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ORIGINAL RESEARCH ARTICLE

Consumption of Entrained Gases Within Bifilms
During a Mg-Alloy Casting Process

TIAN LI, J.M.T. DAVIES, and DAN LUO

The formation of entrainment defects, (also known as double oxide film defects or bifilms),
caused by the entrapment of a doubled-over surface oxide film containing a small amount of
local atmosphere, has been investigated by combining practical experiments using a
commercial-purity Mg-alloy under protective gases, with theoretical thermodynamic
calculations. Evolution of the entrainment defects was studied, and a double-layered
structure of their oxide films was found, which was different from the single-layered structure
of the Mg-alloy melt surface films that have been previously reported. A pore gas analyzer was
used to analyze the gas trapped within the defects from which H, and N, (from the air) were
detected. It was found that entrapped gases can be depleted through reactions with the
surrounding liquid Mg-alloy, resulting in the oxide films growing together in the melt.
Transformation of the entrained gas to solid-phase compounds could reduce the void volume of
the defects, thus probably diminishing the negative effect of the entrainment defects on the
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quality of castings.
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I. INTRODUCTION

THE global demand of Mg-alloys has been increas-
ing in recent years,!' ® motivating a wide interest in
using Mg-alloy castings for automotive components.
However, the mechanical properties and reproducibility
of Mg-alloy castings are commonly affected by the
defects formed during the casting process. For example,
entrainment defects (also known as double oxide film
defects or bifilms), which are a major factor affecting the
reproducibility and the eventual properties of light allo
castings,” ' have been found in Mg-alloy castings.’®”]
As shown in Figure 1, entrainment of a small amount of
local atmosphere into the melt can form significant
defects during the casting process, which is the key
factor affecting the variable nature of the casting
properties.[”-1%

The entrained gas could be consumed through reac-
tion with the surrounding melt, which was firstly
reported in Al-alloy castings,!'” therefore causing the
double oxide layers of the defect to recombine to “heal”
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the defect.'" To improve the quality of Al castings,
Raidszadeh and Griffiths!"? increased the melt holding
time to allow the entrained gas to react sufficiently with
the surrounding Al-alloy melt in effort to reduce the
void volume within entrainment defects. They reported
a bonding of the double oxide films based on a link
between the two oxide surfaces within the defect.
However, the increase of the reproducibility of their
Al-alloy castings with a long holding time was not
significant, probably because the nitrogen contained in
the entrained gas (i.e., 78 pct of air) was very difficult to
react with liquid Al-alloys.["*'¥

As compared with Al-alloys, a liquid Mg-alloy more
readily reacts with the common constituents of
entrained atmospheres, especially with nitrogen, which
is referred to as ‘“‘nitrogen burning” in Mg casting
industry."” Thus the void volume of entrainment
defects within Mg-alloy castings may be relatively easier
to reduce due to this entrained gas consumption. The
oxide film bonding of entrainment defects, reported by
Raidszadeh and Griffiths,!'* may also occur in Mg-alloy
castings. However, a cover gas was required for a
Mg-alloy casting process to avoid the Mg-alloy ignition.
Thus the entrained gas in a Mg-alloy casting may
contain the cover gas used during the casting process,
rather than air only, further complicating the defect
evolution process.

SFg is a typical cover gas widely used for Mg-alloy
casting processes.['® '8! Although this cover gas has been
restricted in European Mg-alloy foundries, it is still
popular in the global Mg-alloy industry, especially in the
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Liquid alloy ////

Fig. 1—Sketch of surface entrainment event in a light alloy casting
(reprinted from Ref. 8).

countries who dominated the global Mg-alloy produc-
tion, such as China, Brazil, India, ezc.'”? The SF4 cover
gas forms a protective film on top of the melt which has
been studied in previous works and reported to be a
simple-structured surface film composing of MgF,/
MgO 11820231 However, an unlimited cover gas supply
was continually directed onto the melt surface in these
studies, which is different from the situation of gas
entrainment within defects, where the amount of
entrained gas was finite, hence allowing the carrier gas
to eventually deplete. Therefore, although entrainment
defects have been found in Mg-alloy castings,”! with
their negative effects confirmed by Griffiths and Lai,!®
research into their behavior and evolution is still limited.
This study investigated (using experimental and
theoretical approaches) the entrained gas consumption
and its effect in the casting of a commercial-purity
Mg-alloy under the protection of a SF¢ cover gas.

