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Abstract

The semi-solid metal forming using high pressures has been applied for several
years. In contrast, low pressure casting such as gravity sand casting has not been widely studied
even though it may help reduce porosity defects, offer a better casting yield and increase die life.
The reasons might be lower viscosity of slurry, limited data of initial solid particles and fluidity,
and porosity in slurry casting parts. However, the sand casting process benefits in small batch
castings, big part and complex shape castings.

This research aims to study the application of GISS process semi-solid
aluminum alloy castings in gravity sand mold. There are three parts of this work (1) a feasibility
study of aluminum alloy 356 semi-solid slurry in sand mold, (2) characterization of initial solid
particles and fluidity of aluminum alloys 383, 356 and 7075 semi-solid slurries and (3)
investigation of porosity and mechanical properties of aluminum alloy 356 semi-solid slurries.

The first part is the feasibility study o f 356 slurries in gravity sand mold. A
semi-solid gravity sand casting process using the Gas Induced Semi-Solid process was
investigated. The results show that the process can produce complete parts without observable
defects. The ultimate tensile strength and elongation of semi-solid cast samples are higher than
those of the liquid cast samples about 9% and 1.4%. In addition, the semi-solid sand casting
process gives a better casting yield about 10%. From these results show the feasibility of GISS
process applied to semi-solid gravity sand casting.

The second part of this work applied the rapid quenching method and the
modified gravity fluidity casting to characterize the initial solid fraction, fluidity, and
microstructure of semi-solid slurries with three commercial aluminum alloys: 383, 356 and 7075

alloys. The results show that the initial solid fractions can be controlled by varying the



(8)

rheocasting time. The rapid quenching mold can be used to determine the initial solid fractions.
In this method, it is important to apply the correcting procedure to account for growth during
quenching and to include all the solid phases. The microstructure characterization results show
that the solid particles in the slurries flow uniformly in the channel. Uniform and fine
microstructure with limited phase segregation is observed in the slurry cast samples. The fluidity
study results of semi-solid slurries show that the fluidity decreases as the initial solid fraction
increases. The decrease is relatively rapid near the low end, but is quite slow near the high end of
the initial the solid fractions of the slurries. All the three alloys follow this trend. However the
fluidity of 7075 is still well at high solid fraction about 30%.

The last part is to study of porosity quantities and mechanical properties of 356
aluminum alloy produced by GISS process with different solid fractions, shape factors, and
modulus ratios. The porosity index is determined by a summation of three different porosity
analysis methods; density analysis, gamma ray analysis, and cross section analysis. The results
show that the porosity index of slurry casting samples with high modulus ratio M /M, 1.2) is
lower than that of the conventional casting samples about 50%. The quality index of slurry
casting depends on solid fraction, shape factor, and modus ratio which effect on feeding distance
during solidification.

From these studies found that gravity sand casting with GISS process results in;
improvements of casting yields, uniformities of casting parts, and reductions of shrinkage
porosities leading to decrease metal slurry consumptions, low solid fraction and small solid
particles keep fluidity. However, optimum solid fraction for gravity casting depended on shape,

size and feeding distance of cast metals.
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AN 3 1150 4 druFununasuvuauy ivaadliidaunu Tduededamu
] Y v
TasmvosnnudaioviagigauesFuiiuasuuauions1du Tugaa
9
o 1 [ A [ ] 1 I 1
MM, = 0.8 dadu31nga W/T =2 11 3.1% Iagfununasdadiuvedndd 5% Iagage

v Y
3.4% neandnlugdea MyM, = 0.8 uazdadinugings WT = 4 dausunuvdedadiu

YO 18% NArgegad W/T = 4 i 3.3%
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gamgnsnae | manudusadegega | manubadevia “Gvﬁﬂmmwsﬁmm
(MPa) (%)
CVC-M_08M,-WIT 257.4 2.8 325
CVC-M08M,-W2T 260.9 3.1 336
CVC-M_08M,-W3T 258.6 2.7 323
CVC-M08M,-W4T 253.0 3.1 326
CVC-M_10M,-WIT 225.8 2.6 287
CVC-M_10M,-W2T 232.5 2.6 294
CVC-M_ 10M-W3T 236.8 2.6 298
CVC-M_10M,-W4T 235.6 2.4 292
CVC-M.12M-WIT 203.1 2.6 264
CVC-M_12M,-W2T 171.9 2.5 233
CVC-M_12M,-W3T 187.6 22 240
CVC-M_12M,-W4T 213.1 2.4 271
R3S-M_08M,-WIT 247.5 3.0 320
R3S-M_08M,-W2T 254.8 2.9 324
R3S-M_08M,-W3T 276.9 33 355
R3S-M_08M,-W4T 258.9 3.4 339
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A15199 4.4 (d0)

ANNIZNINAD AAUATULITIAIGIGA Annudaiioa ”Gvﬁﬂmmw%ymm
(MPa) (%)
R3S-M_10M,-WIT 206.9 2.6 268
R3S-M_10M,-W2T 234.8 2.7 299
R3S-M_10M,-W3T 269.4 3.0 344
R3S-M_10M,-W4T 249.2 2.7 314
R3S-M_12M,-WIT 195.5 2.5 256
R3S-M_12M,-W2T 2103 2.4 268
R3S-M_12M,-W3T 209.6 2.5 268
R3S-M_12M,-WA4T 229.5 2.6 291
R8S-M_08M,-WIT 261.2 2.9 331
R8S-M_08M,-W2T 267.8 2.9 338
R8S-M_08M,-W3T 277.2 3.0 349
R8S-M_08M,-W4T 272.9 3.3 352
R8S-M_10M,-WIT 2212 2.6 283
R8S-M_10M,-W2T 225.1 2.5 285
R8S-M_10M,-W3T 248.9 2.9 285
R8S-M_10M,-W4T 258.8 2.9 329
R8S-M_12M,-WIT 191.1 2.2 241
R8S-M_12M,-W2T 212.7 2.4 269
R8S-M_12M,-W3T 210.9 23 266
R8S-M_12M,-W4T 210.2 2.8 278

Y 1
HA9INAIAMNA LT IANGIgavoITUIUNoATd I Tugdd MM, = 1.2
Qy a 1 J Qy 1 { o 1 <
Hag W/T = 1 Y93¥UNUUUUANNAT 203 MPa 4N 1FUNUNADNTATIUVDIUL 5% (196
ay ' { o 1 < ) [ { o 1 {
MPa) tazFuiunaoNdadiuvenda 18% (191 MPa) dvsudunaiildaunaoh

[ 1 I~ 1 c'v 1 1 [ [ 1 1
AATIUVOILUILAIRIN ﬁﬁﬂﬁ?ugﬂﬂﬁﬂﬂﬂﬂﬁ’n 1!']ﬂ$ﬁwa111%1ﬂﬂ'lﬁﬂﬂﬂllfﬂll§ﬂ°ﬂﬁ\1 Tag
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FAU 2.0 111909A1WHU (2.0T) fanaaslugili 4.13 (v) [21] Tag Carlson and Beckermann

Y= Jd . . . . = = 1 Qy
[22] ladnmszeziloumumnaum Niyama (Niyama criterion; Ny) WS UMeUTLHINNFUNU

[

< a ' 4 I @
anna1 WCB ozgilitloundu A356 uazuuniiifon AZo1D wuNszezilouduegnudnas

9

S Y S w ) Y 9 A = [ o
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=1
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— — 1
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T

T~ 1 |T
= &L =T
R |

A A a Y 1 Qy

511 4.14 wavesszezilouiinaningau nazdiutareduaiu [20]
[ a @ 1 ay a I

uaNIMstna Inssaananmeluryunuezgiitionnay 356 1WuTnsavua

3 o A A 3 o o o 9

ANNIZIANTZIE MUNYANTTUVDI TanNUFINTHVIAI1 danaaalugl) 4.15 [21] v

M3 1S aqunuanain lunw [14]

Coarse, dispersed porosity
in and near riser

Coarse, dispersed
porosity at
heat center

I Caﬁmg '

Fine, dispersed
porosity frequently — |~
arranged in layers

A a @ Qy Aa S o d [
zﬂﬂ 4.15 mimﬂTWNﬂﬂmiu%mmﬂuﬂ"l’i!,!flmml,ﬂmnﬂ [21]

