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Abstract: The effect of varying the grain size on the residual stress in AlSiioMnMg alloys prepared at various cooling rates was
examined. The specimens with different initial grain sizes were manufactured by high-pressure die casting (HPDC) and gravity die
casting (GDC) under heat treatment at 500 °C for 2 h, followed by furnace cooling and water quenching to control the variables that
could affect the residual stress or induce microstructural changes. The average grain size of the non-heat-treated as-cast HPDC speci-
men was approximately 30 times smaller than that of the as-cast GDC specimen, and the residual stress of the large-grain GDC speci-
men was approximately 20 MPa larger. The grain size of the furnace-cooled GDC specimen was approximately 50 times larger than
the average grain size of the furnace-cooled HPDC specimen, and the largest difference in the residual stress was approximately 40
MPa. The average grain sizes of the water-quenched GDC and HPDC specimens differed by approximately ten-fold, where the residual
stress in the water-quenched GDC specimen was approximately 8 MPa higher. The larger the grain size, the more easily the low-angle
grain boundaries are penetrated by the potential. Therefore, a larger the grain size leads to better distribution of the low-angle grain
systems; thus, numerous dislocations were distributed inside and around the grain. The grain boundaries and dislocations that were
highly aggregated inside the grain influenced the residual stress.
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1. Introduction removed from the mold. Castings typically contain large residual

In recent years, the automobile industry has replaced most stresses due to the large heat gradients that are formed during the

parts of conventional casting products with aluminum casting ~ manufacturing process [5].

products to reduce the vehicle weight and improve the fuel effi- Residual stresses resulting from uneven expansion and con-

ciency. Cast iron and steel are conventionally the most widely traction within castings degrade the mechanical properties of

used materials in the automotive industry; however, the use of parts, such as the fatigue life, dimensional stability, and breaking

aluminum alloy components instead of steel and cast iron is in-  Strength, and cause unexpected destruction during casting [6]-[7].

creasing [1]. Aluminum alloys constitute approximately one-
third of steel materials and are recognized as representative light-
weight materials that can replace steel materials and are used in
engine-related parts such as the body, tire wheels, cylinder heads,
and cylinder blocks [2].

However, solidification and cooling during the casting pro-
cess inevitably result in an uneven temperature distribution
within the product, resulting in residual stress due to differences
in the solidification rates of the molten materials during the alu-
minum casting process [3]-[4]. The residual stress of a casting

part is the stress remaining in the casting after it has been

When a product with a complex shape, such as a cylindrical
head, is manufactured using a casting process, residual stress is
generated because the rate and time of solidification vary from
part to part [8]. Residual stress from castings leads to perfor-
mance degradation, deformation, or cracking, which negatively
affect the vehicle safety by reducing the durability [9]-[10].

Residual stress is a defect that cannot be ignored in aluminum
castings. Controlling residual stress is essential for the produc-
tion of high-quality castings. Failure of the finished product due
to unexpected destruction of the part is closely related to safety;

therefore, predicting and understanding residual stress are
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important for quality assurance. Additional thermal treatment is
required to remove the residual stress generated during the cast-
ing process. If the residual stress is not adequately relieved, de-
formation and cracks may occur, thereby reducing the durability
of cast parts [11].

In general, residual stress simulations predict the stress distri-
bution based on changes in the convective heat transfer coeffi-
cient, elasticity coefficient, and yield strength depending on the
heat transfer conditions, such as heating and cooling [12]. These
simulations only predict the overall partial distortion on a mac-
roscopic scale and cannot explain the stress on a microscopic
scale [13]. Simulation systems for residual stress prediction do
not consider the various characteristics of aluminum alloys, such
as their microstructure and chemical properties; thus, the accu-
racy of the prediction is very poor. During the casting process,
aluminum undergoes a large microstructural change before and
after solidification; therefore, there is a large gap between the re-
sidual stress predicted by the simulation software and the empir-
ically determined residual stress. Residual stress in aluminum
castings is a defect that cannot be ignored. Despite the need for
controlling residual stress to produce high-quality castings, stud-
ies on the residual stress and mechanism in aluminum castings
remain insufficient to date. There are studies on the difference in
the coefficient of thermal expansion of the base material versus
the intermetallic compounds, and the effect of the growth of in-
termetallic compounds on residual stress; however, studies on the
effect of grains, which are commonly observed in the microstruc-
ture, are insufficient [14]-[15]. Therefore, the development of a
residual stress database by analyzing the effect of the grain size
(which changes with heating and contraction during the casting
process) on the development of residual stress is required.

