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Abstract 

Intermetallic formation in sludge during magnesium (Mg) melting, holding and high pressure die casting practices is a very important 
issue. But, very often it is overlooked by academia, original equipment manufacturers (OEM), metal ingot producers and even die casters. 
The aim of this study was to minimize the intermetallic formation in Mg sludge via the optimization of the chemistry and process parameters. 
The Al8 Mn5 intermetallic particles were identified by the microstructure analysis based on the Al and Mn ratio. The design of experiment 
(DOE) technique, Taguchi method, was employed to minimize the intermetallic formation in the sludge of Mg alloys with various chemical 
compositions of Al, Mn, Fe, and different process parameters, holding temperature and holding time. The sludge yield (SY) and intermetallic 
size (IS) was selected as two responses. The optimum combination of the levels in terms of minimizing the intermetallic formation were 
9 wt.% Al, 0.15 wt.%Mn, 0.001 wt.% (10 ppm) Fe, 690 °C for the holding temperature and holding at 30 mins for the holding time, 
respectively. The best combination for smallest intermetallic size were 9 wt.% Al, 0.15 wt.%Mn, 0.001 wt.% (10 ppm) Fe, 630 °C for the 
holding temperature and holding at 60 mins for the holding time, respectively. Three groups of sludge factors, Chemical Sludge (CSF), 
Physical Sludge (PSF) and Comprehensive Sludge Factors (and CPSF) were established for prediction of sludge yields and intermetallic 
sizes in Al-containing Mg alloys. The CPSF with five independent variables including both chemical elements and process parameters gave 
high accuracy in prediction, as the prediction of the PSF with only the two processing parameters of the melt holding temperature and time 
showed a relatively large deviation from the experimental data. The Chemical Sludge Factor was primarily designed for small ingot producers 
and die casters with a limited melting and holding capacity, of which process parameters could be fixed easily. The Physical Sludge Factor 
could be used for mass production with a single type of Mg alloy, in which the chemistry fluctuation might be negligible. In large Mg 
casting suppliers with multiple melting and holding furnaces and a number of Mg alloys in production, the Comprehensive Sludge Factor 
should be implemented to diminish the sludge formation. 
© 2024 Chongqing University. Publishing services provided by Elsevier B.V. on behalf of KeAi Communications Co. Ltd. 
This is an open access article under the CC BY-NC-ND license ( http://creativecommons.org/licenses/by-nc-nd/4.0/ ) 
Peer review under responsibility of Chongqing University 
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. Introduction 

Sludge containing intermetallic (IM) particles is the residue
ettled at the bottom of the crucibles during metal melting and
olding processes [ 1 , 2 ]. Sludge formation in Mg die casting
oundry is often overlooked because it seems to be discon-
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ecause the OEMs (auto companies) have dictated the Mg
esearch fields, which are focused on the development of Mg
lloys with high temperature strengths and good corrosion
esistance for their own interests. Most of Mg research by
cademia follows the direction made by the OEMs. Mean-
hile, the ingot producers and die casting companies consider

he information about Mg sludge formation as their intellec-
ual property. Therefore, there is a lack of general knowledge
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a  
n sludge formation mechanisms in the public domain [3] .
owever, sludge formation in Mg foundry is a very important

opic because the improper handling of sludge could degrade
roduct quality [4–17] . The excessive sludge formation im-
acts metal delivery system, contributes around 50% of total
etal loss in the melting process, and acts a thermal barrier
hich could result in significant metal temperature fluctuation

n a die casting furnace. Such metal temperature fluctuation
egatively influences normal casting production from produc-
ion stoppage (if metal temperature is too low) to Fe pick-up
if metal temperature is too high). Also, the magnesium melt-
ng, holding and handling practices in the casting industry
howed such metal fluctuation could shorten crucible life due
o thermal shock and excessive heating of the crucible steel.
herefore, it is very important to characterize Mg sludges and
inimize their formation as much as possible. 
The effort of minimizing the intermetallic formation in the

ludges resulting from the melting and holding of Mg alloys
uring die casting operation was made. Thorvaldsen et al.
4] investigated the generation of sludge and dross during the
elting and handling of Mg alloys, AZ91D, AM60 and AS41,

n Mg die casting operations. The two main by-products of
he melting and holding process were sludge and dross, sludge
ettled to the bottom of crucibles, while dross floated on the
elt surface. The results revealed that the amount of sludge

emoved from the melting crucibles varied between 2 and 4%
f the total metal input. It was found that intermetallic parti-
les Alx (Mn)y originated from Mn addition to the primary and
econdary Mg ingots played an important role as precipitation
ites for Fe in lowering the level of dissolved Fe and increas-
ng the overall corrosion resistance of the castings. To estab-
ish the optimum level of Mn in Mg alloys AZ91, AM60 and
M50, Holta et al. [5] and Holta and Westengen [6] deter-
ined the temperature-dependent mutual solubility of Fe and
n for different combination of casting temperatures and Mn

dditions. The analyses of sludge generated from die casting
g alloys showed that Mn made up a much larger proportion

f the AM50A sludge compared to AZ91D and AM60, be-
ause of a higher Mn content in the melt or a lower furnace
emperature, encouraging the precipitation of Mn rich parti-
les [ 7 , 8 ]. Sludge intermetallic generation for die casting of
agnesium alloys had a direct impact on the casting product

uality and operation [7] . To characterize phase constituents
nd contents in Mg sludge, various online and offline assess-
ent techniques were developed [9–17] . But, almost none of

hem could provide rapid and accurate results simultanteously
o real time control of sludge formation. To control sludge
ormation in aluminum alloys, a sludge factor (SF) was es-
ablished, which related the chemical composition to holding
emperatures of Al alloys [18–22] . With the help of the well-
stablished Sludge Factor (SF) formula, it is relatively easy to
ontrol the sludge generation in aluminum alloys. But forma-
ion mechanisms and characteristics of sludge in die casting
agnesium alloys are still unclear. 
The phenomena of IM formation in various metallic mate-

ials also took place due to the change of process parameters
n manufacturing processes [23–26] . Beygi et al. [23] criti-
ally reviewed the influence of alloying elements on IM for-
ation, as aluminum alloys and steel were joined by fric-

ion stir welding (FSW). Brittle iron-rich IMs such as Fe2 Al5 
nd FeAl3 were found at the joint interface between Al and
teel. The IM presence lowered ductility and tensile strength
f the joint. Silicon in Al alloys and nickle and chromium
n stainless steel retarded the growth of IM phases. During
he FSW of Al (AA1050)/Mg (AZ91) alloys, a continuous
M layer of Al3 Mg2 -Al12 Mg17 formed at the joint interface,
hrough which cleavage fracture propagated as its thickness
xceeded 2 μm. When the IM layer became discontinuous
t the interface, the joint strength was high, and the frac-
ure surface consisted of dimples [24] . Pouraliakbar [25] and
horbanzadeh [26] investigated the effect of parameters of

hermomechanical processes on the IM evolution of Al-Cu-
g alloy. Two types of IM compounds, Al7 Cu2 (Fe,Mn) and
lCuMnFeSi were identified. The composition of IM parti-

les remained unaffected by the processing steps. The optimal
ging temperature of 170 °C was obtained for the lowest vol-
me fraction of IM particles (6.33 vol.%) concurrently with
he greatest hardness, the highest thermal stability, and the
owest recrystallized fraction. In this work, a design of ex-
eriment (DOE) technique, the Taguchi method, was used to
ptimally control the sludge intermetallic formation in the
ludge generated from the designed experimental alloys with
ifferent the chemical compositions of Al, Mn and Fe pro-
essed at various holding temperatures and times. During the
ptimization, the sludge yield (SY) and imtermetallic size (IS)
ere employed as two individual responses. The results of

he response analysis were used to derive the optimal level
ombinations. Also, to develop the Sludge Factors (SFs) for
he designed Mg alloys, multivariate linear regression analy-
es were carried out with the DOE results. Six Sludge Factor
quations for the sludge yield and intermetallic size were es-
ablished as a function of the chemical compositions and/or
he processing parameters. To minimize the sludge formation,
he SFs resulting in the least sludge yield and the smallest
ntermetallic size have to be selected for processing liquid
l-containing Mg alloys. 