9
o o v A 13 o v @ 1 U
ﬂslfﬁ‘f’]ﬂ!ﬂTINfﬂ1’ii‘lJGI)'L!\‘l”I‘L!ﬁﬁﬂLﬂuﬂTiuTﬂ'JWﬂJﬁNWHﬁ’ﬁS’JW'JN?‘I"Iﬂ'J"IZJgﬁu

= ' o 1 A A o
Lli\iﬂ\iﬂl‘:\?q@ (UTS) 573unUAIANNIALNDUIA (E%) ANFUNT (4.13) [22]

Q=UTS+150log E 4.13)
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yield A semi-solid gravity sand casting process nsing the Gas Indoced Semi-Solid process was investigated. The results show that
the process can produce complete parts with no observable defects. The ultimate tensile strength and elongation data of semi-solid
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1 Introduction

The semi-solid metal forming 15 mostly appled with
high pressures[1]. This process has a npumber of
attractive properties, such as laminar filing of die
cavities, reduced poresity and improved mechamical
propertes[1-3, 4]. In conmrast, the grawvity sand casting
has not been commonly used because the lower flmdity
of the shury has generally made therr gravity
impossible[5] even though it has several advantages in
small lots, complex parts ar big parts[3, 5-6].

The waper disadvaplages ol gravily saml casing ae
low casting vield and high posaibility of defects, such as
shrnkage and gas porosi]3,7].

In addition, the proper gatng and niser desigm mmst
be carefully considered mm the conventional sand
casting[8-7]. Therefore, the semi-solid casting has been
considered in this convenfional sand casting. Presently,
only a small number of semi-solid gravity casting studies
have been camied out.

MASAHITO et al[3] developed transihon coatrolled
semu solid melding (TCSEM) for ductile won in lost
foam sand mold casting. In the process, the vacuum
system increases the flmdity of casting. The results show
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that sound casting of pipe fits with no core and no nser,
and turbo housmg with no shnnkage and no nser, anc
agbout 25% higher casting vield than the conventional
process.

WANNASIN et al[10] reported that semu-solid sanc
casting of Al-Cu B204 reduced hot tearmg and hac
sufficient fluidity to fill the molds even with a low
ETavily pressure.

According to the hiteratures, it can be concluded tha:
the semi-sobid grawvity sand casting 15 possible to be
performed and can give several benefits.

Currently, no research focwsing on the semi-solic
gravily seod castiong  wib AlIT503MpTe has Leeo
reported even though this alloy has excellent flmdity,
resistance to hot cracking, low solidification shrinkage,
and good machmabihty after T6[3]. Therefore, this work
aims to study the feasibibity of the semi-solid grawity
with Al7E10.3MgFe casting in rand mold by the zas
mduced semi-sehd (GISS) process[11].

2 Experimental
1.1 Materinls

The secondary Al75:10.3MgFe ingots (commercial
grade “AC4C™) were bought from a local producer in
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Abstract: The semi-solid metal forming using high pressures has been applied for
several years. In contrast, low pressure casting such as gravity sand casting has not
been widely studied even though it may help reduce porosity defects and offer a better
casting yield. A semi-solid gravity sand casting process using the Gas Induced Semi-
Solid process was investigated. The results show that the process can produce
complete parts with no observable defects. The ultimate tensile strength and
elongation data of semi-solid cast samples are higher than those of the liquid cast
samples. In addition, the semi-solid sand casting process gives a better casting yield.
It can be concluded that semi-solid sand casting of an aluminum alloy using the GISS
process is a feasible process.
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1 Introduction

The semi-solid metal forming are mostly applied with high pressures[1]. This
process has a number of attractive properties such as laminar filling of die cavities,
reduced porosity, and improved mechanical properties[1-3, 4]. In contrast, gravity
sand casting has not been commonly used because the lower fluidity of the slurry has
generally made their gravity impossible[5] even though it has several advantages in
small lots, complex parts or big parts[3, 5-6].

The major disadvantages of gravity sand casting are low casting yield and high
possibility of defects such as shrinkage and gas porosity[3, 7].

In addition, the proper gating and riser design must be carefully considered in the
conventional sand casting[8-9]. Therefore, semi-solid casting has been considered in
this conventional sand casting. Presently, only a small number of semi-solid gravity
casting studies have been carried out.

MASAHITO et al[3] developed Transition Controlled Semi-Solid Molding
(TCSSM) for ductile iron in lost foam sand mold casting. In the process, the vacuum
system increases the fluidity of casting. The results show that sound casting of pipe
fits with no core and no riser, and turbo housing with no shrinkage and no riser, and
about 25% higher casting yield than the conventional process.
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WANNASIN et al[10] reported that semi-solid sand casting of AI-Cu B206
reduced hot tearing and had sufficient fluidity to fill the molds even with a low
gravity pressure.

According to the literatures, it can be concluded that the semi-solid gravity sand
casting is possible to be performed and can give several benefits.

Currently, no research focusing on the semi-solid gravity sand casting with
Al7Si0.3MgFe has been reported even though this alloy has excellent fluidity,
resistance to hot cracking, low solidification shrinkage, and good machinability after
T6[8]. Therefore, this work aims to study the feasibility of the semi-solid gravity with
Al7S10.3MgFe casting in sand mold by the Gas Induced Semi-Solid (GISS) process

[11].
2 Experimental
2.1 Materials
The secondary Al7Si0.3MgFe ingots (commercial grade “AC4C”) were bought
from a local producer in Thailand. It was produced following the JIS H 5202-1999

standard[12]. The chemical composition of the alloy is shown in the Table 1.

Table 1 Chemical composition of the alloy used in the experiment (mass fraction, %)

Si Fe Cu Mn Mg Zn Ti Cr Ni

6.95 0.42 0.03 0.04 0.39 0.01 0.10 0.004 0.006

The trial casting part in this experiment is obtained from a small casting company
as shown in Fig.1.The trial cast part consists of three sections: thick section (A),
circular section (B) and tube section (C).

Two pieces of wood split pattern for sand mold and core box were machined
following the drawing. The two pieces of the core box were made of wood with the
diameter of 2.5 cm and the length of 90 cm.

>

SECTICN C-C
SCALE2:15

Fig.1 Drawing of trial casting part

2.2 Sand Mold

Green sand molds were prepared by manual ramming. The sand for molding was
recycled sand, added with bentonite 0.75%, and water 1.75%. The mixing was done
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by a rotary sand mixer. The CO; sand cores were pure sand and rammed in a core
box. The cope and drag were made of wood with the thickness of 1.5 cm and the
outer dimensions of 30 cmx26 cmx7 cm. The conventional casting used
unpressurized gating system with the side gate (1 cmx1.8 cm), a tapered sprue[9,13],
and a top riser (40 mm diameter). The semi-solid casting used tapered sprue and top
gate[14] (diameter 2.6 cm), and no riser as shown in Fig.2.

Fig.2 Gating system of conventional casting (a) and semi-solid casting (b)

2.3 Semi-solid slurry preparation

The alloy was melted at 730 + 15 'C, and treated with commercial cleaning flux
and degassing flux.

The slurry was prepared by immersing a porous graphite in the molten aluminum
above the liquidus temperature and introducing fine inert gas bubbles in the melt. The
schematic of the GISS process is shown in Fig.3[11].

From preliminary studies, the solid fraction higher than 10% had a chance of
unsuccessful filling of the mold cavity. In this experiment, the solid fractions were
selected to be about 5% and 10%.

) Injectinert gas
Graphite
dilfuser

|

Malten metal Slurry

[ ]
Ladle “
Inert Gas

Bubbles

Fig.3 Schematic of the Gas Induced Semi-Solid process
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Fig.4 Schematic of the GISS sand casting process

2.4 Casting

This study consists of four experiments. The first and second experiments are
conventional sand casting pouring with a high temperature 740 C (CVCl), and a low
pouring temperature 690 C (CVC2) as shown in Table 2. The third and fourth
experiments are semi-solid sand casting at the solid fractions of about 5% (SSM1) and
10% (SSM2) as shown in Table 2. The schematic of the GISS sand casting is shown
in Fig.4.