Herein, the variables that affect the residual stress and micro-
structural changes in AlSiioMnMg alloy specimens manufac-
tured by high-pressure die casting (HPDC) and gravity die cast-
ing (GDC) prepared through furnace cooling and water quench-
ing heat treatment at 500 °C for 2 h are evaluated. This study
aims to determine the optimal calibration conditions in order to
improve the accuracy of residual stress prediction simulations by
analyzing the effect of the grain size (which changes with the

cooling rate) on the residual stress.
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2. Experimental procedure

2.1 Materials

An AlSizoMnMg alloy with the composition listed in Table 1
was used in this experiment. The AlSizoMnMg alloy is called
AA365. AA365 is widely used in automobile part manufacturing
owing to its excellent casting properties and good mechanical
strength [16]. The specimens were manufactured using two casting
methods: high-pressure die casting (HPDC) and gravity die casting
(GDC). Compared with other casting methods, HPDC has many
advantages, such as providing a fine-grain microstructure and good
mechanical properties, because of its fast cooling speed [17].
Therefore, specimens with different initial grain sizes were pro-
duced using two different casting methods. Gravity die casting was
conducted at 750 °C. AA365 ingots were melted in a graphite cru-
cible furnace at 750 °C to obtain molten aluminum and injected
into the mold. The manufactured specimens were heat treated at
500 °C for 2 h in an electronic furnace and then subjected to water
quenching and furnace cooling. As mentioned, to vary the initial

grain size, specimens were prepared using HPDC and GDC.

2.2 Microstructure analysis

The specimens of HPDC AA365 and GDC AA365 were pol-
ished with 200- to 2400-grit silicon carbide papers with a 0.25
pm diamond suspension and 0.04 um colloidal suspension. In the
finishing polishing step, the samples were ground with colloidal
silica (CS) suspension (0.04—0.05 um) for more than 20 min. In
the final finishing step, water containing a surfactant was sprayed
onto the sample for 60 s to remove the CS suspension adsorbed
on the specimen surface. The microstructures of all specimens
were observed using an optical microscope (OM; Eclipse
LV150N, Nikon Metrology Inc.) and field-emission scanning
electron microscopy (CLARA, Tescan) with electron backscatter
diffraction (EBSD). EBSD data were collected with a step size
of 2 um using a field-emission scanning electron microscope
with an acceleration voltage of 20 kV and beam current of ~9 nA.

The raw EBSD data were processed using ATEX software.

2.3 Experimental evaluation of the residual stress

To quantitatively measure the residual stress, the sin 2y

Table 1: The composition of AlSiloMnMg aluminum alloy (wt.%)

Si Mn

Mg Fe Ti Al

AlSizioMnMg 10.6 <0.7

<0.29 0.11 <0.08 Balance
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method using X-ray diffraction (XRD) was used in this study.
Because XRD can be used to accurately measure the residual
stress in a non-destructive manner, the residual stress was meas-
ured using a literature method [18]. This method is based on
Bragg’s law using the sin2 y XRD method of analysis [19].
XRD data were acquired at twelve different angles to increase
the precision of the measurement; the residual stress was meas-

ured from the slope of the plot of sin2 y. CuKao X-rays (wave-

length = 1.5405 A) were used for XRD analysis of the Al material.

The change in the diffraction peaks was observed in the 20 range
of 135-140° considering the appearance of a diffraction peak of
the aluminum (422) surface at 137.5°.

3. Results and discussion

3.1 Microstructure

The secondary dendrite arm spacing (SDAS) was determined
using Equation (1). The entire length of the primary dendrite
arm was measured as L, and the number of secondary arms N was
counted along one side of the primary arm [20].
SDAS = ﬁ 1)

As shown in Table 2, the average SDAS value of the as-cast
HPDC, furnace-cooled HPDC, and water-quenched HPDC spec-
imens was 10.05, 12.85, and 8.94 um, respectively. The average
SDAS value of the as-cast GDC, furnace-cooled GDC, and wa-
ter-quenched GDC specimens was 51.15, 55.6, and 47.15 pm,
respectively (Table 2). The average SDAS value of all the GDC
specimens was greater than that of the HPDC specimens (Figure
2).

