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Abstract: Mechanical properties of semi-solid casting are dependent on multiple processing parameters, and
improper processing parameters will not only reduce mean data but also increase variations. The present study
investigated the impact of parameters in slurry preparation and heat treatment on the yield strength and ductility
of T6 heat-treated A356 Al-Si alloy using rapid slurry forming (RSF) semi-solid casting. The focus was primarily
on the robustness of mechanical properties based on Taguchi design method. By analyzing signal-to-noise
ratio and minimum value calculated from Xx-3S, the optimum slurry preparation parameters and heat treatment
parameters were determined to be no quench, enthalpy exchange material (EEM) temperature of 140 °C,
EEM-to-melt ratio of 6mass%, stirring time of 18 s, solution heat treated at 520 °C for 2 h, and ageing heat treated
at 190 °C for 6 h. In a small batch validation, the -3S yield strength and -3S elongation reach 256.1 MPa and
5.03% respectively, showing a satisfactory robustness. The hardness and microstructure of heat-treated samples
with the best and worst properties were characterized to gain insight into the underlying mechanisms affecting the
mean value and variations of mechanical properties.
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1 Introduction

Mass reduction for automotive components has become
one of the key approaches for greenhouse gas emission
reduction of the automotive industry . Materials
selection, tooling design, and processing parameters are
the three crucial pillars for achieving mass reduction in
automotive castings . Gravity casting and low pressure
die casting processes have a relatively longer cycle time,
and hence higher manufacturing cost for high volume
production. Traditional high pressure die casting (HPDC)
process has a much shorter cycle time, which is suitable
for scaled production in the automotive industry ™.
However, some casting defects, such as gas porosities
and shrinkage porosities in HPDC components, cannot be
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eliminated by heat treatment process. This put limitations
on the mass reduction potential of HPDC Al components.
Semi-solid metal (SSM) casting can be categorized
to thixo-forming and rheo-casting . In rheo-casting,
a slurry containing a certain fraction of pre-solidified
spheroidal Al grains is prepared via mechanical stirring,
grain refiner addition, and controlled fast cooling for
subsequent high pressure die casting. While, in thixo-
molding, an ingot will be re-heated to semi-solid slurry
state and then processed to the desired shape via casting
or thermal plastic deformation . In comparison to
conventional HPDC process, SSM casting process
shows planer filling pattern with minimized gas
entrapment due to the well-controlled viscosity of slurry,
and components produced by SSM casting can be
heat treated. In addition, employing partially solidified
slurry is beneficial for reducing solidification shrinkage
in die casting and forming a homogeneous and fine
microstructure . All the features of SSM casting impart
the produced parts good mechanical properties .
As thixo-molding requires high cost equipment with
complicated maintenance and has the limitations in
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terms of the size and complexity of casting, rheo-casting has
attracted significant interests from the automotive industry as
a novel approach for mass reduction '*. Rheo-casting process
is more complicated compared to conventional HPDC process
due to more casting parameters involved in the process. In
addition, after solution heat treatment, blistering phenomenon
tends to occur on the surface of HPDC components owing to
the porosities caused by entrapped air during die casting ©".
Qi et al. "” found that factors such as initial melt temperature,
die temperature, and melt temperature in transfer ladle
significantly affect the microstructure and mechanical properties
of A356 alloy in a novel DCR (distributary-confluence runner)
rheo-casting process. Kang et al. ' investigated how factors
such as stirring velocity, stirring duration, and other processing
parameters affect microstructure and mechanical properties
of 7075 Al alloy. Previous studies have primarily focused on
mechanical properties, while neglecting the robustness (i.e.,
variations) of these properties. In real production, engineering
teams must place significant emphasis on the robustness or -3S
values of a product's mechanical properties. Typically, the -35
value of a specific mechanical property can be obtained using