II. EXPERIMENTAL PROCEDURES
A. Melting and Casting

Three kilograms of commercial-purity Mg-alloy were
melted in a mild-steel crucible (¢20 cm x 30 cm) of a
medium-frequency induction furnace under the protec-
tion of 0.5 pct SF¢/air at the flow rate of 6 L/min. The
temperature was kept at 700 °C £ 5 °C when the alloy
was completely melted. The melt was then degassed by a
lance degasser using argon at 0.3 L/min for 15 min-
utes.?**T After degassing, the oxides on the melt surface
were skimmed off, and the melt was then poured into a
sand mold.

The sand molds for the castings were made from silica
sand bonded with resin (1 wt pct PEPSET 5230 resin +
1 wt pct PEPSET 5112 catalyst), with dimensions as
shown in Figure 2. The sand also contained 2 wt pct
Na,SiF; acting as an inhibitor.**?”) Commercial-purity
Mg-alloy ingots were used in this experiment. Prior to
pouring, the sand mold was flushed with the cover gas
0.5 pct SF¢/air at 6L/min for 20 min. Then the melt was
then poured at 700 &+ 5 °C under the protection of the
same gas. The castings were machined into 40 test bars
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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 residual melt
(around 1kg) was solidified in the crucible and sectioned
into small pieces, polished, and examined using SEM.

B. Oxidation Cell

To better understand the effects of SF¢ cover gas
consumption within an entertainment defect (i.e., a finite
amount of cover gas), through reactions with the
surrounding melt, a mild-steel oxidation cell was
designed for this experiment as shown in Figure 3.

The cover gases contained in the sealed oxidation cell
was regarded as a large-size entrained ‘gas bubble’. The
internal diameter of the cell was 32 mm and the length,
400 mm. A temperature difference was created between
the upper and lower sections of the cell to promote gas
mixing via convection. This was achieved using a
water-cooled copper tube coiled around the upper half
of the cell. At the start of the experiment, commer-
cial-purity Mg was heated in a magnesia crucible and
kept at 100 °C in an electric resistance furnace, under
the protection of 0.5 pct SFg/air (at a flow rate of 1 L/
min), for 20 min to displace the trapped atmosphere/air
within the oxidation cell. The temperature was then
raised to 700 £ 5 °C to melt the Mg at which point both
inlet and exit valves were closed, thereby limiting the
amount of cover gases available, hence creating a sealed
environment for oxidation to occur. The samples were
then left to oxidize for different amounts of holding
times, from 5 to 30 minutes at 5-minute intervals, before
being quenched in water to room temperature. For
comparison, 0.5 pct SFs/CO, was also used in the
oxidation cell experiment. The oxidized samples were
subsequently sectioned and examined by SEM with an
accelerating voltage of 5 to 15 kV.

C. Pore Gas Analysis

Samples from sand castings were initially examined
using a real time X-ray radiography set to search for
sections containing a trapped gas bubble. To fit the size
of the chamber of the pore gas analyser, the sand casting
was produced using a different sand mold, as shown in
Figure 4. The melting and casting processes were the
same as described in Section I1-A.

The sample containing a gas bubble was placed into in
the fracture chamber of the pore gas analyser, as shown
in Figure 5. Through operation of pump P1 (with valve
V1 open and valve V2 closed), the pressure within the
system was reduced to 107° mbar. A needle was
subsequently driven through the surface layer above
the pore, releasing the trapped gas into the system. The
released gas from the pore was then drawn through the
mass spectrometer (Hiden Analytical Limited HMT
quadrupole mass spectrometer) by pump P1 and
analyzed.

METALLURGICAL AND MATERIALS TRANSACTIONS B
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Fig. 2—Dimensions of the sand mold used for casting test bars (unit: mm).
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Fig. 3—Schematic of the oxidation cell (reprinted from Ref. 19).

D. The Effect of Carrier Gases

As previously mentioned, Raidszadeh and Griffiths
tried to increase the consumption rate of the entrained
gases by extending the melt holding time (10 to
60 minutes) to allow the entrained gases to react
sufficiently with the surrounding Al-alloy melt. How-
ever, this technique is not suitable for the practical
casting process, especially for the Mg-alloy sand casting
process. It is not practical to hold the Mg-alloy in a sand
mold at liquidus status for over 10 min.

[12]
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Fig. 4—Dimensions of the sand mold for pore gas analysis (unit:
mm) (reprint from Ref. 28).

