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Abstract

This study investigates the effect of two-step solution
treatments and aging times on the microstructure and
mechanical properties of B357 Al-Si alloy, part of the most
widely used cast aluminum alloy. Three sets of artificial
aging heat treatments were conducted on the tensile sam-
ples prepared from B357 alloy produced by low-pressure
die casting. Firstly, the conventional artificial aging heat
treatment (T6) was carried out by solutionizing the tensile
samples at 543 °C for 8.5 h, water quenching at 60 °C, and
then artificially aging for 8.5 h at 160 °C. In the two-step
solution treatment, the samples were solutionized at 400,
440, 480, and 520 °C for 4 h and then solutionized at 543
°C for 8.5 h and water quenched to 60 °C and then arti-
ficially aged for 8.5 h at 160 °C. Thirdly, the samples were
solutionized at 480 °C for 4 h, solutionized at 543 °C for
8.5 h, water quenched to 60 °C, and artificially aged for
3-192 h. Despite different solutioning and aging processes,
no significant differences were observed in the
microstructures of the samples. Si particle coarsening was
observed with increasing solution temperature (400-520 °C)

and aging times (3—192 h). Si-containing dispersoids and
dispersoid-free zones (DFZ) were observed in the primary-
o matrix. While DFZ width increased with temperature and
aging, dispersoid zones in primary-o dendrites significantly
decreased. Differential Scanning Calorimetry (DSC)
analysis shows that two-step solution treatment in B357
alloy increases [§ precipitates for Mg,Si precipitation
strengthening. The two-step solutionized and aged sample
showed the best combination of strength and ductility
among all aged samples. B357 alloy exhibited the highest
vield and tensile strength (309.7, 366.1 MPa) with 6%
elongation for two-step solutionizing and 48 h aging. All
aged B357 alloys showed ductile fracture as the primary
fracture mode. However, brittle fractured Si particles were
observed on the fracture surfaces.

Keywords: B357 alloy, two-step solution treatment,
aging times, microstructure, mechanical properties,
357 aluminum

Introduction

Hypoeutectic cast Al-Si alloy is the most widely used cast
aluminum alloy in industrial applications due to its
exceptional castability, higher mechanical properties, and
lower cost.' In recent years, the demand for cast Al-Si
alloys has remarkably increased in the automotive industry,
particluzlarly in electric cars, due to their strength-to-weight
ratio. ™

The mechanical properties of Al-Si cast alloys strongly
depend on the Mg level selected, the aging heat treatments,
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and microstructural features. Artificial aging heat treatment
(T6) increases the yield and ultimate tensile strength of Al-
Si casting alloys with good ductility by more than 1.5
times.””’ Besides, the solution in the aging process refines
and homogenizes the microstructures of Al-Si cast alloys,
particularly its spheroidized the eutectic Si particles.®™"!
Solution temperatures and times significantly affect cast
Al-Si alloys’ microstructures and mechanical proper-
ties.”!*1271> Researchers have tried to improve the
mechanical properties of cast Al-Si alloys by controlling
the temperature and times for solution and aging treat-
ments.*'"!%'¥ Several studies have been conducted on
optimizing aging times and temperatures of cast Al-Si
alloys for improved mechanical properties.”'*'*'%% In
addition, the effect of solution temperature on
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microstructures and mechanical properties has been studied
by several authors.®~'%-!415-1821-22 g lytion treatments at a
higher temperature are an effective way to reduce the
treatment times. However, if not carefully controlled it may
lead to grain boundary incipient melting'" and coarsening
of the eutectic Si particles.'” Moreover, the solution
treatments at a higher temperature are not cost-
effective.®1®

The authors mostly performed a single-step solution
treatment in the artificial aging (T6) process.'>!8:20:21:23-27
The T6 aging process is time-consuming, and optimized
heat treatment parameters can significantly improve man-
ufacturing efficiency and cost-effectiveness. Toschi®’
reported that two-step solution treatment significantly
enhanced the mechanical properties of A354 alloy with
lower processing times. Improved hardness and tensile
strength, along with good ductility, were achieved. Samuel
et al.”® reported that ductility was improved in A319.2
alloy by two-step solution treatment. Han et al.” indicated
that a two-step solution treatment obtained the best com-
bination of the mechanical properties for 319 alloys.
Moreover, the two-step solution treatment provides more
solute elements in the matrix and increases the degree of
super-saturated solid solution (SSSS).>?7

So far, no study has been found investigating the effects of
two-step solution processes and aging times on the
microstructure and mechanical properties of B357 Alloy.
In this study, the effect of two-step solution treatment with
different first-step solution treatment temperatures
(400-520 °C) and different aging times (3—192 h) on the
microstructures and mechanical properties of B357 was
investigated.