the following equations "
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where Y is the -3S value, X is the mean value, and S is
the standard deviation. To mitigate failure risks in casting
components, the -3S value calculated using Eq. (1) is typically
applied in component design. Therefore, it is crucial to identify
critical factors that influence the robustness of mechanical
properties in casting components. There are various methods
available for SSM casting, including RSF (rapid slurry forming),
the use of a SEED (swirled enthalpy equilibration device), and
GISS (gas-induced semi-solid) method, etc ', The RSF method
involves stirring the melt with a small chunk of aluminum
known as enthalpy exchange material (EEM) for melt cooling
and slurry preparation. Factors that influence RSF include
alloy chemistry, stirring velocity, superheat, and mass ratio of
EEM to melt Y. Compared to SEED and GISS methods, RSF
exhibits low sensitivity to temperature, as well as fast cooling
facilitated by enthalpy exchange in a short period. Sharma et al. '
reported that under various conditions of grain refinement and
modification, an increase in holding time of slurry resulted in
larger and more spherical 0-Al grains, while hardness decreases
for the investigated A356 alloy. Ostklint et al. " investigated
the correlations between Al addition levels and grain size/solid
fraction of Mg-Al alloys prepared with RSF method. They
reported that with an increase in Al content, solid fraction
and grain size increased while mass ratio of EEM to melt
and superheat conditions remained constant. In fact, there are
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multiple factors affecting the mechanical properties of final
product made by RSF method. Hence, it is challenging to achieve
robust product quality by a simple experimentation design.

The objective of this study is to improve the reliability of
tensile yield strength and elongation of the T6 treated A356 alloy
produced using the RSF casting process. The Taguchi design
method was utilized to optimize various process parameters,
including alloy chemistry, stirring velocity, superheat of melt,
mass ratio of EEM-to-melt, and heat treatment process.

2 Taguchi experimentation design

Taguchi method is an approach for experimental design and
data analysis, which has been widely applied in industry "”. In
Taguchi design, loss function is applied to evaluate the degree
of the result deviating from the expected value, and the largest
signal-to-noise (S/N) ratio is applied to evaluate the variation.
Target can be categorized into three types: the higher the
better (HB), the lower the better (LB), and the nominal the
better (NB). Though these 3 types own different equations for
calculating S/N ratio, they all follow a principle that the largest
S/N ratio indicates better robustness. It is known that S/N ratio
of HB and LB is only dependent on X. In contrast, the S/N ratio
of NB is determined by both X and S, which coincides with
the objective of this study (X-3S) """\, Therefore, in the present
study, NB was selected as target for S/N ratio calculation via
the equation below "":

2

SIN=10log%; @)

The details of controlling factors and noise factors for
Taguchi experimentation design can be found in Tables 1 and 2.
It is worth noting that for varied solution and ageing heat
treatment temperatures, S, M and L levels corresponds to
different holding times, as shown in Table 3. The selection
of different levels for control factors are based on previous
practices. The final L18 experiment design can be found in
Table 4.

Table 1: Details of controlling factors

Controlling factors

1 Water quench Yes No -
2 EEM temp. (°C) 100 120 140
3 EEM-to-melt ratio (mass%) 6 7 8
4 Stirring time (s) 15 18 21
5 Solution temp. (°C) 505 520 535
6 Solution time (h) S M L
7 Aging temp. (°C) 160 170 190
8 Aging time (h) S M L
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Table 2: Details of noise factors

Levels

Noise factors

1 Pouring temp. (°C) 665 675

2 Casting pressure (MPa) 70 80
Table 3: Heat treatment controlling factors

Solution time (h)

Solution

temp. (°C)
505 15 25 5 160 2.5 5 10
520 1 2 4 170 2 4 8
535 05 15 3 190 1.5 3 6

During the optimization process, it is desirable to achieve
a high mean value and a high S/N ratio. When there is a
contradiction between mean value and S/N ratio, S/N ratio
has a higher priority. If the difference in S/N ratio between

two designs is less than 2, it is generally considered that these
designs have similar robustness. In such cases, the mean value
of the designs becomes the selection criterion.

In the present study, the priority is given to tensile yield
strength over elongation, based on the product requirements.
Therefore, the sequence for optimizing parameters should
prioritize the S/N ratio of yield strength, followed by the mean
value of yield strength, then the S/N ratio of elongation, and
finally the mean value of elongation.