Therefore, another trial based on a SF4/CO, cover gas
was conducted for comparison with this work. CO, was
widely recommended as a carrier gas for Mg-alloy
casting process, since CO, is more protective and reacts
less than air. SF¢/air required a higher content of SFy as
compared with SF¢/CO,, to avoid the ignition of molten
magnesium.??! This different protectability of the carrier
gases suggests that an entrained gas of SFg/air may be
consumed faster than that of SF¢/CO,, which may affect
the size and void volume of the entrainment defects
contained in the final Mg-alloy castings. Therefore, the
experiments described in Sections [I-A to II-B were
repeated using a cover gas of 0.5 pct SF¢/CO,, to further
investigate the effect of carrier gases on the correspond-
ing entrainment defects and casting properties.

VOLUME 52B, OCTOBER 2021—3095



III. RESULTS

A. Structures of Entrainment Defects Formed
in Mg-Alloy Castings

Figure 6(a) shows a typical pore defect found in the
commercial-purity Mg-alloy casting under the protec-
tion of 0.5 pct SF¢/air. Only MgO was detected in the
inner section of this defect from the EDS result
(Figure 6(b)). A compact and single-layered oxide film
can be seen (Figure 6(c)) and was mainly composed of
MgO and MgF, (Figure 6(d)). The existence of a small
amount of fluorides in the oxide film suggested that this
pore defect was an entrainment defect from SFg4 cover
gas, rather than a shrinkage defect or hydrogen gas
porosity.

Another different type of entrainment defect also
existed in the same casting, which showed that the oxide
film grew together in Figure 7(a). A sandwich-like
structure can be seen in this defect from the Figure 7(b):
a porous inner section mainly consisting of MgO
(Figure 7(c)), and compact double outer layers compos-
ing of MgF, only (Figures 7(e) through (h)). Fluorine
and sulfur were also detected in the porous inner section,
in relatively small amounts.

To better understand the defects, the fracture surface
was further investigated, rather than only the two-di-
mensional observations from the cross sections of the
entrainment defects shown in Figures 6 and 7. A pair of
fracture surfaces of a tensile test bar is presented in
Figure 8(a). Symmetrical dark regions can be seen on
both the fracture surfaces. Figure 8(b) shows a local
magnified section of the boundary between the dark and
bright regions from Figure 8(a). The bright region was
relatively rough and full of ridges and lines, while the
dark region was comparatively smooth and of a
wrinkled nature. The EDS results (Table I) of the
sample shows that fluorine was only detected in the
dark regions, and the corresponding oxygen content was
relatively high, indicating that the dark regions were
oxide surface films entrained into the melt. White
granules were observed in the oxide film from the
further magnified examination (Figure 8(c)), which
indicated that the oxide films on each of the fracture
surfaces may be separated prior to the fracture of the
test bar. Hence a small amount of entrained gas may

Micrometer
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Pore Exhaust 2
Exhaust 1

—1 Valve V1 Valve V2 \

\ hS= N

= Pump P1— | 4 —|— — — —~|1———— Pump P2
LN N~
Mass Spectrometer sample

Fracture chamber

Fig. 5—Schematic of the pore gas analyser.
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have existed between the double oxide films. In con-
junction with their symmetrical and wrinkled nature, it
can be suggested that the dark regions were an entrain-
ment defect, which may have contained an entrained
gas.

Observations of entrainment defects from both cross
sections (Figure 6) and the fracture surfaces (Figure 8)
suggested how the symmetrical oxide films on the
facture surfaces were formed. As shown in Figure 9(a),
an entrainment defect existed in the test bar. Prior to the
fracture, the cross-sectional morphology of the entrain-
ment defects was similar with that shown in Figure 6.

During the fracture, the entrainment defect acts as the
crack initiator."” The crack can also grow following the
weakest path!® (i.e., the entrainment defect), causing
the facture to develop in the middle of the entrainment
defect. Therefore, the double oxide films of the entrain-
ment defect remained on opposite fracture surfaces after
failure (Figure 9b).

