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ABSTRACT KEYWORDS
In the present investigation, low superheat casting (L SC) was employed to Low superheat casting
produce A356 thixoforming feedstock with athixotropic microstructure. (LSO);

Optimization of the LSC process parameterswas carried out to obtain suitable
thixotropic feedstock for thixoforming process. The Taguchi’s optimization
approach has been employed to examine the influence of the LSC process
parameters, typically, pouring temperature and mould material on the
microstructural characteristicsof A356 dloys, typically, the average sizeand
shape factor of the primary a-Al grains. The level of significance of the
parameters and optimum parameter combination were determined using
analysis of variance (ANOVA) approach. Correlations for microstructural
characteristicsasfunctions of L SC process parameterswere determined. The
results revealed that the mould material isthe most influential parameter on
both the average grain size and shape factor of the primary o-Al grains. The
pouring temperature has lower effect on the aforementioned characteristics
than the mould material. There is no interaction between the mould material
and pouring temperature. The developed empirical model was successfully
used to predict the average grain size and shape factor of the A356 aloy
ingots produced using L SC. A356 ingot poured at a pouring temperature of
620 °C in the copper mould exhibited the best microstructural characteristics

A356 aluminumalloy;
Semi-solid Processing;
Microstructure;
Mechanical properties.

suitablefor thixoforming.

INTRODUCTION

Thixoformingand thixocasting are semi-solid pro-
cessing (SSP) technol ogies used to produce near net-
shaped componentsthat havesevera advantagesover
conventional casting routes. It has been reported that
components produced using these techni quesexhibit
more homogenous, non-dendrite microstructure, less
porosity and improve mechanical properties™3. How-
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ever, the success of any thixoforming or thixocasting
process depends on the producing of a special
feedstock,with thixotropic properties, that hasafine
globular particlesof the solid phase surrounded by a
continuousfilmof liquid*. Feedstock with thixotropic
propertiescan beflow like diquid when sheared which
providehigh fluidity and good castability!*9. Severa
commercia aluminum alloyssuch asA356 and A357
(Al-Si-Mg) cast dloy are used asthixoforming materi-
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ad%8. TheA356 andA357 Al dloy havewide solidifi-
cation rangewhich makesthem suitablefor SSP. These
dloysarewiddy usedinfabrication of automobilecom-
ponentg239,

Low superheat casting (LSC) techniqueisonefor
reducing energy consumption and environment pollu-
tion to produce ngotsfor thixocasting and rehocasting
withthixotropic (non-dendritic) microstructureand high
mechanical propertied?®, Thistechniquehassevera
advantages, for example, smple, cheap, low produc-
tion cycletime, increased dielife, and reduced porosity
and solidification shrinkage™. LSC processutilizinglow
superheat technique without the need of theapplication
of externa shearing action asin magneto-hydrodynamic
(MHD) stirring to produce thixotropic feedstock.
During this process, molten aloy with aslightly su-
perheated temperature above liquidus temperature
ispoured and alowed to solidify inamould. Ingots
produced from L SC have thixotropic microstructure
required for thixoforming.

The key processing parameters affecting the fi-
nal microstructure of the feedstock during LSC pro-
cess are pouring temperature and the mould mate-
rial. From theindustrial point of view, itisessential
to find out the best combination of these parameters

—= Fyl] Paper

to attain the best microstructure of thefeedstock that is
suitablefor thixoforming. Accordingly, theaimsof the
present investigation areto:(1) study theinfluence of
both pouring temperature and the mould material on
themicrostructurd characteristicsof A356 Al-Si dloy
feedstock; (2) optimizethe LSC process parameters
to obtain an A 356 alloy feedstock with the best micro-
structura characteristics (i.eminimum sizeand maxi-
mum globularity of thegrains) suitablefor thixoforming.
The Taguchi’s and analysis of variance statistical
(ANOVA) approacheswere employed to find out the
optimum settings of each L SC process.