3 Experimental

3.1 Sample preparation

The manufacturing process of tensile bars included alloy
melt preparation, slurry preparation, die casting, and T6 heat
treatment. The slurry preparation utilizing the RSF method
included EEM preparation from A356, 1st stirring, and 2nd
stirring. A Rhecomp-EEM equipment was utilized to prepare the
EEM, utilizing the same melt as that used for the final casting.
During the preparation of the slurry, the EEM was firstly
immersed into the melt held in a pouring ladle. Subsequently, it
was rotated by a motor (M,), as shown in Fig. 1(a). During the

Table 4: L18 experiment design

Water EMM EMM-to-metal Stirring
quench temp. (°C) ratio time (h)
1 Yes 100 6 15
2 Yes 100 7 18
3 Yes 100 8 21
4 Yes 120 6 15
5] Yes 120 7 18
6 Yes 120 8 21
7 Yes 140 6 18
8 Yes 140 7 21
9 Yes 140 8 15
10 No 100 6 21
11 No 100 7 15
12 No 100 8 18
13 No 120 6 18
14 No 120 7 21
15 No 120 8 15
16 No 140 6 21
17 No 140 7 15
18 No 140 8 18

Solution Solution Aging Aging
temp. (°C) time (h) temp. (°C) time (h)
505 S 160 S
520 M 170 M
535 L 190 L
520 M 190 L
535 L 160 S
505 S 170 M
505 L 170 L
520 S 190 S
535 M 160 M
535 M 170 S
505 L 190 M
520 S 160 L
535 S 190 M
505 M 160 L
520 L 170 S
520 L 160 M
535 S 170 L
505 M 190 S
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Ist stirring process facilitated by motor M,, there was a rapid decrease in
the temperature of the melt due to the formation of a-Al nuclei [Fig. 1(b)].
Following this, the 2nd gentle stirring process facilitated by motor M, was
conducted to ensure the homogeneous distribution of these nuclei throughout
the entire melt [Fig. 1(c)]. The slurry was then put into the shot sleeve of a
Buhler 840-ton die casting machine to form tensile bars. The tensile bars
were put into water within 15 s after being ejected from the movable die.

The melt composition in the holding furnace of casting machine was
measured and the results can be found in Table 5. To eliminate variations
caused by different die cavities, all the testing bars are from the same die
cavity, as shown in Fig. 2(a). The dimensions of the tensile bar, as per
ASTM B557 standard, are depicted in Fig. 2(b). The main processing
parameters applied in the HPDC process can be found in Table 6.

Heat treatments were done in an electrically heated air-circulating
chamber furnace with temperature deviation smaller than +5 °C. Heat
treatment was performed within two days after the completion of casting.
The aging treatment was carried out immediately following the solution
treatment.

Rotation
device

Rotation
device

Rotation
device

Enthalpy
exchange
L material

-

Melt
Melt Slurry
a-Al
nuclei
formed
dueto
rapid
cooling

(a) (b) (c)

Fig. 1: RSF slurry preparation: (a) EEM immersion; (b) 1st stirring;
and (c) 2nd stirring

Enthalpy
exchange
material has
dissolved
completely

Table 5: Composition of the A356 alloy

Si Cu Fe Mg Mn Zn Ti Al
6.84 0.017 0.117 0.412 0.011 0.0196 0.136 Bal.
200
75
62.50.1 50
| |
[ [
&
o R9
@
o

Fig. 2: Obtained casting with the sampling location marked (a) and
dimensions of tensile bar (mm) (b)

3.2 Mechanical property testing and
microstructural characterization

Specimens for microstructural observation were
all firstly wet ground using silicon carbide papers,
then mechanically polished and ultrasonically
cleaned. Specimens for optical microscopy (OM)
were etched using Keller's reagent (1% hydrofluoric
acid, 2.5% nitric acid, 1.5% hydrochloric acid and
95% distilled water). Scanning electron microscopic
(SEM) observations including energy dispersive
X-ray spectrum (EDS) were performed on a Carl
Zeiss AURIGA instrument equipped with Oxford
EDX systems.

Hardness test was conducted on polished specimens
using a Buehler VH3300 hardness tester with a load
of 50 g and loading time of 10 s. The hardness data
was averaged from 8-10 measurements. All the
quasi-static tensile testing was conducted using an
Instron 5982 tester at room temperature and a strain
rate of 1x10™ s, Three samples were tested for each
condition.

4 Results and discussion

4.1 Taguchi design experiment
results and analysis

Minitab software was employed to analyze the mean
values and S/N ratios of yield strength and tensile
elongation obtained in Table 7. These tests were
conducted under the same conditions as presented
in Table 4. Main effect plots for S/N ratio and
mean value of yield strength and tensile ductility
can be found in Fig. 3. The selection of optimum
parameters can be explained as below:

(1) Quenching has the minimal impact on the S/N
ratio of yield strength, but reduces mean yield
strength by 5 MPa compared to not quenching, as
shown in Figs. 3(a) and (b). Additionally, omitting
the quenching process results in a 4-point increase
in the S/N ratio of tensile elongation, and a slight
decrease in the mean value of elongation by 0.2%.
Therefore, it is preferable to avoid quenching
castings after they are extracted from die cavity.