Another entrainment defect located on fracture sur-
faces are shown in Figure 10(a), which contains nitrides
in the oxide film (Figure 10(b)). The morphology
(Figure 10(c)) of this oxide film was similar to that of
the film shown in Figure 8(c). Al and Si were also
detected, which might come from the ingot impurities
and the sand mold, respectively. Nitrides were only
detected on the fracture surfaces of test bars and were
not found in the water-polished samples such as
Figures 6 and 7. This may be because the nitrides
hydrolyzed easily, leading to the escape of N in the form
of NH; during the sample preparation process (i.e.,
water polishing).*”

B. Oxidation Cell

The entrainment defects shown in Section I1I-A had
different structures and contained different combination
of compounds, which may be related to different stages
of the reactions between liquid Mg-alloy and entrained
0.5 pct SF¢/air cover gases. However, the reaction
between Mg-alloy melt and the entrapped cover gases
were rarely reported. Previous studies regarding the
protection of liquid Mg-alloys using cover gases!'®20>%
were carried out with an unlimited amount of cover
gases, which was different from the situation of an
entrained gas. Therefore, an oxidation cell under limited
cover gases (similar to entrained gases) was used to
investigate the evolutionary behavior of entrainment
defects.

The commercial-purity Mg-alloy was held at 700 °C
in the oxidation cell for 0 to 30 minutes with SFg/air
cover gases, as shown in Figure 11. Figure 11(a) shows
the surface oxide film held for 0 min (i.e., the oxidation
cell was quenched, once its temperature reached 700 °C)
and its EDS element map. This oxide film was primarily
composed of a single layer of MgF,. Figure 11(b) shows
the surface film held for 5 min. This surface film had two
layers; a thick bottom layer (i.e., in contact with the Mg
substrate) enriched with fluorine, and a thin top layer
(i.e., in contact with the Bakelite) enriched with sulfur.
Oxygen was detected in the S-enriched layer, but its
content in the bottom layer (i.e., the F-enriched layer)

METALLURGICAL AND MATERIALS TRANSACTIONS B
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Fig. 6—(a) A typical entrainment defect in the commercial-purity Mg-alloy casting under the protection of 0.5 pct SF6/air, (b) EDS result of
spectrum 1, (¢) local magnified outside layer of film, and (d) EDS of spectrum 2.

was too low to be identified by EDS. The films held for
5- 25 min had similar double-layered structures, and the
thickness of the S-enriched layer increasing with an
increased holding time. Figure 11(c) shows a surface
film held for 30 min. Oxygen and magnesium were
detected in both the layers.

The multiple-layer structure and the different thick-
ness of the S-containing layers suggested that the
fluorides in the cover gases were preferentially consumed
to form the F-enriched bottom layer in the early stage of
the holding experiment. After the fluorides were
depleted, the Mg-alloy melt further reacted with the
residual cover gases to form the S-containing top layer.
It should be noted that this formation process is
different from that of the Mg-alloy surface film reported
in previous studies.!'®2°2% Pettersen et al.”!! suggested
that the liquid Mg-alloy firstly reacted with oxygen,
forming a thin MgO film, and then SFy dissociated to
provide atomic fluorine, which could penetrate through
the porous MgO layer, forming an inner MgF, layer.
Xiong and Liu*” found different-colored regions on the
surface of the protective film. Their EDX results
suggested that the discolored regions corresponded to
MgF, particles under the surface film. In addition,
Xiong and Wang!"™ reported that the discolored regions
appeared after the formation of a preliminary MgO film,
giving support to Pettersen’s process.

METALLURGICAL AND MATERIALS TRANSACTIONS B

The difference between this experiment and those of
previous studies was that this investigation used a
limited cover gas supply, whereas other studies investi-
gated the use of an unlimited cover gas supply,
potentially allowing for the fluorides in the system to
be consumed.

This double-layered oxide film also existed in the
sandwich-like structure shown in Figure 7 (i.e., an outer
layer enriched with MgF,, and inner part enriched with
MgO). The MgO features that are shown in Figure 6(a)
may also form due to the depletion of fluorides and
sulfur in the entrained gas. The structure of these defects
suggests that the entrained gas in the defect was
consumed through the reactions with the surrounding
liquid magnesium, and that the double oxide films grew
simultaneously.

