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Abstract

Acoustic images received from different depths of aluminum alloy (ADC12)
die-cast plates containing coarse cold flakes were compared with microstructures at the
same depth. The bright and dark regions in the acoustic images coincided with the
oxide layer on the initially solidified surface of the cold flake and the body of the cold
flake, respectively. These results show the ability of nondestructive detection of cold
flakes by the ultrasonic microscopy. The specimens were then fabricated to contain
the cold flake at a center, and tested under three point bend configuration. When the
coarse cold flake existed apart from the tensile side surface of the specimen, a crack
initiated at a small cold flake on the side surface and propagated in the specimen. In this
case the bending strength was almost the same as the tensile strength (285 MPa) of the
die-cast plate. When the cold flake existed on the tensile side surface or at a position
less than 0.5 mm inside the surface, the crack propagated along the oxide layer of the
cold flake. In this case, the bending strength decreased from the tensile strength when
the cold flake approached the side surface. A relation between the bending strength
and the position of the cold flake in the specimen was discussed from the standpoint of
the fracture mechanics and K, the critical stress intensity factor for this alloy, was

found to be 3 to 9 MPa-m*?.
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1. INTRODUCTION

Following increasing application for aluminum alloy die-cast products, many
studies have been carried out on their mechanical properties, and it has been reported
that the mechanical properties were largely influenced by casting defects, such as
irregular structures [1 ~ 5] porosities [6] and so on. It has been mentioned that the
tensile strength [7] and the fatigue strength [8, 9] of die-casts decreased with the
increase in the amount of porosities. However, the irregularities in structure also affect
their mechanical properties. Among irregular structures, cold flakes largely reduce the
mechanical properties of the die-castings [10, 11] because they contain the oxide layer
of poor cohesive bonding with the surrounding matrix. And these oxide layers are
often contaminated by lubricant and stuck by fine porosities [12, 13]. To assure
reliability of die-cast products, it is vital to detect irregular structures, especially the
cold flake, for which the nondestructive evaluation plays a very important role. The
authors [14] carried out the ultrasonic measurement for aluminum alloy (ADC12)
die-cast plates containing cold flakes and showed that the cold flake can be detected
nondestructively. Moreover to improve the reliability of die-cast products, it is
necessary to specify size and position of the cold flake.

In the present work, the acoustic microscopy was carried out with aluminum
alloy die-cast plates (ADC12) containing cold flakes to examine detectability of cold
flakes. Furthermore, it was postulated if a position of the cold flake is known, the cold
flake can be arranged at a required position with a required orientation in the specimen
to examine the influence of the position and the orientation of the cold flake on the
mechanical properties of die-cast plates.

Concerning the influence of inclusions on the mechanical properties of



materials, researches have been carried out from the standpoint of the fracture
mechanics. Murakami et al. [15 ~ 17] examined the effect of nonmetallic inclusions
on the fatigue strength of the high strength steel, and showed that the area, the position
and the shape of the inclusion influenced the threshold stress intensity factor range AKy,
and the fatigue limit in high strength steels. Mayer et al. [18] examined the effect of
porosities (voids and shrinkage) on the fatigue property of die-cast magnesium and
aluminum alloys and showed if the porosity was equivalent to an initial crack, the
fatigue limit was correlated to the critical stress intensity amplitude (AK). Skallereud
et al. [19] examined effects of shrinkage cavities and gas pores on fatigue properties of
aluminum alloys, and showed shrinkage cavities significantly reduced the lifetime of
the cylindrical aluminum specimen, and if the pore diameter was larger than 0.2 mm, a
typical fatigue crack initiated around pores on or near the specimen surface.

Initiative has also been taken to show the importance of cold flake size and
position to control the mechanical properties. Therefore, specimens were fabricated to
contain the cold flake at different location, and subjected to a three-point bending test
under acoustic microscopy to observe initiation and propagation of a crack in the
specimen. Then a relation between the bending strength and the position of the cold

flake was discussed from the standpoint of the fracture mechanics.

2. EXPERIMENTAL PROCEDURE
2.1 Preparation of Materials

In the present study, aluminum alloy (ADC12, a nominal composition of Al — 11
mass% Si — 2.5 mass% Cu) die-cast plates of two different geometries (plates-A: 6.8

mm thickness, 174 mm length and 50 mm width, and plates-B: 4.0 mm thickness, 300



mm length and 100 mm width) were used. The plate-A was used in the experiment for
detection of cold flakes after separating it into three-square plates as shown in Fig. 1.
The plate-B was used in the bending test after detection of cold flakes in the required
position. The casting procedure was carried out with wider gates after longer shot time

lags to contain greater cold flakes of some millimeter in size.