(2) EEM temperatures of 100 °C and 140 °C
show similar impacts on S/N ratio and mean value
of yield strength, and both are more beneficial than
120 °C, as shown in Figs. 3(a) and (b). Increasing
EEM temperature from 100 °C to 140 °C improves
the S/N ratio of tensile elongation by 2.4 and

Table 6: Main processing parameters applied in HPDC

Holding temp.

Die temp.

Low speed High speed

Shot sleeve
heating temp.

Water temp.
of quenching

Water quenching
delay time

6705 °C 220+20 °C 0.20 m-s” 1.0m-s"
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increases its mean value by 1.0%, as shown in Figs. 3(c) and (d).
Therefore, an EEM temperature of 140 °C is preferred.

(3) An EEM-to-melt ratio of 6% shows the highest S/N
ratio for both yield strength and tensile elongation. While the
mean values of yield strength and tensile elongation under the
condition of EEM-to-melt ratio of 6% are only slightly lower
than the EEM-to-melt ratios of 7% and 8%. Hence, the optimum
EEM-to-melt ratio was set to 6%, as shown in Figs. 3(a) and (c).

(4) There is a trade-off in the S/N ratio and mean value of
yield strength and tensile ductility when selecting stirring time.
As yield strength has a higher priority according to product
requirement (strength critical), stirring time of 18 s is preferred.

(5) A solution temperature of 520 °C was selected as it
imparts the highest S/N ratio and mean value of yield strength.

(6) A solution time of M level (2 h) was selected as its
corresponding S/N ratio and mean value of elongation are the
highest, and its corresponding S/N ratio for yield strength is also
the highest. Moreover, the mean yield strength corresponding
to M level is only slightly lower than that obtained with other
levels.

(7) The ageing temperature was set to 190 °C considering
its corresponding highest S/N ratio and mean value of yield
strength.

(8) An ageing time of L level shows the highest S/N ratio

Table 7: Taguchi design experiment results

Pouring temp. 665 °C

Mechanical
properties Casting pressure Casting pressure Casting pressure Casting pressure
70 MPa 80 MPa 70 MPa 80 MPa

YS 219.6 2134 2137 196.2 189.5 181.2 2021 203.0 2121 206.5 2014 207.0
! EL 354 344 31 298 572 868 246 334 234 414 354 1.94
YS 228.6 227 228.7 240.3 233.7 2329 236.1 2339 246 241.7 2353 242.9
2 EL 218 286 058 340 1.72 142 264 696 426 350 4.18 1.94
YS 260.6 263.9 2757 257.3 | 2823 2556 267 * 2754 259.5 267.8 2571
3 EL 4.52 198 0.78 3.5 192 210 1.24 * 4.94 2.5 1.86 0.20
YS 260.1 269.8 259.9 264.7 266.2 2634 2557 259.2 2621 2654 256.3 254.8
4 EL 250 382 412 620 062 296 206 286 3.12 190 4.18 3.76
YS 1725 179.2 1855 1885 180 207.2 180.3 179.9 172.8 181.3 179.6
° EL 236 484 422 428 234 296 800 9.46 . 868 7.70 8.46
YS 2326 2299 2262 162.2 140.0 112.6 253.0 247.9 250.8 248.6 2555 248.6
6 EL 424 354 448 536 378 396 3.06 358 256 392 3.06 2.92
YS 2499 2529 2484 2447 250.7 2423 247.6 2541 2559 246.0 246.2 2451
! EL 1.84 210 042 1.70 2.68 182 3.34 140 288 1.48 1.72 3.24
YS 2439 2436 2471 2358 246.0 2394 2433 2376 2264 1981 212.1 218.1
8 EL 244 132 278 478 234 258 476 244 258 440 4.34 3.06
YS 184.3 182.8 1875 183.3 170.2 1774 166.6 173.6 1586 197.5 204.8 190.4
? EL 820 646 854 662 1122 860 410 466 9.16 6.06 3.22 3.44
YS 187.7 1950 176.7 196.3 1809 197.1 1914 207.4 180.3 1946 190.8 200.3
10 EL 4.60 166 348 324 310 410 488 488 460 516 4.78 0.60
YS 235.6 2225 2245 2446 2634 2559 25477 250.3 2517 2506 253.8 254.3
" EL 324 326 242 336 1.02 084 714 200 596 422 444 4.22
YS 231.0 2409 2265 229 2248 2209 2416 2354 2312 2321 2252 234.7
12 EL 336 296 536 092 4.06 1.36 1.30 1.64 1.66 180 3.50 2.02
YS 2105 217.8 1936 2639 2594 2687 236.3 236.3 2531 251.6 2482 254.9
13 EL 496 560 294 454 720 236 276 410 390 3.00 5.16 3.90
YS 2411 2442 2434 2228 230.8 220.2 2404 2419 239.8 231.0 2359 237.0
1 EL 252 3.16 128 216 114 566 396 4.96 4.9 1.68  2.00 3.78