C. Pore Gas Analyser

The studies in Sections III-A to III-B only focused
on the oxide films of the entrainment defects. However,
the entrained gas was also worth investigating. It was
widely suggested that pore defects in Al-alloy and
Mg-alloy castings contained hydrogen that diffused
from the melt.['?*2>-3!) In addition, Campbell'” con-
jectured that hydrogen was able to diffuse from an
Al-alloy melt into an entrainment defect, resulting in
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Fig. 7—(a) Another entrainment defect found in the commercial-purity Mg alloy casting, (b) the inner section of the defect indicated that the
oxide films had grown together, (¢) EDS spectrum of the point denoted in (b), (d) a magnified observation edge of the defect, showing a
compact single-layer oxide film, (e¢) through (/) element maps of the area shown in (d).

expansion of the defect. Yue and Griffiths observed pore no further direct evidence to indicate that the expansion
defect expansion when re-melting a liquid A356 alloy was caused by diffused hydrogen (rather than another
sample under Synchrotron X-rays.’? However, there is gas) into the defect. Therefore, pore gas analysis was
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Fig. 8—(a) A entrainment defect on the fracture surfaces of a commercial-purity Mg alloy test bar; () a local magnified section of the boundary
between the dark and bright regions, and (¢) a further magnified observation to the surface of the dark region. The dimension of the fracture

surface is 5 mm x 6 mm. The acceleration voltage was 15 kV.

Table I. EDS Results Corresponding to Bright and Black
Regions in Fig. 8

Cover Gases C (0) Mg F S N

SF¢/Air (Wt Pct)
Dark Region 2.62 284 9400 054 — —
Bright Region 3.72  0.53 9574 — —_ —

carried out to measure the gas composition contained in
the pore defects that were formed in the Mg-alloy
casting.

Figure 12(a) is an X-ray image showing gas bubbles
contained in the commercial-purity Mg-alloy cast under
SF¢/air. The mass spectrometer of the pore gas analyser
was only able to detect the compounds with a molecular
mass less than 100, and accordingly could not recognize
SF¢ and some of its decomposition products (i.e.,
molecular mass SFq = 146, SFs = 127, SF, = 108.
etc.). Therefore, the setting of the proposed compounds
for this pore gas analysis were H, (molecular mass = 2),
N, (molecular mass = 28), O, (molecular mass = 32),
F, (molecular mass = 38), CO, (molecular mass = 44),
SO, (molecular mass = 64), SF; (molecular mass = 89).

Figure 12(b) shows the mass spectroscopy result of
the trapped gas bubble. Hydrogen and nitrogen were
released from the bubble when the sample was pierced
by the needle. Oxygen and the decomposition products
of SF¢ were not detected in the trapped gas. These gases

METALLURGICAL AND MATERIALS TRANSACTIONS B

may have been depleted through reactions with the
surrounding Mg-alloy melt or may have combined with
other elements to form heavier species (with molecular
mass greater than 100) and hence became unde-
tectable with this apparatus. The existence of nitrogen
in this defect indicated that this pore was an entrainment
defect containing an entrained gas, rather than hydro-
gen porosity. In addition, a relatively high content of
hydrogen was also found in the pore gas, demonstrating
the H diffusion phenomenon conjectured by
Campbell.['"!

D. The Effect of Carrier Gases

Figure 13 shows the comparison of the growth rates of
the oxide film formed in different cover gases (i.e., 0.5 pct
SF¢/air and 0.5 pct SFg/CO,). 15 random points of each
sample were selected for the film thickness measurement.
The 95 pct confidence interval (95 pctCI) was computed
under an assumption that the variation of the film
thickness followed a normal distribution. Obviously, the
oxide films formed in 0.5 pct SF¢/air grew much faster
than those formed in 0.5 pct SF/CO,. The different oxide
film growth rates suggested that in an entrainment defect
with a certain amount of cover gases, 0.5 pct SF¢/air
would be consumed faster than 0.5 pct SFg/CO,.

Figure 14 shows the 2-sigma diagram of the tensile
test bars (40 data points for each cover gas) cast in both
0.5 pct SFg/air and 0.5 pct SF¢/CO,. The black and red
rectangles were plotted based on 95 pctCI, as follows.*

VOLUME 52B, OCTOBER 2021—3099
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95pctCI = average properties + Zj g5 * SE [1]