. Experimental procedure 

Alloy and sludge preparation. To understand the com-
osition effect on the mechanism of sludge formation in the
ecycling and HPDC process, various experimental Mg alloys
ith different chemical compositions designed by the Taugchi
ethod (Design of Experiment DOE) were prepared by using

ommercially pure Mg, Al, Mg-2 wt.% Mn and Al-10 wt.%
e. The chemical compositions of pure Mg and Mg-Mn alloy
re given in Table 1 . The experimental raw metallic mate-
ials were cut in to cubes (20 mm × 20 mm × 10 mm),
o that they could be easily charged into a graphite crucible.
hose were melted and mixed in an electric resistance fur-
ace to achieve the desired compositions which were verified
y an Optical Emission Spectroscopy. The melt was kept at
60 ±10 °C for 30 min for the completion of homogenization
nd modification under the protective gas of Sulfur Hexaflu-
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Table 1 
Chemical composition of pure Mg and Mg-Mn alloy. 

Materials Element (wt.%) 

Al Zn Mn Fe Cu Ni Si Pb Mg 

Mg-2%Mn 0.0042 0.0034 1.86 0.003 0.0003 0.0005 0.0033 0.0008 Bal.
Pure Mg 0 0 0 0.0006 0 0 0.002 N/A Bal.
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ride SF6 0.5% plus carbon dioxide (CO2 ) in balance and
hen decreased the melt temperature to desire temperature for
olding a designate period. After holding a fixed period at the
esired temperature, the graphite crucible was removed from
he furnace chamber, and air cooled with the cover of protec-
ive gas until the completion of solidification. The prepared
amples were analyzed by inductively coupled spectrometry
ICP) to ensure an uncertainty of ±5%. 

Microstructural Analysis. For the microstructure analy-
is of the experimental alloys, specimens were chosen and
ectioned from the bottom of the air-cooled cast cylindrical
ample. 

The procedure of metallographic specimen preparation in-
luded sectioning, mounting, grinding, polishing. 

. Sectioning 

Specimens were cut from bottom, center and top of
oupons in the form of cubes with the dimensions of
0 ×10 ×10 mm. 

. Mounting 

Specimens were mounted by Buehler simplimet3 mount
achine. The mount materials are one of the common plastic
ounting materials, cold mounting material – epoxy. Then

he mounted specimens were ground down on the 180 grit by
sing a belt grinder to smooth the edge of the specimens. 

. Grinding 

The roughly ground mounted specimens went through a
et grinding process by using the series of SiC papers in the

equence procedures: 240, 320, 400, and 600 grit. 

. Polishing 

Mechanical polishing was performed in two stages by us-
ng polishing machine and DP-PAN polishing cloth with 3 μm
l2 O3 suspension, and 0.05 μm Al2 O3 suspension. Rough
olishing (stage one) removed the major part of the disturbed
etal remaining after the final grinding step. Finish polish-

ng (stage two) removed the superficial scratches that remain
fter rough polishing. Then using cold water, liquid soap and
thyl alcohol cleaned the polished specimens, and dried with
 hair dryer using cold air. 

A Buehler (Lake Bluff, IL) optical image analyzer 2002
ystem was used to observe primary characteristics of
he specimens. The detailed features of the microstructure
ere also characterized at high magnifications by a scan-
ing electron microscope (SEM), Hitachi Tabletop Micro-
cope TM3000, with a maximum resolution of 30 nm in
 backscattered mode/1 μm in x-ray diffraction mapping
ode, and useful magnification of 10 to 10,000 to max-

mize composition reading of the energy dispersive spec-
roscopy (EDS) data. The identification of the intermetal-
ic phases was based on composition reading of the en-
rgy dispersive spectroscopy (EDS) data. A quantitative eval-
ation of specimen microstructures consisted of calculat-
ng area fractions of different phase constituents by us-
ng ImageJ, a public domain image processing system, to
dentify different microstructure constituents through image
ontrast. 

.1. Determination of sludge yield 

Step One: Determination of density of the Al-Mn
ntermetallic-free alloy matrix. 

1. Acquire specimens from the Al-Mn intermetallic-free zone
in the cylinder casting for the density measurement of the
Al-Mn intermetallic-free Mg alloy matrix; 

2. Measure the density of the Al-Mn intermetallic-free Mg
alloy matrix with Archimedes principle [3] ; 

ρal l oy matrix = wa × ρw 

wa − ρw 

(1) 

here wa and ww 

are the weights of the Al-Mn intermetallic-
ree specimens in air and water, respectively, ρw 

is the density
f water. 

Step Two: Determination of the volume fraction of the
l-Mn intermetallic in the Al-Mn intermetallic-concentrated

ayer. 

3. Acquire specimens from the Al-Mn intermetallic-
concentrated layer at the bottom of the cylinder casting
for the determination of the volume fraction of the Al-Mn
intermetallic; 

4. Determine the volume fraction of the Al-Mn inter-
metallic in the Al-Mn intermetallic-concentrated layer
(VAl−Mn in layer ) by image analysis (ImageJ) with the help
of an optical microscope (OM) and a scanning electron
microscope (SEM); 

Step Three: Determination of Density of the Al-Mn
ntermetallic-concentrated layer. 
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5. Determine the volume fraction of the Mg alloy ma-
trix (VMatrix in layer ) in the Al-Mn intermetallic-concentrated
layer [11] . 

VMatrix in layer = 1 − VAl−Mn in layer (2)

6. Calculate the density of the Al-Mn intermetallic-
concentrated layer, which consists of (a) Al-Mn intermetal-
lic and (b) alloy matrix, based on the Rule of Mixtures
[22] ; 

ρlayer = ρmatrix al l oy × VMatrix in layer + ρAl−Mn 

×VAl−Mn in layer (3) 

here ρAl−Mn is the density of the Al-Mn intermetallic
4430 kg/m3 ) [2] 

Step four: Determination of the Volume of the Al-Mn
ntermetallic-concentrated layer 

7. Measure the thickness of the Al-Mn intermetallic-
concentrated layer (tlayer ) at the bottom of the cylinder
casting with an optical microscope or SEM; 

8. Calculate the volume of the Al-Mn intermetallic-
concentrated layer (Vlayer ) with the known diameter of the
cylinder casting (dcs ); 

Vlayer = 1 

4 

πd2 
cs × tlayer (4) 

Step Five: Determination of the weight of the Al-Mn in-
termetallic in the cylinder casting 

9. Calculate the total weight of the Al-Mn intermetallic in the
Al-Mn intermetallic -concentrated layer (WAl−Mn in layer ); 

WAl−Mn in layer = ρAl−Mn × VAl−Mn in layer × vlayer (5) 

0. Determine the weight of the Al-Mn intermetallic in the en-
tire cylinder casting (WAl−Mn in cs ), which should be equiv-
alent to the weight of the Al-Mn intermetallic in the Al-Mn
intermetallic-concentrated layer (WAl−Mn in layer ) 

WAl −Mn in cs = WAl −Mn in layer (6) 

Step Six: Calculation of Sludge Yield 

1. Calculate the sludge (Al-Mn intermetallic) yield (SY) with
the following equation: 

SY = WAl−Mn in cs 

Wcs 
(7)

here SY is the sludge yield (%), WAl−Mn is the weight of the
l-Mn intermetallic (g), and Wcs is the weight of the cylinder

asting. Fig. 1 presents a flowchart showing the process of
ludge yield determination 
.2. Determination of intermetallic size 

The intermetallic size (IS) in average (DIS ) is calculated
y [3] 

IS = ( Dl + Ds ) / 2 (8) 

here Dl is the longest diameter, and Ds is the shortest di-
meter as illustrated in Fig. 2 . 