YS 2129 206.3 199.3 189.0 209.6 2136 1984 2074 213.0 2784 229.1 *

1 EL 516 6.08 694 574 586 526 468 364 296 1.10 3.68 *
YS 229.1 2321 230.3 2353 2321 2420 2414 2448 2403 2414 2445 237.0
10 EL 550 540 548 410 068 512 300 356 438 338 496 0.72
YS 256.6 2451 2417 1894 165 181.3 248.6 2493 260.2 2229 226.8 2341
7 EL 320 548 1.82 152 574 612 460 394 384 283 566 4.36
YS 250.0 2471 2484 2403 237.2 2412 2428 2433 2464 239.0 24438 238.0
18 EL 392 436 434 310 506 284 336 588 3.02 234 350 0.38
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(a) Yield strength

Quench |EEMtemp.|EEM TMR] Swirl time | Solution temp.| Solution time [Aging temp.| Aging time
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Yes No 100120140 6 7 8 15 18 21505520535 S M L 160170180 S M L

(C) Elongation

76 Quench |EEM temp. [EEM TMR| Swirl time | Solution terp | Solution time | Aging temp | Aging time Quench | EEM temp. | EEM TMR | Swirl time |Solution temp.| Solution time | Aging temp. | Aging time
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(b) Yield strength

_— Quench | EEM temp.| EEM TMR| Swirl time | Solution temp.| Solution time | Aging temp.| Aging time
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Yes No 100120140 6 7 8 15 18 21505520535 S M L 160170190 S M L

(d) Elongation

No Yes 100120140 6 7 8 15 18 21505520535 L M S 160170190 L M S

No Yes 100120140 6 7 8 15 18 21505520535 L M S 160170190 L M §

Fig. 3: Main effect plots for S/N ratios (a and c) and mean values (b and d) of yield strength (a and b) and tensile
elongation (c and d) (in which EEM TMR means EEM-to-melt ratio)

and mean value of yield strength. In addition, the S/N ratio of
elongation corresponding to ageing time of L level is also the
highest and the corresponding mean value of tensile elongation is
maintained at a high level. Hence, an ageing time of L level (6 h)
is the optimum.

In summary, the optimized processing parameters are
as follows: no quenching, stirring for 18 s the EEM that is
pre-heated at 140 °C in the melt with an EEM-to-melt ratio of
6%, and then conduct a solution heat treatment for the obtained
castings at 520 °C for 2 h followed by an ageing heat treatment
at 190 °C for 6 h.

Using this set of optimum processing parameters as input, the
mean value and standard deviations were predicted for both yield
strength and tensile elongation. Predicted mean yield strength
using Minitab software is 279.5 MPa, while the predicted mean
elongation is only 2.01%, as shown in Table 8. By investigating
and analyzing the low-ductility samples, it is found that the main
reason responsible for the low ductility is that the 1st stirring
induced a large number of carbides and oxides. This part is not
the focus of current study, so the data was not included. After
optimizing the 1st stirring operation by removing the coating
agent from the stirring rod and adding a cover during water
spraying EEM to reduce carbon and oxygen contamination, a
small batch of 25 tensile bars were validated. The results indicate
an average yield strength of 275.8 MPa and an average tensile
elongation of 6.35%. The average yield strength is very close
to the predicted value, with a deviation of only 3.7 MPa. The
elongation is much higher than prediction. The minimal value
of yield strength reaches 256.1 MPa, while the minimal value of
tensile elongation reaches 5.03%.
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Table 8: Predicted values for tensile properties (UTS, YS,
and EL) based on Taguchi design experiment
and tensile properties obtained in a small batch

validation
Tensile Predicted Experimental
properties Stdev. X-3S Mean Stdev. X-3S
uTsS 3126  -0.22 315.8 341 305.56
YS 2795 -11.24 275.8 6.57  256.1
EL 2.01 1.0 6.35 0.44 5.03