Experimental Procedures

Materials and Casting Process

After 750 kg of B357 alloy ingot with low iron content was
melted in a graphite crucible using an electric resistance

furnace, its chemical composition was analyzed to ensure
the iron content. AlTi5B1 rod was added 22.5 kg into the

melt to grain refinement, obtaining 0.15 wt.- %Ti content.
AlSr15 rod was added 1.25 kg into the melt to Si modifier,
obtaining 0.25 wt.%Sr content. The degassing process was
carried out in a fully automatic degassing machine at 450
rpm under Argon gas for 10 minutes using Sheffer Arsal
granule flax. The gas density index of liquid metal was
checked and confirmed to be in the range of 0-1. After all
casting processes, the chemical composition was analyzed
using a Spectromaxx optical emission spectrometer (OES).
The chemical composition of the B357 alloy used in this
study is given in Table 1. Tensile test bars were manu-
factured by a low-pressure die casting method (Figure 1a).
Liquid metal at 750 °C was filled into a steel mold pre-
heated to 400 °C at a pressure of 320 mbar. The tensile bar
mold was designed with SOLIDCAST casting simulation
software and guaranteed free of casting defects such as
micro or macro shrinkage. All cast tensile bars were
examined using Zeiss Bosello Max70/120 X-ray radiog-
raphy (Figure 1b). Grade B as the level of X-ray radiog-
raphy according to AMS-A-21180 standard was
determined in tensile samples.

Heat Treatments

An electrical resistance laboratory furnace with a temper-
ature accuracy of +1° C was used for solution treatments
and aging. The temperature of tensile bar samples was
monitored with a time-temperature recorder. The furnace is
not equipped with air circulation. The heating rate and
solution times are recorded in an Excel file. The heating
rate is 0.6 °C/s. Quenching delay from solution temperature
was kept lower than 5 s. The water bath has no water
circulation. The delay between quenching and starting the
aging is less than one hour.

In conventional aging treatment (T6), solution and aging
temperatures were selected as 543 and 160 °C, respec-
tively, according to the AMS 2771E standard.” Tensile
samples were solutionized at 543 °C for 8.5h and then
water-quenched into the 60 °C bath. The bars were aged at
160 °C for 9 h and cooled in air. In the two-step solution
treatment, first-step solution temperatures were selected as
400, 440, 480, and 520 °C for 4 h, and the second-step

Table 1. Chemical Compositions (wt.%) of B357 Alloy

Alloy Si Mg Fe Cu Mn Ti Zn B Vv Sr Na Al
B357.0 6.5-7.5 0.4-0.6 Max Max Max 0.04-0.2 Max. Total max. 0.15 Remain
0.09 0.05 0.05 0.05
OES analysis 7.29 0.57 0.086 0.018 0.006 0.154 0.004 0.008 0.011 0.025 0.002 Remain
result
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Figure 1. B357 alloy tensile bars: (a) parts produced by low-pressure die
casting, and (b) X-ray radiography images of the part.

solution was kept constant at 543 °C for 8.5 h. The samples
were water-quenched into the 60 °C bath. The bars were
aged again at 160 °C for 9 h and cooled in air. The best
mechanical properties were obtained at 480 °C, the first-
step solution temperature mentioned in Section “Mechani-
cal Properties”. The samples were aged for 3 h—192 h at
160 °C following two-step solutionized at 480 °C for 4 h
and 543 °C for 8.5 h to investigate the effect of aging times
on the mechanical properties. A summary of the heat
treatments is shown schematically in Figure 2.

