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Abstract

An entrainment defect (also known as a double oxide film defect or bifilm) acts a void containing an entrapped gas when submerged
into a light-alloy melt, thus reducing the quality and reproducibility of the final castings. Previous publications, carried out with Al-alloy
castings, reported that this trapped gas could be subsequently consumed by the reaction with the surrounding melt, thus reducing the void
volume and negative effect of entrainment defects. Compared with Al-alloys, the entrapped gas within Mg-alloy might be more efficiently
consumed due to the relatively high reactivity of magnesium. However, research into the entrainment defects within Mg alloys has been
significantly limited. In the present work, AZ91 alloy castings were produced under different carrier gas atmospheres (i.e., SF¢/CO,, SF¢/air).
The evolution processes of the entrainment defects contained in AZ91 alloy were suggested according to the microstructure inspections and
thermodynamic calculations. The defects formed in the different atmospheres have a similar sandwich-like structure, but their oxide films
contained different combinations of compounds. The use of carrier gases, which were associated with different entrained-gas consumption

rates, affected the reproducibility of AZ91 castings.
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1. Introduction

As the lightest structural metal available on Earth, magne-
sium became one of the most attractive light metals over the
last few decades. The magnesium industry has consequently
experienced a rapid development in the last 20 years [1,2],
indicating a large growth in demand for Mg alloys all over
the world. Nowadays, the use of Mg alloys can be found in
the fields of automobiles, aerospace, electronics and etc.[3,4].
It has been predicted that the global consumption of Mg
metals will further increase in the future, especially in the
automotive industry, as the energy efficiency requirement of
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both traditional and electric vehicles further push manufac-
tures lightweight their design [3,5,6].

The sustained growth in demand for Mg alloys motivated
a wide interest in the improvement of the quality and me-
chanical properties of Mg-alloy castings. During a Mg-alloy
casting process, surface turbulence of the melt can lead to the
entrapment of a doubled-over surface film containing a small
quantity of the surrounding atmosphere, thus forming an en-
trainment defect (also known as a double oxide film defect
or bifilm) [7-10]. The random size, quantity, orientation, and
placement of entrainment defects are widely accepted to be
significant factors linked to the variation of casting properties
[7]. In addition, Peng et al. [11] found that entrained oxides
films in AZ91 alloy melt acted as filters to AlgMns parti-
cles, trapping them as they settle. Mackie et al. [12] further
suggested that entrained oxide films can act to trawl the inter-
metallic particles, causing them to cluster and form extremely
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large defects. The clustering of intermetallic compounds made
the entrainment defects more detrimental for the casting prop-
erties.

Most of the previous studies regarding entrainment defects
were carried out on Al-alloys [7,13—18], and a few poten-
tial methods have been suggested for diminishing their neg-
ative effect on the quality of Al-alloy castings. Nyahumwa
et al.,[16] shows that the void volume within entrainment de-
fects could be reduced by a hot isostatic pressing (HIP) pro-
cess. Campbell [7] suggested the entrained gas within the de-
fects could be consumed due to reaction with the surrounding
melt, which was further verified by Raiszedeh and Griffiths
[19].The effect of the entrained gas consumption on the me-
chanical properties of Al-alloy castings has been investigated
by [8,9], suggesting that the consumption of the entrained gas
promoted the improvement of the casting reproducibility.

Compared with the investigation concerning the defects
within Al-alloys, research into the entrainment defects within
Mg-alloys has been significantly limited. The existence of en-
trainment defects has been demonstrated in Mg-alloy castings
[20,21], but their behaviour, evolution, as well as entrained
gas consumption are still not clear.

In a Mg-alloy casting process, the melt is usually protected
by a cover gas to avoid magnesium ignition. The cavities of
sand or investment moulds are accordingly required to be
flushed with the cover gas prior to the melt pouring [22].
Therefore, the entrained gas within Mg-alloy castings should
contain the cover gas used in the casting process, rather than
air only, which may complicate the structure and evolution of
the corresponding entrainment defects.

SFg is a typical cover gas widely used for Mg-alloy casting
processes [23-25]. Although this cover gas has been restricted
to use in European Mg-alloy foundries, a commercial report
has pointed out that this cover is still popular in global Mg-
alloy industry, especially in the countries which dominated
the global Mg-alloy production, such as China, Brazil, India,
etc. [26]. In addition, a survey in academic publications also
showed that this cover gas was widely used in recent Mg-
alloy studies [27]. The protective mechanism of SF¢ cover gas
(i.e., the reaction between liquid Mg-alloy and SF¢ cover gas)
has been investigated by several previous researchers, but the
formation process of the surface oxide film is still not clearly
understood, and even some published results are conflicting
with each other. In early 1970s, Fruehling [28] found that
the surface film formed under SFg was MgO mainly with
traces of fluorides, and suggested that SFs was absorbed in
the Mg-alloy surface film. Couling [29] further noticed that
the absorbed SFs reacted with the Mg-alloy melt to form
MgF,. In last 20 years, different structures of the Mg-alloy
surface films have been reported, as detailed below.

(1) Single-layered film. Cashion [30,31] used X-ray Photo-
electron Spectroscopy (XPS) and Auger Spectroscopy
(AES) to identify the surface film as MgO and MgF,.
He also found that composition of the film was con-
stant throughout the thickness and the whole experi-
mental holding time. The film observed by Cashion had

a single-layered structure created from a holding time
from 10 min to 100 min.

(2) Double-layered film. Aarstad et. al [32] reported a
doubled-layered surface oxide film in 2003. They ob-
served several well-distributed MgF, particles attached
to the preliminary MgO film and grew until they cov-
ered 25-50% of the total surface area. The inward dif-
fusion of F through the outer MgO film was the driv-
ing force for the evolution process. This double-layered
structure was also supported by Xiong’s group [25,33]
and Shih et al. [34].

(3) Triple-layered film. The triple-layered film and its evo-
lution process were reported in 2002 by Pettersen [35].
Pettersen found that the initial surface film was a MgO
phase and then gradually evolved to the stable MgF,
phase by the inward diffusion of F. In the final stage,
the film has a triple-layered structure with a thin O-
rich interlayer between the thick top and bottom MgF,
layers.