where Z9s = 2 for the 2-sigma diagram (i.e., 1.96 was
the 97.5 pct quantile of the standard Gaussian distribu-
tion), and SE denoted the standard error (i.e., sigma).
The H contents of the castings were 0.112 ppm and 0.098
ppm for the SFg/air and SF4/CO, castings, respectively.
The cover gas of SFg/air would cause more oxides to
become contained in the melt compared with SF4/CO,,
due to its relatively low protectability. Therefore, in
conjunction with the different H contents, the mechan-
ical properties of the SFg/air casting were expected to be
slightly lower than the casting protected by SF¢/CO»,
without consideration of the entrainment defects.
However, as shown in Figure 14, there was no clear
difference between distributions of the UTS data points
of the test bars produced under different cover gases,
except that the distributions of the elongations data
points presented a clear difference. Nearly all of the data
points obtained under the protection of SF¢/CO, falls
into the lower black rectangle area, while almost 60 pct
data obtained under the protection of SFg/air were in
the same area as the one under the SF4/CO,. The
remaining 40 pct data were obviously above nearly all
the data points from the SF¢/CO,, which shows that
some test bars produced in 0.5 pct SF¢/air cover gases
had statistically higher elongations than the Mg-alloy
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casting produced in 0.5 pct SF¢/CO,. The relatively high
elongation of the casting produced in 0.5 pct SF¢/air
could be attributed to the comparatively faster con-
sumption of SFg/air and therefore diminishing the
negative effect of entrainment defects, showing that
different carrier gases could influence the final mechan-
ical properties of Mg-alloy casting.

IV. DISCUSSION

A. Evolution of Entrainment Defects Formed in SFg|Air

Entrainment defects, formed in the commercial-purity
Mg-alloy casting, were composed of different combina-
tions of compounds (e.g., the oxide film shown in
Figure 10 contained nitrides, which did not exist in the
oxide shown in Figure 8 and Table I). Meanwhile, the
growth process of oxide films in the oxidation cell
revealed the evolution of the gas components contained
in the entrained gases (i.e., the early oxide film shown in
Figure 11(c) contained MgF, only, but the later oxide
films shown in Figure 11(c) contained MgS or MgSO,).

Therefore, thermodynamic calculations were carried
out, using the HSC simulation software from Outotec (h
ttp://www.hsc-chemistry.net), to investigate the reac-
tions which could cause the spectrum of compositions

METALLURGICAL AND MATERIALS TRANSACTIONS B
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Fig. 10—(a) An entrainment defect on the fracture surface of another commercial-purity Mg alloy test bar, (b) spectrum of the oxide film (the
acceleration voltage was 5kV), indicating nitride contained in the oxide film, and (c¢) a magnified observation of the oxide film.

within the entrainment defects (i.e., where the entrapped
gas reacted with the surrounding commercially pure
Mg-alloy melt). The determination of the most likely
products was calculated using Gibbs free energy based
simulations for the reaction processes between a small
amount of cover gas (i.e., the amount in a trapped
bubble) and the liquid Mg.

The simulations assumed 7 x 1077 kg cover gas of 0.5
pct SF¢/air (approximate 0.57 cm® or
3.14 x 10~* kmol) with a matched amount of Mg (i.e.,
a theoretical amount to complete all possible reactions
with the trapped gas). Previous works indicated that the
SF¢ could decompose into SFs, SF,4, SF;, SF», F,, S(g),
S»(g) and F(g).***" Hydrogen was assumed not affect-
ing the reactions, due to the decomposition of Mg(OH),
at 332 °C.P¥l

The thermodynamic calculation of the reactions
between the Mg and trapped gases (SFe/air) is presented
in Figure 15. Reactants and products less than
1 x 107" kmol are not shown in this figure due to
their relatively small quantities by at least 5 orders of
magnitude when compared with SFq
(= 1.57 x 107'° kmol). The whole reaction process of
both in SF¢/air could be divided into the following 3
stages.
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In Stage 1, MgF, formed due to the preferential
consumption of all fluorides, while accumulated sulfur in
the residual gas reacted with O, to form SO, which is
consistent with the oxide films shown in Figure 11.
Sulfur-containing compounds did not exist in the oxide
film held for 0 minute in Figure 11(a), but was found in
the oxide film when the holding time increased to
5 minutes (Figure 11(b)). Therefore, the oxide film shown
in Figure 11(a) may correspond to the reaction stage 1. If
hydrogen were in the melt at this stage it would diffuse
from the Mg melt into the defect rather than affect the
reactions. The oxide film may have contained fluorides
only, as shown by the single-layered film in Figure 16(a).

In Stage 2, all fluorides in the entrained gas were
depleted in the 0.5 pct SF¢/air. SO, and O, reacted with
the liquid Mg, producing MgSO, and MgO in the oxide
film. Since a F-enriched film during stage 1 already
existed on the melt surface, the MgSO, and MgO
formed an additional S-enriched layer upon the F-en-
riched layer, hence the double-layer structure shown in
Figures 11(b) and (c). The entrainment defect shown in
Figure 6 and Figure 8 may correspond to this reaction
stage. In addition, as shown in Figure 13, MgSO,4 was
only produced in the early period of the stage 2. In the
late period, only MgO was produced. This may be the
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Fig. 11—Surface films on the liquid Mg alloy formed in the sealed oxidation cell that was held for different time in SF4/air and their EDS

mapping: (¢) 0 min; (b) 5 min, and (¢) 30 min.

reason why the inner section of the defect shown in
Figure 6(a) contained a feature composed of MgO only,
while its oxide film contained a small amount of MgSOy.
Figure 16(b) shows schematic of entrainment defects
corresponding to this reaction stage.