2.2 Acoustic Microscopy and Ultrasonic Measurement

The acoustic microscopy was carried out with the scanning acoustic microscope
(SAM, by Hitachi Kenki Co. Ltd) by using a probe generating a longitudinal wave of 50
MHz in frequency and focal distance of 12 mm in water.

For detection of cold flakes, acoustic images were taken at positions 0.5 mm to 2
mm below the surface of the plate-A at an interval of 0.1 mm in an area of 9.9 mm x 9.9
mm with a pitch of 16.5 um. Consecutive images were taken and then combined to
obtain an image of 40 mm x 40 mm covering almost the cross section of the specimen.
Before bending test of the plate-B, acoustic images were taken at positions 0.5 mm to 2
mm below the surface at an interval of 0.5 mm in an area of 9.9 mm x 9.9 mm with a
pitch of 16.5 um, and combined to obtain an image of 140 mm x 90 mm covering
almost the cross section of the specimen. The acoustic images were also taken from
the reverse surface of the plate-B to obtain images at positions 0.5 mm to 3.5 mm below
the obverse surface.

For comparison, the ultrasonic measurement was also carried out on some
specimens with the immersion method. In the measurement, a probe generating a
longitudinal wave of 20 MHz in frequency and of a focal distance of 25.4 mm in water

was used, and the ultrasonic wave was focused at a half thickness of the specimen.



2.3 Observation of microstructures

After acoustic microscopy, the plates-A were sectioned, polished and etched at
positions 0.5 mm to 2 mm below the surface at an interval of 0.1 mm. The etching
was carried out by using a water solution of 2 mass% NaOH. An optical microscope

was also used to observe cold flakes.

2.4 Bending Test

After detection of cold flakes in the plate-B by SAM, rectangular pieces were
cut off from the plate to contain a cold flake at the center, as shown in Fig. 2. In the
figure, bright regions like a nebula are from coarse cold flakes. Then specimens for
the bending test were fabricated as shown in Fig. 3, and the three-point bending test was
carried out under SAM by gradually screwing a bolt at a center of the specimen, as
shown in Fig. 4.

A bending strength was estimated from a deflection of the specimen at fracture
with a following procedure. First, a relation between an axial strain on a tension side
surface (TSS) and the deflection of the specimen was obtained with a strain gauge
mounted at the center of the specimen. Then a stress-strain relation of the alloy
die-cast plate was obtained by the tensile test, and finally a relation between the bending
stress on TSS and the deflection was obtained.

After bending test, the fracture surface was observed through scanning electron
microscope (SEM) at an accelerating voltage of 25 KV and a sample current of 90 ~

120 pA to examine the crack propagation path.



3. RESULTS AND DISCUSSION
3.1 Relation between acoustic images and microstructures

Typical acoustic images obtained at different depths are shown in Fig. 5. In
these images, there are different regions of brightness, such as a bright region, a gray
region and a dark region. In the gray region, dispersing small bright spots are the
reflections from silicon crystals in the eutectic structure. Figure 6 compares an
acoustic image taken at 1.6 mm below the surface of the specimen with microstructures
at the same depth. A dark region (A Fig. 6(2)) is in good agreement with a body of the
cold flake (Fig. 6(b)). A bright region (B in Fig. 6(a)) is also in good agreement with
the oxide (Fig. 6(c)).

For further clarification, the acoustic image was compared with the intensity
distribution obtained by the ultrasonic measurement. Figure 7 compares bright and
dark regions in the acoustic image with intensity distributions in the thickness direction.
The dark region (A in Fig. 7(a)) was in good agreement with a low intensity
backscattered wave appearing from 1.5 mm to 2.7 mm below the surface (Fig. 7(b)).
The bright region (B in Fig. 7(a)) observed in the acoustic image 1.6 mm below the
surface was in good agreement with a reflection echo (Fig. 7(c)) from the oxide layer.
Since the body of the cold flake contains smaller microstructures than the matrix, they
have a smaller attenuation coefficient [20] to cause a lower intensity of the
backscattered wave. Therefore the body of the cold flake appears as the dark region in
the acoustic image. Inclusions of the second phase reflect the ultrasonic wave because
of different acoustic impedance resulting in bright regions.

From these results, it was found that the cold flake was visualized in the acoustic

image: The oxide layer was represented as the bright region, and the body of the cold



flake was represented as the dark region, as shown schematically in Fig. 8.  Since cold
flakes (>1 mm) are greater than the silicon particle, they can be distinguished in

acoustic images.