(4) Oxide film consisted of discrete particles. Wang et al
[36] stirred the Mg-alloy surface film into the melt un-
der a SFg cover gas, and then inspect the entrained sur-
face film after the solidification. They found that the
entrained surface films were not continues as the protec-
tive surface films reported by other researchers but com-
posed of discrete particles. The young oxide film was
composed of MgO nano-sized oxide particles, while the
old oxide films consist of coarse particles (about 1 pm
in average size) on one side that contained fluorides and
nitrides.

The oxide films of a Mg-alloy melt surface or an entrained
gas are both formed due to the reaction between liquid Mg-
alloy and the cover gas, thus the above-mentioned research re-
garding the Mg-alloy surface film gives valuable insights into
the evolution of entrainment defects. The protective mech-
anism of SFg cover gas (i.e., formation of a Mg-alloy sur-
face film) therefore indicated a potential complicated evolu-
tion process of the corresponding entrainment defects.

However, it should be noted that the formation of a sur-
face film on a Mg-alloy melt is in a different situation to
the consumption of an entrained gas that is submerged into
the melt. For example, a sufficient amount of cover gas was
supported during the surface film formation in the studies
previously mentioned, which suppressed the depletion of the
cover gas. In contrast, the amount of entrained gas within a
Mg-alloy melt is finite, and the entrained gas may become
fully depleted. Mirak [37] introduced 3.5%SFg/air bubbles
into a pure Mg-alloy melt solidifying in a specially designed
permanent mould. It was found that the gas bubbles were
entirely consumed, and the corresponding oxide film was a
mixture of MgO and MgF,. However, the nucleation sites
(such as the MgF, spots observed by Aarstad [32] and Xiong
[25,33]) were not observed. Mirak also speculated that the
MgF, formed prior to MgO in the oxide film based on the
composition analysis, which was opposite to the surface film
formation process reported in previous literatures (i.e., MgO
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Table 1

Composition (wt.%) of the AZ91 alloy used in this study.

Al Zn Mn Si Fe Ni Mg

9.4 0.61 0.15 0.02 0.005 0.0017 Residual

formed prior to MgF,). Mirak’s work indicated that the oxide-
film formation of an entrained gas may be quite different from
that of surface films, but he did not reveal the structure and
evolution of the oxide films.

In addition, the use of carrier gas in the cover gases also
influenced the reaction between the cover gas and the liquid
Mg-alloy. SFg/air required a higher content of SF¢ than did
a SF¢/CO, carrier gas [38], to avoid the ignition of molten
magnesium, revealing different gas-consumption rates. Liang
et.al [39] suggested that carbon was formed in the surface
film when CO, was used as a carrier gas, which was different
from the films formed in SFg/air. An investigation into Mg
combustion [40] reported a detection of Mg,Cs in the Mg-
alloy sample after burning in CO,, which not only supported
Liang’s results, but also indicated a potential formation of Mg
carbides in double oxide film defects.

The work reported here is an investigation into the be-
haviour and evolution of entrainment defects formed in AZ91
Mg-alloy castings, protected by different cover gases (i.e.,
SFe/air and SF¢/CO,;). These carrier gases have different pro-
tectability for liquid Mg alloy, which may be therefore as-
sociated with different consumption rates and evolution pro-
cesses of the corresponding entrained gases. The effect of
the entrained-gas consumption on the reproducibility of AZ91
castings was also studied.

2. Experiment
2.1. Melting and casting

Three kilograms AZ91 alloy was melted in a mild steel
crucible at 700 £ 5 °C. The composition of the AZ91 alloy
has been shown in Table 1. Prior to heating, all oxide scale
on the ingot surface was removed by machining. The cover
gases used were 0.5%SFq/air or 0.5%SF¢/CO, (vol.%) at a
flow rate of 6 L/min for different castings. The melt was
degassed by argon with a flow rate of 0.3 L/min for 15 min
[41,42], and then poured into sand moulds. Prior to pouring,
the sand mould cavity was flushed with the cover gas for
20 min [22]. The residual melt (around 1 kg) was solidified
in the crucible.

Fig. 1(a) shows the dimensions of the casting with runners.
A top-filling system was deliberately used to generate entrain-
ment defects in the final castings. Green and Campbell [7,43]
suggested that a top-filling system caused more entrainment
events (i.e., bifilms) during a casting process, compared with a
bottom-filling system. A melt flow simulation (Flow-3D soft-
ware) of this mould, using Reilly’s model [44] regarding the
entrainment events, also predicted that a large amount of bi-
films would be contained in the final casting (denoted by the
black particles in Fig. 1b).

(@)

Pouring basin |
Runner
Casting

Cooling fin

(b)

Velocity magnitude

(m/s)
H 1.627
1.356
1.085
| 0814
0.543

0.272
0.001

(c)
Shrinkage porosity(%)
10.00

14.00'
8.00
6.00
4.00
2.00
0.00

Fig. 1. (a) Dimensions of the casting with runners (unit: mm), (b) a melt
flow simulation using Flow-3D software together with Reilly’s model[44],
predicted that a large amount of bifilms (denoted by the black particles)
would be contained in the final casting. (c) A solidification simulation using
Pro-cast software showed that no shrinkage defect was contained in the final
casting.

12.00
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Shrinkage defects also affect the mechanical properties and
reproducibility of castings. Since this study focused on the
effect of bifilms on the casting quality, the mould has been
deliberately designed to avoid generating shrinkage defects.
A solidification simulation using ProCAST software showed
that no shrinkage defect would be contained in the final cast-
ing, as shown in Fig. lc. The casting soundness has also
been confirmed using a real time X-ray prior to the test bar
machining.