4.2 Hardness and microstructural
characterization

4.2.1 Hardness

The selected samples for hardness testing and microstructural
characterization include the sample with the highest yield strength
referred as the best heat-treated sample B (UTS 305.5 MPa/YS
282.3 MPa/EL 1.92%), as marked in Table 7 by the green
frame, the sample with the lowest yield strength referred as the
worst heat treated sample W (UTS 280 MPa/YS 170.2 MPa/EL
7.98%), as marked in Table 7 by the red frame, and the
optimal as-cast sample F (UTS 226.8 MPa/YS 99.5 MPa/EL
8.66%). No visible casting defects can be found in the
fractured surfaces of these samples (Fig. 4). Five locations
were selected along the radius direction for micro-hardness
and microstructural characterizations, as shown in Fig. 5.
The hardness of eutectic regions was averaged from 3 data
points at each location while the hardness of the matrix was
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tested once at each location. The hardness results are shown in
Figs. 6(a) and (b) for eutectic region and a-Al matrix, respectively.
For eutectic regions, as shown in Fig. 6(a), Locations 0 and
1 of Sample F which are near the surface show a relatively
lower hardness (HV113.3 and HV117.6), while Location 4 of
Sample F which is closest to the center of cross-section shows
a much higher hardness over HV129, even higher than the
hardness after heat treatment at the same location. After heat
treatment, the hardness of Locations 0 and 1 is improved. The
hardness of Locations 0 and 1 of Sample B is about 6-7 HV
higher than the corresponding locations of Sample W.

The hardness of a-Al matrix is significantly increased after
heat treatment. For the as-cast sample F, its hardness increases
with the location moving from 0 to 3 along radius direction.
For Sample B and Sample W, their hardnesses near the surface
region (Location 0) are similar. However, at Location 1, a-Al
matrix of Sample B (HV113.0) is much higher than that of
Sample W (HV98.0), as shown in Fig. 6(b).

4.2.2 Microstructure

From the optical observations presented in Fig. 7, it can be
observed that eutectic Si exhibits a fibrous morphology in
the as-cast microstructure (Sample F), but transforms into a
spherical shape after heat treatment (Samples B and W).

4.2.3 Elemental analysis

The contents of Mg, Si, Cu, and Fe in the matrix and eutectic
region at Locations 0-4 in Fig. 5 were analyzed. The point
elemental analysis was performed on three points at each
locations for an average.

(1) In Sample B, Mg content increases from Location 0 to
Location 1 in both eutectic region and the matrix. In contrast,
in Sample W, the Mg content decreases from Location 0 to
Location 1 in the eutectic region and the matrix. At Location 1,
Mg content of Sample B in both areas is about 0.06% and
0.123% higher than those of W samples. In Sample F, almost
no Mg detected in the matrix at Locations 0-4, while in the
eutectic region, Mg content increases from Location 0 to
Location 1 and then decreases from Location 1 to Location 4,
as shown in Fig. 8.

(2) The concentration of Si in the matrix decreases from
5.07% at Location 0 to 1.68% at Location 1 in Sample B,
while in the eutectic region, its concentration increases slightly

130 : :
— | i -
0 1 1
;“ 125} i /5
= I 1
2 120k ! 12667 | A
Qe " | " i’ \ 17.383
S U orileer | S ~v¥
T nse ! \ ! 115i33 1
m3fzaz \ | I
10} | |
i i
1 ! 1

1 1 1 1 1 1 1 1 1 1
01234 01 2 3 4
B w

from 22.23% to 26.49%, as shown in Fig. 8. In Sample W, the
Si concentration in the eutectic region increases slightly from
19.85% to 20.66% at Locations 0 and 1, while in the matrix it
remains similar. In Sample F, the Si concentration exhibits a
similar trend to Sample W, with a moderate rise from 16.03%
to 18.00% in the eutectic region at Locations 0 and 1, while
remaining comparable in the matrix.

