of the eutectic phase), as mentioned above, the
scattered data and weak correlation could be attributed
to other factors such as cast defects.

Figure 5 displays scanning electron microscopy
(SEM) images of the fracture surfaces of representative
VC specimens after tensile tests. As can be observed,
different amounts of cast defects (porosity) can be
obtained, although this volume fraction was dependent
on the sample. Note that other defects, such as
shrinkage and inclusion, cannot be detected on the
fracture surfaces. As seen, the shape of porosity is
complicated in the specimen and those are located
randomly. Figure 6 shows the relationship between
casting speed and the area fraction of the porosity on
the fracture surface, namely the defect rate (DR). In this
case, the area fraction of the porosity was measured on
the fracture surface using an image analyzer. This is
because the tensile properties of the related Al alloys are
correlated with their area fraction of defect in the
fracture surface.!'” As seen in Figure 6(a), no clear
correlation between the DR and casting speed was
detected. Moreover, Figure 6(b) shows the area fraction
of each porosity on the facture surface for the VC
samples, where more than 25 porosities were measured.
From this, different pore sizes are detected with wide
range for all casting speed conditions. The reason for
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this can be interpreted by their turbulent flows as
mentioned above. The reason behind this is not clear at
the moment, but it will be investigated in the future.
Figure 7 shows stress—strain curves for representative
samples with different DRs, where the tensile properties
appear to be influenced by the amount of cast defect,
i.e., the higher the tensile strength, the lower the DR.
Figure 8 shows tensile properties vs DR. As can be
seen in Figures 8(a) and (b), almost linear correlations
are detected between the ultimate tensile strength (ayTs)
and DR and the 0.2 pct proof strength (g¢,) and DR:
outs = —5.4DR + 3133 (R* = 0.64) and oo, =
10.83DR + 130.8 (R*> = 0.30). Those equations were
estimated using data analysis software (Origin 2015),
where we have selected suitable equations with high R*
value. It should be pointed out that, in this case, the data
plots are relatively scattered due to the low correlation
rates. The reason for this is not clear at the moment, but
this could be affected by the complicated defect charac-
teristics, e.g., pore shape, location, and size (Figures 5
and 6(b)). In the previous work, a similar relationship
between tensile strength (oyts and ¢g,) and porosity in
the proximity of the fracture in aluminum alloys was
reported, although the evaluation was only conducted at
low porosity rates of less than 3 pct;'”) moreover,
Nakata er al®” have reported the effect of cast defect
(cold flake) on the tensile properties, and the tensile
strength is relatively scattered. This would be attributed
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Fig. 7—Representative tensile stress vs tensile strain curves for the
VC samples.

to the complicated structure of cold flake. On the
contrary, in Figure 8(c), a non-linear relationship was
obtained for fracture strain (&) vs DR: & = 1.5 + 5.1
¢ O16PR (R? = (0.73). The strain value dropped rapidly
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to approximately 2 pct, even if there was only a small
amount of defect in the cast sample, e.g., DR < 5 pct,
and the strain level became almost constant for samples
with DR > 10 pct. Such a non-linear relation was also
detected in a previous study by Welter and Wood,!'” in
which the empirical relationship between the fracture
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strain and the area fraction of porosity was approxi-
mated as ¢ = 0.016/ %3 1'% Note that the coefficient of
the formula in Welter and Wood!'” is slightly different
to ours in Figure 8(c), which might be because of the
different material properties. It is concluded from this
result that the low amount of porosity is extremely
sensitive to the fracture strain. To verify the above
tensile properties, a further approach was conducted
using specimens with artificial defects.

Figure 9 presents representative tensile stress—tensile
strain curves for the HMC and GC samples with
artificial defects of different sizes. As can be seen,
different tensile properties are evident, with the stress vs
strain for HMC and for GC samples with high DR (or
large defect size) indicating lower tensile properties.
The overall tensile properties for HMC samples are
higher than those for GC samples. Interestingly, the
stress—strain curves for the samples of 0.1 mm in
diameter almost overlap with the curves for the samples
without defects, where there are no strong defect effects
on the tensile properties. The reason behind this is not
clear at the moment but this may be attributed to the
following reason. In our cast aluminum alloy, there
would have two main factors to affect the mechanical
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Fig. 9—Representative tensile stress vs tensile strain curves for (a)
HMC and (b) GC samples with single artificial defects.
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properties, e.g., defects and microstructures. The later
one could be influenced due to the needle-shaped hard
Si or Fe based eutectic structures, whose stress concen-
trations should be high value compared to that for the
artificial defect (hole of 0.1 mm in diameter). However,
further study will be required in the future.