Table 2: The average of secondary dendrite arm spacing

Furnace Water
as-cast
cooled quenched
HPDC 10.05+0.56 pm  12.81 £1.49 um  8.94 £1.23 um
GDC 51.1542.19 um  55.61 £2.61 pm  47.15+2.24 um

As shown in Table 2, the average SDAS value of as-cast
HPDC specimen was 10.05 um, the average SDAS value of the
furnace-cooled HPDC specimen was 12.85 um, and the average
SDAS value of the water-quenched HPDC specimen was 8.94
pm. Table 2 shows that the average SDAS value of the as-cast
GDC specimen was 51.15 um, the furnace-cooled GDC speci-
men was 55.6 pum, and the average SDAS value of 47.15 pm was

measured in the water-quenched GDC specimen. Through Table

2, the average SDAS value of all GDC specimens is greater than

the average SDAS of all HPDC specimens.

i

(R Lo ilale

Figure 1: OM image showing microstructure of AA365 (a) as-
cast HPDC; (b) as-cast GDC; (c) furnace-cooled HPDC; (d) fur-
nace-cooled GDC; (e) water-quenched HPDC; (f) water-
quenched GDC

As mentioned in the Experimental section, the casting process
was varied when manufacturing the specimens to determine the
effect of the grain size on the residual stress by using samples
with different initial grain sizes. As shown in Figure 2, the spec-
imens manufactured using HPDC had significantly smaller grain
sizes than those manufactured using GDC. The cooling rate of
HPDC is generally very high, from 50 to 125 K/s, which directly
affects the size of the microstructural components, and in most
cases, does not induce grain refinement during the HPDC alumi-
num casting process. HPDC is a process of filling molten metal
into a mold at high speed and pressure. The production cycle is
very short compared to that of other casting processes, making it
highly productive. It was possible to precisely cast a product with
a thin and complex shape, and the grains were fine because of the
fast cooling speed [21]-[22].

Table 3 presents the grain sizes of the specimens. The average
grain size of the as-cast HPDC specimen without heat treatment

was 13.17 um, and the average grain size of the as-cast GDC
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specimen was 448.39 um, which is a 30-fold difference. The av-
erage grain size of the furnace-cooled HPDC and furnace-cooled
GDC specimens was 13.66 and 653.81 um, respectively. The av-
erage grain size of the water-quenched GDC and water-quenched
HPDC specimens was 123.85 and 12.21 um, respectively, where
the average grain size of the water-quenched GDC specimen was
about 10 times larger. The grain size of the HPDC specimen with
the fine microstructure was smaller than that of the GDC speci-

men.

Table 3: The average grain size of HPDC, GDC

Furnace Water
as-cast
cooled quenched
HPDC 13.17 pm 13.66 um 12.21 pm
GDC 448.39 um 653.81 pm 123.85 um

Table 4: The value of residual stress of HPDC, GDC

Furnace Water
as-cast
cooled quenched
HPDC 356 MPa 42+8 MPa -56£6 MPa
GDC 575 MPa 89112 MPa -67+8 MPa

Figure 2: Inverse pole figure (IPF) notation for (a) as-cast HPDC;
(b) as-cast GDC; (c) furnace-cooled HPDC; (d) furnace-cooled
GDC,; (e) water-quenched HPDC; (f) water-quenched GDC

3.2 Residual stress

X-ray diffraction (XRD) was used to measure the residual
stress of the polycrystalline materials using a non-destructive
method. The residual stress of the specimens was measured using
an analyzer [23]. The residual stress in the as-cast GDC specimen
was 57 MPa and that of the HPDC specimen was 35 MPa. The
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residual stress in the as-cast GDC specimen is approximately 20
MPa higher than that in the as-cast HPDC specimen. The residual
stress in the furnace-cooled GDC specimen was 89 MPa and that
in the furnace-cooled HPDC specimen was 42 MPa. The residual
tensile stress of the furnace-cooled GDC specimen was almost
twice as high. Owing to the fast cooling rate, the compressive
residual stress was measured in the quenching water. The residual
stress of the water-quenched HPDC specimen was ~56 MPa, and
a compressive residual stress of ~67 MPa was measured for the
water-quenched GGDC specimen, resulting in a difference of ~
10 MPa between the stress of the two specimens. Overall, the
residual stress of the GDC specimens exceeded that of the HPDC
specimens.