.3. Taguchi design of experiment 

Design of Orthogonal Array and Signal-to-Noise Anal-
sis. Based on the literature survey and industrial observation
n Mg sludge formation, five factors of alloy chemical com-
ositions and holding temperature and time along with four
evel were selected. The chosen five factors (Al, Mn, Fe and
olding Temperature and Time) with four levels were listed

n Table 2 . The detailed information of each factor and level
mployed in the orthogonal array of sixteen experiments are
iven in Table 3 . 

The intermetallic formation in liquid Mg alloys is influ-
nced by various factors. The Taguchi method helps in iden-
ifying the significant factors affecting the intermetallic for-
ation and optimizing the process settings to minimize their

ffects. In the optimization process, it is almost impossible to
liminate all errors caused by the variation of characteristics.
n increase in the variance of multiple characteristics low-

rs the quality reliability of the process. The Taguchi method
 27 , 28 ] uses the signal-to-noise (S/N) ratio instead of the av-
rage value to interpret the trial results data into a value for
he characteristic evaluation in the optimum setting analysis.
o minimize the influence of the error caused by the varia-

ion of characteristics, the signal-to-noise (S/N) ratio was em-
loyed, which converted the trail result data into a value for
he response to evaluate the process in the optimum setting
nalysis. The S/N ratio consolidated several repetitions into
ne value which reflected the amount of variation present. 

The proposition for the minimize the sludge formation,
he sludge yield (SY) and intermetallic size (IS) are multiple
erformance characteristics (two objectives) using a weighting
ethod is defined as the Eqs. (10) –(12) [28] : 

SUM 

= YP × W (9) 

here 

SU M 

=

⎡ 

⎢ ⎢ ⎢ ⎣ 

η1c 

η2c 
. . . 

η9c 

⎤ 

⎥ ⎥ ⎥ ⎦ 

, Yp =

⎡ 

⎢ ⎢ ⎢ ⎣ 

η11 

η21 
. . . 

η91 

η12 

η22 
. . . 
η92 

⎤ 

⎥ ⎥ ⎥ ⎦ 

, w =

⎡ 

⎢ ⎣ 

w1 
. . . 

w3 

⎤ 

⎥ ⎦ 

(10)

2 
 

i=1 

wi = 1 (11) 

here w1 and w2 are the weighting factor of sludge yield and
ntermetallic size, respectively. ηjc is the multi response, S/N
atio in the jth test, ηji is the ith single response S/N ratio
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Fig. 1. Flowchart showing the process of sludge yield determination. 

Table 2 
Design factors and levels. 

Level Factor 

A B C D E 

Al (wt.%) Mn (wt.%) Fe (wt.%) Holding temperature ( °C) Holding time (Mins) 

1 6 0.15 0.001 630 30 
2 7 0.25 0.004 650 60 
3 8 0.35 0.007 670 90 
4 9 0.45 0.01 690 120 

Table 3 
Designed experiment plans. 

Experiment Al (%) Mn (%) Fe (%) Holding temperature ( °C) Holding time (Mins) 

1 6 (A1) 0.15 (B1) 0.001 (C1) 630 (D1) 30 (E1) 
2 6 (A1) 0.25 (B2) 0.004 (C2) 650 (D2) 60 (E2) 
3 6 (A1) 0.35 (B3) 0.007 (C3) 670 (D3) 90 (E3) 
4 6 (A1) 0.45 (B4) 0.01 (C4) 690 (D4) 120 (E4) 
5 7 (A2) 0.15 (B1) 0.004 (C2) 670 (D3) 120 (E4) 
6 7 (A2) 0.25 (B2) 0.001 (C1) 690 (D4) 90 (E3) 
7 7 (A2) 0.35 (B3) 0.01 (C4) 630 (D1) 60 (E2) 
8 7 (A2) 0.45 (B4) 0.007 (C3) 650 (D2) 30 (E1) 
9 8 (A3) 0.15 (B1) 0.007 (C3) 690 (D4) 60 (E2) 
10 8 (A3) 0.25 (B2) 0.01 (C4) 670 (D3) 30 (E1) 
11 8 (A3) 0.35 (B3) 0.001 (C1) 650 (D2) 120 (E4) 
12 8 (A3) 0.45 (B4) 0.004 (C2) 630 (D1) 90 (E3) 
13 9 (A4) 0.15 (B1) 0.01 (C4) 650 (D2) 90 (E3) 
14 9 (A4) 0.25 (B2) 0.007 (C3) 630 (D1) 120 (E4) 
15 9 (A4) 0.35 (B3) 0.004 (C2) 690 (D4) 30 (E1) 
16 9 (A4) 0.45 (B4) 0.001 (C1) 670 (D3) 60 (E2) 
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t  
or the jth test; wi is the weighting factor in the ith perfor-
ance characteristics. The objective function was formulated

ccording to the previous optimization criteria [28] : 

inimize f ( X ) = w1 · ηSY 

+ w2 · ηIS (12) 

Analysis of Variance (ANOVA). The purpose of the anal-
sis of variance is to investigate the contribution of each factor
chemical element) with multiple characteristics that signifi-
antly affect the sludge yield and intermetallic size. Following
he analysis, it is relatively easy to identify the effect order
f factors on the sludge yield and intermetallic size, and the
ontribution of factors to sludge yield and intermetallic size.
n this study, variation due to both the four factors and the
ossible error was taken into consideration. The ANOVA was
stablished based on the sum of the square (SS), the degree
f freedom (D), the variance (V), and the percentage of the
ontribution to the total variation (P) [ 27 , 28 ]. 

. Results and discussion 

Determination of Optimal Levels for Sludge Yield. Ac-
ording to Eq. (9) , two sludge yield measurements for each
xperiment were converted into a S/N ratio. Table 4 compares
he calculated mean S/N ratios with the sludge yield data and
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Table 4 
The S/N ratios calculated from the determined sludge yield relevant to the experiments designed by the Taguchi method. 

Experiment Al (wt.%) Mn (wt.%) Fe (wt.%) Holding temperature ( °C) Holding time (Mins) Sludge yield (%) 

Test 1 Test 2 S/N Ratio 

1 6 (A1) 0.15 (B1) 0.001 (C1) 630 (D1) 30 (E1) 0.33 0.28 10.28 
2 6 (A1) 0.25 (B2) 0.004 (C2) 650 (D2) 60 (E2) 0.45 0.46 6.84 
3 6 (A1) 0.35 (B3) 0.007 (C3) 670 (D3) 90 (E3) 0.52 0.52 5.68 
4 6 (A1) 0.45 (B4) 0.01 (C4) 690 (D4) 120 (E4) 0.59 0.62 4.36 
5 7 (A2) 0.15 (B1) 0.004 (C2) 670 (D3) 120 (E4) 0.41 0.42 7.64 
6 7 (A2) 0.25 (B2) 0.001 (C1) 690 (D4) 90 (E3) 0.43 0.45 7.13 
7 7 (A2) 0.35 (B3) 0.01 (C4) 630 (D1) 60 (E2) 0.57 0.58 4.81 
8 7 (A2) 0.45 (B4) 0.007 (C3) 650 (D2) 30 (E1) 0.63 0.62 4.08 
9 8 (A3) 0.15 (B1) 0.007 (C3) 690 (D4) 60 (E2) 0.31 0.34 9.75 
10 8 (A3) 0.25 (B2) 0.01 (C4) 670 (D3) 30 (E1) 0.46 0.46 6.74 
11 8 (A3) 0.35 (B3) 0.001 (C1) 650 (D2) 120 (E4) 0.53 0.51 5.68 
12 8 (A3) 0.45 (B4) 0.004 (C2) 630 (D1) 90 (E3) 0.63 0.61 4.15 
13 9 (A4) 0.15 (B1) 0.01 (C4) 650 (D2) 90 (E3) 0.32 0.33 9.76 
14 9 (A4) 0.25 (B2) 0.007 (C3) 630 (D1) 120 (E4) 0.42 0.41 7.64 
15 9 (A4) 0.35 (B3) 0.004 (C2) 690 (D4) 30 (E1) 0.51 0.53 5.68 
16 9 (A4) 0.45 (B4) 0.001 (C1) 670 (D3) 60 (E2) 0.61 0.62 4.22 

Table 5 
The mean factor response of sludge yield. 