In Stage 3, MgSO, reacted with the liquid magnesium,
forming MgS and MgO in the oxide film. Then the
Mg-alloy melt reacted with nitrogen in the residual
gases, forming MgszN, until all other reactions were
completed. The defect shown in Figure 10 may corre-
spond to this reaction stage due to its nitrides content.
The defect shown in Figure 7, of which entrained gas
had been depleted, may also correspond to this stage.
However, MgzN, was not detected in its oxide film
bonding layer, which may be due to the hydrolyzation of
Mg;N> during the polishing process (i.e., using water as
polishing liquid), as follows":
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Mg;N, + 6H,0 = 3Mg(OH),+2NH; 2]

Figure 16(c) shows schematic of the entrainment
defects corresponding to this reaction stage. The reac-
tion stages 1-3 indicate that the entrained gases in a
Mg-alloy melt using SFg/air could be depleted due to the
reaction with the surrounding liquid Mg-alloy. This
process differs from that of Al-alloys i.e., an entrained
gas (air) in Al-alloys is very difficult to deplete since
aluminum does not readily react with nitrogen!'*'¥).

It should be noted that, the contact area of Mg-alloy
melt and cover gases in the oxidation cell is relatively
small considering the large volume of melt and gases,
therefore the holding time for the reaction in the
oxidation cell was long (5min - 30min) and impractical
for a practical casting. However, it is worth noting that
the entrainment defects in real casting could be very
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Fig. 12—(a) X-ray image of a trapped bubble contained in the casting under 0.5 pct SF¢/air and (b) mass spectroscopy result of the pore gas

analysis.
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Fig. 13—Comparison of the oxide film growth rates in 0.5 pct SF¢/
air and 0.5 pct SF¢/CO,.

small (as small as a few micrometers!'”), and the
entrained gas could be in great contact with the
surrounding melt, forming a relatively large contact
area, which could cause faster consumption of the
entrained gases. Moreover, a Mg-alloy sand casting
would normally solidify within a few minutes (e.g., a
60 mm diameter casting expecting to take in the order of
4 min to fully solidify?®”), suggesting that the Mg-alloy
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Fig. 14—2-sigma diagram of the mechanical properties of the
commercial-purity Mg-alloy castings produced in 0.5 pct SFg/air and
0.5 pCt SFs/COZ

casting may likely contain some entrainment defects
with depleted entrained gas, which indicates the poten-
tial to diminish the negative effect of the defects.

In addition, the size of the contact arca between the
entrained gases and the surrounding melt may vary
depending on the sizes and shapes of entrainment
defects. Thus, the consumption speed of the entrained
gases (as well as the growth rate of the oxide films) may
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Fig. 15—An equilibrium diagram for the reaction at 1 atm and
700 °C with 7e-7 kg gas of 0.5 pct SFg/air. The X-axis is the amount
of Mg having reacted with the entrained gas, and the vertical Y-axis
denotes the amounts of the reactants and products.

also differ, as this would be dependent on the sizes and
shapes of the entrapped bubbles. This may be the reason
why the defects formed in the same casting corre-
sponded to different reaction stages in the suggested
evolution model i.e., Figure 8 corresponds to stage 2,
while Figure 10 corresponds to stage 3.

B. The Effect of Carrier Gases on the Quality
of Mg-Alloy Castings

As discussed above, the entrained gas within a
Mg-alloy casting can be consumed due to the reaction
with the surrounding melt. The entrained gas was
therefore transferred to solid compounds, which could
reduce both the defect size and void volume within the
entrainment defects (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 pct of the air

(a) Stage 1

Entrained gas

Entrained gas

Oxide film

Sulphur fluorides + air + Hy + SO,

MgFg

Oxide films

(outer layer)

Entrained gas

N, + O, + SO, + H,

Oxide films
(Inner layer)

Film (outer layer) MgF> + MgO
(f?])r(:g?gl;;?) Film (inner layer) MgO + MgSO,
Entrained gas
(c) Stage 3
Oxide films
(outer layer) Entrained gas N2 + Hy
Film (outer layer) MgF2 + MgO

Film (inner layer)

MgO + MgS + MgzN3

Entrained gas

Fig. 16—Schematic of the double oxide film defects corresponding to the three reaction stages under different atmospheres shown in Figure 15:

(a) stage 1, (b) stage 2, and (c) stage 3.
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volume). The negative effect of entrainment defects on
the quality of Mg-alloy castings may consequently
become diminished. Hence the consumption rate of the
entrained gases could be a critical parameter for
diminishing the negative effect of the entrainment
defects.