Materials Characterization

Metallographic samples were cut from the undeformed
region of the tensile bars and cold-mounted for grinding
and polishing with colloidal silica suspension down to 0.1
pm and finally etched with 0.5% HF reagent. Leica DMI
5000M inverted optical microscope, Hitachi SU5000
scanning electron microscope (SEM), and Oxford Instru-
ments X-MaxN 80 model energy-dispersive X-ray spec-
trum analysis (EDX) were used to characterize the
microstructures and fracture surfaces. The volume fraction
and particle size of Si particles were measured by using
Leica Application Suite image analysis software version
4.6. A minimum of 9 mm? square was scanned on each
heat treatment condition to characterize eutectic Si parti-
cles quantitatively. X-ray diffraction patterns were
obtained on a Bruker D8 Advance X-ray diffractometer
and operated at 40 kV and 40 mA using monochromatic
Copper Ko radiation (4 = 1.5406 A°). Samples were
scanned in the 20 range of 30-90° at a scanning speed of
0.05°/min. Thermal analysis was performed using the
Hitachi DSC7020 model for differential scanning
calorimetry (DSC) to identify precipitation reactions after
aging treatments. DSC experiments were performed in an
argon atmosphere, and the samples were heated from 100
to 350 °C at a heating rate of 10 °C/min. Tests were
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conducted using samples weighing 1.8 mg each in alu-
minum pans.

Mechanical Tests

Tensile and hardness tests were performed to determine the
mechanical properties of the samples. Tensile tests were
conducted using an Instron 3369 universal testing machine
at a strain rate of 0.00025 s~ '. The tensile bar is illustrated
in Figure 3. A clip-on extensometer was used to measure
the gauge length strain at 25 mm. Five tensile samples were
tested for each heat treatment condition, and the average
values were taken. Hardness tests were performed with the
Brinell hardness test method (2.5 mm WC ball and 31.25
kgf) on the Emcotest DuraVision 200 hardness tester. At
least five different indentations were taken, and their mean
values were presented.

Results and Discussion
Microstructural Examinations

The optical microstructures of the B357 alloy are shown in
Figures 4 and 5, respectively, based on the first-step solu-
tion temperatures and aging times. The as-cast
microstructure of B357 alloy consisted mainly of primary-
o dendrites with the mean secondary dendrite arm spacing
(SDAS) of 25 um and eutectic silicon structure (Figure 4a).
The eutectic silicon structures are uniformly distributed
around primary-o. dendrites without casting defects, as
shown in Figure 4.a. It was observed that very fine eutectic
structures were formed in small fibrous shapes due to Sr
modification.

Figures 4 and 5 show that different aging treatment con-
ditions lead to similar microstructures, with minor varia-
tions attributed to the coarsening of Si particles. It is well-
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Figure 2. Schematic representation of heat treatment processes: (a) conven-
tional solution and two-step solution treatments and (b) two-step solution

treatments and different aging times.

known that the solution and aging treatments lead to the
spheroidizing of Si particles in hypoeutectic Al-Si cast
alloys (Figure 4b—f). Solution treatment temperatures sig-
nificantly influence eutectic structure size, distribution, and
morphology.”'"*'7 Si and other solute atoms solubility
increase in o-Al phase with increasing solution tempera-
tures up to the eutectic temperature. Moreover, higher
solution temperatures lead to a more homogeneous distri-

bution of spheroidized Si particles in the a-Al phase. The

eutectic Si particles spheroidized and ripened with

increasing solution temperatures and aging times (Fig-
ures 4b—f and 5a-h). It is noted that the eutectic Si particle
size increases with increasing aging times (Figure 5a-h).
Previous research demonstrated how the size and mor-
phology of the initial eutectic Si particles influence the
outcome during the solution treatment.””'"'7>° Lados
et al.'” reported that the eutectic Si particles transform,
defined as fragmentation, globalization, and growth,
respectively, during the solution treatment. They also
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Figure 4. Optical microstructures of B357 alloy during solution treatment at different
first-step solution temperatures. (a) as-cast, (b) conventional aging treatment, (c) 400
°C, (d) 440 °C, (e) 480 °C, (f) 520 °C. DFZ: dispersoid-free zones. Magnification: 500X.
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Figure 5. Optical microstructures of B357 alloy that two-step solutionized (480 °C—4
h—543°C-8.5 h) and aged at 160 °C for different periods times: (a) 3 h, (b) 6 h, (c) 9 h,
(d) 12 h, (e) 24 h, and (f) 48 h, (g) 96 h, and (h) 192 h. DFZ: dispersoid-free zones.