Table 2 Condition of the experiments

Experiment Casting Conditions
Conventional casting (CVC1) Pouring temperature 740 :C
Conventional casting (CVC2) Pouring temperature 690 C
Semi-solid casting (SSM1) Solid fraction 5%
Semi-solid casting (SSM2) Solid fraction 10%

2.5 Analysis

Both of the conventional and semi-solid sand casting samples were heat treated
with the T6 condition (solution treat at 540 C for 6 hours, quenching in the water,
aging at 180 C for 6 hours)[15].

The metallographic samples were obtained by sectioning the thick position of the
trial part.

The tensile test specimens were selected from the thick section of the trial casting
part and machined according to the ASTM B557M standard as shown in Fig.5[16].
The specimens with length of 36 mm, diameter of 6 mm, gage length of 30 mm, and
fillet radius of 6 mm were used.

e O o
t

1
=== R 8

Fig.5 Specimens for tensile testing[16]
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3 Results and discussion
3.1 The cast samples
The casting parts of conventional and semi-solid casting are shown in Fig 6. The

conventional part consists of a side gate and a top riser at the thick section. In
contrast, the semi-solid part has only a top gate.

L -

Fig.6 Casting parts prepared by conventional casting (a) and semi-solid casting (b)

All the casting conditions can produce complete filling. The semi-solid parts
achieved good feeding at low solid fractions, which agrees with the results by
WANNASIN et al[10], which show feasible gravity casting and by YURKOO[4],
which show that semi-solid slurry at low solid fractions can flow like a superheated
melt. Also, KIRKWOOD et al[17] reported that the apparent viscosity for A356 at
different shear rates at a low solid fraction (<0.1) did not have very high viscosity
[17].

3.2 The Microstructure

3.2.1 As cast microstructure

The microstructures of the semi-solid castings at the solid fraction 5% and solid
fraction 10% are quite similar. The microstructures of the conventional sand casting at
the pouring temperatures of 740 C and 690 °C are also similar.

The typical microstructures of conventional sand casting are shown in Fig.7 (a)
and (b). A comparison shows that the microstructure of conventional casting has large
dendritic structure. However, the semi-solid castings shown in Fig.7 (¢) and (d) have
finer non-dendritic structure.
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Fig.7 Typical microstructures of samples by different castings: (a) CVCI, 740 'C; (b)
CVC(C2, 690 C; (c) SSM1, SF5%; (d) SSM2 SF, 10%

Fig.8 Typical microstructures of samples by different castings: (a) CVC1, 740 'C; (b)
CVC2, 690 C; (c) SSM1, SF5%; (d) SSM2, SF 10%
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The finer and non-dendritic microstructure of the semi-solid samples is achieved
by the GISS process as reported elsewhere [11].

As shown in Fig.8, the microstructure of the conventional casting at a high
temperature “CVC1” has coarser eutectic structure. This is because the high pouring
temperature results in a low cooling rate. The results of the low pouring temperature
and both of the low solid fractions show that the eutectic structures are finer.

A ‘ tan L1 £ ', 5
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Fig.9 As-cast microstructures of different positions by different castings (a), (a’)
position A; (b), (b’) position B; (c), (¢’) position C; (a), (b), (¢) Conventional
casting; (a’), (b’), (¢’) Semi-solid sand casting

3.2.2 Microstructure uniformity

A microstructure uniformity analysis is conducted to confirm the feasibility of
semi-solid sand casting. The specimens were cut from 3 positions of the sample parts
as shown in Fig.9. The results show that for both cases of conventional and semi-solid
castings, the microstructure is quite uniform. The only difference is the finer size of
the semi-solid structure.
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3.2.3 Microstructure after heat treatment

The microstructures after T6 heat treatment of both cases are given in Fig.10. The
results show that the silicon particles are rounder in the semi-solid samples[18]. This
is expected since the eutectic structure in the as cast condition is also finer for the
lower casting temperatures.

3.3 Mechanical properties

The ultimate tensile strength and standard error from 5-6 samples for the
conventional castings CVC1 and CVC2 are (246.2+11.3) MPa, and (254.1+2.1) MPa,
respectively. The values are slightly lower than the semi-solid samples SSM1
((268.0+6.3) MPa), and SSM2 ((262.6+9.7) MPa). The results are shown in Fig.11.

Fig.10 Mlcrostructures of s_amples aftef heat treatment: (a) CVCl 740 C; (b) CVC2
690°C; (c) SSM1, SF5%; (d) SSM2, SF 10%

The elongation results also show the same trend in Fig.12. The semi-solid samples
have slightly higher values (SSM1(5.4+0.3)%, and SSM2 (5.440.6)%) compared with
the conventional casting (CVC1 (4.0+0.5)%, and CVC2 (5.1+0.4)%).

The finer primary phase and eutectic structure may be responsible for this
slightly better properties [7].
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Fig.11 Tensile strength of conventional and semi-solid casting
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Fig.12 Elongation data of each process

A previous study by SHABESATARI et al[18] reported their results of A356-T6
sand cast at different thicknesses as summarized in the Table 3.

Table 3 Mechanical properties of sand cast samples after T6 heat treatment|[ 18]

Thickness Unmodified Sr Modified Sb Modified
(mm) UTS (MPa) EL (%) UTS (MPa) El (%) UTS (MPa) El (%)
3 274+4 2.3+0.8 288+4 4.8+0.5 291+7 4.1+1.3
5 26613 2.2+0.8 28216 4.4+0.7 273+7.5  4.0+0.9
7 263+11 1.9+0.9 275+5 4.3+0.8 272+4 3.6+0.9
9 25449 1.8+1.1 271+7 4.3+0.9 26813 3.2+1.1

Compared with these results, it is noted that the average ultimate tensile strengths
of the semi-solid casting (268 MPa and 262 MPa) are not different when compared
with A356-T6 unmodified in Table 3. The elongation of the semi-solid casting with
the solid fraction of 5% and 10% of about 5.4% is slightly higher than all the results
in the Table 3[18]. The result shows that the semi-solid casting can give acceptable
properties compared with other conventional sand casting processes.
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3.4 Casting yield

The semi-solid casting yields of SSM1 (51.7+1.6%), and SSM2 (52.8+1.7%) are
higher than conventional casting yields CVC1 (37.6+0.6%) and CVC2 (38.4+2.8%)
as summarized in Fig.13.

Yield (%)
60 - 51.7 52.8
50 A 3

40 -
30
20
10

0 1 1 ] 1
CVC1-740 C CV(C2-690 C  SSMI-SF 5%  SSM2-SF 10%

H

37.6 384

Fig.13 Casting yield of each process

The casting yield of the semi-solid casting is improved in this experiment even
though the semi-solid casting needs to use a bigger gate. In this experiment the semi-
solid casting can eliminate the use of a riser, so the casting yield is increased from
about 40% to 50%. The semi-solid casting without a riser can also complete the
feeding of the thick part because the lower casting temperature of the semi-solid
casting can decrease shrinkage[3].

The higher casting yield not only reduces the energy cost[3] but also reduces the
environmental impact from the low casting temperature.

4 Conclusions

1) Gas Induced Semi-Solid casting of Al7Si0.3MgFe at a low solid fraction can
fill the casting in gravity sand casting.

2) The results of the ultimate tensile strength of semi-solid casting are similar to
those of the conventional casting. However, the elongation data of the semi-solid sand
castings are slightly higher than those of the conventional casting, especially when
compared with the high-temperature casting.

3) The casting yield of the semi-solid process is higher than that of the
conventional casting. This is due to the elimination of a big riser.
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Absiract. A new approach to evaluate flwidity of send-solid rhec-shomies was developed The
equipment was desizned in order to reduce pounng ermor by using botiom tapping and hesfed
tapping ladle. Commescial AC4C ahmmimem alloy shimes were tested n spiral sand meld by
gravity casting. The shumies wers prepared by infrodncong fine gas bubbles info molien mesal sbove
the liquidns temperstore at different rheocasting fimes Average fluidity and microstructures of cast
spirals were reported. Fesults show that the spiral microstmacnme is non-Jendritic and the fuidity of
ACAC alloy decresses with ineasing solid fraction. In conclusion, the spiral casting methiod using
bottom tapping can be wsed to evahiate the flwidity of theocast shuries in gravity sand casting.