Levels Al (%) Mn (%) Fe (%) Holding temperature ( °C) Holding time (Mins) 

1 6.79 9.36 6.83 6.72 6.70 
2 5.91 7.09 6.42 6.07 6.41 
3 6.58 5.46 6.79 6.59 6.68 
4 6.83 4.20 6.08 6.73 6.33 

Fig. 2. SEM micrographs illustrating the definition of the longest diameter 
(Dl ) and the shortest diameter (Ds ) for calculation of the average size of the 
intermetallic phase (DIS ). 
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evel numbers. In the following discussion, the S/N ratios
ere employed as a response index to compare the sludge
ields of the different designed alloys and casting parameters
nstead of directly using the values of the sludge yield. The
esponse of each factor to its individual level was calculated
y averaging the S/N ratios of all experiments at each level
or each factor. The determined factor responses are summa-
ized in Table 5 . Fig. 3 shows the effect of the five factors,
l, Mn, Fe, Holding Temperature and Holding Time on the
ean S/N ratios, and single response signal-to-noise graph

or case the only considering only the sludge yield. 
Fig. 3(a) shows the response of the S/N ratio to Al con-
ent. It can be seen from Fig. 3(a) that the mean S/N ratio
ropped to the bottom of the curve as the Al content increase
o 7% (level 2) from 6% (level 1). When the Al content kept
ncreasing to 8% (level 3), the mean S/N ratio bounced back
pward. The upward tendency was kept further rising to 9%
level 4), which gave the highest value of mean S/N ratio.
he observation on the response of the S/N ratio to the Al
ontent might be mainly due to the variation of Mn content.
ince both Mn and Fe were almost insoluble in liquid mag-
esium and instead reacted with Al solute to form Al-Mn-Fe
ntermetallic. It was observed that an increase in Al content
esulted in the generation of more Al-Mn-Fe intermetallics
ue to the Mn demand. However, further extending the Al
ontent, if the Al content over the Mn saturation point, the
dditional Al could react with Mg to form Mg17 Al12 inter-
etallic phase during solidification. 
The response of the S/N ratio to Mn content is shown in

ig. 3(b) . The mean S/N ratio demonstrated an almost lin-
arly decrease tendency from 0.15% (level 1) to 0.45% (level
). This might result from the high affecting of the Mn with
l and impurity Fe, to form Al-(Mn,Fe) intermetallics for Fe

liminate at high temperature over 700 °C in liquid Mg. In
he production of Mg alloys, sufficient Mn is usually added to
nsure that the Fe:Mn ratio is less than 0.032, which substan-
ially improves the corrosion resistance [ 25 , 26 ]. As a result,
he rich Mn content in Mg alloy promoted the formation of
he intermetallic in the sludge. 
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Fig. 3. Effects of (a) Al, (b) Mn, (c) Fe contents, (d) holding temperature and (e) holding time on the mean S/N ratio, and (f) single response signal-to-noise 
graph for case the only considering only the sludge yield. 
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Fig. 3(c) shows response of the S/N ratio to the Fe content.
he mean S/N ratio decreased at first as the Fe content in-
reased from 10 ppm (level 1) to 40 ppm (level 2). Then, the
/N ratio rose, while the Fe content became to 70 ppm (level
). Lastly, the S/N ratio decreased to the lowest value as the
e content increased to 100 ppm (level 4). The purpose of

ntroducing additional iron up to 100 ppm to the alloys was to
imulate the iron picking process in the steel crucible used in
he industry, since the Fe-free high-quality graphite crucible
as employed in this study. At high temperatures, with in-

ppropriate manganese content, magnesium and the alloying

lements could react with the steel crucible. The variation of m  
/N ratio with the Fe content could be caused by the differ-
nt Fe/Mn ratio. It was reported that the proper control of the
anganese and iron ratio was the essential role for sludge

ormation [26] . 
Fig. 3(d) shows the response of the S/N ratio to the hold-

ng temperature parameter similar to that for the Al content.
he mean S/N ratio decreased at first as the holding temper-
ture increased from 630 °C (level 1) to 650 °C (level 2).
he S/N ratio then increased to its highest value as the hold-

ng temperature parameter increased to 690 °C (level 4). At
50 °C (level 2), the lowest S/N ratio was produced. it was
ight be due to the precipitation of the Al8 Mn5 intermetallic
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Table 6 
Results of the ANOVA for sludge yield. 

Factors Degree of 
freedom (D) 

Sum of 
squares (SSp) 

Variance (V) Corrected sums of 
squares (SSp’) 

Contribution Rank 

Al (%) 3 2.15 0.72 2.15 3.32% 2 
Mn (%) 3 59.47 19.82 59.47 91.91% 1 
Fe (%) 3 1.43 0.48 1.43 2.22% 3 
Holding temperature ( °C) 3 1.22 0.41 1.22 1.88% 4 
Holding time (Mins) 3 0.43 0.14 0.43 0.66% 5 
Error 0.00 0.00 0 
Total 6.286 100% 
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hase took place at 642 °C by thermal analysis with differ-
ntial scanning calorimetry (DSC) measurements which was
eport by Thorvaldsen et al. [4] . The high S/N ratio at 690 °C
uggested that there might be a low tendency of intermetallic
recipitation at a high temperature. At a relatively low tem-
erature of 630 °C, the high viscosity and poor fluidity could
esult in low precipitation of intermetallic in Mg sludge. 

Fig. 3(e) presents the response of the S/N ratio to the hold-
ng time parameter, which was similar to that for the iron
ontent. The mean S/N ratio decreased at first as the hold-
ng time increased from 30 min (level 1) to 60 mins (level
). Then, the S/N ratio increased when the holding time in-
reased to 90 mins (level 3). Lastly, the S/N ratio decreased
o the lowest value as the holding time rose to 120 mins
level 4). Although there were no specific holding times used
n the foundry report, the adoption of the holding times in
his study was based on down time experienced in the Mg
asting operation. The result of the S/N ratio indicated the
ong holding time encouraged the intermetallic formation in
he Mg sludge. 

By selecting the highest value of mean S/N ratio for each
actor, the optimal level was determined. On this basis, the
ptimum combination of the levels in terms of minimiz-
ng the intermetallic formation of the designed alloy was
4B1C1D4E1 as shown in Fig. 3(f) . They were 9 wt.% Al,
.15 wt.%Mn, 0.001 wt.% (10 ppm) Fe, 690 °C for hold-
ng temperature and holding at 30 mins respectively. In con-
rast, the most sludge yield combination of designed alloy
as A2B4C4D2E4, which were 7 wt.%Al, 0.45 wt.%Mn,
.01 wt.% (100 ppm) Fe, 650 °C for holding temperature
nd 120mins for holding time. 

Factor Contributions. The contribution of each factor to
he sludge yield was determined by performing the analysis of
ariance based on Eqs. (14) –(18) . The results of the analysis
f variance (ANOVA) and contribution of the five factors are
ummarized in Table 6 . The contribution of the five factors,
he Al content, Fe content, holding temperature and holding
ime was 3.32%, 2.22%, 1.88% and 0.66%, respectively. The
ontribution of Mn content (91.91%) was significantly higher
han the sum (8.08%) of the contributions of all the other
our factors. It was evident that, among the selected factors,
he Mn content had the major influence on the intermetallic
ormation. Furthermore, it could be assumed that the Al, Fe,
olding temperature and holding time have almost the same
ffect on intermetallic formation in the sludge because of the
inor difference in the contribution percentages among these
our factors. 

It was evident from Table 6 that the ANOVA analysis not
nly specified how important a factor was to the intermetallic
ormation by numbers but also showed their relative effect. By
anking their relative contributions, the sequence of the five
actors affecting the intermetallic formation was the Mn, Al,
e contents and the holding temperature and holding time. It

s also worthwhile mentioning that, in the ANOVA analysis,
f the percentage error ( Pe ) contribution to the total variance
s lower than 15%, no important factor is missing in the ex-
erimental design. In contrast, if the percent contribution of
he error exceeds 50%, certain significant factors are over-
ooked and the experiments must be re-designed. As shown
n Table 6 , the percentage error ( Pe ) was 0%. This indicated
hat no significant factors were missing in the experimental
esign. 