Magnification: 500X.

reported that the eutectic Si particles became rounder and
grew in less than 0.5 h in the modified alloy with Ce.

Quantitative analysis of eutectic Si particles according to
solution temperatures and aging times are listed in Table 2.
It shows that solution temperatures and aging times

significantly affect the eutectic Si particles’ size, area
percentage, and count per area. The mean particle size of
eutectic Si increased with increasing both solution tem-
peratures and aging times (Table 2). Coarsening of eutectic
Si particles during solution treatments and aging times has
been  widely  reported for  Al-Si-Mg cast
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Table 2. Quantitative Analysis of Eutectic Si Particles
According to Solution Temperatures and Aging Times

Samples Area Mean Count per area
percent particle size  (mm™2)
(%) (um)
Conventional 85+ 1 1.77 £ 0.51 19900 + 2071
aging®
400 °C$ 84+11 153 +041 20950 + 5185
440 °C8 86 +05 168 +0.37 16100 + 1244
480 °C$ 88+ 13 1994+ 0.35 13500 + 2521
520 °C$ 104 + 02 2.04 £ 046 13050 + 2621
3 h* 74+180 169 +04 21700 + 4239
6 h* 81+0.7 1.85+0.32 16500 4+ 4992
9 h* 88+ 13 199+ 0.35 13500 + 2521
12 h* 9+05 2.06+0.36 13100+ 4702
24 h* 93+ 1 213 £0.33 12050 + 3630
48 h* 96 +1 2.21 £ 0.41 11400 £+ 2373
96 h* 99+16 227+ 043 11850 + 4370
192 h* 104 £ 21 231 +042 11100 + 3296

¥A conventional aging process is recommended according to the
AMS 2771E standard®®

SThe temperatures are first-step solution temperatures. The
second first-step solution was conducted at 543 °C for 4 h and
543 °C for 8.5 h. After a two-step solution, the samples were
aged at 160 °C for 9 h

* The times are aging times. Two-step solution was conducted at
480 °C for 4 h and 543 °C for 8.5 h. The aging temperature is
160 °C

alloys.®!O-1113:13:1921 e researchers reported that the
particle size of eutectic Si increased with increasing solu-
tion temperatures and aging times.'>'? Furthermore, solu-
tion temperatures and aging times increased the mean
interparticle distance of eutectic Si particles (Figures 4b—f
and 5a-h). It is well-known that an increase in the size of
the eutectic Si particles leads to a corresponding increase in
the average interparticle distance among these eutectic Si
particles.'*'*** Additionally, the coarsening of eutectic Si
particles reduced the number of particles per area. The
number of particles per area decreases with increasing
solution temperatures and aging times due to the coarsen-
ing of eutectic Si particles. Tiryakioglu'® reported that
during the solution treatment at 540 °C for up to 4h, the Si
particles simultaneously grew and coarsened due to the
supply of Si atoms diffusing out of the cores of dendrites.
After the 4h solution treatment, the size of the eutectic Si
particles follows the Lifshitz—Slyozov—Wagner (LSW)
coarsening model."”

A small amount of Fe intermetallic (-AlsFeSi) compound
was observed in this study due to the lower Fe concen-
tration (0.086 wt.%) in the B357 alloy (Figure 6b). The
researchers reported that Fe intermetallic compounds
(FeAls, m-AlgMgsFeSig, B-AlsFeSi) were observed in the
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microstructure of A357 alloy.”'*?! It is well-known that
the Fe intermetallic compounds are very detrimental to the
mechanical properties of Al-Si cast alloy,™' particularly
fatigue life.*”