Intredoction

Seni-solid casting processes have been used o fonm conumercial casting parts for many years
[1]. Shomies with non-dendridc microsoucnme are cast berween the ligmdus and solidus
temperanre. Benefits of shory casting are reducing energy consumpiion, less nmbulent flow, less
gas enmapment, and less shrinkage [1]. In recent years, there has been smadies of shory cosung
showing the feasibility of the process. EamaﬁmetaLF]-sh.mrEdpﬂamﬂﬂmmw::fEEﬂﬁ
ahmmimun-copper alloy shory in sand mold by gravity casting. In sddition Chmchesp et al. [3] has
shivwn the fessibality of sravity casting of AC4C ahemimnm alley shury in sand moeld with higher

However, it is zenerally knowm that high wiscosity of shuries decresses the fesdability in
castings [1], especially in gravity casting which is an economic process for small barches [4]. In
metal castng, fillability of casang alleys can be evalusted by fhodity test. The fnidity is defined as
the ability of molten metal fo Sow before being stopped by solidificatgen [5,6,7]. The data is used
by foundrymen o design the gafing system and castng geomery, particulardy, for the thinmer snd
lighter components in aeTcspace and aniomotve mdnsoies [7]. However, in gravity sand castong,
quanfitative fmdity studies of theo-slumes have not been reported.

In literamure, a few groups of researchers worked on low-pressure fluwidity tests of shemies. For
example, Mirzadeh and Niroumend [4] repomed that the finidity vanes with the square of the lquid
comtent (Ly oc £°) in A1-7%51 by centrifiigal casting. Sumartha [8] reported that the flwidity of
rheocast ASS6 wsing vaomm fhidity method is redoced with the increasine solid content (Ly o« £).
In addifion, Wannasin et al. [2] fowmd expected flwidity of BI04 alumimm-copper alloy with
gravity sand casting nsing mamms] pearing inne 3 pouring basine However, semi-solid shomies are
difficult to control lamimsr feeding in a big basin as in convenfional spiral fhodity casung In
addiden 1t iz quite difficult to conmol the initsl velociny of the shomies when using mamesl pourine
inbe the basing The inproved method of flndity casting by Ssbatino et 2] [7] can be adaped to
stdy the fhadity of sharies. The method uses botiom tapping confrolled by 3 pneumatic cylinder,
and comstan: sharmy velocity conmolled by the pressare head of the tapping ladle. This work has
developed the aquipment o test the fuidity of fheo-shomies in gravity sand casting. The Suwidity of
ACAC connmercial abmmimmm alley using this methed s reported and dismssed.
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Abstract. A new approach to evaluate fluidity of semi-solid rheo-slurries was
developed. The equipment was designed in order to reduce pouring error by using
bottom tapping and heated tapping ladle. Commercial AC4C aluminum alloy slurries
were tested in spiral sand mold by gravity casting. The slurries were prepared by
introducing fine gas bubbles into molten metal above the liquidus temperature at
different rheocasting times. Average fluidity and microstructures of cast spirals were
reported. Results show that the spiral microstructure is non-dendritic and the fluidity
of AC4C alloy decreases with increasing solid fraction. In conclusion, the spiral
casting method using bottom tapping can be used to evaluate the fluidity of rheocast
slurries in gravity sand casting.

Introduction

Semi-solid casting processes have been used to form commercial casting parts
for many years [1]. Slurries with non-dendritic microstructure are cast between the
liquidus and solidus temperature. Benefits of slurry casting are reducing energy
consumption, less turbulent flow, less gas entrapment, and less shrinkage [1]. In
recent years, there has been studies of slurry casting showing the feasibility of the
process. Wannasin et al. [2] showed potential fluidity of B206 aluminum-copper alloy
slurry in sand mold by gravity casting. In addition, Chucheep et al. [3] has shown the
feasibility of gravity casting of AC4C aluminum alloy slurry in sand mold with higher
casting yield.

However, it is generally known that high viscosity of slurries decreases the
feedability in castings [1], especially in gravity casting which is an economic process
for small batches [4]. In metal casting, fillability of casting alloys can be evaluated by
fluidity test. The fluidity is defined as the ability of molten metal to flow before being
stopped by solidification [5,6,7]. The data is used by foundrymen to design the gating
system and casting geometry, particularly, for the thinner and lighter components in
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aerospace and automotive industries [7]. However, in gravity sand casting,
quantitative fluidity studies of rheo-slurries have not been reported.

In literature, a few groups of researchers worked on low-pressure fluidity tests of
slurries. For example, Mirzadeh and Niroumand [4] reported that the fluidity varies
with the square of the liquid content (L¢ oc fi?) in Al-7%Si by centrifugal casting.
Sumartha [8] reported that the fluidity of rheocast A356 using vacuum fluidity
method is reduced with the increasing solid content (L¢ oc f;). In addition, Wannasin et
al. [2] found expected fluidity of B206 aluminum-copper alloy with gravity sand
casting using manual pouring into a pouring basin. However, semi-solid slurries are
difficult to control laminar feeding in a big basin as in conventional spiral fluidity
casting. In addition, it is quite difficult to control the initial velocity of the slurries
when using manual pouring into the basin. The improved method of fluidity casting
by Sabatino et al. [7] can be adapted to study the fluidity of slurries. The method uses
bottom tapping controlled by a pneumatic cylinder, and constant slurry velocity
controlled by the pressure head of the tapping ladle. This work has developed the
equipment to test the fluidity of rheo-slurries in gravity sand casting. The fluidity of
AC4C commercial aluminum alloy using this method is reported and discussed.

Experimental Procedures

The AC4C (JIS H5202) commercial aluminum alloy was used in this study. The
chemical composition of this alloy is given in Table 1.

Table 1. Chemical composition of aluminum alloy AC4C

Alloys Si Fe Cu Mn Mg Zn Ti Ni Pb Al

AC4AC 640 041 0.06 0.04 0.26 0.03 0.06 0.01 0.01 Balanced

The alloy was melted in a resistant furnace at 720 + 15 °C, and treated with
commercial cleaning and degassing fluxes. The semi-solid slurries in this experiment
were prepared by the Gas Induced Semi-Solid (GISS) process [9]. Approximately
1 kg of the alloy was poured into a cup. A porous graphite rod was then immersed
into the molten alloy at 620 °C, about 7 °C above the liquidus temperature of the
alloy. Three gas inducing times were used: 5, 10 and 20 seconds. A schematic drawing
of the GISS technique is shown in Fig. 1.

Flow meter

Graphite
Diffuser

Inert gas

bubbles Farost
L il

Fig. 1. Schematic diagram of the GISS technique [9]. Fig. 2. Spiral fluidity sand mold.
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A spiral fluidity pattern had a cross section of 9.1 x 7.6 mm [6] without curved at
the bottom, consisted of 3.5 turns and the maximum running length of 1.2 m [7].
Recycled sand 95%, bentonite 0.5% and water 1.8% were mixed by a rotary sand
mixer. Spiral fluidity test sand molds were prepared by manual ramming as shown in
Fig. 2.

Adjustable —» - Pneumatic
frame cylinder
Q Conne;ting Gralphite
ro plug
% g l"::l];pvix;tgh :_ Spiral sample
% % heater W7 \:%)
9 © P

(a) (b) (c) (d) (e
Fig. 3. Schematic diagram of the spiral fluidity casting process (a) Melting, (b) GISS processing,

(c) Equipment set up, (d) Bottom tapping, and (e) Mold shaking.

The casting equipment consists of an adjustable height frame, a tapping ladle
with a heater, a pneumatic lifting cylinder connected to a graphite plug by stainless
connecting rod. The tapping ladle dimension is 130 mm in height, 90 mm in diameter.
The tapping hole is 25 mm in diameter at the bottom. Fig. 3 shows the schematic
drawing of the equipment.

In the experiments, the sand molds were placed under the tapping ladle. The
slurries prepared in a cup at the GISS station were then poured into the preheated
tapping ladle which was controlled at the temperature of about 400 °C. About 3
seconds after pouring, the graphite plug was lifted by the pneumatic cylinder. The
slurries then flowed into the spiral mold.

