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Abstract

The present study investigates the melt quality of A356.2
alloy during the pressure counter pressure casting (CPC)
process for steering knuckles, by means of fracture analysis
of tensile test bars, hydrogen content measurement, and
inclusion analysis. The failure modes of the tensile test bars
suggest that oxides are the most detrimental inclusions in
the CPC cast A356.2-T6 steering knuckles. Hydrogen
content at various stages is quantified using the HYCAL
analysis apparatus, revealing a sharp decrease to
0.16 ± 0.01 ml/100 g after degassing, followed by a slight
increase in the holding and CPC process. The porous disc
filtration apparatus (PoDFA) method is employed to
identify different types of inclusions, including TiB2, Al4C3,
a-Al2O3, spinel-like, spinel, oxide films, and MgO. The
content of different inclusions analysis indicates that

oxides can be effectively removed during degassing, but
can easily re-form as the melt moves up and down in the
riser tubes. The characteristics of the molten bath and the
mechanism of slag formation in different CPC cycles are
discussed, which provides a comprehensive understanding
of the increase in oxide size and concentration from the
first to the last casting cycle. This increase leads to a
deterioration of the melt quality as well as the casting
quality. It is thus essential to minimize oxidation and limit
the liquid front velocity to ensure the consistent production
of high-integrity castings in the CPC process.

Keywords: A356.2 alloy, melt quality, CPC, PoDFA,
hydrogen, inclusions

Introduction

A356.2 with T6 heat treatment is the most frequently used

low-pressure cast aluminum alloy for automotive load-

bearing components due to its favorable properties,

including good casting, machining, weldability, qualified

mechanical properties, as well as significant weight sav-

ings.1–3 However, high-volume production of A356.2 alloy

necessitates consistent and adequate melt quality to ensure

the desired casting integrity.4–6 In low-pressure casting

(LPC) plants, it is a common practice to mix a substantial

fraction of scrap castings or secondary ingots with primary

ingots in the melting process.7,8 This practice can increase

the inclusion content in the molten metal.9 Inclusions are

typically detrimental to the mechanical properties of cast-

ings and can lead to premature failure of components and

tensile test bars.4 Therefore, it is crucial to closely monitor

and control the melt quality to ensure that the casting

integrity of A356.2 alloy is maintained at a high level

during the production process.

Inclusions in the A356.2 melt can be classified as exoge-

nous and endogenous. Exogenous inclusions include the

shedding of refractories, graphite, and grain refiner parti-

cles. Aluminum oxide (Al2O3) as particles or biofilms,10
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aluminum carbide (Al4C3), magnesium oxide (MgO), and

spinel (MgAl2O4) are endogenous inclusions.11,12 Various

techniques have been developed to detect inclusions in

aluminum melts, including the reduced pressure test,

K-mold, liquid metal cleanliness analyzer, PoDFA, and its

successor PREFIL. PoDFA is a quantitative technique to

identify the types and contents of inclusions in the

melt,13–15 it involves filtering a certain quantity of liquid

aluminum through a very fine filter (pore size at about

10–100 lm) disc under specific conditions. Inclusions are

concentrated at the filter interface by a factor of 10,000

thus their types and content can be identified.12,16

The CPC process, an advancement of LPC,17,18 is exten-

sively utilized for producing safety components for auto-

mobiles that require greater strength and ductility

compared to those made by LPC and gravity casting

techniques.19 Therefore, the mechanical properties of

castings fabricated using the CPC process are typically

more demanding. The original equipment manufacturer

(OEM) specified ultimate tensile strength (UTS) and total

elongation (TE) requirements for A356.2-T6 steering

knuckles manufactured by CPC average of 315 MPa and

8% for three samples, respectively, with a minimum of 305

MPa and 6%.19,20 Despite this, tensile test bars sometimes

fail prematurely during routine testing, and metal cleanli-

ness is a significant challenge encountered by foundry

technician during the CPC process.7 Therefore, the effect

of inclusions and hydrogen on mechanical property

degradation is a major concern. Maintaining metal quality

in molten aluminum alloys necessitates the monitoring and

minimization of the presence of inclusions and hydrogen.

While RPT and K-mold techniques are utilized in casting

plants to assess melt cleanliness, they lack the necessary

accuracy. Thus, the quantitative analysis of melt quality in

A356.2 alloy at different steps of the CPC process should

be considered.