Dark regions are observed in the middle region of primary-o
dendrites in all aged samples. These regions are difficult to
identify by examining optical microstructure images. Fig-
ure 6 shows the SEM microstructures of this region at high
magnifications. These regions are identified as Si-containing
dispersoids in the primary-o matrix according to EDX
regional analyses (Figure 6b). It was observed that the dis-
persoids had rod and globular shape morphology (Figure 6¢),
and the average size of the dispersoids was measured below
500 nm. The formation of Si-containing dispersoids was also
observed during the aging process of cast Al-Si-Mg
alloys.'*'”-**3? Chen et al.* and Lin'*** comprehensively
studied the transformation mechanism of Si-containing dis-
persoids. The primary-o dendrites grow and absorb the Ti
from the surrounding melt, initially having a higher Ti com-
position. Inthe as-casthypoeutectic Al-Si—-Mg alloy, eutectic
Si dissolves by completely changing its morphology during
the solution process; both Si and Ti atoms diffuse toward the
dendrite arms. When the Ti composition exceeds the critical
radius, nucleation of dispersoids occurs, leading to the for-
mation of dispersoid-free zones (DFZ).13’23’33 The width of
the DFZ increases with increasing solution temperatures and
aging times. Dispersoid zones in primary-o dendrites were
also significantly reduced.'**® The area of Si-containing
dispersoids decreases with increasing solution temperatures
and aging times (Figures 4b—f and 5-h). In addition, the dis-
persoid regions are getting smaller in the middle of the pri-
mary-o dendrites with increasing solution temperatures and
aging times (Figures 4b—f and 5a—h). Lin et al."® reported that
the shape of dispersoids begins to change from ellipse and rod
shape to spherical shape with increasing solution tempera-
tures and aging times. On the other hand, increasing the
solution temperature causes the growth of eutectic Si particles
due to the high diffusionrate.'®'"'-2* The authors reported
the same phenomenon in their studies.'*'”**** Lin et al."?
reported that the presence of Si-containing dispersoids con-
tributes up to 8-23 MPa to the strength of aged Al-Si—-Mg
alloy.

The characteristic aging steps of SSSS in Al-Si-Mg-based
alloys proceed in a sequence consisting of the following
stages: SSSS — GP zones — f’ phase — f phase
(MgZSi).35 It is well-known that the supersaturation of Si
and Mg solute atoms in primary-o Al leads to precipitation
of a nano-scale strengthening Mg,Si precipitates in the o-
Al matrix during aging.'? Precipitation of Mg,Si in the
primary-o. matrix leads to distortion of the crystal lattice,
inhibiting dislocation mobility during aging. This inhibited
dislocation motion significantly increases the strength of
the alloy.'™'! Since Mg,Si precipitates will form at the
nano-scale, further TEM studies are required to confirm its
presence.
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Figure 6. SEM microstructures and EDX analyses of B357 alloy; two-step solution was carried out at
480 °C for 4h and 543 °C for 8.5 h. The aging temperature is 160 °C for 9 h. (a) magnification: 1000X,
(b) magnification: 5000X, (c) magnification: 20,000X.

Figure 7 illustrates XRD patterns of B357 samples
according to first-step solution temperatures. Small Si and
strong o-Al peaks were determined for all solution tem-
peratures. It is compatible with the existing litera-
ture.”***?7 However, Mg,Si precipitates could not be
detected due to the low volume fraction. It should be noted
that a phase detectable in XRD patterns has a volume
fraction greater than 5%.% As mentioned above, a trans-
mission electron microscopy study is needed to character-
ize the Mg,Si precipitates.

DSC analyses were performed to evaluate how the two-step
solution treatment affected the kinetics of Mg,Si precipi-
tation in the B357 alloy. Figure 8 shows the DSC curves of
the B356 alloy subjected to solutionized at 543 °C for 8.5 h

and a two-step solution treatment at 480 °C for 4h + 543
°C for 8.5 h, followed by artificial aging at 160 °C for 9 h.
The curves were shifted vertically to improve visual
observation along the y-axis. Two separate exothermic

peaks can be identified for the two-step solution treatment
at 214 °C and around 272 °C.