As shown in Tables 3 and 4, the residual stress of the GDC
specimen with a much larger grain size was greater than that of
the HPDC specimen. The average grain size of the furnace-
cooled specimen was approximately 50 times different, and the
residual stress was also the largest. The grain size of the water-
quenched specimen was approximately 10 times higher. The re-
sidual stress was also higher in the GDC specimen having a larger
grain size. The initial grain size of the as-cast specimen without
heat treatment was approximately 30 times higher. The residual
stress of the as-cast GDC specimen with a large grain size was

also larger.

Table 5: Fraction of high-angle grain boundary (> 15 °)

Furnace Water
as-cast
cooled quenched
HPDC 94.78 % 93.2% 94.92 %
GDC 87.1% 88.6 % 84.59 %
Table 6: The average grain misorientation (GAM)
Furnace Water
as-cast
cooled quenched
HPDC 16.41 ° 19.15° 17.96 °
GDC 12.19° 13.98 ° 13.99°

3.4 Grain boundary

To determine why the residual stress varied according to the
grain size, the grain boundaries and misorientations were first ex-
amined. As shown in Tables 5 and 6, the larger the grain size in
the as-cast specimen, the smaller the high-angle grain boundary
(HAGB) fraction and the smaller the average misorientation
value. Similarly, in the furnace-cooled and water-quenched spec-
imens, the smaller the grain size, the higher the high-angle grain

boundary fraction and the higher the average misorientation
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value. The larger the grain size, the lower the high-angle grain
boundary (HAGB) fraction and the smaller the average misori-
entation value. The smaller the grain size, the higher the HAGB

fraction and the larger the average misorientation.

Figure 3: Geometrically necessary dislocation density (GND) of
HPDC and GDC; (a) as-cast HPDC; (b) as-cast GDC; (c) fur-
nace-cooled HPDC; (d) furnace-cooled GDC; (e) water-
quenched HPDC; (f) water-quenched GDC

3.5 Dislocation density

As shown in Figure 3, more dislocations were distributed in-
side and around the grains of the GDC specimen than in the
HPDC specimen. A large number of dislocations was distributed
inside and around the grain. A larger distribution of low-angle
grain boundaries (LAGBs) was present in the GDC specimens
with large grain sizes (Table 5). Low-angle grain boundaries are
less resistant to dislocations and are easily penetrated by disloca-
tion [24]. Therefore, the larger the grain size, the greater the dis-
tribution of LAGBS; thus, the potential is distributed more widely
inside and around the grains. During casting, faster cooling dur-
ing metal solidification may reduce the accumulation of disloca-
tions [25]. Large amounts of LAGBs were formed in the coarse
grains, whereas the fraction of LAGBs in the fine grains was sig-
nificantly lower.

The LAGBs have a lower resistance to potential movement

than the HAGBSs; therefore, they are easily penetrated by

dislocations. The accumulated dislocations produce high stress
concentrations and act as a potential site for microcrack initiation
[26]-[29].

4, Conclusion

AlSiioMnMg alloys with different initial grain sizes were pre-
pared by high-pressure die casting and gravity die casting. The
AlSizoMnMg alloys were heat treated at 500 °C for 2 h, then fur-
nace-cooled and water-quenched to control the variables that
may affect the residual stress or induce microstructural changes.
The changes in the residual stress were analyzed according to the
grain size. The average grain size of the as-cast HPDC specimen
without heat treatment was approximately 30 times smaller than
that of the as-cast GDC specimen, and the residual stress of the
gravity mold-cast specimen with a large grain size was approxi-
mately 20 MPa. The grain size of the furnace-cooled GDC spec-
imen was approximately 50 times larger than that of the furnace-
cooled HPDC specimen, and the residual stress was approxi-
mately 40 MPa, showing the largest difference. The average
grain sizes of the water-quenched GDC and HPDC specimens
differed by ~10-fold, and the residual stress of the water-
quenched GDC specimen was approximately 8 MPa higher. The
larger the grain size, the more easily the low-angle grain bound-
aries are penetrated by dislocations. Therefore, the larger the
grain size, the larger the distribution of low-angle grain bounda-
ries. Thus, numerous dislocations are distributed inside and
around the grain. This accumulated dislocation generates internal

stress, resulting in stress concentration.
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