This paper investigates the melt quality of A356.2-T6

steering knuckles produced by the CPC process, with a

particular focus on the evolution of inclusions and hydro-

gen content. Specifically, the study collects tensile test bars

that failed to meet UTS or TE requirements and performs

fracture analysis to identify premature failure modes

caused by inclusions. Additionally, hydrogen content

measurement and PoDFA analysis are conducted at dif-

ferent steps of the CPC process to understand the evolution

of melt quality. The study also analyzes the types and

contents of different inclusions present at different stages.

Finally, the paper discusses the characteristics of the

molten bath and the mechanism of slag formation in vari-

ous CPC cycles, providing valuable insight into the

increase in oxide size and concentration over multiple

casting cycles.

Melt Quality Assessment Procedures

Assessment Methods

Tensile Test Bars Containing Inclusions

In this study, prematurely failed tensile test bars from

routine testing of several Volkswagen steering knuckles at

SHAC’s foundry were utilized to analyze inclusions. The

test bar sampling position varied for different products, and

the DIN 50125 standard was employed for the tensile test

procedure, using type A test bars with a diameter (d0) of

5 mm and a gauge length of 25 mm. After slicing the T6

heat-treated steering knuckles, the test bars were turned and

then tested at room temperature with a strain rate of

6.7910-3/s. A total of 30 bars with prominent inclusions

on their fracture surfaces were analyzed to investigate the

detrimental effects of inclusions. The proportion of

unqualified test bars was calculated as 3.1% (30 out of 968

tested bars).

Hydrogen Content Measurement

The concentration of hydrogen at various stages was

determined using the HYCAL hydrogen analysis appara-

tus, as illustrated in Figure 1a. The apparatus employs

field-proven probe and closed-loop recirculation technolo-

gies, enabling fast online quantitative measurement of

dissolved hydrogen. To measure the hydrogen content, the

hydrogen detection probe was placed at a distance of 15 to

30 cm from the surface of the molten aluminum and away

from any vertical wall, and the working principle is shown

in Figure 1b. The final result was obtained within 5–10 min

for each batch.

PoDFA Test

The PoDFA apparatus and schematic diagram of the

sample analysis process are given in Figures 2a and b. For

each PoDFA sample, around 2.5 kg of molten metal is

taken from a location that is 20 cm beneath the liquid melt

surface and positioned away from any vertical wall. It was

assumed that the inclusions and oxides present beneath the

surface of the liquid melt could serve as representative

indicators of the melt quality at different stages of the

process. In order to ensure consistent and accurate results,

the ladle used in the PoDFA test must be preheated for a

minimum of five minutes in the liquid melt and any surface

dross must be removed before each test. The filtration

crucible assembled with a filter should be preheated for

about 30 min in the crucible heater to minimize heat losses

during the transfer of the liquid metal. Once the filtered
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melt on the balance has reached the desired weight of 1 kg,

the PoDFA filtration process will automatically cease and

the residual melt in the filtration crucible will solidify in

the air. The resulting solidified metal and filter, which

forms a conical sample as depicted in Figure 2c, are cut,

mounted, and polished prior to microscopic observation. A

schematic diagram of the area to be analyzed at the PoDFA

filter cake interface is presented in Figure 2d, where the

inclusion content can be quantified by means of image

analysis of the concentrated inclusions from the fine filter

interface. The grid method is employed to classify the

inclusions and determine the total inclusion content.21

Optical microscope (OM, Zeiss Axiovert 40 MAT, and

Zeiss AXIO IMAGER A2M) is used to analyze PoDFA

samples after mechanical polishing, scanning electron

microscope (SEM, 20 kV, JSM6480) with an Inca Energy

Dispersive Spectrometry (EDS) is used to analyze the

inclusion types and size.

Total index inclusions (mm2/Kg)=

The correction factor used in the analysis is dependent on

the magnification of the microscope and is set at 0.01,

0.0025, or 0.000625 for magnifications of 50 X, 100 X, or
200 X, respectively.

Figure 1. (a) HYCAL hydrogen analysis apparatus and (b) the working principle.

Figure 2. (a) PoDFA apparatus photos are courtesy of Alcan Inc.; (b) Schematic
diagram of the PoDFA sampling process; (c) PoDFA sample cutting; (d) Schematic
diagram of the area to be analyzed.