3.2 Relation between crack propagation path and position of cold flake

The three-point bending test was carried out with specimens containing the cold
flake. In Fig. 9, acoustic images of a specimen containing the cold flake about 4 mm
inside the side surface are shown at different deflections. In these figures, the load was
applied on the upper side surface at the center of the specimen as indicated by arrows in
the figure, and the maximum tensile stress appeared at the center of the lower side
surface (tension side surface, TSS). A crack initiated on TSS and propagated in the
specimen apart from the cold flake inside the surface (hereafter referred to as the inside
cold flake). As shown in Fig. 10, a small cold flake appearing on TSS was observed in
the fracture surface. Other observations of the specimens containing the cold flake few
millimeters inside TSS showed that the crack initiated at a fine cold flake on TSS, and
propagated in the specimen independent of the inside coarse cold flake.

Then the crack propagation was observed in the specimens containing the cold
flake on TSS. In this case, the specimen broke at a very small deflection, and the crack
propagated through a boundary between the oxide layer of the inside cold flake and the
matrix as shown in Fig. 11. Figure 12 shows the SEM micrograph on the fracture
surface. From these results, it was assumed that when the cold flake existed just inside
TSS, the crack might initiate and propagate along the oxide layer. Figure 13 shows a
crack propagation in the specimen with the cold flake existing 0.1 mm inside TSS, and

the crack propagated through the oxide layer as shown in Fig. 14. However, it was not



clarified whether the crack initiation site was at the tip of the oxide layer, or not.

Figure 15 shows the relation between a bending strength and a position of the
cold flake. In the figure, a horizontal dashed line indicates the tensile strength (285
MPa) of the aluminum alloy (ADC12) die-cast plate free from the coarse cold flake.
When the oxide layer of the cold flake was arranged parallel to the specimen axis, the
bending strength was independent of the position of the cold flake but was the same as
the tensile strength. When the oxide layer was perpendicular to the specimen axis, the
bending strength was dependent on the position of the cold flake: when the cold flake
existed at a position 0.5 mm or greater inside TSS, the bending strength took almost a
constant value being equal to the tensile strength, and the crack initiated and propagated
independently of the inside cold flake. When the cold flake existed less than 0.5 mm
inside TSS, the bending strength decreased with reducing depth of the cold flake and the

crack propagated through the oxide layer of the inside cold flake.

3.3 Evaluation of fracture toughness

In the aluminum alloy die-cast, cold flakes are thought to cause crack initiation
and propagation [11], because the oxide/matrix bonding strength is weak and the oxide
layer can thus be separated easily from the matrix at a lower level of applied stress. In
this section, the oxide layer on the cold flake was treated as a defect equivalent to a
crack, and the fracture mechanics was applied to obtain a critical stress intensity factor
at fracture (K¢). In Fig. 15, there are two types of data on the crack propagation: the
type | for the crack propagated through the cold flake, and the type Il for the crack
propagated independent of the selected cold flake. In calculation of the stress intensity

factor, only data of the type | were used and it was assumed that the crack initiated at a



tip of the cold flake and propagated along the oxide layer.

For calculation of the stress intensity factor, there are two models depending on
a position of the cold flake. One is for an embedded cold flake and the other is for a
surface one, as shown in Fig. 16.  Since the bending test was carried out in the present
work, a reverse side to the applying load was in tension. Therefore, for simplicity, a
model with embedded cold flake suffered an axial tension was used for calculation of
the stress intensity factor in consideration of a linear change of the stress in the
thickness direction in the bending test. Ishida and Noguchi [21] developed formulae
of the stress intensity factors K 5 for an embedded elliptical crack in the finite thickness
plate under tension, in which the crack was located at an arbitrary position close to one
of the plate surfaces and with one of its principal diameters parallel to the plate surfaces.
In the present study, the shape of the cold flake was approximated to an ellipse, and the
critical stress intensity factor K. was obtained for the embedded cold flake as shown in

Fig. 17. In the figure, the fracture toughness of 11~14 MPa-m*? [23] was indicated

as a hatched zone. In calculation, at first, the principal diameter of the embedded cold
flake was obtained from the acoustic image. Since the acoustic image was obtained at
an interval of 0.5 mm, the size of the cold flake was underestimated, and the critical
stress intensity factor K. (solid circles in Fig. 17) took higher values than the fracture
toughness. Then, the position and the principal diameter for the cold flake were
precisely measured on the fracture surface, and K. was obtained as indicated by
rectangles in Fig. 17. The value of K; approached to the fracture toughness of the bulk.
However, two of K. in the figure were still greater than others. This may be due to the
extra large cold flakes (3.1 mm? and 2.8 mm? in area) with sharp edge as shown in Fig.