The higher peak temperatures (Tp) were found to be 222.7
and 277.2 °C for conventional aging treatment. In the two-
step solution for B357 alloys, compared to the conventional
aging treatment, there is an increase in the peak area and a
decrease in the peak temperature (Tp) observed for [
(Mg,Si) precipitates. A two-step solution treatment can be
considered to increase the amount of f§/ precipitates in the
B357 alloy for Mg2Si precipitate strengthening. The area

International Journal of Metalcasting
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of the exothermic reaction (dissolution enthalpy) is
approximately 17.3 and 14.7 J/g for the two-step solution
and conventional aging treatments, respectively. The area
of the reaction peaks represents the heat associated with the
precipitation or dissolution of certain phases within Al
alloys.” The energy released or absorbed is directly related
to the volume fraction of precipitates. When the volume
fraction of precipitates increases, the enthalpy of dissolu-
tion increases and the reaction temperature decreases.
Thus, DSC analysis explains that two-step solution treat-
ment can enhance the precipitation kinetics and the amount
of Mg,Si. The f' precipitates show an increasing peak area
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with a decreasing peak temperature (Tp) in two-step
solution treatment. These results are consistent with the
DSC analyses reported by Tan et al.>* Higher peak areas
and lower peak temperatures have been reported to favor
increased precipitation transformation.'*'®*

Mechanical Properties

Mechanical properties of B357 alloy samples according to
first-step solution temperatures and aging times are given
in Table 3. Figure 9 illustrates the impact of first-step
solution temperatures and aging times on mechanical
properties. Compared to conventionally aged samples, the
highest strength and good ductility were obtained in the
two-step solutionized and aged sample (480 °C—4 h —543
°C-8.5 h - 160-9 h) (Table 3).

Increasing the first-step solution temperature from 400 to
480 °C significantly improved the mechanical properties
(Table 3 and Figure 9a). In contrast, the mechanical
properties decreased at the first-solution temperature of 520
°C. Two strengthening mechanisms can explain this situ-
ation. These are precipitation hardening and dispersion
strengthening. Increasing the solution temperature causes
more solute atoms to dissolve in the primary-o matrix, thus
enhancing the formation of SSSS.'%!1%203%3¢ Increasing
the degree of SSSS significantly improves strength and
hardness.>'%'%2°27-3¢ On the other hand, increasing the
first-step solution temperature to 520 °C leads to coarsen-
ing and coalescence of eutectic Si particles.'™'" As men-
tioned above, researchers'®!!!° reported that eutectic Si
particles coarsen at higher solution temperatures, causing a
decrease in mechanical properties. Moreover, uniformly



Table 3. Mechanical Properties of B357 Alloy Samples According to Solution Temperatures and Aging Times

First-step solution Second-step solution Aging times  Yield Ultimate tensile Total Hardness
temperature and time temperature and time at 160 °C strength  strength (UTS) elongation (HB 2.5/
(MPa)  (MPa) (TE) 31.25 kgf)
(%)
As-cast 1258 £+ 213.7 + 6.6 7.9 £1.1 67 + 1.5
4.5
- 543 °C-8.5 h 9h 246.8 + 331 +£13.3 104 +14 108.6 +1.3
17.4
400 °C-4 h 543 °C-8.5 h 2485 + 3279 +7 102+ 1.8 103 £ 1.2
7.7
440 °C—-4 h 248.6 + 333 + 3.2 105+ 1.8 104 + 1.1
3.4
480 °C—4 h 2705+ 3457 +6 96 +12 1082+1.5
9.9
520 °C+4 h 2555 + 325+ 14 63+19 111.6+13
17.9
480 °C—-4 h 543 °C-8.5 h 3h 1719 £ 2841 +43 116 £1 85+ 1.3
4.2
6 h 2115+ 308 +4.6 102+ 15 93 +1.4
4.7
9h 2705+ 3457 +6 96 +1.2 104 + 2.5
9.9
12 h 2714 + 3504 +£5 94 +15 108 £ 1.5
5.3
24 h 3015+ 356.2 +£6.5 72+18 115+ 11
6
48 h 309.7 £ 366.1 £ 3.7 6+1.5 120 +1
4.8
96 h 307.3 £ 348.1 £ 3.7 49+18 116 £ 1.5
6.8
192 h 2995+ 338.3+6.5 42 +1.0 114 £ 1
4.4

distributed and fine eutectic Si particles strengthen Al-Si—
Mg casting alloys.'”!" In this study, the Si particles were
uniformly distributed in the matrix due to the Sr modifi-
cation. However, higher solution temperatures lead to an
increase in the size of the eutectic Si particles, leading to a
decrease in the total elongation (Figure 9a).