Total number of square measured� Factor of correction� Nominal chord 12:7 mmð Þ
Filtered weight Kgð Þ � Chord length measured mmð Þ
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Assessment Locations

In the SHAC’s foundry, the primary ingots, scrap castings,

and secondary ingots (with a maximum percentage of

(scrap ? secondary)/total B 50%) are melted at approxi-

mately 760 �C using a natural gas furnace. The liquid melt

is then transferred through the launder to a holding furnace,

which is a resistance furnace with a theoretical capacity of

900 kg. The holding furnace can maintain a stable tem-

perature range of 725–740 �C at the degassing station and

the CPC casting cell, with 75% of its theoretical capacity

functional. The rotary degassing process involves a

cleaning flux of 0.7 kg per ton, an argon flow of 40 L/min,

a rotation speed of 500 rpm, and a duration of 15 min at

730 ± 10 �C. During the degassing process, the melt is

grain-refined using an Al-5Ti-B rod (target addition

0.08 wt%) and modified using an Al-10Sr rod (target

addition 0.1 wt%). The CPC process employs dry com-

pressed air, and the dew point of the air is monitored using

a moisture separator. In each casting cycle, a fiberglass

filter is placed on the sprue area of each cavity, in addition

to the preheating cycle. In this study, the hydrogen content

and PoDFA tests are conducted throughout the path of

molten metal processing.

Figure 3 shows the molten metal process path of A356.2

alloy, including the steps for PoDFA sampling and

hydrogen detection. The objective of this study is to

comprehensively evaluate the melt quality evolution

throughout the entire CPC process under diverse condi-

tions, the situation where the molten metal remains at the

degassing station for 2 hours following degassing is also

considered. The first PoDFA sample (a) is obtained from

the molten pool of the natural gas furnace, while the

remaining PoDFA samples (b, c, d, e, f) are collected from

the same holding furnace at different stages in the same

trial. In total, six sets of PoDFA samples are taken

throughout the entire molten metal process path. To min-

imize the impact of fluctuations in the sampling process, at

least three consecutive trials are conducted for each set of

PoDFA samples. Furthermore, the hydrogen content at

different locations is detected, with a minimum of three

detection trials carried out for each location. Notably, the

hydrogen content of the casting (middle) position is not

detected due to the sealed holding furnace under the CPC

cell during casting.

The A356.2 alloy composition is analyzed at various

locations using an optical emission spectrometer (SPEC-

TRO), and the results are presented in Table 1. The addi-

tion of Al-5Ti-B and Al-10Sr master alloys during

degassing causes a slight increase in Ti, B, and Sr con-

centrations compared to the step after refilling. The pres-

ence of residual aluminum liquid in the holding furnace

before refilling allows for the detection of Sr at this step.

Additionally, magnesium is added during degassing. The

composition of the melt remains stable throughout the

holding process until the end of casting.

Results

Premature Failure Modes of Tensile Test Bars

The representative fracture morphologies of test bars are

shown in Figure 4. The corresponding UTS and TE are

marked on each image. The results indicate that TE is more

sensitive to inclusions than UTS, as all test bars exhibiting

premature failure exhibited unqualified TE. The chemical

compositions of points (a), (b), and (c) in Figure 4 are listed

in Table 2. From the magnified image of Figure 4(a1) and

EDS data, inclusions containing O, Mg, Sr, K, and Ca

elements were observed with a size larger than 100 lm.

These inclusions may be attributed to the presence of Al–Sr

Figure 3. CPC process at SHAC’s foundry, molten metal process path of A356.2
alloy, PoDFA sampling and hydrogen detection steps.
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and fluxing additions during degassing, leading to the

agglomeration of their oxides and subsequent flow into the

casting. As shown in Figure 4b, shrinkage pores with high

Si content defects resulted in a TE of 4.7%. In addition, Ti

and Fe-containing compounds were identified in Figure 4c.

Figure 4d shows the folded oxide film, also known as

bifilms,9 leading to a TE of only 3.5%. Typically, bifilms

form on the melt surface during entrainment, and have only

a few milliseconds to grow before submersion.22

By analyzing the different types of defects on the fractures,

the failure modes of the tensile test bars with premature

Table 1. A356.2 Alloy Composition at Different Locations

Requirements (wt%) Al Si Fe Cu Mn Mg Ti B Sr
Balance 6.5–7.5 B0.15 B0.03 B0.1 0.3–0.45 0.08–0.25 – –

After refilling 92.4 6.97 0.118 0.002 0.004 0.358 0.126 0.0001 0.007

After degassing 92.5 6.85 0.116 0.002 0.004 0.389 0.132 0.0006 0.014

Holding 2 h 92.5 6.81 0.116 0.002 0.004 0.395 0.134 0.0005 0.014

Casting (End) 92.5 6.81 0.117 0.002 0.004 0.388 0.130 0.0005 0.014

Figure 4. The representative fracture morphologies of tensile test bars with premature failure.