The sand moulds were made from resin-bonded silica sand,
containing 1wt. % PEPSET 5230 resin and 1wt. % PEPSET
5112 catalyst. The sand also contained 2 wt.% Na,SiFg to act
as an inhibitor [45]. The pouring temperature was 700 £ 5 °C.
After the solidification, a section of the runner bars was sent
to the Sci-Lab Analytical Ltd for a H-content analysis (LECO
analysis), and all the H-content measurements were carried
out on the 5th day after the casting process. Each of the cast-
ings was machined into 40 test bars for a tensile strength
test, using a Zwick 1484 tensile test machine with a clip
extensometer. The fracture surfaces of the broken test bars
were examined using Scanning Electron Microscope (SEM,
Philips JEOL7000) with an accelerating voltage of 5-15 kV.
The fractured test bars, residual Mg-alloy solidified in the cru-
cible, and the casting runners were then sectioned, polished
and also inspected using the same SEM. The cross-section
of the oxide film found on the test-bar fracture surface was
exposed by the Focused Ion Beam milling technique (FIB),
using a CFEI Quanta 3D FEG FIB-SEM. The oxide film re-
quired to be analysed was coated with a platinum layer. Then,
a gallium ion beam, accelerated to 30 kV, milled the material
substrate surrounding the platinum coated area to expose the
cross section of the oxide film. EDS analysis of the oxide
film’s cross section was carried out using the FIB equipment
at accelerating voltage of 30 kV.

2.2. Oxidation cell

As previously mentioned, several past researchers inves-
tigated the protective film formed on a Mg-alloy melt sur-
face [38,39,46-52]. During these experiments, the amount of
cover gas used was sufficient, thus suppressing the depletion
of fluorides in the cover gas. The experiment described in this
section used a sealed oxidation cell, which limited the sup-
ply of cover gas, to study the evolution of the oxide films of
entrainment defects. The cover gas contained in the oxidation
cell was regarded as large-size “entrained bubble”.

As shown in Fig. 2, the main body of the oxidation cell
was a closed-end mild steel tube which had an inner length
of 400 mm, and an inner diameter of 32 mm. A water-cooled
copper tube was wrapped around the upper section of the
cell. When the tube was heated, the cooling system created
a temperature difference between the upper and lower sec-
tions, causing the interior gas to convect within the tube. The
temperature was monitored by a type-K thermocouple located
at the top of the crucible. Nie et al. [53] suggested that the
SFe cover gas would react with the steel wall of the holding
furnace when they investigated the surface film of a Mg-alloy
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Fig. 2. Schematic of the oxidation cell used to study the evolution of the
oxide films of the entrainment defects (unit mm).

melt. To avoid this reaction, the interior surface of the steel
oxidation cell (shown in Fig. 2) and the upper half section
of the thermocouple were coated with boron nitride (the Mg-
alloy was not in contact with boron nitride).

During the experiment, a block of solid AZ91 alloy was
placed in a magnesia crucible located at the bottom of the
oxidation cell. The cell was heated to 100 °C in an electric
resistance furnace under a gas flow rate of 1 L/min. The cell
was held at this temperature for 20 min, to replace the origi-
nal trapped atmosphere (i.e. air). Then, the oxidation cell was
further heated to 700 °C, melting the AZ91 sample. The gas
inlet and exit valves were then closed, creating a sealed en-
vironment for oxidation under a limited supply of cover gas.
The oxidation cell was then held at 700 £+ 10 °C for peri-
ods of time from 5 min to 30 min in 5-min intervals. At the
end of each holding time, the cell was quenched in water.
After cooling to room temperature, the oxidised sample was
sectioned, polished, and subsequently examined by SEM.

3. Results

3.1. Structure and composition of the entrainment defects
formed in SF¢/air

The structure and composition of the entrainment de-
fect formed in the AZ91 castings under a cover gas of
0.5%SF¢/air was observed by SEM and EDS. The results in-
dicate that there exist two types of entrainment defects which
are sketched in Fig. 3: (1) Type A defect whose oxide film has
a traditional single-layered structure and (2) Type B defect,
whose oxide film has two layers. The details of these defects
were introduced in the following. Here it should be noticed
that, as the entrainment defects are also known as biofilms
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(a)Type A S Oxide film

)((b) Type B

RXXFilm (outer layer)
.*.* JFilm (inner layer)

Fig. 3. Schematic of the different types of entrainment defects found in AZ91 castings. (a) Type A defect with a single-layered oxide film and (b) Type B

defect with two-layered oxide film.

Oxygen

0 05

1kev 15 2 25 )

Fig. 4. (a) A Type A entrainment defect formed in SFe/air and having a single-layered oxide film, (b) the oxide film of this defect, (c) SEM-EDS element

maps (using Philips JEOL7000) corresponding to the area highlighted in (b).

or double oxide film, the oxide films of Type B defect were
referred to as “multi-layered oxide film” or “multi-layered
structure” in the present work to avoid a confusing descrip-
tion such as “the double-layered oxide film of a double oxide
film defect”.

Fig. 4(a-b) shows a Type A defect having a compact single-
layered oxide film with about 0.4 pwm thickness. Oxygen, flu-
orine, magnesium and aluminium were detected in this film
(Fig. 4c). It is speculated that oxide film is the mixture of
fluoride and oxide of magnesium and aluminium. The de-
tection of fluorine revealed that an entrained cover gas was
contained in the formation of this defect. That is to say that

the pores shown in Fig. 4(a) were not shrinkage defects or
hydrogen porosity, but entrainment defects. The detection of
aluminium was different with Xiong and Wang’s previous
study [47,48], which showed that no aluminium was contained
in their surface film of an AZ91 melt protected by a SFg
cover gas. Sulphur could not be clearly recognized in the ele-
ment map, but there was a S-peak in the corresponding ESD
spectrum.

Fig. 5(a-b) shows a Type B entrainment defect having a
multi-layered oxide film. The compact outer layers of the ox-
ide films were enriched with fluorine and oxygen (Fig. 5c¢),
while their relatively porous inner layers were only enriched
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Aluminum

Fig. 5. (a) A Type B entrainment defect formed in SF6/air and having a multi-layered oxide film, (b) the oxide films of this defect have grown together, (c)
SEM-EDS element maps (using Philips JEOL7000) corresponding to the area shown in (b).

with oxygen (i.e., poor in fluorine) and partly grew together,
thus forming a sandwich-like structure. Therefore, it is specu-
lated that the outer layer is the mixture of fluoride and oxide,
while the inner layer is mainly oxide. Sulphur could only be
recognized in the EDX spectrum and could not be clearly
identified in the element map, which might be due to the
small S-content in the cover gas (i.e., 0.5% volume content
of SFg in the cover gas). In this oxide film, aluminium was
contained in the outer layer of this oxide film but could not be
clearly detected in the inner layer. Moreover, the distribution
of Al seems to be uneven. It can be found that, in the right
side of the defect, aluminium exists in the film but its con-
centration can not be identified to be higher than the matrix.
However, there is a small area with much higher aluminium
concentration in the left side of the defect. Such an uneven
distribution of aluminium was also observed in other defects
(shown in the following), and it is the result of the formation
of some oxide particles in or under the film.