Confirmation Experiment. The confirmation experiment
as the final step in verifying the conclusions from the pre-
ious round of experimentation. If the results of the con-
rmation runs are not consistent with the expected conclu-
ions, a new Taguchi method design is required. The least
ludge yield confirmation experiment was performed by set-
ing the experimental condition of the five factors as: 9%Al,
.15%Mn, 0.001%Fe and 690 °C for the holding temperature
nd 30 min for the holding time. The levels of the corre-
ponding factors for the most sludge yield confirmation was
 wt.%Al, 0.45 wt.%Mn, 0.01 wt.%Fe, 650 °C for holding
emperature and 120mins for holding time. Fig. 4 presents the
EM micrographs showing the Al-Mn intermetallic-free zone
nd the Al-Mn intermetallic-concentrated layer of the confir-
ation alloy with the least sludge. The EDS spectra given in
ig. 5 revealed that two phases, α-Mg matrix (dark), and Mn-
ontaining intermetallic phases (gray) were present in the test
lloy. The element analysis showed that there were 93.21 at.%
g and 6.79 at.% Al in the α-Mg matrix. The Mn-containing

ntermetallic phase contained 41.91 at.% Mg, 35.78 at.% Al,
0.36 at.% Mn and 1.95 at.% Fe. The ratios around 1.77
etween Al and Mn suggested that the Mn-containing in-
ermetallic particles could be considered as Al8 Mn5 phase,
hich was reported in references 1, 2 and 3. The thickness of

he sludge concentrated layer for least sludge yield confirma-
ion was 0.5 mm, which was the least of thin thickness in this
tudy. Based on the measured layer thickness, the sludge yield
f 0.26 was calculated by Eqs. (1) –(7) , which was the lowest
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Fig. 4. (a) SEM micrograph illustrating the Al-Mn intermetallic-free zone and the Al-Mn intermetallic-concentrated layer, (b) binary black and white image 
from ImageJ showing the intermetallic contents of the alloy with the least sludge yield from the confirmation experiment. 

Fig. 5. EDS spectra (a) and (b) for the areas containing α-Mg matrix (dark), 
and Mn-containing intermetallic phases (gray) as shown in Fig. 8(a) , respec- 
tively. 
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ield obtained in the present study. The Al-Mn intermetal-
ic zone and the Al-Mn intermetallic-concentrate layer of the
onfirmation alloy with the most sludge yield was revealed
n Fig. 6 , the measured thickness of the Al-Mn intermetallic-
oncentrated layer for the most sludge yield confirmation was
 mm, the subsequently calculated sludge yield was 0.65,
hich was the highest value of the sludge yield in this study.
Summary for Sludge Yield. The Taguchi method for the

esign of experiment was used for minimizing the Al-Mn in-
ermetallic formation in the sludge during the Mg alloy die
asting process. The Mn content was found to be the major
actor affecting the sludge formation, while Al content, Fe
ontent, holding temperature and holding time have a simi-
ar contribution, but smaller effect on the sludge production.
he contribution Al content, Mn content, Fe content, holding

emperature and holding time were 3.32%, 91.91%, 2.22%,
.88% and 0.66%, respectively. The least sludge yield combi-
ation was 9%Al, 0.15%Mn, 0.001%Fe and 690 °C for hold-
ng temperature and 30 min holding time and the most sludge
ield combination were 7%Al, 0.45%Mn, 0.01%Fe, 650 °C
or holding temperature and 120mins for holding time. 

Determination of Optimal Levels for Intermetallic Size.
ase on the Eq. (9) , two measurements of the intermetallic

ize (IS) for each experiment were converted into a S/N ratio.
able 7 compares the calculated mean S/N ratios with the IS
ata and level numbers. The determined factor responses are
ummarized in Table 8 . Fig. 7 shows the effect of the five
actors, Al, Mn, Fe, holding Temperature and holding time
n the mean S/N ratios, respectively. 
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Fig. 6. (a) SEM micrograph illustrating the Al-Mn intermetallic-free zone and the Al-Mn intermetallic-concentrated layer, (b) binary black and white images 
from ImageJ showing the intermetallic contents of the alloy with the most sludge yield from the confirmation experiment. 

Table 7 
The S/N ratios calculated from the determined intermetallic size relevant to the experiments designed by the Taguchi method. 

Experiment Al 
(wt.%) 

Mn 
(wt.%) 

Fe 
(wt.%) 

Holding temperature 
( °C) 

Holding time 
(Mins) 

Intermetallic size ( μm) 

Test 1 Test 2 S/N ratio 

1 6 (A1) 0.15 (B1) 0.001 (C1) 630 (D1) 30 (E1) 11.54 10.5 −20.48 
2 6 (A1) 0.25 (B2) 0.004 (C2) 650 (D2) 60 (E2) 13.09 13.23 −22.39 
3 6 (A1) 0.35 (B3) 0.007 (C3) 670 (D3) 90 (E3) 14.81 14.64 −23.36 
4 6 (A1) 0.45 (B4) 0.01 (C4) 690 (D4) 120 (E4) 16.43 15.9 −24.17 
5 7 (A2) 0.15 (B1) 0.004 (C2) 670 (D3) 120 (E4) 18.02 12.2 −24.07 
6 7 (A2) 0.25 (B2) 0.001 (C1) 690 (D4) 90 (E3) 17.4 14.91 −24.19 
7 7 (A2) 0.35 (B3) 0.01 (C4) 630 (D1) 60 (E2) 11.03 15.06 −22.41 
8 7 (A2) 0.45 (B4) 0.007 (C3) 650 (D2) 30 (E1) 17.58 17.28 −24.83 
9 8 (A3) 0.15 (B1) 0.007 (C3) 690 (D4) 60 (E2) 12.43 12.49 −21.91 
10 8 (A3) 0.25 (B2) 0.01 (C4) 670 (D3) 30 (E1) 17.2 17.01 −24.66 
11 8 (A3) 0.35 (B3) 0.001 (C1) 650 (D2) 120 (E4) 15.01 16.05 −23.83 
12 8 (A3) 0.45 (B4) 0.004 (C2) 630 (D1) 90 (E3) 15.58 13.55 −23.29 
13 9 (A4) 0.15 (B1) 0.01 (C4) 650 (D2) 90 (E3) 13.04 12.33 −22.07 
14 9 (A4) 0.25 (B2) 0.007 (C3) 630 (D1) 120 (E4) 12.04 12.13 −21.64 
15 9 (A4) 0.35 (B3) 0.004 (C2) 690 (D4) 30 (E1) 14.78 11.79 −22.52 
16 9 (A4) 0.45 (B4) 0.001 (C1) 670 (D3) 60 (E2) 14.56 14.2 −23.16 

Table 8 
The factor response of intermetallic size. 

Levels Al 
(%) 

Mn 
(%) 

Fe 
(%) 

Holding temperature ( °C) Holding time 
(Mins) 

1 −22.60 −22.13 −22.91 −21.96 −23.12 
2 −23.87 −23.22 −23.07 −23.28 −22.47 
3 −23.42 −23.03 −22.94 −23.81 −23.23 
4 −22.35 −23.86 −23.33 −23.20 −23.43 
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Fig. 7. Effects of (a) Al, (b) Mn, (c) Fe contents, (d) holding temperature and (e) holding time on the mean S/N ratio, and (f) single response signal-to-noise 
graph for case only consider intermetallic size. 
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Fig. 7(a) shows the response of the S/N ratio to Al content.
t can be seen from Fig. 7(a) that the mean S/N ratio dropped
o the bottom of the curve as the Al content increased to 7%
level 2) from 6% (level 1). When the Al content keeps in-
reasing to 8% (level 3), the mean S/N ratio bounced back
pward. The upward tendency kept further rising to 9% (level
), which showed the highest value of mean S/N ratio. The
bservation on the response of the S/N ratio to Al content
ight be mainly due to the variation of Mn content and the

olding temperature. Since both Mn and Fe were almost in-
oluble in liquid Mg, and instead reacted with Al solute to

orm Al-Mn-Fe intermetallic. It was observed that the increase t  
n Al content results in the generation large size intermetallic
ue to the Mn demand and holding temperature. However,
urther extending the Al content, if the Al content over the

n saturation point, the additional Al reacted with α-Mg to
orm Mg17 Al12 intermetallic phase during solidification. 