Table 2. The Element Content of Points in Figure 4a, b, and c

Element
(wt%)

C O Mg Al Si Ti Fe Sr Cl K Ca

A 15.9 27.6 13.4 8.3 – – – 31.5 0.6 1.7 1.1

B 17.4 27.6 12.4 8.4 – – – 31.8 – 1.3 1.2

C – 26.2 16.7 57.2 – – – – – – –

D 14.1 24.9 18.0 24.2 – – – 18.8 – – –

E 22.0 7.1 1.8 55.4 31.5 – – – – – –

F 11.9 – 0.7 68.1 19.3 – – – – – –

G 20.1 – 1.4 74.8 3.5 – – – – – –

H – 21.4 8.0 57.5 7.3 2.0 3.8 – – – –

I – 5.8 2.5 70.8 12.5 4.8 3.6 – – – –

J 13.7 30.7 1.3 48.3 6.0 – – – – – –

K – – – 63.6 15.7 – 20.7 – – – –
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failure can be obtained. As shown in Figure 5, they can be

classified by the following categories: oxides, carbides,

chlorides and borides, and porosity. The total number of

defects analyzed among the 30 test bars was 43. Among

them, 65.1% of defects are oxides with a size range of

100–2000 lm. The proportion of carbides is 16.3%, which

has a size range of 50–300 lm. Other defects are chlorides

and borides, porosity, both of which account for 9.3 per-

cent. Based on these observations, it can be inferred that

oxides represent the most hazardous inclusions in A356.2-

T6 steering knuckles manufactured by the CPC process.

Hydrogen Content

During the aluminum melt processing, interactions of

hydrogen absorption and oxide film formation on the sur-

face are critical.23 Moreover, the hydrogen content is

associated with inclusions because it increases with the

increase of inclusion content at a certain temperature.5,24

Hydrogen content at different steps during the CPC process

is detected by the HYCAL hydrogen analysis apparatus,

which is given in Figure 6. The hydrogen content is

0.22 ± 0.02 ml/100 g in the melting procedure. Subse-

quently, the hydrogen content significantly increased to

0.33 ± 0.04 ml/100 g after the melt was transferred into

the holding furnace, which could be caused by the high

pour height that brings entrainment hydrogen during the

melt transfer.23 Initially, the pour height from the launder

bottom to the melt surface in the holding furnace was

approximately 100 cm and decreased to approximately

30 cm ultimately. The hydrogen content dropped sharply to

0.16 ± 0.01 ml/100 g after degassing, indicating that the

efficiency of degassing is roughly 50%. Finally, the

hydrogen content marginally increased to 0.17 ± 0.01 ml/

100 g after being held for 2 h at 730 �C in the holding

furnace, and 0.18 ± 0.01 ml/100 g at the CPC casting end.

Inclusion Types

The representative collages of the whole PoDFA filter cake

interface at different steps are shown in Figure 7. They

provide an overall picture of the melt quality in the CPC

process. In the melting stage, inclusions are distributed

throughout the residual metal rather than agglomerated at

the filter interface, as shown in Figure 7a. However, after

refilling, a significant number of inclusions agglomerate at

the filter interface, as depicted in Figure 7b. Subsequently,

the agglomerated inclusions are scarcely observed in the

residual metal after degassing and holding for 2 h. During

the CPC casting, inclusions appear to have increased sig-

nificantly. A number of inclusions at the filter interface can

be found in the casting middle. Moreover, the inclusion

content appears to continue to rise during the subsequent

CPC process stages until the casting end, with more

inclusions visible in Figure 7f than in Figure 7e.

Most of the inclusions in A356.2 can be identified in the

optical micrograph analysis, and the key residue micrographs

are given in Figure 8. TiB2, Al4C3, a-Al2O3, spinel-like, spi-

nel, and oxide films are themain inclusions that aremarked on

these images. In the melting furnace, spinel and spinel-like

particles are the most common inclusions which can be easily

observed. After refilling, all kinds of inclusions with a size

range of 10–100 lmcan be found. The size and content of the

inclusions are significantly reduced after degassing and at the

subsequentholding for 2 h,which canbeverified inFigures 8c

and d. As previously mentioned, the size and content of the

inclusions increased significantly during the CPC casting.

There are a lot of intermetallic phases generated at these two

steps according to the micrographs in Figure 8e and f, which

causes the inclusions to appear significantly increased.

To understand all different types of inclusions in A356.2

alloy during the CPC process, SEM analysis of PoDFAFigure 6. Hydrogen content at different steps.