Figs. 4 and 5 show cross sectional observations of the
entrainment defects formed in the AZ91 alloy sample cast
under a cover gas of SFe/air. It is not sufficient to characterize
the entrainment defects only by the figures observed from the
two-dimensional section. To have a further understanding, the
surface of the entrainment defects (i.e. the oxide film) was
further studied by observing the fracture surface of the test
bars.

Fig. 6(a) shows fracture surfaces of an AZ91 alloy ten-
sile test bar produced in SFg/air. Symmetrical dark regions
can be seen on both sides of the fracture surfaces. Fig. 6(b)

Table 2
EDS results (wt.%) corresponding to the regions shown in Fig. 6 (cover gas:
SFg/air).

C O Mg F Al Zn S N

3.48 1.32 79.13 047 13.63 0.57 0.08 0.73
84.48 - 11.25 0.68 — -

Dark region in Fig. 6(b)
Bright region in Fig. 6(b) 3.58 -

shows boundaries between the dark and bright regions. The
bright region consisted of jagged and broken features, while
the surface of the dark region was relatively smooth and flat.
In addition, the EDS results (Fig. 6¢-d and Table 2) show that
fluorine, oxygen, sulphur, and nitrogen were only detected in
the dark regions, indicating that the dark regions were surface
protective films entrained into the melt. Therefore, it could
be suggested that the dark regions were an entrainment de-
fect with consideration of their symmetrical nature. Similar
defects on fracture surfaces of Al-alloy castings have been
previously reported [7]. Nitrides were only found in the ox-
ide films on the test-bar fracture surfaces but never detected
in the cross-sectional samples shown in Figs. 4 and 5. An
underlying reason is that the nitrides contained in these sam-
ples may have hydrolysed during the sample polishing process
[54].

In conjunction with the cross-sectional observation of the
defects shown in Figs. 4 and 5, the structure of an entrainment
defect contained in a tensile test bar was sketched as shown
in Fig. 6(e). The defect contained an entrained gas enclosed
by its oxide film, creating a void section inside the test bar.
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(c) N F-enriched layer of oxide films (e)

Bright region O-enriched layer of oxide films
Al

Tensile force

Entrained gas
(d) ’
Dark region
. XIde films
s S partly grew
s together
Thevis 3 3s Tensile force

Fig. 6. (a) A pair of the fracture surfaces of a AZ91 alloy tensile test bar produced under a cover gas of SFe/air. The dimension of the fracture surface is
5 mm x 6 mm, (b) a section of the boundary between the dark and bright regions shown in (a), (c-d) EDS spectrum of the (c) bright regions and (d) dark

regions, (e) schematic of an entrainment defect contained in a test bar.

When the tensile force applied on the defect during the frac-
ture process, the crack was initiated at the void section and
propagated along the entrainment defect, since cracks would
be propagated along the weakest path [55]. Therefore, when
the test bar was finally fractured, the oxide films of entrain-
ment defect appeared on both fracture surfaces of the test bar,
as shown in Fig. 6(a).

3.2. Structure and composition of the entrainment defects
formed in SFs/CO>

Similar to the entrainment defect formed in SFg/air, the
defects formed under a cover gas of 0.5%SFs/CO, also
had two types of oxide films (i.e., single-layered and multi-
layered types). Fig. 7(a) shows an example of the entrain-
ment defects containing a multi-layered oxide film. A mag-
nified observation to the defect (Fig. 7b) shows that the in-
ner layers of the oxide films had grown together, presenting
a sandwich-like structure, which was similar to the defects
formed in an atmosphere of SFg/air (Fig. 5b). An EDS spec-
trum (Fig. 7c) revealed that the joint area (inner layer) of
this sandwich-like structure mainly contained magnesium ox-
ides. Peaks of fluorine, sulphur, and aluminium were recog-
nized in this EDS spectrum, but their amount was relatively
small. In contrast, the outer layers of the oxide films were
compact and composed of a mixture of fluorides and oxides
(Fig. 7d-e).

Fig. 8(a) shows an entrainment defect on the fracture sur-
faces of an AZ91 alloy tensile test bar, which was produced
in an atmosphere of 0.5%SF¢/CO,. The corresponding EDS
results (Table 3) showed that oxide film contained fluorides
and oxides. Sulphur and nitrogen were not detected. Besides,
a magnified observation (Fig. 8b) indicated spots on the oxide
film surface. The diameter of the spots ranged from hundreds
of nanometres to a few micron meters.

To further reveal the structure and composition of the oxide
film clearly, the cross-section of the oxide film on a test-bar
fracture surface was onsite exposed using the FIB technique

(Fig. 9). As shown in Fig. 9a, a continuous oxide film was
found between the platinum coating layer and the Mg-Al alloy
substrate. Fig. 9 (b-c) shows a magnified observation to oxide
films, indicating a multi-layered structure (denoted by the red
box in Fig. 9¢). The bottom layer was enriched with fluorine
and oxygen and should be the mixture of fluoride and oxide,
which was similar to the “outer layer” shown in Figs. 5 and
7, while the only-oxygen-enriched top layer was similar to
the “inner layer” shown in Figs. 5 and 7.