(3) In Samples B and F, the Cu concentration in both the
matrix and eutectic regions remains similar at Locations 0 and 1.
While for Sample W, the Cu concentration in the matrix
decreases from 0.38% at Location 0 to 0.13% at Location 1, and
in the eutectic region, it decreases from 0.28% at Location 0 to
0.19% at Location 1.

(4) In Sample B, the Fe concentration in the eutectic region
increases from 0.34% at Location 0 to 0.78% at Location 1,
while in the matrix, it remains almost unchanged. In Sample W,
Fe concentration in the eutectic region increases from 0.35%

at Location 0 to 0.59% at Location 1, while in the matrix, it
decreases from 0.10% at Location 0 to 0.04% at Location 1.
In Sample F, Fe concentration in both the matrix and eutectic
regions remains similar at Locations 0 and 1.

Fig. 4: Macro-structures of cross-sections of Samples B,
W and F near the fractured locations under optical
microscope

Fig. 5: Sampling locations on cross-section for micro-
hardness and microstructural characterizations
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Fig. 6: Hardness of eutectic regions (a) and a-Al matrix (b) at Locations 0-4 for Samples B, F and W
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Fig. 7: Microstructures of Samples B, W and F along radius direction under optical microscopic observation
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Fig. 8: Distribution tendency of Mg, Si, Cu, and Fe elements

4.3 Discussion
4.3.1 Effectiveness of Taguchi method

In Minitab 18, linear regression model was applied to build
correlation between response and one or multiple independent
variables. Assuming that the response is Y and x, to x, are factors
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Y, =B+ Bx;+B,x,+..

influencing Y, the linear regression model for row j is shown below:

rx Jr

(&)

+6‘j

where, ¢ is random error and f is regression coefficient.



Research & Development CHINA FOUNDRY

Vol. 21 No. 2 March 2024

In general, R is used to evaluate the accuracy of prediction
in relative to tested data. The equation for calculating R* is

shown below:

SS,
ITOr 6
S (6)

Total

R =1-

where, SSg.., is the regression sum of squares and SSy,,, is the
total sum of squares. In general, R ranges between 0 and 1,
and the larger value indicates a better prediction capability.

Take the mean value (ﬁ) and standard deviation (S) of
yield strength in the present study as an example, their linear
regression models are:

YS=227.51-2.28 Quench_Yes+2.28 Quench No+1.57
EEM temp. 100-2.28 EEM temp. 120+0.71 EEM
temp. 140+3.04 EEM TMR 6-1.03 EEM TMR 7-
2.02 EEM TMR_8-5.09 Stirring time_15+2.54
Stirring time 18+2.55 Stirring time 21+4.94 Solution
temp._505+7.92 Solution temp._ 520-12.85 Solution
temp._535-2.05 Solution time S-2.69 Solution time
M+4.74 Solution time_L-15.68 Aging temp. 160-5.30
Aging temp. 170+20.98 Aging temp. 190-16.37 Aging
time S-0.87 Aging time M+17.24 Aging time L (7

§=13.749-0.036 Quench_Yes+0.036 Quench_No-
4.76 EEM temp. 100+6.04 EEM temp. 120-1.28
EEM temp. 140-4.07 EEM TMR_6+0.18 EEM
TMR_7+3.90 EEM TMR_8+2.33 Stirring time_15-4.71
Stirring time 18+2.38 Stirring time 21+1.31 Solution
temp. 505-3.43 Solution temp. 520+2.11 Solution
temp._535+9.13 Solution time S-6.27 Solution time
M - 2.85 Solution time [.-4.83 Aging temp. 160+7.03
Aging temp. 170-2.20 Aging temp. 190-1.59 Aging
time S+4.65 Aging time M-3.07 Aging time L ®)

In Egs. (7) and (8), the coefficient of each variable indicates
the contribution of the corresponding variable for output.
Based on Minitab analysis, the R* value for mean yield strength
prediction is 0.9404, which shows very high consistency. The
R’ value for standard deviation of yield strength is 0.9892 and
the predicted standard deviation is -11.24 MPa. Though it
deviates from the preset constraint (5>0), it can be judged that
the standard deviation is too low. This can also be validated in
experimental results.