Figure 5. Failure modes in tension test bars with
premature failure.
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samples in the melting furnace and the casting end were

conducted. EDS maps confirmed the presence of MgO

agglomerations combined with oxide films in Figure 9a,

suggesting that these MgO particles are entrapped by oxide

films and subsequently submerged in the bulk liquid,

leading to their irregular shapes.25 The (TiV)B2 agglom-

erations with tens of microns were detected in Figure 9b,

which may originate from the process of boron treatment to

remove impurity elements but are not settled during

smelting.26 The observation of oxide films with trapped

MgO particles in Figure 9b highlights the issue of Mg

oxidation during the melting process. Although the oxi-

dation of Mg is considerable in A356.2 alloy, the size of

the individual MgO particle is typically smaller than 3 lm
(see the inserted image of Figure 9b), making it challeng-

ing to quantify them via OM in PoDFA test. Therefore, it is

necessary to detect the Mg content during the degassing

step to ensure it meets the product requirements.

Figure 7. Collages of the whole filter cake of PoDFA samples at different steps:
(a) Melting; (b) After refilling; (c) After degassing; (d) Holding-2h; (e) Casting middle;
(f) Casting end.

Figure 8. Micrographs of inclusions at different steps: (a) Melting; (b) After refilling; (c) After degassing;
(d) Holding-2h; (e) Casting middle; (f) Casting end.
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SEM analysis of PoDFA sample at the casting end are shown

in Figure 10, and the corresponding element content of points

in Figure 10a is listed in Table 3. The EDS data confirm that

the intermetallic phases observed in Figure 8b, e and f are

composed of Ti(AlSi)3, which exhibits a flake-like morphol-

ogy. The formation of Ti(AlSi)3 is attributed to the excess of

Ti in A356.2 beyond the solubility limit of 0.1 wt%,27,28 the

actual Ti content in the present alloy is 0.13 wt% according to

Table 1, and slow cooling condition during PoDFA

solidification may produce flakes morphology of Ti(AlSi)3.
29

Furthermore, prolonged holding of a melt with a Ti content

exceeding 0.1 wt% is prone to the formation of Ti(AlSi)3
sludge at the bottom of the crucible, adversely affecting the

foundry processes and the properties of the final castings.30

Various other types of inclusions, such as Al2O3, TiB2, MgO

are also present at the casting end, which may serve as sub-

strates for nucleation of Ti(AlSi)3 and lead to agglomeration

of more inclusions at the filter interface.

Figure 9. SEM micrographs of inclusions and EDS maps of PoDFA sample in the melting furnace:
(a) and (b) are different areas of the sample.

Figure 10. SEM micrographs of inclusions, EDS point and maps of PoDFA sample in the casting
end: (a) and (b) are different areas of the sample.
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The Content of Different Inclusions

It is vital to identify all sorts of inclusions as well as the

content, thereby the quality of the A356.2 melt can be

obtained in the CPC process. The total inclusions and oxide

films detected by PoDFA method are given in Figure 11a.

The total inclusions content is less than 0.9 mm2/kg at

different steps, it even increased after degassing operation

because of the deliberately added grain refining TiB2 par-

ticles. The content of TiB2 increased by an average of

0.35 mm2/kg after degassing from the histogram in Fig-

ure 11b. The settling effect during the 2-h holding period

reduced the total inclusions content. Furthermore, inclu-

sions and oxides are formed in the riser tube as the melt

washes up and down in every cycle of the CPC casting,22

so they both increased in the casting middle and casting

end. The trend of the oxide films content is consistent with

the total inclusions, the number of oxide films increased

after degasser is due to an excess of turbulence in the

holding furnace. The histogram in Figure 11c gives the

Al4C3 contents at different steps, it seems that Al4C3 is not

sensitive to the degassing operation, its content is increased

slightly after degassing and then maintained at a

Table 3. Element Content of Points in Figure 9a

Element
(at.%)