Except the continuous film, some individual particles were
also observed in or below the continuous film, as shown in
Fig. 9. An Al-enriched particle was detected in the left side of
the oxide film shown in Fig. 9b and might be speculated to be
spinel Mg, AlO4 because it also contains abundant magnesium
and oxygen elements. The existing of such Mg,AlO, parti-
cles is responsible for the high concentration of aluminium in
small areas of the observed film and the uneven distribution
of aluminium, as shown in Fig. 5(c). Here it should be em-
phasized that, although the other part of the bottom layer of
the continuous oxide film contains less aluminium than this
Al-enriched particle, the Fig. 9c indicated that the amount of
aluminium in this bottom layer was still non-negligible, espe-
cially when comparing with the outer layer of the film. Below
the right side of the oxide film shown in Fig. 9b, a particle
was detected and speculated to be MgO because it is rich
in Mg and O. According to Wang’s result [56], lots of dis-
crete MgO particles can be formed on the surface of the Mg
melt by the oxidation of Mg melt and Mg vapor. The MgO
particles observed in our present work may be formed due to
the same reasons. While, due to the differences in experimen-
tal conditions, less Mg melt can be vapored or react with O,
thus only a few of MgO particles formed in our work. An en-
richment of carbon was also found in the film, revealing that
CO, was able to react with the melt, thus forming carbon
or carbides. This carbon concentration was consistent with
the relatively high carbon content of the oxide film shown in
Table 3 (i.e., the dark region). In the area next to the oxide
film.
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maps (using Philips JEOL7000) corresponding to the area shown in (d).

Fig. 8. (a) A pair of the fracture surfaces of a AZ91 alloy tensile test bar,
produced in an atmosphere of SFs/CO,. The dimension of the fracture surface
is 5 mm x 6 mm, (b) surface appearance of the oxide films on the fracture
surfaces, showing spots on the film surface.

Table 3

EDS results (wt.%) corresponding to the regions shown in Fig. 8 (cover gas:
SFe/ COy).

C (6] Mg F Al Zn S N

Dark region in Fig. 8(a) 7.25 3.64 69.82 3.82 7.03 0.86 - -
Bright region in Fig. 8(a) 2.10 0.44 82.83 - 1326 136 - -

This cross-sectional observation of the oxide film on a test
bar fracture surface (Fig. 9) further verified the schematic of
the entrainment defect shown in Fig. 6(e). The entrainment
defects formed in different atmospheres of SFs/CO, and
SFe/air had similar structures, but their compositions were
different.
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Fig. 9. (a) A cross-sectional observation of the oxide film on the fracture surface of the AZ91 casting produced in SFs/CO;, exposed by FIB, (b) a magnified
observation of area highlighted in (a), and (c) SEM-EDS elements map of the area shown in (b), obtained by CFEI Quanta 3D FEG FIB-SEM.

3.3. Evolution of the oxide films in the oxidation cell

The results in Section 3.1 and 3.2 have shown the struc-
tures and compositions of entrainment defects formed in
AZ91 castings under cover gases of SFg/air and SF¢/CO,.
Different stages of the oxidation reaction may lead to the
different structures and compositions of entrainment defects.
Although Campbell has conjectured that an entrained gas may
react with the surrounding melt, it is rarely reported that the
reaction occurring between the Mg-alloy melt and entrapped
cover gas. Previous researchers normally focus on the reac-
tion between a Mg-alloy melt and the cover gas in an open
environment [38,39,46-52], which was different from the sit-
uation of a cover gas trapped into the melt. To further un-
derstand the formation of the entrainment defect in an AZ91
alloy, the evolution process of oxide films of the entrainment
defect was further studied using an oxidation cell.

Fig. 10 (a and d) shows a surface film held for 5 min in
the oxidation cell, protected by 0.5%SFg/air. There was only
one single layer consisting of fluoride and oxide (MgF, and
MgO). In this surface film. Sulphur was detected in the EDS
spectrum, but its amount was too small to be recognized in
the element map. The structure and composition of this oxide
film was similar to the single-layered films of entrainment
defects shown in Fig. 4.

After a holding time of 10 min, a thin (O, S)-enriched
top layer (around 700 nm) appeared upon the preliminary
F-enriched film, forming a multi-layered structure, as shown
in Fig. 10(b and e). The thickness of the (O, S)-enriched
top layer increased with increased holding time. As shown in
Fig. 10(c and f), the oxide film held for 30 min also had
a multi-layered structure, but the thickness of its (O, S)-
enriched top layer (around 2.5 wm) was higher than the that of
the 10-min oxide film. The multi-layered oxide films shown in
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Fig. 10. Oxide films formed in the oxidation cell under a cover gas of 0.5%SFg/air and held at 700 °C for (a) 5 min; (b) 10 min; (c) 30 min, and (d-f) the
SEM-EDS element maps (using Philips JEOL7000) corresponding to the oxide film shown in (a-c) respectively, (d) 5 min; (e) 10 min; (f) 30 min. The red
points in (c and f) are the location references, denoting the boundary of the F-enriched layer in different element maps.

Fig. 10(b-c) presented a similar appearance to the films of the
sandwich-like defect shown in Fig. 5.

The different structures of the oxide films shown in
Fig. 10 indicated that fluorides in the cover gas would be
preferentially consumed due to the reaction with the AZ91
alloy melt. After the depletion of fluorides, the residual cover
gas reacted further with the liquid AZ91 alloy, forming the
top (O, S)-enriched layer in the oxide film. Therefore, the
different structures and compositions of entrainment defects
shown in Figs. 4 and 5 may be due to an ongoing oxidation
reaction between melt and entrapped cover gas.

This multi-layered structure has not been reported in
previous publications concerning the protective surface film
formed on a Mg-alloy melt [38,46-51]. This may be due
to the fact that previous researchers carried out their ex-
periments with an un-limited amount of cover gas, creating
a situation where the fluorides in the cover gas were not

able to become depleted. Therefore, the oxide film of an
entrainment defect had behaviour traits similar to the oxide
films shown in Fig. 10, but different from the oxide films
formed on the Mg-alloy melt surface reported in [38,46-51].

Similar with the oxide films held in SFg¢/air, the oxide
films formed in SF¢/CO, also had different structures with
different holding times in the oxidation cell. Fig. 11(a)
shows an oxide film, held on an AZ91 melt surface under
a cover gas of 0.5%SFs/CO, for 5 min. This film had a
single-layered structure consisting of MgF,. The existence of
MgO could not be confirmed in this film. After the holding
time of 30 min, the film had a multi-layered structure; the
inner layer was of a compact and uniform appearance and
composed of MgF,, while the outer layer is the mixture of
MgF, and MgO. Sulphur was not detected in this film, which
was different from the surface film formed in 0.5%SFg/air.
Therefore, fluorides in the cover gas of 0.5%SF¢/CO, were
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the oxide film.

also preferentially consumed at an early stage of the film
growth process. Compared with the film formed in SF¢/air,
the MgO in film formed in SFs/CO, appeared later and
sulphide did not appear within 30 min. It may mean that
the formation and evolution of film in SFg/air is faster
than SF¢/CO, CO, may have subsequently reacted with the
melt to form MgO, while sulphur-containing compounds
accumulated in the cover gas and reacted to form sulphide
in very late stage (may after 30 min in oxidation cell).