After casting, the spirals were measured for length. Specimens at different
positions of the spiral cast samples (close to the sprue, 100 mm from the sprue, and at
the end of spiral) were cut for microstructure characterization using standard
metallographic procedure.

Results and discussion
Microstructure of spiral cast samples

The representative micrographs of three positions of the samples with the
rheocasting time of 5 seconds are shown in Fig. 4. The micrographs show non-
dendritic microstructure at all the positions. The non-dendritic structure of the cast
samples has been reported by Chucheep et al. [3] to yield better tensile properties and
higher casting yield compared with conventional sand casting.

In centrifugal fluidity sand casting reported by Mirzadeh and Niroumand [4],
the solid fraction segregation of Al-7%Si was observed which increased in small cross
section. In gravity sand casting, however, the segregation was not present. The lower
flow velocity yielded uniform flow of the slurries.
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(a) (b (©)
Fig. 4. Representative spiral cast sample rheocasting time 5 sec, (a) Microstructure at sprue position,
(b) Microstructure at 100 mm position, and (c) Microstructure at the end position.

Fluidity of AC4C slurries

In slurry fluidity tests, one of the most important parameters is the initial solid
fraction of the slurry [2,4,8]. In this study, three levels of solid fractions were
investigated. Three spiral castings for each solid fraction were performed. The
relationship between the solid fraction and fluidity is plotted in the Fig. 5.

The results show the average fluidity of 127.4+15.8 mm, 92.2+10.5 mm, and
88.1217.2 mm for the solid fraction of 10.8+2.5%, 15.6+£3.0%, and 24.3+2.8%,
respectively. The fluidity of AC4C alloy has the same trend of lower fluidity with
higher solid fraction. This is expected since the heat content in the slurries is reduced
with higher solid fraction. The results are consistent with Wannasin et al. [2],
Mirzadeh and Niroumand [4], and Sumartha [8]. During the flow and solidification of
this long-freezing-range AC4C alloy, equiaxed grains accumulate near the tip and
stop the flow of the casting. The solidification behavior of the slurry casting is shown
schematically in Fig. 6. [5-7,10].

150 1

=
=3

Fluidity (mm})

5 10 25 30

13 20
Solid fraction (%)

Fig. 5. Experiment (rae)sults. (a) Spiral cast sample measurement, (b) Flui(gzty test results.

The results in Fig. 5. also show that the fluidity is relatively high at the solid
fraction of about 10% and significantly decreases to lower values when the solid
fraction is higher. This might be because when the solid fraction is higher than 10%,
the density of the particles is so high that the solid grains are too close to each other.
This results in early flow stoppage at the tip.

(b) (c)
Fig. 6. Equiaxed solidification pattern. (a) Beginning of flow, (b) Stop flow (¢) Equiaxed grain [10].
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Conclusions

This study has shown that gravity sand casting of semi-solid rheo-slurry yields
uniform non-dendritic microstructure with no liquid segregation. The fluidity of the
slurries 1s high at the solid fraction of about 10% and significantly decreases to lower
values when the solid fraction is higher. The developed equipment and procedure to
measure the fluidity of rheo-slurries using simple spiral sand mold and a bottom
tapping ladle can be successfully used in this study.
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Abstract

Semi-solid slurry forming at low solid fractions is a new approach that offers
several potential benefits to the metal casting industry, including reduced cycle time,
longer tool life, increased casting yield, fine and uniform microstructure, and reduced
porosity. However, to successfully apply this slurry forming process, it is necessary to
fully understand the control of the initial solid fractions and the flow behavior of
semi-solid slurries. This present work applied the rapid quenching method and the
modified gravity fluidity casting to characterize the initial solid fraction, fluidity, and
microstructure of semi-solid slurries. Three commercial aluminum alloys were used in
this study: 383 (Al-Sil1Cu), 356 (Al-Si6Mg) and 7075 (Al-Zn6MgCu) alloys. The
results show that the initial solid fractions can be controlled by varying the
rheocasting time. The rapid quenching mold can be used to determine the initial solid
fractions. In this method, it is important to apply the correcting procedure to account
for growth during quenching and to include all the solid phases. The microstructure

characterization results show that the solid particles in the slurries flow uniformly in
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the channel. Uniform and fine microstructure with limited phase segregation is
observed in the slurry cast samples. Results from the fluidity study of semi-solid
slurries show that the fluidity decreases as the initial solid fraction increases. The
decrease is relatively rapid near the low end, but is quite slow near the high end of the
initial the solid fractions of the slurries. All the three alloys follow this trend. The
results also demonstrate that the slurries that contain high solid fractions of up to 30%

can still flow well.

Keywords: Semi-solid metal; Semi-solid slurry; Initial solid fraction; Rheocasting;

Gravity casting; Fluidity.

1. Introduction

Semi-solid metal (SSM) processing has been known to offer several benefits
to the aluminum forming industry for about forty years. There have been a lot of
research, development, and commercialization activities during these years. However,
SSM processing represents only about 1% of the total aluminum casting production,
which is in the order of 2,500,000 metric tons in North America, Europe, and Japan,
as reported in Kirkwood et al. (2009). One of the reasons for this limited usage of the
SSM technology is the difficult control of the process due to the added complexity to
the current production cycles, the need to modify the design of the die, gating, and
risering system, and the need for the foundrymen to have knowledge of SSM
processing. Recent research and development efforts are thus trying to overcome
these issues by introducing SSM processing and its benefits to the foundries with

minimal modifications to the process, die system, and equipment, and consequently,
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minimal needed knowledge in SSM processing as described by Wannasin et al.
(2010). One approach is by forming semi-solid slurries at low fractions of solid.

In semi-solid slurry forming processes, slurries having the temperature slightly
below the liquidus temperature with low fractions of solid are poured into a mold or a
die casting shot sleeve with controlled and low cooling rates. Even though semi-solid
slurries having low fractions of solid may not yield parts with perfect spheroidal grain
structure and may still have some porosity unlike when formed with high solid
fractions, several benefits can be expected because the forming temperature is lower
and the viscosity is higher. Reduced cycle time gives improved productivity and
reduction in production costs. Tool life is longer because of the lower remaining heat
content of the cast alloys. In gravity casting, casting yield will be increased due to
simpler gating design and smaller risers. Lower porosity is also expected due to the
higher viscosity of the flow and less solidification shrinkage. The improved casting
quality will result in a lower reject rate.

The success of this semi-solid slurry forming approach, however, requires the
control of the initial solid fractions of the slurry and the understanding of the flow
behaviors of semisolid slurries at different solid fractions. The initial solid fractions of
slurries having low solid fractions are difficult to be determined since during a
rheocasting process, the formation of solid particles occurs rapidly and in a non-
steady condition. Temperature measurements to determine the solid fraction may not
give accurate data since the fractions of solid are low and the temperatures are not
uniform and steady at these early stages of the grain formation as reported by

Canyook et al. (2010). Thus, the studies on characterization of the initial solid fraction
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and the control of solid fraction of semi-solid slurries are critical to the success of
semi-solid slurry forming.

In literature, limited studies on semi-solid slurries having low solid fractions
have been investigated and reported. Recent work by Wannasin et al. (2008) reported
a method to evaluate solid fraction in a rheocasting process using a rapid quenching
mold. They show that the analysis of solid fraction agrees well with the data
calculated from the Scheil model. Canyook et al. (2012) applied this rapid quenching
method to study microstructure evolution during the early stages in a rheocasting
process. The method allows the analysis of the solid fraction, particle density, particle
morphology, and particle distribution. Regarding the semisolid slurry flow studies,
Chucheep et al. (2011) developed a modified fluidity casting method using bottom
tapping to evaluate the fluidity of rheocast slurries having different low fractions of
solid. This technique allows a good control of the initial solid fraction and initial
flow velocity of the semi-solid slurries. To fully understand the control and flow
behavior of semi-solid slurries of different alloys having different solid fractions, this
present work applied the rapid quenching method and the modified gravity fluidity
casting to characterize the initial solid fraction, fluidity, and microstructure of semi-

solid slurries of three important commercial aluminum alloys.