Al Ti Si O Mg V Fe

1 63.7 23.8 11.8 0 0.1 0.5 0

2 64.0 23.8 11.7 0 0.1 0.4 0.1

3 62.9 23.9 12.6 0 0.1 0.6 0

4 63.7 23.5 12.2 0 0 0.5 0.1

5 61.6 22.8 15.0 0 0 0.6 0

6 33.6 3.1 11.9 50.1 0.3 0 0

Figure 11. The content of different inclusions in A356.2 alloy at different steps of CPC
process: (a) Total inclusions and oxide films; (b) TiB2; (c) Al4C3; (d) a-Al2O3;
(e) Spinel-like; (f) Spinel-MgAl2O4.
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stable level of 0.12 mm2/kg. Although a considerable

amount of TiB2 and Al4C3 were found in the melt, they

were not considered harmful because they were in good

atomic contact with the Al matrix and did not initiate other

defects such as pores and cracks.25

The content of a-Al2O3, spinel-like, and spinel are given in

Figure 11d, e, and f, respectively. These inclusions are

mainly formed due to oxidation and can be effectively

removed during the degassing process according to the

histograms. However, these oxides can regenerate in each

CPC cycle and accumulate in the residual melt of the

holding furnace. The content of a-Al2O3 reaches

0.12 ± 0.11 mm2/kg at the casting end. This explains why

their content increased in the casting middle and casting

end. Additionally, during each CPC cycle, the melt in the

riser tube falls down when the pressure is released in the

holding furnace, and the ‘whoosh’ effect in the bottom of

the furnace stirs the oxide sediments and other inclusions

back into suspension. Consequently, these inclusions are

easily reintroduced in the subsequent casting cycle.22 As

mentioned earlier, the presence of oxides poses a signifi-

cant risk to the casting quality and can cause premature

failure of tensile test bars. The lack of bonding between

oxide films is prone to induce cracks in the casting, making

them a critical factor to be addressed in the CPC process.31

Discussion

The Characteristics of Molten Bath in Different
CPC Cycles

The results of the PoDFA analysis revealed a significant

increase in the concentration of oxides (including oxide

films) during the CPC cycles, suggesting their increased

likelihood of being entrained during casting. Furthermore,

oxides have been identified as the most detrimental inclu-

sions in the premature failure of tensile test bars. Campbell

has highlighted the dangers associated with double, unbon-

ded oxide films, also known as bifilms.10 He suggested that

bifilms are practically universally present in metals, there

seems mounting evidence that the bifilms usually cause

cracks, and their presence can be used to explain many

aspects of failure behaviors by fracture and corrosion.10

Bifilms possess a distinctive feature of having an internal

non-bonded surface but perfect exterior wetting in the melt.

Additionally, they serve as preferred substrates for the

nucleation and growth of other inclusions, leading to an

overall increase in the total inclusions during theCPC cycles.

In order to produce high-integrity castings, it is crucial to

comprehend the characteristics of the molten bath at vari-

ous stages of different CPC cycles. The core parts of a CPC

cell include a sealed mold mounted above a sealed furnace

filled with liquid A356.2. The characteristics of liquid

A356.2 in different CPC casting cycles are illustrated in

Figure 12. Figure 12(a1) shows the pressurization stage in

the first cycle with a full crucible, the related components

and different factors are marked. Pressurization of the

sealed chamber and holding furnace is accomplished by

utilizing dry compressed air. The melt flows up via riser

tubes to the cavities by applying higher pressure in the

holding furnace than in the chamber. This allows the melt

fills into the casting cavity at a controlled and tranquil rate

under countering pressure. However, during this process,

the oxide film on the melt surface thickens due to the

unavoidable contact of the melt surface with vapor and

oxygen. At this stage, convection in the melt predomi-

nantly occurs from the crucible bottom to the riser tube

nozzle. Table 4 provides the densities of different phases in

liquid Al, with denser inclusions settling and agglomerat-

ing into sediments at the crucible bottom. Meanwhile, the

Brownian motion of inclusion particles remains ongoing in

the molten bath. As the filling proceeds, the melt surface in

the crucible gradually falls until the cavities are all fully

filled. Figure 12(a2) shows the pressure release stage in the

first cycle, the castings in each cavity are almost solidified.

The height of the melt in the riser tube is H1 before pres-

sure release, and the melt drops back into the furnace

instantly after the pressure release. Consequently, the

sediments at the crucible bottom may wash back into the

melt, and the H1 provides energy for the convection in the

opposite direction compared to the pressurization stage.

Figure 12(a3) shows the parts extracted stage in the first

cycle, where there is no forced convection in the molten

bath at this stage, and the settling may be pronounced.