4. Discussion

4.1. Evolution of entrainment defects formed in SF¢/air
HSC software from Outokumpu HSC Chemistry for Win-

dows (http://www.hsc-chemistry.net/) was used to carry out

thermodynamic calculations needed to explore the reactions
which might occur between the trapped gases and liquid

AZ91 alloy. The solutions to the calculations suggest which
products are most likely to form in the reaction process be-
tween a small amount of cover gas (i.e., the amount within a
trapped bubble) and the AZ91-alloy melt.

In the trials, the pressure was set to 1 atm, and the tem-
perature set to 700 °C. The amount of the cover gas was
assumed to be 7 x 1077 kg, with a volume of approximately
0.57 cm® (3.14 x 1078 kmol) for 0.5%SFg/air, and 0.35 cm?
(3.12 x 107% kmol) for 0.5%SFs/CO,. The amount of the
AZ91 alloy melt in contact with the trapped gas was assumed
to be sufficient to complete all reactions. The decomposition
products of SF¢ were SFs, SF4, SF3;, SF,, F,, S(g), S»(g) and
F(g) [57-60].

Fig. 12 shows the equilibrium diagram of the thermody-
namic calculation of the reaction between the AZ91 alloy
and 0.5%SFg/air. In the diagram, the reactants and products
with less than 10~!° kmol have not been shown, as this was
5 orders of magnitude less than the amount of SF¢ present
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Fig. 12. An equilibrium diagram for the reaction between 7e-7 kg 0.5%SFg/air and a sufficient amount of AZ91 alloy. The X axis is the amount of AZ91
alloy melt having reacted with the entrained gas, and the vertical Y-axis is the amount of the reactants and products.

(& 1.57 x 107'° kmol) and therefore would not affect the
observed process in a practical way.

This reaction process could be divided into 3 stages.

Stage 1: The formation of fluorides. the AZ91 melt pref-
erentially reacted with SF¢ and its decomposition products,
producing MgF,, AlF;, and ZnF,. However, the amount of
ZnF, may have been too small to be detected practically
(1.25 x 107'2 kmol of ZnF, compared with 3 x 107'% kmol
of MgF,), which may be the reason why Zn was not detected
in any the oxide films shown in Sections 3.1-3.3. Meanwhile,
sulphur accumulated in the residual gas as SO,.

Stage 2: The formation of oxides. After the liquid AZ91
alloy had depleted all the available fluorides in the entrapped
gas, the amount of AlF; and ZnF, quickly reduced due to
a reaction with Mg. O,(g) and SO, reacted with the AZ91
melt, forming MgO, Al,03;, MgAl,04, ZnO, ZnSO, and
MgSO,4. However, the amount of ZnO and ZnSO, would
have been too small to be found practically by EDS (e.g.
9.5 x 10~'2 kmol of Zn0,1.38 x 10~'* kmol of ZnSO,, in
contrast to 4.68 x 10719 kmol of MgF,, when the amount
of AZ91 on the X-axis is 2.5 x 10~ kmol). In the experi-
mental cases, the concentration of F in the cover gas is very
low, whole the concentration f O is much higher. Therefore,
the stage 1 and 2, i.e, the formation of fluoride and oxide
may happen simultaneously at the beginning of the reaction,
resulting in the formation of a singer-layered mixture of fluo-
ride and oxide, as shown in Figs. 4 and 10(a). While an inner
layer consisted of oxides but fluorides could form after the
complete depletion of F element in the cover gas.

Stages 1- 2 theoretically verified the formation process of
the multi-layered structure shown in Fig. 10.

The amount of MgAl,O4 and Al,O3 in the oxide film
was of a sufficient amount to be detected, which was con-
sistent with the oxide films shown in Fig. 4. However, the
existence of aluminium could not be recognized in the oxide
films grown in the oxidation cell, as shown in Fig. 10. This
absence of Al may be due to the following reactions between
the surface film and AZ91 alloy melt:

(1) ALO3 + 3Mg + = 3MgO + 2Al, AG(700 °C) = -
119.82 kJ/mol

(2) Mg + MgAl,O4 = MgO + Al, AG(700 °C) =-106.34
kJ/mol

which could not be simulated by the HSC software since the
thermodynamic calculation was carried out under an assump-
tion that the reactants were in full contact with each other.
However, in a practical process, the AZ91 melt and the cover
gas would not be able to be in contact with each other com-
pletely, due to the existence of the protective surface film.
Stage 3: The formation of Sulphide and nitride. After a
holding time of 30 min, the gas-phase fluorides and ox-
ides in the oxidation cell had become depleted, allowing the
melt reaction with the residual gas, forming an additional
sulphur-enriched layer upon the initial F-enriched or (F, O)-
enriched surface film, thus resulting in the observed multi-
layered structure shown in Fig. 10 (b and c). Besides, ni-
trogen reacted with the AZ91 melt until all reactions were
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completed. The oxide film shown in Fig. 6 may correspond
to this reaction stage due to its nitride content. However, the
results shows that the nitrides were not detected in the pol-
ished samples shown in Figs. 4 and 5, but only found on the
test bar fracture surfaces. The nitrides may have hydrolysed
during the sample preparation process, as follows [54]:

(3) Mg;N, + 6H,0 =3Mg(OH), + 2NH31
(4) AIN+ 3H,0 =AI(OH); + NH;1

In addition, Schmidt et al. [61] found that MgszN, and AIN
could react to form ternary nitrides (Mg3Al N4> n= 1, 2,
3...). HSC software did not contain the database of ternary
nitrides, and it could not be added into the calculation. The
oxide films in this stage may also contain ternary nitrides.

4.2. Evolution of entrainment defects formed in SFs/CO;

Fig. 13 shows the results of the thermodynamic calcula-
tion between AZ91 alloy and 0.5%SFs/CO,. This reaction
processes can also be divided into three stages.