2. Experimental

In this work, semi-solid slurries were prepared by the Gas Induced Semi-Solid
process (GISS). This technique injects fine inert gas bubbles through a graphite
diffuser in a molten alloy near the liquidus temperature to produce fine and numerous

solid particles. By varying the time of the graphite immersion, different levels of solid
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fractions can be achieved. To study the flow behavior of semi-solid slurries at
different solid fractions at a low cooling rate, the spiral fluidity sand casting method,
which was developed by Di Sabatino et al. (2005) and modified by Chucheep et al.
(2011), was used. This technique allows the control of the initial solid fraction of the
slurries entering the mold cavity. The pressure head of the slurry can also be

controlled. It also gives uniform and low cooling conditions.

2.1 Materials

The three commercial aluminum alloys used in this study were 383 (Al-
Sil1Cu), 356 (Al-Si6Mg) and 7075 (Al-Zn6MgCu). The chemical compositions and
cross references of the alloys are summarized in Table 1. 383 and 356 alloys are the
commonly used aluminum alloys in die casting and gravity casting applications,
respectively. 7075 alloy is a wrought aluminum alloy, which is preferred in several

applications in semi-solid metal processing due to its superior mechanical properties.

Table 1. Chemical composition of the aluminum alloys used in the experiment (wt%).

Alloy Alloy Alloy Si Fe Cu Mn Mg Zn Al
(AA) (ISO) (JIS)

383 AlSilICu  ADCIZ 1068 089 162 022 021 098 Bal

356 Al-Si6Mg AC4C
640 041 0.06 004 026 0.03

7075 Al-Zn6MgCu 7075 021 036 154 0.04 245 5.75 Bal

Reference: (a) Data from Chucheep et al. (2011).
2.2 Initial Solid Fraction Experiment

To evaluate the initial solid fractions, the rapid quenching method previously
reported by Wannasin et al. (2008) was used. The alloys were first melted in a

resistant furnace at different temperatures. Approximately 1 kg of the alloy was taken
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from the crucible by a ladling cup. The Gas Induced Semi-Solid (GISS) process was
used to create semi-solid slurries. In this GISS process, a porous graphite was
immersed into the molten metal in the ladling cup at a temperature above the liquidus
temperature for different rheocasting times (t ) of 5, 10, and 20 seconds. Then, fine
argon gas bubbles were injected into the melt. The combination of localized cooling
and vigorous convection produced by the graphite diffuser created non-dendritic solid
particles in the slurry as described by Wannasin et al. (2006). Summary of the
experimental conditions is given in Table 2. The GISS process is illustrated in Fig. 1
(a).

Table 2. Summary of the experimental conditions of the commercial aluminum alloys.

Alloys TL Te Rheocasting
°C) &Y Temperature (°C) Time (s)

383" 582 571 590 5
590 10
590 20

356" 613 568 620 5
620 10
620 20

7075°¢ 635 476 640 5
640 10
640 20

References: (a) Guo et al. (2005), (b) Gibbs and Mendez (2008), (c) Chen et al.
(2011).

After the slurry was prepared in the ladle, the slurry was poured into the
tapping ladle. In the actual fluidity experiments, the slurry was in the tapping ladle for
about three seconds before flowing into the fluidity mold. To determine the solid
fraction of the slurry at this point, a vacuum copper quenching mold was lowered into
the slurry about three seconds after the slurry was poured into the tapping ladle to

draw some slurry from the tapping ladle into the thin mold (I-mm channel). The
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slurry was then rapidly solidified. The quenched samples at different rheocasting
times (5, 10, and 20 seconds) were cut to the dimension of about 2x2 cm at the middle
location. Standard grinding and polishing procedures were conducted to study the
microstructure. The samples were etched with Keller’s reagent for 356 alloy, and the
Poulton’s reagent for 7075 and 383 alloys. The microstructures of the samples were
captured using an optical microscope equipped with an image acquisition system. The
contrast of the captured micrographs was adjusted with an image editing software and
then quantified with ImageJ software. The images were then analyzed for the
quenched solid fraction, initial particle density, and particle size with the detail given

as follows.
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Fig. 1: Illustrations of the modified spiral gravity fluidity test for semi-solid slurry
sand casting: (a) the Gas Induced Semi-Solid (GISS) process (Wannasin et al., 2006),
(b) the spiralsand mold, and (c) the modified equipment setup (Chucheep et al., 2011).
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2.2.1 Quenched solid fraction
From the analyzed optical micrographs, the quenched solid fraction (fr) was
calculated using the following equation (Wannasin et al., 2008),
N
f :iXIOO:iXIOO (1)
A A

r

where Apt is the total area of the final solid particles, Aris the total analyzed area, Aiis
the final solid particle area for particle i, and N is the total number of solid particles

examined.

2.2.2 Initial particle density

The particle density (Dpr) was calculated by (Canyook et al., 2012):

2

where N is the total number of the primary a particles found in the total analyzed area
of the micrographs, At. The observed particles on the polished section are assumed to

be all independent.

2.2.3 Initial particle size

Assuming that the two-dimensional (2-D) shape of the particles is circular, the
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average particle size (d) for each primary particle was calculated (Canyook et al.,

2012):

d=2. fad 3)
where Aris the area of each solid particle on the sectioned surface.

2.2.4 Average size of a phase in the slurry cast samples

Since the domain and size of the a phase in the cast microstructure are not
simple to distinguish, the average size of a phase in the slurry cast sample (Df) was
analyzed using the mean lineal interception method. In this technique, the mean
length is determined by laying a number of randomly placed test lines on the
micrograph and counting the number of times that phase boundaries are intercepted.
The equation to calculate the mean lineal interception length is given by (Kirkwood et

al., 2009):

D, = f . @)

where L is the total length of the test lines, ITis the total number of primary phase

boundary intersection, and M is the magnification.

2.3 Fluidity Test
The slurry casting equipment used in the work was aimed to achieve laminar

feeding, to reduce human errors, and to ensure constant head pressures and initial
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flow velocities. It consisted of an adjustable height frame, a tapping ladle with
heaters, and a pneumatic lifting cylinder with a graphite plug, see Fig. 1 (c). The
tapping ladle dimensions were 130 mm in height and 90 mm in diameter. The tapping
hole had the diameter of 2.5 cm at the bottom. The graphite plug, which had a tapered
shape with the diameter of 2.5 cm and the length of 1.5 cm, was controlled by a
pneumatic cylinder.

The sand mold has a spiral without a curve at the bottom with the cross section
of 9.1x7.6 mm. The spiral consists of 3.5 turns and the maximum running length of
1.2 m. Green sand molds were prepared by manual ramming. The sand for molding
(95% recycled sand and 5% new sand) was mixed with 0.5% bentonite and 1.8%
water. The mixing was done by a rotary sand mixer. The cope and drag had the outer
dimensions of 30x26x14 cm and 30x26x7 cm, respectively. The gating system used a
tapered sprue without a well with the height of 14 cm (2.5 cm at the top, 2.0 cm at the
bottom).The cope had a vent at the end of spiral cavity. Illustration of the mold is
given in Fig. 1 (b).

In the slurry fluidity casting experiments, the sand molds were placed under
the tapping ladle. Approximately 1 kg of molten metal was taken from the melting
crucible by a ladling cup. Then, slurries were prepared by the GISS process. The
porous graphite diffuser was immersed into the molten metal at a temperature above
the liquidus temperature and introduced inert gas bubbles for a pre-defined time. The
slurries were then poured into the tapping ladle which was heated to about 400C.
The metal height of the slurries in the tapping ladle was approximately 12 cm,

yielding the pressure head of about 3kPa. About three seconds after pouring, the
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graphite plug was then lifted by the pneumatic cylinder to let the slurry enter the

spiral fluidity channel.

Fig. 2: Schematic illustration of the locations of microstructure characterization: A =
near the sprue; B = 100 mm from the sprue; C = the end.
2.4 Microstructure Characterizations

Several specimens were cut from the spiral cast samples at different positions,
including, near the sprue, 100 mm from the sprue, and at the end of the spiral casting.
The selected specimens were then ground, polished, and etched with the standard
procedures as described earlier. The microstructure uniformity at these different

positions was then evaluated by optical microscopy.