The oxide film growth rates shown in Figure 13
indicated that an entrained gas of SF¢/air had a higher
consumption rate compared with that of SFg/CO,,
suggesting that the use of air instead of CO, could
promote the entrained gas consumption, and therefore
increase the final casting properties. This method was
subsequently supported by the UTS and elongation
datasets of the castings produced in different carrier
gases (i.e., air and CO,, shown in Figure 14), which
showed that the casting produced in SF¢/air statistically
had a better elongation than that produced in SF¢/CO».

Although the void volume within the entrainment
defects could be significantly reduced, causing the oxide
film to grow together, the residual sandwich-like struc-
ture (as shown in Figure 7) was a non-metallic inclusion,
which was still harmful for the mechanical properties of
castings. This might be the reason why the difference of
the casting properties shown in Figure 14 were not
significant, especially for the UTS datasets. However, it
should be noted that the castings produced in SF¢/air
was widely expected to be lower than that produced in
SF¢/CO,, since the low protectability of air would cause
a higher content of oxide particles in the melt. There-
fore, the small difference of the UTS datasets shown in
Figure 14 still indicated a positive effect of the relatively
faster entrained gas consumption rate of air.

In addition, it should be noted that not all Mg-alloy
foundries follow the casting process described in the
present work. The Mg-alloy melt in present work was
degassed, thus reducing the effect of hydrogen on the
consumption of entrained gas (i.e., hydrogen could
diffuse into the entrained gas, thus suppressing the
depletion of the entrained gas'®'**?)). In contrast, in the
Mg-alloy industry, it was widely believed that there is
not a ‘gas problem’ with magnesium.*’! Although some
studies have shown the negative effect of hydrogen on
the mechanical properties of Mg-alloy casting,**>!
degassing processes are still not popular in Mg-alloy
foundries.

Moreover, in present work, the sand mold cavity was
flushed with the SFq cover gas prior to pouring.*!
However, not all the Mg-alloy foundries flushed the
mold cavities in this way. Some of them used sulfur
powder instead of the cover gas flushing process (e.g.,
the Stone Foundry, UK). This cover-gas-flushing pro-
cess was also not suitable for all the Mg-alloy casting
process, such as the high pressure die casting (HPDC)
process. Therefore, if the mold was not flushed by the
cover gases, the entrained gases contained in the final
castings would be different from the present work (e.g.,
air for HPDC castings, SO,/air for the Stone Foundry’s
castings).

Therefore, it may be required a further investigation
into the processes of different Mg-alloy foundries, to
confirm the effect of carrier gas on the quality of
different industrial Mg-alloy castings.

METALLURGICAL AND MATERIALS TRANSACTIONS B

V. CONCLUSION

(1) The evolution of processes involved in the entrain-
ment defects that occur during the casting process
was examined experimentally and also with theo-
retical thermodynamic calculations mainly under
the protection of SF¢/air. Fluorides found in the
entrained gases appeared to be preferentially con-
sumed, while sulfur accumulated in the residual
gases. The oxide films had different structures and
contained different combinations of compounds,
depending on which reaction stage the defect was in.
The entrained cover gases contained within the de-
fects could be depleted, forming a sandwich-like
structure. Such structure should be encouraged as
the consumption of these entrained gases could have
the potential to diminish the entrainment defects
and further improve the quality of Mg castings.

(2) Entrained SFg/air gases were consumed more ra-
pidly than entrained SF¢/CO», resulting in a faster
growing oxide film which had a greater chance of
reducing the size and void volume of entrainment
defects. This is supported by tensile test results
which shows that 40 pct of elongation data point
from the commercial-purity Mg-alloy casting pro-
duced in 0.5 pct SF¢/air were comparatively higher
than nearly all of those produced in 0.5 pct SF4/CO,
cover gases.
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