Stage 1. The formation of fluorides. SFg and its decom-
position products were consumed by the AZ91 melt, form-
ing MgF,, AlF;, and ZnF,. As in the reaction of AZ91 in
0.5%SFg/air, the amount of ZnF, was too small to be de-
tected practically (1.51 x 10~'* kmol of ZnF, compared
with 2.67 x 107'° kmol of MgF,). Sulphur accumulated in
the residual trapped gas as S,(g) and a portion of the S,(g)
reacted with CO,, to form SO, and CO. The products in

this reaction stage were consistent with the film shown in
Fig. 11(a), which had a single layer structure that contained
fluorides only.

Stage 2: The formation of oxides. AlF3 and ZnF, reacted
with the Mg in the AZ91 melt, forming MgF,, Al and Zn. The
SO, began to be consumed, producing oxides in the surface
film and S,(g) in the cover gas. Meanwhile, the CO, directly
reacted with the AZ91 melt, forming CO, MgO, ZnO, and
Al»,O3. The oxide films shown in Figs. 9 and 11(b) may cor-
respond to this reaction stage due to their oxygen-enriched
layer and multi-layered structure.

The CO in the cover gas could further react with the AZ91
melt, producing C. This carbon may further react with Mg
to form Mg carbides, when the temperature reduced (during
solidification period) [62]. This may be the reason for the
high carbon content in the oxide film shown in Figs. 8-9.
Liang et al. [39] also reported carbon-detection in an AZ91
alloy surface film protected by SO,/CO,. The produced Al,O3
may be further combined with MgO, forming MgAl,O4 [63].
As discussed in Section 4.1, the alumina and spinel can react
with Mg, causing an absence of aluminium in the surface
films, as shown in Fig. 11.

Stage 3: The formation of Sulphide. the AZ91 melt began
to consume S,(g) in the residual entrapped gas, forming ZnS
and MgS. These reactions did not occur until the last stage
of the reaction process, which could be the reason why the
S-content in the defect shown Fig. 7(c) was small.

In summary, thermodynamic calculations indicate that the
AZ91 melt will react with the cover gas to form fluorides
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firstly, then oxides and sulphides in the last. The oxide film
in the different reaction stages would have different structures
and compositions.

4.3. Effect of the carrier gases on consumption of the
entrained gas and the reproducibility of AZ91 castings

The evolution processes of entrainment defects, formed in
SF¢/air and SF¢/CO,, have been suggested in Sections 4.1 and
4.2. The theoretical calculations were verified with respect to
the corresponding oxide films found in practical samples. The
atmosphere within an entrainment defect could be efficiently
consumed due to the reaction with liquid Mg-alloy, in a sce-
nario dissimilar to the Al-alloy system (i.e., nitrogen in an
entrained air bubble would not efficiently react with Al-alloy
melt [64,65], however, nitrogen would be more readily con-
sumed in liquid Mg alloys, commonly referred to as “nitrogen
burning” [66]).

The reaction between the entrained gas and the surround-
ing liquid Mg-alloy converted the entrained gas into solid
compounds (e.g. MgO) within the oxide film, thus reducing
the void volume of the entrainment defect and hence probably
causing a collapse of the defect (e.g., if an entrained gas of
air was depleted by the surrounding liquid Mg-alloy, under
an assumption that the melt temperature is 700 °C and the
depth of liquid Mg-alloy is 10 cm, the total volume of the
final solid products would be 0.044% of the initial volume
taken by the entrapped air).

The relationship between the void volume reduction of
entrainment defects and the corresponding casting proper-
ties has been widely studied in Al-alloy castings. Nyahumwa
and Campbell [16] reported that the Hot Isostatic Pressing
(HIP) process caused the entrainment defects in Al-alloy cast-
ings to collapse and their oxide surfaces forced into con-
tact. The fatigue lives of their castings were improved after
HIP. Nyahumwa and Campbell [16] also suggested a potential
bonding of the double oxide films that were in contact with
each other, but there was no direct evidence to support this.
This binding phenomenon was further investigated by Aryafar
et.al.[8], who re-melted two Al-alloy bars with oxide skins in
a steel tube and then carried out a tensile strength test on the
solidified sample. They found that the oxide skins of the Al-
alloy bars strongly bonded with each other and became even
stronger with an extension of the melt holding time, indicat-
ing a potential “healing” phenomenon due to the consumption
of the entrained gas within the double oxide film structure. In
addition, Raidszadeh and Griffiths [9,19] successfully reduced
the negative effect of entrainment defects on the reproducibil-
ity of Al-alloy castings, by extending the melt holding time
before solidification, which allowed the entrained gas to have
a longer time to react with the surrounding melt.

With consideration of the previous work mentioned, the
consumption of the entrained gas in Mg-alloy castings may
diminish the negative effect of entrainment defects in the fol-
lowing two ways.

(1) Bonding phenomenon of the double oxide films. The
sandwich-like structure shown in Fig. 5 and 7 indicated a
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Fig. 14. A comparison of the AZ91 alloy oxide film growth rates in
0.5%SFg/air and 0.5%SF¢/CO»

potential bonding of the double oxide film structure. However,
more evidence is required to quantify the increase in strength
due to the bonding of the oxide films.

(2) Void volume reduction of entrainment defects. The pos-
itive effect of void-volume reduction on the quality of cast-
ings has been widely demonstrated by the HIP process [67].
As the evolution processes discussed in Section 4.1-4.2, the
oxide films of entrainment defects can grow together due to
an ongoing reaction between the entrained gas and surround-
ing AZ91 alloy melt. The volume of the final solid products
was significant small compared with the entrained gas (i.e.,
0.044% as previously mentioned).

Therefore, the consumption rate of the entrained gas (i.e.,
the growth rate of oxide films) may be a critical parameter for
improving the quality of AZ91 alloy castings. The oxide film
growth rate in the oxidization cell was accordingly further
investigated.