Upon opening the sealed chamber, air enters all cavities

above the liquid surface of the inner riser tube. The vapor

and oxygen in the air may interact with the Al-wetted inner

riser tube surface, leading to the formation of a layer of

oxide film. In a CPC casting cycle, the melt is transferred

into the mold uphill against gravity, with the sideways

movement of the surface film likely resulting in its

becoming the skin of the riser tube, and oxide films

forming in the riser tube as the melt washes up and down.22

Figure 12(b1–b3) illustrates the behavior of the molten bath

in the last cyclewithminimummelt in the crucible. Owing to

the smaller volume of the molten bath and a greater con-

sumption of melt required to fill the riser tube, convection in

this cycle is more intense compared to the first cycle. Thus

inclusions that are suspended in themelt can easily enter into

the casting. The highest height (H2 in Figure 12b2) of the

melt in the fill tube causes intense convection after pressure

release, whichmay lead tominimum sediments at the bottom

of the holding furnace. It is worth noting that the Brownian

motion and settling of particles persist throughout all cycles.

Figure 12(b3) shows the extracted stage in the last cycle,

indicating the completion of the CPC casting of molten

A356.2 in the removable holding furnace is over.
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The Slag Formation on the Vertical Surfaces

In general, the holding furnace in the CPC cell must be

refilled periodically as the melt is consumed during the

casting process, and the weight of castings determines how

many parts can be produced before the furnace must be

replenished. As the melt in the furnace is depleted with

each cycle, the volume in the sealed furnace that needs to

be pressurized and the height that the molten metal must

travel to reach the mold both increase. These two factors

must be taken into account to ensure consistent filling of

the casting mold. Although a programmable logic

controller (PLC) compensation factor is already imple-

mented to ensure that the molten metal front reaches the

mold at the same time for different casting cycles.17 The

variations in the molten metal quality and the formation of

slag from the first to the last cycle should also be taken into

consideration.

Figure 13a and b present the mechanisms of slag formation

on the vertical surfaces in contact with liquid Al. Mean-

while, Figure 14 displays images of the resulting slag

formations on the vertical surfaces in contact with liquid Al

in the foundry. It is worth noting that a notable deposition

Figure 12. Schematic diagram of characteristics of the molten bath in different CPC casting cycles: (a1) The
pressurization stage in the first cycle with a full crucible; (a2) The pressure release stage in the first cycle; (a3) The
parts extracted stage in the first cycle; (b1) The pressurization stage in the last cycle with minimum melt in the
crucible; (b2) The pressure release stage in the last cycle; (b3) The parts extracted stage in the last cycle.

Table 4. The Density of Different Phases in Liquid Al32,33

Phase Liquid Al Graphite Chlorides Al2O3 MgAl2O4 MgO Al4C3 TiB2

Density (g/cm3) 2.3–2.5 2.09–2.23 1.98–2.16 3.97 3.60 3.58 2.36 4.51
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of slag, spanning a few centimeters, is observed on both the

riser tubes and thermocouple. The accumulation period for

the slag on the thermocouple amounts to approximately

2 months, while for the inner and outer surfaces of the riser

tubes, the accumulation time extends to approximately two

weeks. The appropriate management and handling of these

slag accumulations are of utmost importance in preserving

the quality of the melt in subsequent crucible operations.

The slag formation process can be segmented into four

stages, as depicted in Figure 13a and b, wherein the liquid

surfaces inside and outside the riser tube are distinguished.

Stage I: The liquid levels inside and outside the riser tube

remain constant, and an oxide film forms on the surfaces of

these two areas, the sealed holding furnace remains

unpressurized in this stage;

Stage II: A higher pressure is applied to the holding furnace

than to the chamber, causing the melt surface in the cru-

cible to drop, and the oxide film in contact with the vertical

wall becomes caught and stretched by the falling melt

surface. Meanwhile, the surface inside the riser tube rises,

and most of the films inside the riser tube become torn and

trapped by the tube wall.;

Stage III: The pressure in the sealed furnace reaches its

maximum, and the melt surface in the crucible drops to its

lowest level. The oxide films become attached to the cru-

cible wall, riser tube outer surface, and thermocouple sur-

face. The films trapped by the riser tube’s inner wall will

not melt into liquid Al even if the tube is filled with molten

metal;

Stage IV: The pressure is released in the sealed furnace,

and the melt in the riser tube drops back into the crucible,

causing the melt surface in the crucible to rise to a certain

height compared to the lowest level in Stage III. Simulta-

neously, the oxide film folds along the vertical surface with

the rising surface, and the Al-wetted riser tube’s inner

surface oxidizes until the next filling. The liquid surface

ultimately drops H in a casting cycle.