As mentioned above, high solution temperature causes a
decrease in the regions of Si-containing dispersoids in the
primary-o. matrix and increases the DFZ region (Figure 4).
This decreased yield strength from 270.5 to 255.5 MPa and
a total elongation from 9.6 to 6.3% in the first-step solu-
tion-treated sample processed at 520 °C (Table 3). It can be
seen that 480 °C—4 h — 543 °C-8.5 h — 160-9 h sample
provides the highest strength with ductility of 9.6%
(Table 3 and Figure 8a). Due to its better mechanical
properties, the first-step solution temperature was chosen as
480 °C for two-step solution treatments. Additionally, DSC
analysis helps explain the precipitation reactions in the

two-step solution treatments. The DSC analyses proved
that the two-step solutionized (480 °C—4 h — 543 °C-8.5
h) B357 alloy exhibits more 8 precipitates, as mentioned
above (Figure 8). It is well-known that a direct relationship
exists between increasing the volume fraction of precipi-
tates and increases in strength and hardness (Table 3), as
observed in two-step solution treatments.”*’

The relationship between mechanical properties and aging
times in two-step solutionized (480 °C—4 h —543 °C-8.5
h) and aged samples is illustrated in Figure 9b. Yield
strength, tensile strength, and hardness increased with
increasing aging times in the two-step solutionized and
aged B357 samples (Figure 9b and Table 3). However, the
total elongation steadily decreases with increasing aging
times (Figure 9b). It can be attributed to the aging kinetics
of cast Al-Si-Mg alloys.'®* It is well-known that pre-
cipitation hardening causes a significant increase in
strength and hardness, but total elongation decreases with

International Journal of Metalcasting
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Figure 9. Mechanical properties of B357 alloy: (a) effect of solution temperatures (the
temperatures are first-step solution temperatures. The second first-step solution was
conducted at 543 °C for 4 h and 543 °C for 8.5 h. After a two-step solution, the
samples were aged at 160 °C for 9 h), and (b) effect of aging times (the times are aging
times. Two-step solution was conducted at 480 °C for 4 h and 543 °C for 8.5 h. The

aging temperature is 160 °C).

the aging times.®®!%?%2* The decrease in total elongation
with increasing aging times can be attributed to the
increase in the volume and the growth of the precipitates.
This increased volume of the precipitates inhibits the
movement of dislocations, making it more difficult for the
material to deform plastically.”'01223:343640 The study
shows that B357 alloy exhibits 4.9% total elongation under
overaged conditions (aging time: 96 h). Tirkayoglu and
Alexopoulos®® also reported that A357 alloy has a nominal
minimum elongation to fracture of approximately 5%
under overaged conditions. In addition, as mentioned
above, the coarsening of the eutectic Si particles reduced

International Journal of Metalcasting

the total elongation (Table 3). The peak strength and
hardness were obtained at 48 h aging times in a two-step
solutionized B357 alloy (Table 3 and Figure 9b). The yield
and tensile strength were found to be decreased after 48 h
aging times. The sample aged at 48 h exhibited the highest
yield strength (309.7 MPa) and tensile strength (366.1
MPa) with 6% total elongation. Both yield and tensile
strength decreased after 48 h (Table 3 and Figure 9b). It is
attributed to the coarsening of Mg,Si precipitates during
aging, increased DFZ regions, and the decreased Si-con-
taining dispersoid zones in the primary-o dendrites (Fig-
ure 5). Lin et al."* and Chen®® reported that increasing the
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Figure 10. Comparison of ultimate tensile strength and total elongation of artificially
aged current 357 alloys in this study with Al-Si alloys from previous studies.? %7220
Solution temperatures and times; 543 °C-8 h— 154 °C—6 h and 543 °C-8 h— 160 °C-
7.5 h, cylindrical tensile bar with 0.5" diameter in permanent mold casting,® 538 °C-10
naturally aged and 538 °C-10 h—155 °C-10 h, cylindrical tensile bar with 0.5"
diameter in cast iron mold,’® 540 °C—6 h, 8 h, 10 h—175 °C—1 h to 10 h, 3.5 mm width
and 2.2 mm thickness rectangular shape in Y-shaped iron molds,?, 540 °C-22 h—155
°C-5 h to 20 h, continuously cast bars.?’