Fig. 14 shows a comparison of the surface film
growth rates in different cover gases (i.e., 0.5%SFg/air and
0.5%SFs/CO,). 15 random points on each sample were se-
lected for film thickness measurements. The 95% confidence
interval (95%CI) was computed under an assumption that the
variation of the film thickness followed a Gaussian distri-
bution. It can be seen that all the surface films formed in
0.5%SF¢/air grew faster than those formed in 0.5%SF¢/CO,.
The different growth rates suggested that the entrained-gas
consumption rate of 0.5%SFg/air was higher than that of
0.5%SFe/CO,, which was more beneficial for the consump-
tion of the entrained gas.

It should be noted that, in the oxidation cell, the contact
area of liquid AZ91 alloy and cover gas (i.e. the size of the
crucible) was relatively small with consideration of the large
volume of melt and gas. Consequently, the holding time for
the oxide film growth within the oxidation cell was compara-
tively long (i.e., 5-30 min). However, the entrainment defects
contained in a real casting are comparatively very small (i.e.,
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Fig. 15. The Weibull modulus of AZ91 castings produced in different atmospheres, estimated by (a-b) the linear least square method, (c-d) the non-linear

least square method, where SSR is the sum of residual squares.

a few microns size as shown in Figs. 36, and [7]), and the
entrained gas is fully enclosed by the surrounding melt, cre-
ating a relatively large contact area. Hence the reaction time
for cover gas and the AZ91 alloy melt may be comparatively
short. In addition, the solidification time of real Mg-alloy sand
castings can be a few minutes (e.g. Guo [68] reported that a
Mg-alloy sand casting with 60 mm diameter required 4 min
to be solidified). Therefore, it can be expected that an en-
trained gas trapped during an Mg-alloy melt pouring process
will be readily consumed by the surrounding melt, especially
for sand castings and large-size castings, where solidification
times are long.

Therefore, the different cover gases (0.5%SFg/air and
0.5%SF¢/CO,) associated with different consumption rates of
the entrained gases may affect the reproducibility of the final
castings. To verify this assumption, the AZ91 castings pro-
duced in 0.5%SFg/air and 0.5%SF¢/CO, were machined into
test bars for mechanical evaluation. A Weibull analysis was
carried out using both linear least square (LLS) method and
non-linear least square (non-LLS) method [69].

Fig. 15(a-b) shows a traditional 2-p linearized Weibull plot
of the UTS and elongation of the AZ91 alloy castings, ob-
tained by the LLS method. The estimator used is P= (i-
0.5)/N, which was suggested to cause the lowest bias among
all the popular estimators [69,70]. The casting produced in

SF¢/air has an UTS Weibull moduli of 16.9, and an elonga-
tion Weibull moduli of 5.0. In contrast, the UTS and elonga-
tion Weibull modulus of the casting produced in SFs/CO, are
7.7 and 2.7 respectively, suggesting that the reproducibility of
the casting protected by SF¢/CO, were much lower than that
produced in SFg/air.

In addition, the author’s previous publication [69] demon-
strated a shortcoming of the linearized Weibull plots, which
may cause a higher bias and incorrect R? interruption of the
Weibull estimation. A Non-LLS Weibull estimation was there-
fore carried out, as shown in Fig. 15 (c-d). The UTS Weibull
modulus of the SFg/air casting was 20.8, while the casting
produced under SF¢/CO; had a lower UTS Weibull modulus
of 11.4, showing a clear difference in their reproducibility.
In addition, the SFg/air elongation (El%) dataset also had a
Weibull modulus (shape = 5.8) higher than the elongation
dataset of SF¢/CO, (shape = 3.1). Therefore, both the LLS
and Non-LLS estimations suggested that the SFg/air casting
has a higher reproducibility than the SFs/CO, casting. It sup-
ports the method that the use of air instead of CO, contributes
to a quicker consumption of the entrained gas, which may re-
duce the void volume within the defects. Therefore, the use
of 0.5%SFg/air instead of 0.5%SF¢/CO, (which increased the
consumption rate of the entrained gas) improved the repro-
ducibility of the AZ91 castings.
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However, it should be noted that not all the Mg-alloy
foundries followed the casting process used in present work.
The Mg-alloy melt in present work was degassed, thus reduc-
ing the effect of hydrogen on the consumption of the entrained
gas (i.e., hydrogen could diffuse into the entrained gas, poten-
tially suppressing the depletion of the entrained gas [7,71,72]).
In contrast, in Mg-alloy foundries, the Mg-alloy melt is not
normally degassed, since it was widely believed that there is
not a ‘gas problem’ when casting magnesium and hence no
significant change in tensile properties [73]. Although studies
have shown the negative effect of hydrogen on the mechan-
ical properties of Mg-alloy castings [41,42,73], a degassing
process is still not very popular in Mg-alloy foundries.

Moreover, in present work, the sand mould cavity was
flushed with the SF¢ cover gas prior to pouring [22]. How-
ever, not all the Mg-alloy foundries flushed the mould cavity
in this way. For example, the Stone Foundry Ltd (UK) used
sulphur powder instead of the cover-gas flushing. The en-
trained gas within their castings may be SOy/air, rather than
the protective gas.

Therefore, although the results in present work have shown
that using air instead of CO, improved the reproducibility
of the final casting, it still requires further investigations to
confirm the effect of carrier gases with respect to different
industrial Mg-alloy casting processes.

7. Conclusion

1. Entrainment defects formed in an AZ91 alloy were ob-
served. Their oxide films had two types of structure: single-
layered and multi-layered. The multi-layered oxide film
can grow together forming a sandwich-like structure in the
final casting.

2. Both the experimental results and the theoretical thermo-
dynamic calculations demonstrated that fluorides in the
trapped gas were depleted prior to the consumption of sul-
phur. A three-stage evolution process of the double oxide
film defects has been suggested. The oxide films contained
different combinations of compounds, depending on the
evolution stage. The defects formed in SF¢/air had a sim-
ilar structure to those formed in SF¢/CO,, but the compo-
sitions of their oxide films were different. The oxide-film
formation and evolution process of the entrainment defects
were different from that of the Mg-alloy surface films pre-
vious reported (i.e., MgO formed prior to MgF,).

3. The growth rate of the oxide film was demonstrated to
be greater under SFg/air than SF¢/CO,, contributing to a
quicker consumption of the damaging entrapped gas. The
reproducibility of an AZ91 alloy casting improved when
using SFg/air instead of SF¢/CO;.
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