4.3.2 Influence of microstructure and element distribution
on mechanical properties

In comparison to the preparation of Sample W, the preparation
of Sample B involved using a lower temperature (100 °C vs.
120 °C) of EEM, a higher EEM-to-melt ratio (8mass% vs.
7mass%), and a longer stirring time (21 s vs. 18 s). This resulted
in the formation of a slurry with a higher solid fraction and a
more homogeneous distribution of solid in liquid. Samples W
and B experienced the same solution heat treatment (535 °C,
3 h), but Sample B experienced a higher ageing temperature
(190 °C vs. 160 °C) and a longer ageing time (6 h vs. 2.5 h). As
a result, Sample B exhibits a significantly higher yield strength
compared to Sample W (283.3 MPa vs. 170.2 MPa in Table 8).

The yield strength of the as-cast sample F is only 99.5 MPa.
However, after T6 heat treatment, the yield strength is
remarkably improved due to the ageing-induced strengthening
effect from the precipitation of Mg,Si phase. Based on the
micro-hardness testing results, both the matrix and eutectic region
of Sample B are apparently harder than those of Sample W
at Locations 0 and 1. According to Fig. 6, a surface hardening
case forms at Locations 0 and 1 after the T6 heat treatment.
This increased hardness of the surface hardening case offers
several benefits, including an improvement in the mean value
of yield strength and a reduction in variations generated during
production. In addition, the fraction of spheroidal precipitated
phase formed in the intergranular region at Location 1 in
Sample B is apparently higher than that at the same location
in Sample W, as shown in Fig. 7, which may also explain the
increased hardness at Location 1 after heat treatment.

In conventional die casting component, the skin layer that
solidified at a very fast cooling rate will be supersaturated
in Si and Mg elements "*. Due to Magnus effect, the pre-
solidified grains formed in the shot sleeve tend to flow away
from surface region during the cavity filling "’ In rapid slurry
forming process, no chilled layer is formed in the sub-surface
of casting coupon at Location 0, as shown in Fig. 7. Based on
micro-hardness results in Fig. 6, the surface hardening effect
mainly comes from eutectic region. Eutectic region consists
of the matrix and multiple intermetallic phases including
Mg,Si, Al,FeSi, and Al,CuMg,Fe ®”. With an increase in Mg
content, more Mg,Si will precipitate out to form dislocation
which impedes the movement and deformation of crystals,
thus improving the hardness ' Tt is found that the changing
trend of Si content in the eutectic region at Locations 0 and 1
is similar as the evolution trend of hardness. In addition, the
Mg content at Location 0 in Sample B is lower than that in
Sample W but vice visa at Location 1. Hence, it is inferred that
the Si concentration determines the surface hardening effect
induced by ageing. Meanwhile, a high concentration of Mg at
Location 1 has a synergistic effect on hardening along with Si.
After solution heat treatment, Si particles in the eutectic region
become spherodized **, forming nano-sized Mg,Si precipitates
in the subsequent ageing process ). Sample B experienced a
higher ageing temperature (190 °C) and a longer ageing time (6 h)
than Sample W, both of which significantly contribute to the
desired ageing hardening effect.

5 Conclusions

(1) According to Taguchi method and its parameter filter
criteria, the optimum parameters for the pursuit of the most
robust yield strength and tensile elongation of semi-solid A356
alloy are as follows: no quench, EEM temperature of 140 °C,
EEM-to-melt ratio of 6mass%, stirring time of 18 s, solution
heat treated at 520 °C for 2 h, and ageing heat treated at 190 °C
for 6 h. In a small batch validation, the -3S yield strength and
-3S elongation reach 256.1 MPa and 5.03%, respectively,
showing a satisfactory robustness.
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(2) Locations 0 and 1 of Sample F, which are near the surface,
show a relatively lower hardness in eutectic regions. After heat
treatment, the hardness at Locations 0 and 1 of Sample B with
a higher aging temperature and a longer aging time is slightly
higher than the corresponding locations of Sample W. Eutectic
Si transforms from fibrous morphology in as-cast state into a
spherical shape after heat treatment. In addition, the changing
trend of Si content in the eutectic region at Locations 0 and 1 is
similar as the evolution trend of hardness.

(3) After T6 heat treatment, the strength of tensile bars is
remarkably improved by forming a hardening case on the surface.
During solidification of the slurry with a high solid fraction, the
fraction of spheroidal precipitated phase in the eutectic region of
surface is relatively higher, which contributes to the precipitation
of more Mg,Si phase in the surface hardening case with the aid
of an optimum heat treatment recipe. This will increase the mean
value of yield strength, reduce the variation in yield strength,
greatly improving -3S value of yield strength.
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