14, and these were out of model in calculation.
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For the surface cold flakes as shown in Fig. 16(b), the analysis was performed
with formulae obtained by Newman and Raju [22, 24] with a model that a surface crack
suffers a bending force. K. obtained for the surface cold flake is shown as a circle in
Fig. 17. Principal diameters of the cold flake were obtained on the fracture surface.

K. for the surface cold flake ranged from 3 to 9 MPa-m"? and was lower than that of

the embedded one and the fracture toughness.

Kanazawa et al. [23] obtained the fracture toughness of the alloy by using CT
specimens without a coarse cold flake. However the present work confirmed that a
crack started from the surface or near the surface cold flake at lower stresses in the
bending test. Therefore the stress intensity factor estimated for the specimen with the

surface cold flake was more satisfactory.

4. CONCLUSIONS

The acoustic microscopy was carried out with aluminum alloy (ADC12) die-cast
plates containing coarse cold flakes, and acoustic images were compared with
microstructures on the cross section. Then the bending test was carried out with the
specimen containing the cold flake at the center under acoustic microscopy. Following
conclusions were obtained.

1) There were some regions of different brightness in the acoustic image. The bright
and dark regions were in good agreement with the cold flakes: the bright region
coincided with the oxide layer appearing on the initially solidified surface of the
cold flake or the oxide inclusion, and the dark region was coincident with the body
of the cold flake. These results confirm ability of nondestructive detection of cold

flakes, especially the oxide layer, with the acoustic microscopy.
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2) When the cold flake existed apart from the side surface, the bending strength took a
constant value of 275 ~ 290 MPa being equal to the tensile strength of 285 MPa.
In this case, a crack initiated at a small cold flake on the side surface and
propagated in the specimen independent of the inside cold flake. When the cold
flake existed on the tension side surface (TSS) or at a depth less than 0.5 mm from
TSS, the crack initiated at a lower bending strength than that of the bulk specimen,
and propagated through the boundary between the oxide layer and the matrix.

3) Assuming that the oxide layer of the cold flake is equivalent to the crack, the
critical stress intensity factor at fracture K. was evaluated from the bending strength
of the specimen with the cold flake on or near TSS. K, for the surface cold flake

took a value of 3 to 9 MPa-m*?2, which was lower than that for the embedded cold

flake and the fracture toughness of 11 to 14 MPa-m*? for die-cast aluminum

(ADC12) alloy.
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Fig. 15 Relation between position of cold flake and bending strength. Type I: Crack
propagated through cold flake, Type Il : Crack propagated independent of
cold flake.

Fig. 16 Models for calculation of stress intensity factor. (a) Embedded crack, (b)
Surface crack

Fig. 17 Relation between critical stress intensity factor at fracture K and position

of cold flake.
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Fig. 1. Die-cast plate of aluminum alloy for detection of cold flake.



Piece for bending test

Fig. 2. Preparation of pieces for bending test. Bright regions like a nebula are from coarse
cold flakes.
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Fig. 3. Shape and dimensions of specimen for bending test having a cold flake at a

center.



Application of load by screwing

Fig. 4. Device for three point bending.



Fig. 5. Typical acoustic images obtained at different depths below the surface.



(a) Acoustic image

(c) Microstructure at point B

Fig. 6. Comparison of acoustic image with microstructures in cross section at .6 mm
below the surface.
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Fig. 7. Comparison of dark and bright regions in acoustic image at 1.6 mm below the
surface with intensity distributions obtained by ultrasonic measurement.
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Fig. 9. Acoustic images of specimen having a cold flake 3.6 mm inside lower
side surface under different bending.
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Fig. 10. Fracture surface of specimen in Fig. 9 obtained through SEM.
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Fig. 11. Crack propagation in acoustic images of specimen having a cold flake

appearing on lower side surface.
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Fig. 12. Fracture surface of specimen in Fig. 11 obtained through SEM.
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Loading

(a) Deflection: 2 mm (b) Deflection: 2.25 mm, break

Fig. 13. Crack propagation in acoustic images of specimen having a cold
flake 0.1 mm inside side surface.
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Fig. 14. Fracture surface of specimen in Fig. 13 obtained through SEM.
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Fig. 16. Models for calculation of stress intensity factor.
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