The slag formation process on the vertical surfaces in a

casting cycle can be well explained by these stages, with

the folding-in of oxide films on the vertical wall being a

recurring feature in each cycle. As the casting operation

progresses, the accumulation of oxide films on these ver-

tical surfaces takes place in a layer-by-layer fashion, as

evidenced by the images presented in Figure 14. The cross-

Figure 13. (a) Slag formation mechanism on the crucible wall, riser tube outer surface and
thermocouple surface; (b) Slag formation mechanism on the riser tube inner surface; (c) Cross-
section view of the holding furnace.

Figure 14. Images of slag formation on the vertical surfaces in contact with liquid Al
in the CPC process: (a) slag on the crucible wall, riser tube outer surface, and
thermocouple surface; (b) slag on the riser tube inner surface.

1258 International Journal of Metalcasting/Volume 18, Issue 2, 2024



section view of the holding furnace, as presented in Fig-

ure 13(c), facilitates the calculation of the cross-sectional

area of the melt in the crucible, which can be expressed as

S=p* (U2
4-nU

2
3?nU2

2-U
2
5)/4. Here, A2 is the inside diameter

of the riser tube, A3 is the outside diameter of the riser tube,

A4 is the inside diameter of the crucible, A5 is the diameter

of the thermocouple protective shell, n is the number of

riser tubes. Theoretically, S should remain constant to

ensure the consistency of H across all casting cycles for a

specific casting. This is imperative to enable the appro-

priate functioning of the compensation factor employed in

the filling profile. Nevertheless, as evidenced by Figure 14,

a significant amount of slag accumulates on the riser tube

and thermocouple, leading to changes in S and ultimately

resulting in the alteration of H. If H becomes a variable, the

preset compensation parameters will be invalid so a tran-

quil mold filling in the CPC process cannot be guaranteed.

Thus, many entrained defects will appear in the products.

The characteristics of the molten bath and the slag for-

mation process in different CPC cycles suggest that oxi-

dation can generate a significant number of bifilms in the

melt, leading to a significant deterioration of the final

casting quality. This, in turn, can diminish the advantage of

the CPC process to produce high-integrity components. To

prevent the formation of bifilms, it is essential to maintain

an oxidation-free melt and ensure that the surface of the

liquid metal does not fold over on itself.9,10,22,25 Com-

pressed nitrogen, which should be substantially free of

particulates, oil, and moisture, can be used as an economic

substitute for compressed dry air to avoid oxidation issues.

Additionally, by controlling the liquid front velocity to not

exceed the critical value (0.5 m/s for liquid aluminum), the

potential of entrained surface films can be significantly

reduced or eliminated.10,34 An effective furnace cleaning

and riser tube and thermocouple protection tube cleaning or

maintenance program is critical to reducing slag accumu-

lation. Another good practice is the use of a disposable

filter screen that is placed just above the sprue before each

cycle,17 the metal flow also tends to be less turbulent.35 By

implementing these actions, the hazards of the oxide film

will be minimized in the CPC process.

Conclusions

In this paper, the melt quality of A356.2 alloy in the CPC

process has been assessed in multiple ways. The charac-

teristics of the molten bath and the slag formation on the

vertical surfaces in different CPC cycles have been dis-

cussed. Conclusions can be drawn as follows:

(1) The fracture analysis of tensile test bars revealed

that 65.1% of defects in A356.2-T6 steering

knuckles manufactured by the CPC process are

oxides with a size range of 100–2000 lm, which

are considered the most hazardous inclusions.

(2) The hydrogen content in the melt can reach

0.33 ± 0.04 ml/100 g before degassing, and the

efficiency of degassing is approximately 50%.

The hydrogen content slowly increases during

holding for 2 h and subsequent CPC casting.

(3) Different types of inclusions, including TiB2,

Al4C3, a-Al2O3, spinel-like, spinel, oxide films,

and MgO, were identified by PoDFA and SEM.

TiB2 and Al4C3 were not considered harmful as

they were in good atomic contact with the Al

matrix. a-Al2O3, spinel-like, and spinel can be

removed effectively during degassing but are

regenerated in the CPC casting due to oxidation.

The content of a-Al2O3 increased to 0.12 ±

0.11 mm2/kg at the casting end.

(4) Oxide films are easily formed in the melt riser tube

as liquid aluminum washes up and down, causing

the oxides content to keep increasing, and the size

of oxides to become fairly large. This leads to a

significant amount of slag accumulation on the

vertical surfaces from the first to the last CPC cycle.

(5) Oxidation in the CPC cycles can cause a

substantial deterioration of the melt quality and

casting integrity. Thus, it is critical to ensure that

the melt is oxidation-free as much as possible,

and the liquid front velocity does not exceed the

critical value to ensure high-integrity castings

are consistently produced.
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