The response of the S/N ratio to Mn content is shown in
ig. 7(b) . The mean S/N ratio demonstrated a decrease ten-
ency from 0.15% (level 1) to 0.25% (level 2), the mean re-
ponse S/N ratio of the IS decreased from −22.13 to −23.22.
he ratio showed almost no increase to −23.03 ( + 0.8%)
hen Mn rose to 0.35% (level 3). Then S/N ratio decreased

o lowest as the Mn increased to 0.45% (level 4). This might
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esult from the variation of the Mn amount reacting with Al
nd impurity Fe for elimination Fe. In the Mg alloy produc-
ion, sufficient Mn is usually added to ensure that the Fe:Mn
atio is less than 0.032 which substantially improves the cor-
osion resistance [ 25 , 26 ]. The variation of S/N ratio with the
e content could be caused by the different Fe/Mn ratio. It
as reported that the proper control of the manganese and

ron ratio was the essential role for intermetallic size [26] . 
Fig. 7(c) shows response of the S/N ratio to the Fe con-

ent. The mean S/N ratio showed almost no difference from
0 ppm (level 1) to 70 ppm (level 3), since the ratio from level
 to level 2 only decreased 0.70%, and from level 2 to level
, only increased 0.56%. As the Fe increased to 100 ppm
level 4), the S/N ratio decreased to the lowest value. The
urpose to add additional iron content to the alloy was to
imulate the iron picking process in the steel crucible, as the
e-free high-quality graphite crucible was employed in this
tudy. At high temperatures, could with inappropriate man-
anese content, magnesium and the alloying elements can re-
ct with the steel crucible. Changes in the melt temperature
ed to intermetallic cluster. Therefore, the manganese and iron
atio were the essential role for intermetallic cluster and it
as also proof the fluctuation S/N ratio with the iron content

ncrease. 
Fig. 7(d) shows the response of the S/N ratio to the hold-

ng temperature parameter similar to that for the Al content.
he mean S/N ratio continuously decreased from −21.96 to
23.81 since the holding temperature increased from 630 °C

level 1) to 670 °C (level 3). However, after level 3 the S/N
ounced up to −23.20 with the holding temperature up to
90 °C (level 4). Since 630 °C (level 1) was the highest
/N ratio that intend intermetallic may not cluster easily. it
ight be due to the 630 °C just over the commercial Mg al-

oy liquids temperature and molten had poor fluidity. But the
ntermetallic was not well-precipitation at 690 °C (level 4). 

Fig. 7(e) presents the response of the S/N ratio to the hold-
ng time parameter. The mean S/N ratio increased to peak at
rst as the holding time increased from 30 mins (level 1)

o 60 mins (level 2). Then the S/N ratio decreased through
he holding time increased to 90 mins (level 3). Lastly, the
/N ratio decreased to the lowest value as the holding time

ncreased to 120 (level 4). Although there were no specific
olding times used in the foundry report, the adoption of the
olding time in this study was based on down time experi-
nced in the Mg casting operation. The result of the S/N ratios
ndicated the long holding time encouraged the intermetallic
luster. 

By selecting the highest value of mean S/N ratio for each
actor, the optimal level was determined. On this basis, the
ptimum combination of the levels in terms of minimizing the
S of the designed alloy the smallest IS was A4B1C1D1E2
s shown in Fig. 7(f) , which were 9 wt.% Al, 0.15 wt.% Mn,
.001 wt.% (10 ppm) Fe, 630 °C for holding temperature and
olding at 60 mins. In contrast, the largest intermetallic size
ombination of designed alloy was A2B4C4D3E4 which were
 wt.% Al, 0.45 wt.% Mn, 0.01 wt.% (100 ppm) Fe, 670 °C
or holding temperature and 120 mins for holding time. 
Factor Contributions. The results of the analysis of vari-
nce (ANOVA) and contribution of the five factors are sum-
arized in Table 9 . The contribution of five factor Al content,
n content, Fe content, holding temperature and holding time
as 27.41%, 27.65%, 1.97%, 33.52% and 9.44% respectively.

t was evident that, among the selected factors, the holding
emperature parameter had the highest contribution of 33.52%
n the IS. Mn (27.65%) and Al (27.41%) were ranked as the
econd and third highest contributors which were a very close
ontribution to each other. The holding time and Fe content
ere the lowest two least contributors which were 9.44% and
.97%, respectively. 

It is also worthwhile mentioning that, in the ANOVA anal-
sis, if the percentage error ( Pe ) contribution to the total vari-
nce is lower than 15%, no important factor is missing in the
xperimental design. In contrast, if the percent contribution
f the error exceeds 50%, certain significant factors are over-
ooked and the experiments must be re-designed. As shown
n Table 9 , the percentage error ( Pe ) was 0%. This indicates
hat no significant factors were missing in the experimental
esign. 

Confirmation Experiment. The confirmation experiment
as the final step in verifying the conclusions from the pre-
ious round of experimentation. If the results of the confir-
ation runs are not consistent with the expected conclusions,
 new Taguchi method design is required. The least inter-
etallic size confirmation experiment was performed by set-

ing the experimental condition of the five factors as: 9%Al,
.15%Mn, 0.001%Fe and 630 °C for the holding temperature
nd 60 min for the holding time. The levels of the correspond-
ng factors for the most intermetallic size confirmation were
 wt.%Al, 0.45 wt.%Mn, 0.01 wt.%Fe, 670 °C for holding
emperature and 120 mins for holding time. Fig. 8 presents
he SEM micrographs showing the Al-Mn intermetallic-free
one and the Al-Mn intermetallic-concentrated layer of the
onfirmation alloy with the least intermetallic size. The size
f the sludge concentrated layer for least intermetallic size
onfirmation was 10.01 μm, which was the least of inter-
etallic size in this study. The Al-Mn intermetallic zone and

he Al-Mn intermetallic-concentrate layer of the confirmation
lloy with the most intermetallic size was revealed in Fig. 9 ,
he measured size of the Al-Mn intermetallic- concentrated
ayer for the most intermetallic size confirmation was 18.11
m, which was the highest value of the sludge yield in this

tudy. 
Summary for Intermetallic Size. The Taguchi method for

he design of experiment was used for minimizing the IS dur-
ng the Mg alloy die casting process. The contribution Al con-
ent, Mn content, Fe content, holding temperature and hold-
ng time are 27.41%, 27.65%, 1.97%, 33.52% and 9.44%,
espectively. The holding temperature was found to be the
ost significant factor affecting the IS, while Mn content, Al

ontent, holding time and Fe content were ranked the second
o fifth. For the smallest IS combination of the optimum lev-
ls and factor was 9 wt.%Al, 0.15 wt.%Mn, 0.001 wt.%Fe
nd 630 °C for the holding temperature and 60 min for the
olding time. For the largest IS combination was 7 wt.%Al,
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Table 9 
Results of the ANOVA for intermetallic size. 

Factors Degree of freedom (D) Sum of squares (SSp) Variance 
(V) 

Corrected sums of 
squares (SSp’) 

Contribution Rank 

Al (%) 3 6.06 2.02 6.06 27.41% 3 
Mn (%) 3 6.11 2.04 6.11 27.65% 2 
Fe (%) 3 0.44 0.15 0.44 1.97% 5 
Holding temperature ( °C) 3 7.41 2.47 7.41 33.52% 1 
Holding time (Mins) 3 2.09 0.70 2.09 9.44% 4 
Error 0.00 0.00 0 
Total 6.286 100% 

Fig. 8. (a) SEM micrograph illustrating the Al-Mn intermetallic-free zone and the Al-Mn intermetallic-concentrated layer, (b) and (c) binary black and white 
images from ImageJ showing the intermetallic contents of the alloy with the least intermetallic size from the confirmation experiment. 
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.45 wt.%Mn, 0.01 wt.%Fe, 670 °C for the holding temper-
ture and 120 mins for the holding time. 