EXPERIMENTAL PROCEDURES

In this study, commercial A356 Al-Si cast alloy
with the chemical composition shown in TABLE 1
was used. The differential scanning calorimetric
(DSC) andysiswascarried out to determinethe soli-
dusand liquidustemperatures of thealloy. The DSC
experimentswere carried during heating with aheat-
ing rate of 5 °C/min. Figure 1 shows the resulted
DSC curve of theA356 aloy. It has been found that
A 356 alloy hassolidus and liquidus temperatures of
~572 °C and ~610°C, respectively. Figure 1 shows

TABLE 1 : Chemical composition of A356 aluminum alloys(wt.-%)

Alloy Si Mg Fe Cu Mn Ti Al
A356 7.38 0.279 0.149 0.002 0.003 0.141 Bal.
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Figure 1 : DSC and liquid weight fraction versus temperature curves for A356 alloy
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also the curve representing the variation of liquid
weight fraction with thetemperature. Thiscurvewas
obtained after integrating the areaunder DSC curve.

The low superheat casting (LSC) process was
carried as follows: about 900 g of A356 alloy were
melted in graphite cruciblein an el ectric resistance
furnace at 660 °C. After complete melting, degas-
sing process was carried out by dry Argon inert gas
to remove any undesirable dissolved gasesin order
to prevent the formation of gas bubbles inside the
ingot. After that the molten alloy was allowed to
cool down to the specific pouring temperature, typi-
caly at, 620°C, 630 °C and 640 °C. This gives super-

57.50

@25

Top Sample

heat valuesof about 10, 20 and 30°C. Thenthemolten
aloywaspoured directly into themould. Severd mould
material swere used, typically, low carbon stedl (S.),
pure copper (Cu) and 304 stainless stedd (SS) moulds.
Themouldshavethe samedimensionsof 50 mmdiam-
eter and 160 mm height with adraft angle 2°toremove
eadlythesolidified ingot. During pouring, thesemi-solid
meta formed at the start of entering of mold.

Figure 2 shows a photograph of a sample ingot
producedfrom the CS casting process. The upper part
of theingot with 35 mm height containing the shrink-
age cavity wasremoved from theingot. Theremained
part of theingot was cut longitudinally into two equal
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Figure 2 : (a) A photograph of a sample ingot produced from the LSC process, (b) the ingot after removing the
upper part and sectioning the remaining part into two half; (c)a schematic illustration of the ingot showing the
main dimensions (in millimeters) and the position of metallographic samples
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half (seeFigure3Db). Thefirst longitudind half wasused
for microgtructural examinations. Fromthishaf, speci-
men was sectioned horizontally from thetop, middle
and bottom of theingot. Themetallurgic sampleshave
25 mmradiusand 5 mmthick asshownin Figure 3c.
The sampleswere subjected to standard metall ographic
procedures and etched using chemical solution of
Kéler’s etchant (2 ml hydrofluoric acid (HF), 3 ml hy-
drochloric (HCL), 5 mi Nitric acid (HNO,) and 190
ml distilled water). The etched sampleswereinvesti-
gated usngan Olympuslight microscope. Themetdlo-
graphicimagesweretaken fromthewall zone(radius),
mid-radiusand center zone of the specimensasshown
inFigure3c.

The microstructural analysis of specimens was
carried out using images analysis techniques. The
sizeand shapefactor of a-Al grainswere determined.
The shapefactor of the grains was determined from
the following equation!¥:

SF = 47A/P? (1)
Where: Pisthe perimeter and A isthe area of a-Al
grain. For a perfect circle, the shape factor would
be one. For each ingot, the average shape factor and
average grain sizewas cal culated from the measure-
ments obtained from the top, middle and bottom of
ingots as well as the radius, mid-radius and center
of the specimens.

Inthepresent investigation, the Teguchi’s Orthogonal

Figure 3 : Microstructure of asreceived cast A365 Al alloy
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Array Design of experiment (DOE) wasemployedin
order to study the effect of LSC process parameters
(i.e. pouring temperatureand mould material) onthe
different responses(i.e. the sizeand shapefactor of the
primary a-Al grainsaswell asthe porosity content).
Each of LSC process parameter havethreelevelsas
listed in TABLE 2. Thestandard Taguchi’s orthogonal
array (OA) L, waschoseninthisstudy. Thisdesign of
experiment givesatotal of 9ingots. The analysis of
experimental resultswas performed usingtheanalysis
of variance (ANOVA) statistical approach. From re-
sults of ANOVA one can obtain the most and lowest
sgnificant parameters. Theanalysiswas carried out for
alevd of significanceof 5 per cent (i.e. the confidence
limitisequa to 95 per cent). Thedesign of experiments
and ANOVA calculations were performed using
Minitab commercia Statistical software.
Thepolynomid equation (Eq. (2)) wasused to pre-
dict theresponse(Y) asafunction of independent fac-
torsand their interactions. In thiswork, the number of
independent factorsis 2, therefore, the response for
the quadratic polynomia sbecomes:
Y =C#+CxX +C xX,+C xX% +C5x X2 @
Where:C,,C,,C,,C,,C, arecongtant, linear, squareand
interaction regression coefficient terms, respectively; X,
and X, areindependent factors. In order to facilitate
the comparison between the predi cted and the experi-
mental vaues, an error eva uation wascarried out using
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Mean Relative Error (MRE). The MRE valueswere
cd culated using thefollowing equation:

. & 100]d; - ;]
ﬁzid: l

=1

MRE = ©)
Whered isthemeasured valug, o, the predicted output
valueand nthe number of data.

RESULTSAND DISCUSSION

Figure 3 shows atypical micrograph of the mi-
crostructure of the as-received A356 cast aluminum
aloy. The as-received aloy exhibits atypical den-
dritic microstructure. The microstructure of theA356
aloy consistsmainly of dendritic primary o-Al grains
(white regions) andcoarse Al-Si eutectic structure.
Figures 4 shows typical micrographs of the micro-
structure of the A 356 ingots produced using severa
L SC processing conditions. The micrographs were
captured from the central positions of the bottom of
ingots. The degeneration of the dendritic structure
and refinement in the morphol ogy of the primary a-
Al phase is observed. The microstructural investi-
gationsresults showed al so that, theradius zones ex-
hibited thefinest primary a-Al grainswhen compared
with both themid-radius and center zones. Thisisdue
tothelarger amount of heet disspated from themolten
metd through thewall of themold dlowingtheforma:

tion of finer grains.

It has been found that the microstructure of the
L SC ingots depends significantly on both pouring
temperature and mould materials. Figure 5 shows
the effect of pouring temperature and mould mate-
rial on both the average grain size (GS) as well as
the average shapefactor (SF) of primary a-Al grains
of theA356ingots. It isclear that increasing the pour-
ing temperature increasing the average grain size of
the A356 ingots. Such observation was noticed for
all LSC ingots poured in the different moulds used
in the present investigation. In contrast, increasing
the pouring temperature reduces the average shape
of theprimary a-Al grains. Theresultsrevealed also
that ingots poured in the copper and low carbon steel
moulds exhibited the finest and coarsest average
grain size of primary a-Al grains, respectively. The
smallest average grain size was about ~41um for
the ingot poured at 620 °C in the copper mould. In-
gots poured in the stainless steel and low carbon
steel moulds exhibited the lowest and highest aver-
age shapefactor of primary a-Al grains, respectively.
The highest average shape factor was ~0.81 for the
ingot poured at 620°Cinthestainlesssted mould. The
ingots poured in copper mould exhibited dightly lower
average shape factor when compared with theingots
poured in the stainless steel mould. For example, at
constant pouring temperature of 620 °C, theaverage

Mould Material

Low Carbon steel

620

Pouring Temperature ("C)
630

64

Figures 4 : Typical rhicrographs of the microstructure of A356 'ingots produced usinQ several LSC processing
conditions. The micrographs are from the central positions of the bottom of ingots
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Figure5: Themain effect plots of the LSC parameterson (a) the average size (GS) and (b) the aver age shape factor
(SF) of primary a-Al grains. 1 = low carbon steel mould, 2 = copper mould, 3 = 304 stainless steel mould

shapefactor of ingotspoured in stainlesssteel and cop-
per mouldswere, 0.811 and 0.807, respectively.
TABLES3and4listtheANOVA resultsfor both
the size and the shape factor of the primary a-Al
grains. Thelast columnsin the tables show the per-
centage of contribution (P,) of eachfactor ontheto-
tal variation indicating the influenceof the factors
on the results. The higher the value of the P, the
more statistical and physical significant thefactor is.
Fromtheanadyssof TABLE 3and TABLE4, itcanbe
observed that both mould materia and the pouring tem-
perature significantly affect theaveragegrain sizeand
shapefactor of the primary a-Al grains, respectively.
Themould materia exhibited the highest statistica and