3. Results and Discussion
3.1 Initial Solid Fraction
Representative microstructures of the rapidly quenched samples are given in

Fig. 3. The micrographs clearly show solid particles of primary o phase (bright
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particles) in the matrix of secondary a phase and eutectic microstructure. In the 383

alloy, gray particles of B-AlFeSi phase are also present as shown representatively in

Figure 4.

Fig. 3: Representative optical micrographs of the quenched slurry samples showing
the initial solid fractions of the aluminum alloys at different gas injection times: (a)
383 alloy: (al) 5 sec, (a2) 10 sec, (a3) 20 sec; (b) 356 alloy: (bl) 5 sec, (b2) 10 sec,
(b3) 20 sec; (c) 7075 alloy: (cl) 5 sec, (c2) 10 sec, and (c3) 20 sec.
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Fig. 4: Representative optical micrographs showing the B-AlFeSi particles in the
rheocast 383 alloy at different rheocasting times of (a) 5, (b) 10, and (c) 20 seconds.
Arrows identify some of the B-AlFeSi particles.

For all the alloys, Canyook et al. (2012) reported that the primary o particles
are larger with increasing rheocasting times because of the longer growth time. The
morphologies of the primary a particles are presented in Fig. 5. It can be clearly
observed that, for all the alloys, the microstructures consist of particles with different
shapes: dendritic, rosette, equiaxed, and globular shape. These particles with different
shapes may be the results of dendrite fragmentation by remelting created by the
rheocasting process reported by Canyook et al. (2010). The micrographs of the
quenched slurries in Fig. 3 also reveal that a large number of these initial solid
particles still have dendritic morphology, especially in the slurries with low fractions

of solid.

20 pm__!

Fig. 5: Representative optical micrographs showing the primary o particles formed by
the rheocasting process with the rheocasting time of 20 sec: (a) 383 alloy, (b) 356
alloy, and (c) 7075 alloy.
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Quantitative analysis of the obtained micrographs gives the values of the
quenched o phase fractions. The results summarized in Table 3 show that for different
gas injection times of 5, 10, and 20 seconds, the quenched o phase fractions of 383
alloy are 5.3, 8.4, and 9.5%, those of 356 alloy are 11.1, 16.0, and 24.9%, and those of
7075 alloy are 16.2, 17.8 and 31.0%, respectively. As expected, increasing the gas
injection time yields higher a phase fraction. This is caused by the continuous cooling
coupled with vigorous convection induced by the graphite diffuser. However, as
reported earlier by previous studies (Wannasin et al., 2008), the o phase fractions
obtained from quantitative metallography of quenched samples are higher than the
true o phase fractions in the slurry before quenching. The difference is due to the
growth of the a phase particles during quenching. Martinez and Flemings (2005)
observed the growth layers of the solid particles by etching the samples with an
appropriate etchant. By characterizing the microstructure for the growth layer
thickness, the initial o phase fraction before quenching can be obtained. Wannasin et
al. (2008) used this technique to determine the initial a phase fraction by applying the
correction of the growth layer to the quenched o phase fraction data. Following the
analysis by Wannasin et al. (2008), the initial o phase fraction of the slurries before

quenching, fo, was calculated using the analyzed data by the following equation:

== Mim) | )

N
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where Apo is the total area of the a phase solid particles, and Ri is the radius of the a
phase particle i, which is calculated from the area of particle i assuming a circular
shape.

The etched microstructures in Fig. 6 clearly show growth layers of different
thicknesses for different alloys. Image analysis of these micrographs gives the average
growth layer thickness for 383, 356, and 7075 alloys as 1.4, 2.8, and 1.8 pum,
respectively. These values can then be used to calculate the initial a phase fraction
using Eq. 5. The results of the calculation are summarized in Table 3. They show that
the quenched a phase fractions are approximately 16% higher than the true initial o
phase fraction. The error is quite substantial that there should be a correction

procedure as used in this work to obtain accurate initial a phase fraction data.

Table 3. Summary of the experimental results from the quantitative analysis.

Alloy tr fy fr d d Dp AR f0  Initial
(S) fraction ofp  ofa of B ofa. (um) ofa  Solid
ofa  phase phase phase phase phase Fraction
phase (%) particle particle (#/mm?2) (%) (%)
(%) (um)  (um)
383 5 5.3 0.70 18.5 18.5 140 1.4 43 5.0
10 8.4 1.25 244 27.3 127 7.1 8.4
20 9.5 1.64 29.7 29.0 97 8.1 9.7
356 5 11.1 - 40.6 - 70 2.8 93 9.3
10 16.0 - 41.2 - 95 12.8 12.8
20 249 - 50.4 - 97 20.8  20.8
7075 5 16.2 - 29.3 - 189 1.8 133 133
10 17.8 - 34.6 - 150 15.1  15.1

20 31.0 - 44.7 - 158 272 272
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Fig. 6: Representative microstructures showing the growth layer of the alloys after the
rapid quenching process: (a) 383 alloy, (b) 356 alloy, and (c) 7075 alloy.

From microstructure observation of the quenched slurries as in Fig. 3 - Fig. 5,
it is clear that 356 and 7075 alloys have only two microstructure features: primary o
phase and eutectic microstructure. However, for the 383 alloy, another intermetallic
phase, B-AlFeSi, is also present. To determine the initial solid fraction, therefore, it is
important to analyze for the fraction of the B-AlFeSi phase. Image analysis of the
microstructure gives the initial B- AlFeSi particle fractions of 0.70, 1.25, and 1.64 %
for the rheocasting times at 5, 10, and 20 seconds, respectively, see Table 3. After
applying the correction for growth of the primary a phase and including the B-AlFeSi
phase for the 383 alloy, the initial solid fractions can be obtained. The data are plotted
in Fig. 7. They show that the initial solid fractions increase as the rheocasting time
increases. This relationship is not clearly linear, which is consistent with the report by

Canyook et al. (2012).
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Fig. 7: Results of initial solid fractions of the aluminum alloys with different
rheocasting times. Data of 356 alloy are obtained from Chucheep et al. (2011).

The results also demonstrate that for different alloys at the same rheocasting
times, the initial solid fractions are different. For all the rheocasting times, the initial
solid fractions of 7075 alloy are higher than those of 356 and 383 alloys, respectively.
This result is interesting because one would expect that with the same cooling
condition and heat extraction time by the same graphite diffuser, the initial solid
fractions should be similar for all the alloys. It is not clear why different initial solid
fractions are obtained for different alloys in this rheocasting technique. This finding

offers an interesting research subject for future work.
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Fig. 8: Solid fraction curves for 383, 356, and 7075 alloys. The data of 383, 356, and
7075 alloys were obtained from Guo et al. (2005), Gibbs and Mendez (2008), and
Chen et al.(2011), respectively.

One explanation for this result that can be offered here involves the data from
the relationships between the solid fraction and temperature of these alloys as shown
in Fig. 8. The data show that when the 383, 356, and 7075 alloys are solidified, there
will be approximately 20%, 50%, and 95% of the primary o phase in the solidified
microstructure, respectively. During the GISS process, very thin solid shells or skins
of the alloys are rapidly formed around the graphite surfaces, and instantly pushed
away to the superheated liquid in the ladle by the gas bubbles. These solid shells,
which consist of primary phases and eutectic structure, will be remelted, yielding
fragments of primary a phase particles of different morphologies as observed in Fig.
5. With the same heat extraction rates and times, it is expected that similar volumes of

solid shells will be formed near the graphite surfaces. The grain formation and
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remelting actions in this rheocasting process are expected to occur in a non-
equilibrium condition. With this hypothesis, it is expected that the difference in the
fractions of primary a phase in these solid shells may contribute to the difference in
the initial solid fractions of the slurries. More detailed studies need to be performed to

confirm this hypothesis.

3.2 Microstructure of Semi-solid Slurry Castings

Representative micrographs of the semi-solid slurry castings near the sprue
location are given in Fig. 9. In general, the microstructures of the alloys consist of a
phase, eutectic structure, and B-AlFeSi phase for 383 alloy. Observation of the
micrographs shows that the amounts of a phase for the samples with the rheocasting

times of 5, 10, and 20 seconds are quite similar.
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Fig. 9: Representative optical micrographs of the spiral cast samples with different
rheocasting times near sprue location: (a) 383 alloy: (al) 5 sec, (a2) 10 sec, (a3) 20
sec; (b) 356 alloy: (b1) 5 sec, (b2) 10 sec, (b3) 20 sec; (c) 7075 alloy: (c1) 5 sec, (c2)
10 sec, and (c3) 20 sec.