Figure 10 shows the variation of the tensile properties
as a function of the artificial defect rate (DR,): (a)
ultimate tensile strength (oyrs), (b) 0.2 pct proof
strength (0¢,), and (c) fracture strain (g). In this case,

450
9
§ 400 '
= 350 Ours=-3.5DRy+313.1 | ]
13} A
2 250
°
§ 150 - A A &
<
£ 100 A 2
P 50 gyrs=-2.4DRy+197.2
0 ‘ .
0 20 40 60
Defect rate (DR,), %
(a)
250
<
S 200 |
= ‘
= _ @ HMC
150 002 =-1.0DR,+1334 | o
=]
B °
g 100 A
- a
D50 gy,=-1.1DR,+125.6
0 ! 1
0 20 40 60
Defect rate (DR4), %
(b)
12
!
X o
g 80 @ HMC
é A GC
<
G
s 6
£ £¢=2.81+4.55¢™ 130k
§ 4 £ . .
wn
2 O = 0.87:40.72¢ 01400
1R‘ A AT
0 1 1
0 20 40 60
Defect rate (DR,), %
(c)

Fig. 10—Variation of tensile properties as a function of artificial
defect rate (DR4) for the HMC and GC samples: (@) ultimate tensile
strength, (b) 0.2 pct proof strength, and (c) fracture strain.
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DR, is defined as the area fraction of the machined hole
on the fracture surface, which is the same evaluation for
cast porosity (DR in Figure 8). It is clear that there are
linear correlations between the tensile properties (oyTs
and 0g,) and the area fractions of the artificial defects
(DR,) (outs = —3.5DRy + 313.1 for HMC samples
and oyrs = —2.4DRj +197.2 for GC samples;
oo = —1.0DR + 133.4 for HMC samples and
00> = —1.1DR + 125.6 for GC samples). Higher
auTs values were obtained for HMC samples compared
to GC samples. The ultimate tensile strength can be
affected by the different sizes of the microstructures. The
linear variations for oyts and o(, are similar to those
for VC samples (see Figure 8). However, the reduction
rates of the tensile strength for VC samples (Figure 8(a))
are obviously high compared to the HMC and GC
samples. This could be because of the complicated defect
formation for VC samples, as shown in the SEM images.
It should be pointed out that the variation of g, was
similarly obtained for HMC and GC samples. This may
have been caused by a weak microstructural effect on
their oy, values. In addition, similar o, values were
obtained for both samples with DR, < 20 pct, which
led to a weak attribution to their gy, values. Like the
results for VC samples, a non-linear relationship was
obtained between & and DR, for HMC and GC
samples, in which & = 2.8 + e "3PRA (R? = (.86)
for HMC and & = 0.87 + 0.72¢”*"PRA (R? = 0.73)
for GC. The higher coefficient of the empirical formula
for GC samples could be caused by the significantly
bigger microstructure, e.g., high stress concentration
arising from brittle eutectic structures, as shown in
Figure 3. The above tensile properties will be further
discussed in section III-C.

A further approach was carried out using the HMC
and GC samples with numerous artificial defects (¢
0.25 mm). In this case, the defects were made at
perpendicular (90 deg), 45 deg, and parallel (0 deg)
directions against the loading direction (see Figure 1).
The representative stress—strain curves for the samples
with 90 deg defects are presented in Figure 11. Similar
to the results of Figure 10, clear correlations between
the tensile properties and DR can be seen. The obtained
tensile properties (oyrs and &) are summarized in
Figure 12. Note that in this case, the DR was evaluated
by the volume fraction of the specimen. It can be seen
that a significant reduction in the tensile properties was
obtained for samples with artificial defects (DRy) with 0
and 45 deg directions compared to those for the sample
with a 90 deg direction (Figure 12(a—iii)). Such severe
reductions in the tensile properties for 0 and 45 deg
samples were caused by the high stress concentrations of
their artificial defects. On the other hand, the weak
defect effects for the samples with defects of 90 deg
direction could be because of the low area fraction of the
defect to the loading direction. Moreover, a low tensile
strength could be observed for the GC samples, which is
caused by the microstructures. Similar to the single
defect specimen, non-linear ¢ vs DR, curves are
obtained for the multiple defects shown in
Figure 12(b), and the low & variation can be seen for
the GC samples. From the above results, it can be
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Fig. 11—Representative tensile stress vs tensile strain curves of (a)
HMC and (b) GC samples with 0 deg defects.

summarized briefly that the tensile properties are
directly affected by the amount of defects, as well as
their position and the size of the microstructure.