Si-containing dispersoid zones improved the strength of the
cast Al-Si—-Mg alloy.

Figure 10 illustrates a comparison diagram for ultimate
tensile strength (UTS) and total elongation (TE) in previ-
ous studies. It is noted that a much better combination of
UTS and TE has been obtained in this study. Compared
with previous studies, UTS and TE were improved with
two-step solution treatment.*'® The highest UTS (366.1
MPa) was obtained in two-step solutionized samples at 480
°C for 4 h 4 543 °C for 8.5 h and 160 °C for 48 h. The best
combination of the UTS and TE (UTS = 350.4 MPa and TE
= 9.4) have been obtained in two-step solutionized samples
at 480 °C for 4 h 4 543 °C for 8.5 h and aged 160 °C for 12
h. The improvement on the UTS and TE cannot depend
only on the effect of two-step solution treatment, and they
must also consider the casting method, Fe content, geom-
etry, and dimensions of the tensile bar.

Fracture Surface Evaluation

The fracture surfaces of two-step solutionized and aged
B357 alloy are shown in Figure 11. The colossal dimple

depressions were evidence of ductile fracture at the fracture
surface (Figure 11a). Significant ductile fracture regions
were observed in the two-step solutionized and aged A357
alloy (Figure 11b and c). Ductile dimples were observed
mainly in primary-o matrix regions (Figure 1lc white
arrows). Decohesion regions of Si particles from the sur-
rounding primary-o matrix structure were observed in all
samples (Figure 11c yellow arrows). Brittle fractured Si
particles were also observed on the fracture surfaces
(Figure 11c black arrows). The findings were consistent
with previous research.?’

Conclusions

This study investigated the effect of two-step solution
treatments and aging times on the microstructures and
mechanical properties of B357 alloy. The following con-
clusions were drawn from this study:

(1) The two-step solution treatment significantly
increases the ultimate tensile strength from
284.1 to 366.1 MPa in B357 alloy.

(2) It was observed that different aging treatment

conditions resulted in similar microstructures;
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Figure 11. Fracture surfaces of two-step solutionized
and aged B357 alloy (Two-step solution was conducted
at 480 °C for 4h and 543 °C for 8.5 h. Aging temperature
is 160 °C for 9 h). (a) magnification = 100X, (b) magnifi-
cation = 2000X, and (c) magnification = 4000X. Black
arrows show the brittle fracture in Si particles; white
arrows show the fracture of ductile dimples, and yellow
arrows show the decohesion between Si particles and
matrix.

minor changes were attributed to the coarsening
of Si particles. Eutectic Si particles spheroidized
and ripened with increasing solution tempera-
tures and aging times.

International Journal of Metalcasting

(3) Si-containing dispersoids and dispersoid-free
zones (DFZ) were also observed in the pri-
mary-o matrix. The width of the DFZ increases
with increasing solution temperatures and aging
times. However, dispersoid zones in primary-o
dendrites were also significantly reduced.

(4) DSC analyses showed that two-step solution
treatment increased the amount of 3’ precipitates
in the B357 alloy available for Mg,Si precipitate
strengthening.

(5) Compared with conventionally aged samples,
the best combination of strength and ductility
were obtained in the sample subjected into two-
step solutionizing and aging (480 °C—4 h —543
°C-8.5 h — 160-9 h). The sample aged at 48 h
exhibited the highest yield strength (309.7 MPa)
and tensile strength (366.1 MPa) with 6% total
elongation.

(6) Ductile fracture mode was the dominant fracture
mode in all aged B357 alloy samples. Brittle
fractured Si particles were observed in the
fracture surfaces.
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