For 383 alloy, the observation of coarse intermetallic B-AlFeSi particles at a
longer rheocasting time is clear, see Fig. 9 (al)-(a3). This suggests that lower
rheocasting time is preferred to avoid coarse intermetallic particles. On the other
hand, some applications such as wear resistance or bearing parts prefer coarse

intermetallic particles. The data suggest that the size of intermetallic particles can be

controlled by varying the rheocasting times.
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Fig. 10: Representative optical micrographs of the spiral cast samples at different
locations with 5 seconds of rheocasting time: (a) 383 alloy: (al) near the sprue, (a2)
100 mm from the sprue, (a3) the end; (b) 356 alloy: (b1) near the sprue, (b2) 100 mm

from the sprue, (b3) the end; (c) 7075 alloy: (c1) near the sprue, (c2) 100 mm from
the sprue and (c3) the end.

It is important that the microstructure is uniform at all locations in the castings
is limited. The semi-solid slurry castings were then characterized for microstructure
uniformity by optical microscopy. Representative micrographs of the cast spirals with
5 seconds of rheocasting time at different locations are given in Fig. 10. It can be
observed that for all the alloys the microstructures are quite uniform at all locations.

Quantitative analysis results of the a phase fraction in the castings as a

function of normalized distance from the sprue for each alloy are given in Fig. 11.

The results show that for the 383, 356, and 7075 alloys, the a phase fractions are in
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the narrow ranges of about 38 to 50%, 70 to 74%, and 75 to 85%, respectively. The
analyzed results of the average size of a phase in the slurry cast samples are plotted in
Figure 12. For all the alloys, the average sizes of the o phase particles at different
rheocasting times are in the range of 38-50 pum, 42-52 pm, and 44-52 um for 383, 356,
and 7075 alloys, respectively. The data show that the sizes of o particles are quite

uniform throughout the castings for all the initial solid fractions.
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Fig. 11: Distribution of a phase in the slurry cast samples at different normalized
distances and rheocasting times: (a) 383 alloy, (b) 356 alloy, and (c) 7075 alloy.

In summary, the results of the microstructure characterizations show that
limited phase segregation is obtained with fine grain structure under low gravity
pressures and slow cooling rates of semi-solid slurry casting. The fineness and
uniformity of the microstructure are achieved at all initial solid fractions, even at the

low initial solid fractions of less than 10% for all the alloys.
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Fig. 12: Average size of a phase particles in the slurry cast samples at different
normalized distances and rheocasting times: (a) 383 alloy, (b) 356 alloy, and (c) 7075
alloy.

3.3 Fluidity of Semi-solid Slurries

Results showing the relationship between the initial solid fraction and fluidity
are plotted in Fig. 13. The data show that the fluidity decreases as the initial solid
fraction increases. The decrease is relatively rapid near the low end of the initial solid
fractions. On the other hand, when the initial the solid fractions of the slurries are at
the high end, the decrease is slower. The data plotted in Fig. 13 show that all the three
alloys follow this trend. The results also show that the slurries can flow quite well
even at high initial solid fractions of about 20% and 27% for the 356 and 7075
slurries, respectively.

One interesting observation from these fluidity results is that the fluidity
lengths of 7075 slurries are higher than those of 356 slurries at all the initial solid

fractions. It is not clear why these results are obtained. More detailed studies are being
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conducted to understand this behavior. A possible explanation for this finding may be
due to the different sizes of the initial solid particles of these two alloys at different
solid fractions as shown in Table 3. The data show that 7075 slurries have finer initial

solid particles at all initial solid fractions.
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Fig. 13: Distribution of the major alloying elements obtained from OES analysis at
different normalized distances and rheocasting times: (a) 383 alloy: (al) 5 sec, (a2) 10
sec, (a3) 20 sec; (b) 356 alloy: (bl) 5 sec, (b2) 10 sec, (b3) 20 sec; (c) 7075 alloy: (cl)
5 sec, (¢2) 10 sec and (c3) 20 sec.

To understand the effects of the initial solid particle size on the fluidity, it is
important to understand the flow behaviors of liquid alloys and semi-solid slurries in
thin channels. For a molten alloy, Flemings (1974) and Flemings et al. (1961) suggest
that the flow stoppage in thin channels of an alloy is caused by broken dendrite
accumulation near the tip when the solid fraction is at the critical solid fraction (ferit)

where the solid particles near the tip develop coherency or interlocking such that the

viscosity increases very rapidly and the flow is stopped. Figure 14 (a) shows a
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schematic representation of liquid metal flowing in a fluidity channel and the mode of
the flow stoppage. From the works by Flemings et al. (1961) and Béckerud et al.
(1996), they suggest that dendrites start impinging and form a network that prevents

further flow at a fraction solid of approximately 30-35%.
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Fig. 14: Schematic representations of the flow in a thin channel of (a) liquid metal (Di
Sabatino (2005), and (b) semi-solid slurry.

Thus, the fluidity of liquid metal cast at its melting point can be written,

assuming an insulating mold, (Flemings, 1974):

Hefo Y (VY
Lf —V.C p fe terit (!j (6)
T, -T, A

where V is the flow velocity, C is a constant, (V/A) is the volume per surface area of
the casting.

For the case of semi-solid slurries, results of the microstructure
characterizations suggest uniform distribution of the primary solid particles in the
slurries before and during the flow in the channel. The solid particles are created and
distributed uniformly in the slurries. During the flow, the solid particles move
uniformly with the liquid phase while growing larger as the slurries cool down. When

the solid particles grow to the size and fraction that yield sufficiently high viscosity,
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the slurry front stops to flow. Fig. 14 (b) shows this flow behavior schematically. The

fluidity for semi-solid slurries having the initial solid fraction of fomay be written as:

H .(f. —f)
L, =V.C(p f ( crit o) )(\i

Ty T, A @

Therefore, for semi-solid slurries, the critical solid fraction is also the key
parameter controlling the fluidity lengths. In a pioneer work on fluidity, Flemings et
al. (1961) discussed that the size of the solid phase was one of the key factors
affecting the critical solid fraction. It can be imagined that for the same initial solid
fractions, the average distance between solid particles in the slurries which contain
finer solid particles is longer than those with coarse particles. So, these particles have
longer time to grow before being in contact with one another and developing
coherency. Therefore, with the same initial solid fractions, slurries containing finer
particles should have longer fluidity lengths. Besides the effects of the initial solid
particle size on the critical solid fraction, semi-solid slurries containing finer solid
particles have also been reported by Hirai et al. (1993) to have lower viscosity. The
lower viscosity of these slurries is expected to give higher fluidity as reported by

Koren et al. (2002) and Murakami et al. (2012).

4. Conclusions
The following conclusions can be derived from this study:
(1) The initial solid fraction study shows that the initial solid fractions can be

controlled by varying the rheocasting time. However, it is important to correctly
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determine the initial solid fractions of the slurries. Key points learned from this study

arc:

- To determine the solid fraction using the rapid quenching method, it is
important to perform a correction procedure to account for the growth during
quenching.

- Some alloys may contain more than one phase present in the slurries. So, it is
necessary to determine and include the initial solid fractions of all the solid
phases.

- The results also show that even with the same extraction rate and rheocasting
time of a rheocasting process for different alloys, the initial solid fractions
obtained from a rheocasting technique can be significantly different. It is not
clear why different initial solid fractions are obtained for different alloys in
this rheocasting technique. This finding offers an interesting research subject
for future work.

(2) The microstructure characterization results show that the solid particles in

the slurries flow uniformly in the channel yielding uniform and fine microstructure

with limited phase segregation in the slurry cast samples. This finding has practical

importance in semi-solid metal processing in the applications where high fluidity is

needed.

(3) Results from the fluidity study of semi-solid slurries show that the fluidity

decreases as the initial solid fraction increases. The decrease is relatively rapid near

the low end, but is quite slow near the high end of the initial the solid fractions of the

slurries. All the three alloys follow this trend. The results also demonstrate that the

slurries that contain high solid fractions of up to 30% can still flow well.
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