C. Strain Characteristics

To examine the failure characteristics of the HMC
and GC samples during tensile tests, strain observation
was conducted directly using a Correlation System
VIC-2D with high-speed cameras. Figure 13 presents
the strain distribution (Y axis) of the HMC and GC
samples with artificial defects of ¢0.1 mm and ¢
0.25 mm. In this case, the strain distribution was
observed at several loading points. It can be seen that
in the HMC sample with ¢0.1 mm and ¢0.25 mm
defects, there are relatively uniform strain distributions
in the specimens during the loading process, although
the strain level increases and the high strain values are
concentrated around the artificial defects just before the
final failure. Uniform strain distributions at the yield
point were similarly obtained for the HMC and GC
samples, which led to a similar 0.2 pct proof strength
between GC and HMC samples (Figure 10(b)). After
the yield point, the strain levels increased rapidly in
some localized areas in the GC samples, in which the
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Fig. 12—Variation of tensile properties as a function of artificial defect rate (DRy) for the HMC and GC samples: (@) ultimate tensile strength

and (b) fracture strain.

high strain was not only located around the defects but
also elsewhere in the specimens. Because there were
large eutectic phases (needle-shaped Si and Fe struc-
tures) and grain boundaries in GC samples, these
structures were able to create a localized strain distri-
bution. In fact, in some associated samples, cracks did
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not grow through the artificial defect of ¢0.25 mm for
GC samples (see Figure 13(d)). One of the present
authors has examined the hardness of eutectic structures
in ADCI12 aluminum alloys using an ultra-microhard-
ness tester, in which high Martens hardness value of
6.36 GPa for the Al-Fe-based eutectic structures,'
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Fig. 13—Strain distribution (Y axis) in the HMC and GC samples with single artificial defects (¢0.1 mm and ¢0.25 mm) during tensile loading.
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which are about 8 times higher than the hardness of the
o-Al phase (0.8 GPa). To verify this, direct observation
of the fracture surfaces was conducted. Figure 14
displays SEM micrographs of the fracture surfaces for
the HMC and GC samples with single artificial defect of
¢0.25 mm. From this observation, Fe element arising
from the related eutectic strictures is distributed in large
area of the fracture surface for the GC sample, while no
clear Fe element for the HMC one. Such Fe-base
structures make high stress concentration; and this
could make a weak effect of the artificial defect on the
fracture mode.

Figure 15 shows the strain distribution (Y axis) of
the HMC samples with multiple artificial defects of ¢
0.25 mm just before the fracture was examined

experimentally and numerically, ie., at 0, 45, and
90 deg directions. Although the strain distribution was
altered because of the different defect directions, high
strain regions can be observed in the samples around
the artificial defects. These strain distributions were
verified by FE analysis, where the plastic strain
distribution in the HMC samples is indicated (see
Figure 15). The high strain levels are distributed in the
specimen adjacent to the artificial defects in all
samples. Such strain distributions approximately cor-
respond to the experimentally obtained strain charac-
teristics. From this, it can be considered that our
numerical analysis (or the FE analysis parameters in
Table I) conducts accurate stress-strain analysis for
related cast Al alloys.

HMC - 00.25 mm

GC - $0.25 mm

Fig. 14—Fracture surfaces for the HMC and GC samples with single artificial defects (¢0.25 mm).

Strain distribution (&)

FE analysis plastic strain

L 3 3 ] L 2
L J

L 2

Fig. 15—Strain distribution (Y axis) examined experimentally and numerically in the HMC samples with multiple artificial defects at just before

fracture.
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IV. CONCLUSIONS

The effects of cast defects on the mechanical proper-

ties of cast ADC12 Al alloys have been studied. On the
basis of the results obtained, the following conclusions
can be drawn:

1.

Linear correlations were detected between the DR
and ultimate tensile strength, as well as the DR and
0.2 pct proof strength. On the contrary, a non-linear
relationship was obtained for DR vs fracture strain.
The fracture strain dropped rapidly to approximately
2 pct, even if small amounts of defect were involved
(e.g., DR <5 pct), and the strain level became
almost constant for the sample with DR > 10 pct.
The tensile properties were strongly attributed to the
area fraction of defect in the fracture surface.
Tensile properties were investigated using HMC and
GC samples with numerous artificial defects (¢
0.25 mm), where the defects were created on specimens
with 0, 45, and 90 deg directions against the loading
direction. Although linear correlations between the
DR, and tensile properties (oyrs and op,) were
obtained clearly for all cast aluminum alloy, significant
reduction in the tensile properties was obtained for the
samples with the defects of 0 and 45 deg because of the
high stress concentration. It also appeared that the area
fraction of the defect to the loading direction was a
significant factor for determining the tensile properties.
There was a weak defect effect on the tensile
properties of the cast Al alloy, because the DR
was less than 5 pct, where the stress vs strain curves
for the Al alloy with 5 pct defects almost over-
lapped with the curves for samples without defects.
A small amount of defect (<20 pct) and the
microstructural characteristics do not strongly
affect the g, value of the cast aluminum alloy.
Strain characteristics were clarified experimentally
and numerically. A high strain distribution was
detected around the defects just before the final
fracture point for HMC samples, and such high
strain levels were seen in both the eutectic phases
and the defects for GC samples. However, localized
severe strains were not detected around the defects
and the eutectic phase at the yield point, resulting in
a similar 0.2 pct proof strength.
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