physical significanceon both thegrain sizeand shape
factor of theprimary a-Al grains. The pouring tempera-
tureexhibited lower statistica and physicd significance
when compared with the mould materia. The mould
material exhibited P_values of 77.03 % and 54.26%
for thegrain size and shapefactor of the primary a-Al
grains, respectively. While, the pouring temperature
exhibited P, vauesof 22.97% and 45.74%for thesize
and shape factor of the primary a-Al grains, respec-
tively. From TABLES 3 and 4, itisclear that there-
sdualsarelessthan 2%, whichindicatesthat thereare
nointeractionsbetween mould materid and pouring tem-
perature. Figure 6 showstheinteraction plotsof LSC
process parameters for the average grain size and
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Figure 6 : Interaction plots of LSC process parameters for the average (a) grain size (GS) and (b) average shape

factor (SF) of the primary a-Al grains

TABLE 2: TheANOVA results for the grain size of the a-Al primary grains

Levels
L SC Par ameter
Level-1 Level-2 Level-3
Temperature (C°) 620 630 640
Mould material Low carbon steel Pure copper Stainless stedl

DF, degrees of freedom; SS, sum of squares, M S, mean square; F, F-test; P, Satistical significance, P_; percentage of contribution
TABLE 3: TheANOVA resultsfor the shape factor of the a-Al primary grains

Sour ce of variation DF SS MS F P P.
Mould Material (M) 2 183.459 91.730 292.91 0.000 77.02568
Temperature (T) 2 54.72 27.360 87.36 0.001 22.97432
Residual 4 1.253 0.313
Total 8 239.432 119.403 100
R® = 99.48%

DF, degrees of freedom; SS, sum of squares; M'S, mean square; F, F-test; P, statistical significance, P_;percentage of contribution

shapefactor of the primary a-Al grains. Itisclear that
thereare nointeractions between mould materia and
pouring temperature.

Empirical expressions of the grain size (GS)
andshape factor (SF) were established as functions
of the LSC process parameters; typically, pouring
temperature (T) and mould material (M) isgiven be-
low:

GS=592.0243 - (1.9369%T) - (29.494x M)

+(L.7767x10°*T?)+ (6.3369xM?) @
SF =-18.7237 + (6.3237x10°2T) - (4.0961x102M)
- (5.1332x10°°xT?)- (6.3369x10°M?) (5)

Where: GS- isthegrain sizeof primary a-Al grainsin
microns, SF- isthe shapefactor, T- isthe pouring tem-

peraturein Celsius, M- isthe mould material number
anditis=1- for low carbon stee mould, = 2- for pure
copper mould, = 3- for 304 stainlessstedd mould. The
regression anaysisrevea ed that the coefficient of de-
termination (R?) of equations (3) and (4) are 0.995,
0.939, respectively. A comparison of the measured av-
eragegrain sizeand average shapefactor (experimen-
tal data) against the predicted averagegrain size and
shapefactorisshowninFigure 7. A perfect prediction
would bewhen all the plotted pointswere on the 45°
line (thedashed line). The accuracy of equations (3)
and (4) can be easily compared by the closeness of the
datapointstothisline. Itisclear from Figure7 that the
experimentd and predicted vauesarevery closetoeach
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Figure 7 : Plots of the predicted verses measured (experimental) (a) average size and (b) average shape factor of the

a-Al primary grains.

other. Equations(4) and (5) exhibited MRE valuesless
than 1%.
CONCLUSIONS

Based on the results presented, the
followingconclusions can be drawn:

The microstructure of the LSC ingots depends
significantly on both pouring temperature and mould
materials. Increasing the pouring temperature in-
creases the average grain size, while reduces the
average shape factor, of the A356 aluminum ingots.
At constant pouring temperature, ingots poured in
the copper mould exhibited the smallest averagegrain
size when compared with those poured in the low
carbon and stainless steel moulds. The average shape
factor of ingots poured in copper mould was slightly
lower than the average factor of ingots poured in
stainless steel mould.

The ANOVA results showed that mould material
has higher statistical and physical significancewhen
compared with pouring temperature on boththegrain
size and shapefactor of the primary a-Al grains.

Empirical equations were developed to predict
the average shape factor and grain size of the pri-
mary a-Al grains for A356 ingots as a function of
the pouring temperature and mould material. The
predicted valuesresulted from the equationswerein
good agreement with the experimental results.

A356ingot poured a apouring temperature of 620
°C inthe copper mould exhibited the best microstruc-
turd characterigicssuitablefor thixoforming. TheA356
ingot exhibited average grain size and shapefactor of
the primary a-Al grains of 41.08 pym and 0.807, re-

Spectively.
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