As an ongoing research project, a further investigation into
etailed microstructure characteristics such as phase identifi-
ation by transmission electron microscopy (TEM) and aggre-
ation of intermetallic particles by X-ray computed tomogra-
hy are to be performed, and the results are to be published
n the near future. 

Chemical, Process and Comprehensive Sludge Factors
or Al-containing Mg Alloys. For casting Al alloys, the for-
ulae, named Sludge Factor (SF), as a function of the chem-

cal composition and/or melt holding temperature were estab-
ished, which enabled the control of sludge formation [18–22] .
o develop a Sludge Factor for Mg alloys, multivariate linear
egression analyses were carried out with the DOE results.
ince either chemical compositions or processing parameters
layed an important role in sludge formation in terms of their
ield intermetallic sizes. Three groups of the SFs were cate-
orized. The first group contained the Chemical Sludge Fac-
ors (CSF) only dependent on the chemical compositions, i.e.,
l, Mn and Fe contents, while the Sludge Factors in group

wo were influenced by the processing parameters of the melt
olding temperature and time, named Process Sludge Factor
PSF). Group three possessed the SFs determined by both the
hemical compositions and the processing parameters, called
omprehensive Sludge Factor (CPSF). In each group, two

ypes of the SFs, were defined based on the output results of
he DOE, i.e., sludge yield and intermetallic size. 

The Chemical Sludge Factor was primarily designed for
mall ingot producers and die casters with a limited melting
nd holding capacity, of which process parameters could be
xed easily. The Physical Sludge Factor could be used for
ass production with a single type of Mg alloy, in which

he chemistry fluctuation might be negligible. In large Mg
asting suppliers with multiple melting and holding furnaces
nd a number of Mg alloys in production, the Comprehen-
ive Sludge Factor should be implemented to diminish the
ludge formation. To minimize sludge formation, avoid sludge
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Fig. 9. (a) SEM micrograph illustrating the Al-Mn intermetallic-free zone and the Al-Mn intermetallic-concentrated layer, (b) and (c) binary black and white 
images from ImageJ showing the intermetallic contents of the alloy with the most intermetallic size from the confirmation experiment. 
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uildup in holding crucibles, address hard spots in cast com-
onents, and improve the fluidity of liquid metal in die-casting
rocesses, it is suggested that, based on the obtained results,
he calculated SF values should be less than 0.3% for the
ludge yield and 10 μm for intermetallic size, respectively. 

In Group One, the regression analyses [29] gave the CSFs
s follows: 

SF SY ( wt . % ) = 2. 11 × 10 

−2 × ( wt . % Al ) + 1 . 01 

×( wt . % Mn ) + 3 . 13 × ( wt . % F e ) (13) 

here CSFSY was Chemical Sludge Factor for the sludge
ield, and the regression coefficient R2 was 0.9932 with stan-
ard error S = 0.0451; 

SF IS ( μm ) = 1 . 12 × ( wt . % Al ) + 13 . 66 × ( wt . % Mn ) 

+ 177 . 07 × ( wt . % F e ) (14) 

here CSFIS was Chemical Sludge Factor for the intermetal-
ic size, the regression coefficient R2 was 0.9720 with stan-
ard error S = 2.6769. 

In Group Two, the regression analyses [29] provided the
SFs below: 

 SF SY ( wt . % ) = 7 . 21 × 10 

−4 × T + 9 . 41 × 10 

−5 × t (15)

here PSFSY was Process Sludge Factor for the sludge yield,
 was the temperature ( °C), t was the time (minute), and

he regression coefficient R2 was 0.9536 with standard error
 = 0.1140; 

 SF IS ( μm ) = 2. 10 × 10 

−2 × T + 6 . 24 × 10 

−3 × t (16)

here PSFIS was Process Sludge Factor for the intermetallic
ize, T was the temperature ( °C), t was the time (minute), and
he regression coefficient R2 was 0.9854 with standard error
 = 1.8651. 

In Group Three, the regression analyses [29] showed the
PSFs as follows: 

P SF SY ( wt . % ) = −2. 57 × 10 

−3 × ( wt . % Al ) + 9 . 18 

×10 

−1 × ( wt . % Mn ) + 1 . 20 

×( wt . % F e ) + 3 . 26 × 10 

−4 

×T + 7 . 42 × 10 

−5 × t (17) 

here CPSFSY was Comprehensive Sludge Factor for the
ludge yield, and the regression coefficient R2 was 0.9971
ith standard error S = 0.0324; 

P SF IS ( μm ) = −2. 83 × 10 

−1 × ( wt . % Al ) + 7 . 73 

×( wt . % Mn ) + 56 . 23 × ( wt . % F e ) 

+2. 02 × 10 

−2 × T + 6 . 21 × 10 

−3 × t (18) 

here CPSFIS was Comprehensive Sludge Factor for the in-
ermetallic size, the regression coefficient R2 was 0.9896 with
tandard error S = 1.7724. 

In statistics, the value of the regression coefficients R2 is
n indicator of how well the equation (model) resulting from
he regression analysis explains the relationship among the
ariables. As a statistical measure of fit, it indicates how
uch variation of a dependent variable is explained by the

ndependent variable(s) in a regression model [29] . Although
igh R-squared values are good, they do not show how far
he data points are from the regression line. High R-squared
alues are needed for models to produce precise predictions.
t is impossible to use R-squared to evaluate the precision
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Fig. 10. Regression coefficients R2 with standard errors for six developed 
SFs. CSFSY, PSFSY, CPSFSY, CSFIS, PSFIS, and CPSFIS stand for the 
sludge factors of CSFSY , PSFSY , CPSFSY , CSFIS , PSFIS , and CPSFIS , re- 
spectively. 
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f the predictions. But, the standard error of the regression
rovides the absolute measure of the typical distance that the
ata points fall from the regression line, which measures the
recision of the model’s predictions [29] . Fig. 10 presents the
egression coefficients R2 with the standard errors for six de-
eloped SFs, i.e., CSFSY , PSFSY , CPSFSY , CSFIS , PSFIS , and
PSFIS . All the regression coefficients R2 for six developed
Fs had a relatively high value above 0.95, indicating that

he measured data points were closer to the fitted values. Ex-
mination of the standard errors revealed that the SFs for the
ludge yield, i.e., 0.0451 for CSFSY , 0.1140 for PSFSY , and
.0324 for CPSFSY , had lower S values than those for the
ntermetallic size, i.e., 2.6769 for CSFIS , 1.8651 for PSFIS ,
.7724 for CPSFIS , respectively. The standard error analy-
es indicated that the SFs for the sludge yield could generate
ore precise predications than those for the intermetallic size.
lso, among the six SFs, the CPSFSY had the lowest S value
f 0.0324 with the highest R2 of 0.9971, which should give
he most accuracy in prediction of sludge yield in Mg alloys.

Fig. 11 illustrates the comparison of predicted sludge
ields and intermetallic sizes with the experimental measure-
ents for the confirmation experiment with the least sludge

ormation. For the confirmation experiment with the most
ludge formation, the predicted sludge yields and intermetal-
ic sizes were compared with the experimental measurements
n Fig. 12 . In both Figs. 11 and 12 , CSFSY, PSFSY, CPS-
SY, CSFIS, PSFIS, and CPSFIS stand for the sludge fac-

ors of CSFSY , PSFSY , CPSFSY , CSFIS , PSFIS , and CPSFIS ,
hile Exp. SY and Exp. IS representing the experimental
easurements of the sludge yield and intermetallic size, re-

pectively. In the least sludge cases, the predicted sludge yield
f 0.50 wt.% and intermetallic size of 14.66 μm by PSFSY 

nd PSFIS were deviated significantly from the experimental
ounterparts of 0.26 wt.% and 12.22 μm. Meanwhile, the
SFSY , CPSFSY , CSFIS , and CPSFIS computed the sludge
ields of 0.35 and 0.34 wt.% and intermetallic sizes of 13.02
nd 12.81, which were very close to the measured data of
.26 wt.% and 12.22 μm. For the most sludge case, the mea-
ured sludge yield and intermetallic size were of 0.65 wt.%
nd 16.02 μm, respectively. The predicted sludge yields and
ntermetallic sizes by CSFSY , PSFSY , CPSFSY , CSFIS , PSFIS ,
nd CPSFIS were 0.64, 0.48 and 0.63 wt.%, and 16.32, 14.39
nd 15.95 μm, respectively. The comparison of predicted
ludge yields and intermetallic sizes with the experimental
easurements indicated that the CPSFSY and CPSFIS gave

igh accuracy in prediction, as the prediction of the PSFSY 

nd PSFIS had a relatively large deviation from the exper-
mental data. Based on the comparisons made for both the
ases, the sludge yields and intermetallic sizes predicted by
he CSFSY and CSFIS showed a good fit to the experimental
ata. Furthermore, the prediction by the CPSFSY and CPSFIS 

as improved over those of the CSFSY and CSFIS . Their pre-
icted results were in excellent agreement with the exper-
mentally measured sludge yield and intermetallic size, al-
hough the CPSFSY and CPSFIS models with five indepen-
ent variables including both chemical elements and process
arameters were more complicated than those of the CSFSY 

nd CSFIS with only three chemistry-related independent vari-
bles. 

The statistical analysis based on the regression coefficients
nd the standard error of the regression validated the accu-
acy of the established Sludge Factors for prediction of sludge
ields and intermetallic sizes in Al-containing Mg alloys. 

.1. Sludge formation and particle settling 

The previous studies on die cast Al-containing Mg alloys
howed that the chemical compositions, holding temperature
nd times affected the sludge yield and particle size [1–3] .
he Mn content in the alloy played a dominant role in sludge

ormation. The particle size and sludge yield increased with
ncreasing the Mn content in the alloy. Meanwhile, the low
emperature and long holding time encouraged the precipita-
ion and coarsening of Mn-rich particles. 

It was proposed that the settling velocity of Mn-rich par-
icles could be determined by Stokes’ law: 

s =
(
dp − dl 

)
g Dp 

18 ηl 
(25) 

here Vs is the settling velocity of Mn-rich particles, dp and
l are the densities of Mn-rich particles and liquid Mg alloy,
espectively, g is the gravitational acceleration (9.806 m2 /s),
nd ηl is the dynamic viscosity of liquid Mg alloy. Stokes’
aw considers only individual smooth and spherical solid par-
icles in liquid laminar flow. Since the identified particles in

g sludge were non-spherical and in irregular shapes, the
irect application of Stokes’ law could lead to an overes-
imation of settling velocities. Peng et al. [1] introduced a
orrection factor and a shape factor into Stokes’ law, which
vercame its overestimation. With the corrected Stokes’ law,
he settling speeds of the Al-Mn(-Fe) particles in commercial

g AZ91 alloy were successfully correlated to the particle
izes. The theoretical settling velocities of the particles as a
unction of the temperatures and the particle diameters were
alculated. The data provided in reference 1 indicated that,
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Fig. 11. Comparison of predicted sludge yields and intermetallic sizes with the experimental measurements for the confirmation experiment with the least 
sludge formation. 

Fig. 12. Comparison of predicted sludge yields and intermetallic sizes with the experimental measurements for the confirmation experiment with the most 
sludge formation. 
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hen the particles were large at a fixed holding tempera-
ure, their settling speeds were high. As the holding temper-
ture decreased for particles with a fixed size, the settling
peeds reduced. Hence, to minimize the sludge formation,
he holding temperature should be high, while the setting
peed and the holding time had to be low and short respec-
ively. The findings of the present studies are consistent with
he published results. To quantitatively compute the settling
elocities of the Al-Mn particles in the test Mg-Al alloys,
he dynamic viscosities and density of the alloys need to be
etermined. 

. Conclusions 

To control the intermetallic formation in the sludge of mag-
esium alloys, the Design of Experiment based on the Taguchi
ethod was employed to systematically study the effects of
hemical compositions and process parameters on the yield
nd the intermetallic size particles in the sludge of magne-
ium alloys. The conclusions drawn from this study are given
elow: 

1. Among the selected five factors, Al, Mn and Fe con-
tents as well as holding temperatures and times, Mn
was found to be the most influencing factor (91.91%)
for the sludge yield, as the other factors had a similar,
but much smaller effect on the yield with the Al, Fe,
holding temperatures and time contributions of 3.32%,
2.22%, 1.88% and 0.66%, respectively. 

2. On the intermetallic size, the holding temperature made
the major effect of 33.52% and both the Al and Mn
contents had the moderate influences of 27.41% and
27.65%, while the Fe content and holding time con-
tributed only 1.97% and 9.44%, respectively. 
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3. To achieve the least sludge yield, i.e., the best
performance characteristic, the optimum combination
(A4B1C1D4E1) with the maximum S/N ratios was
9 wt.% Al, 0.15 wt.% Mn, 0.001 wt.% Fe, 690 °C
as the holding temperature, and 30 min as the holding
time. 

4. The combination (A2B4C4D2E4) for the worst perfor-
mance characteristics, i.e., the most sludge yield, was
7 wt.% Al, 0.45 wt.% Mn, 0.01 wt.% Fe, 650 °C as the
holding temperature, and 120 min as the holding time. 

5. For the intermetallic sizes, the combination (A4
B1C1D1E2, i.e., 9 wt.% Al, 0.15 wt.% Mn, 0.001 wt.%
Fe, 630 °C as the holding temperature, and 60 min as
the holding time, resulted in the smallest intermetallic
size. However, the largest intermetallic size was pro-
duced by the combination (A2B4C4D3E4) of 7 wt.%
Al, 0.45 wt.% Mn, 0.01 wt.% Fe, and 670 °C as the
holding temperature, and 120 min as the holding time. 

6. To build a Sludge Factor for Mg alloys, multivariate lin-
ear regression analyses were carried out with the DOE
results. Six Sludge Factor equations for the sludge yield
and intermetallic size were established as a function of
the chemical compositions and/or the processing param-
eters. 

7. The comparison of the sludge yields and intermetal-
lic sizes predicted by the SFs with the experimental
measurements indicated that the Comprehensive Sludge
Factor (CPSF) with five independent variables includ-
ing both chemical elements and process parameters gave
high accuracy in prediction, as the prediction of the Pro-
cess Sludge Factor (PSF) with only the two processing
parameters of the melt holding temperature and time
showed a relatively large deviation from the experimen-
tal data. 

8. The Chemical Sludge Factor was primarily designed for
small ingot producers and die casters with a limited
melting and holding capacity, of which process param-
eters could be fixed easily. The Physical Sludge Factor
could be used for mass production with a single type
of Mg alloy, in which the chemistry fluctuation might
be negligible. In large Mg casting suppliers with multi-
ple melting and holding furnaces and a number of Mg
alloys in production, the Comprehensive Sludge Factor
should be implemented to diminish the sludge forma-
tion. 

9. The established Sludge Factors enable engineers to pre-
dict the sludge yield and intermetallic size in Mg alloys
during die casting, and to cost-effectively design pro-
cess parameters with known chemical compositions. To
minimize the sludge formation, the SFs can be used as
a control measure for the avoidance of sludge buildup
in holding crucibles, hard spots in cast components, re-
duced fluidity of liquid metal to flow into a die. 

10. The findings of this work provide valuable tools to
control the intermetallic formation in magnesium al-
loys. They have the potential to enhance casting quality,
diminish sludge generation, minimize industrial waste
sent to landfills, and ultimately contribute to a reduced
environmental impact. 
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