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Abstract The entrainment of surface oxide films in the
melt leads to the formation of double oxide defects in the
casting parts. Oxide/metal/oxide (OMO) sandwich tech-
nique is a method for physical simulation of the formation
of surface oxide film. In this method, air bubbles are
artificially introduced into the melt in order to trap two
adjacent bubbles and extract the interface between them. In
this study, to prepare OMO samples, air bubbles were
blown with a pressure of 0.8 atm. into the mold filled with
Al melt containing 3, 5 and 7 wt% of Zn. Using scanning
electron  microscopy and energy-dispersive  X-ray
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spectroscopy, characteristics of dynamically formed oxide
films such as morphology and film thickness were investi-
gated. Results showed that in higher zinc content, more
cracks appear on the oxide films. Thickness of the oxide
films in Al-Zn alloys was estimated to be 95-1070 nm.
According to the measurement performed on the folds,
adding more than 3% zinc caused a reduction in the oxide
film thickness. Thermodynamics suggests the presence of
spinel phase along with aluminum oxide at 700 °C which is
in agreement with energy-dispersive X-ray spectroscopy’s
results. The presence of the spinel phase at the interface is
the reason behind the reduction in the thickness of the

oxide film.
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Introduction

Aluminum alloys show a high affinity to react with oxygen,
oxidizing with a high rate in the molten state. Several
parameters including temperature, alloying elements,
humidity and testing procedure govern the oxidizing
reaction, especially nucleation and growth stage of oxide
layers.' The effect of addition of 1 at.% of various alloying
elements at 700 and 800 °C on the oxidation behavior of Al
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melt is investigated. It is expressed that Zn has no
noticeable effect on the oxidation process at 700 °C, but at
800 °C, the effect is pronounced.2

Exposing molten Al to air, an amorphous layer of y-Al,O3
will appear on the surface.>* Following that, crystalline
particles of y-Al,O; will nucleate on the oxide/metal
interface. With the further growth of these particles, a
continuous layer is formed. The transition of y-Al,O5 to o-
Al,O5 is expected after an incubation period. Conse-
quently, due to the smaller unit cell volume of a-Al,O3, the
number of cracks on the oxide layer can increase. This
results in the less protection of the metal in comparison
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with that of y-Al,O5.> Oxidation in the molten stage can
be categorized into the static and dynamic modes. Wight-
man and Frei reported that the oxidization in the dynamic
mode would be about 60 times faster compared to the static
mode.’

The surface oxide layer on the molten metal experiences
turbulence during the transformation from the furnace to
the mold and especially within the pouring stage. This
leads to the further break and rupture of the oxide layer.
Consequently, the bare metal will be immediately exposed
to atmosphere and a new oxide layer will form.*' The
frequent formation and rupture of oxide layers which occur
in turbulent situations are called dynamic oxidation.
Although many published results reported on the static
oxidation of the molten metal, in the last few years
dynamic oxidation became center of scientific and indus-
trial attention on the arrival of the controversial theory of
bifilms.®

Surface oxide film is dragged and trapped within the liquid
as a result of melt turbulence.””” Bifilms are combined of
two oxide layers wrapped on each other, unwetted sides of
the films coming together, face to face, so that little or no
bonding occurs between the two. The double oxide feature
acts as a crack in the liquid. The absence of any bonding
between the two layers leads to their high potential to act as
nucleation sites for gas porosities and shrinkage
cavities. "'

The mechanical properties and the reliability of cast alu-
minum alloys are closely related to their concentration of
bifilms. This damage is maximized in case of the bifilms
being unraveled and flattened.® Clearly, the elimination of
these defects would lead to the production of casting parts
with higher mechanical properties and reliability.'*~'®

A method to investigate the oxidation of molten metal
during the pouring stage of castings is introduced based on
the controlled introduction of bubbles into the melt.'”'® In
this method, the interface between two trapped bubbles
provides an oxide/metal/oxide (OMO) sandwich which
yields information about the morphology, thickness,
chemical composition and strength of oxide films. The melt
trapped between the oxide films of two air bubbles appears
as a thin layer, in the range of 10 um or so, but normally

Table 1. Chemical Composition of Samples Per wt%

(Rounded)
Alloy Element
Al% Zn% Cu% Fe%
Al-3%2Zn 96.2 3.1 0.3 0.2
Al-5%Zn 93.5 5.7 0.3 0.25
Al=7%2Zn 92.1 7.2 0.24 0.2
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thick enough that some nuclei start dendritic solidification.
This thin layer of the sample, known as OMO sandwich,
can show some details of the important stage of solidifying
of the melt and the features of oxide film."”~*' The opti-
mum conditions to produce an OMO sandwich have been
previously reported by the authors.'”~*!

Characteristics of oxide films are strongly related to the
composition. Haginoya et al. have investigated the effect
of Zn addition on the oxidation of aluminum melt at
various temperatures.”> Zinc causes a reduction in the
oxidation rate of aluminum rate below 700 °C but acts
conversely at temperatures above 800 °C. Furthermore,
Zn extends the incubation time for the transformation of
the amorphous alumina to the crystalline y-alumina, a
transition which would normally be accompanied by the
formation of cracks on the oxide film. Apart from that, Zn
enters the crystalline structure of y-alumina and reduces
the number of cation vacancies. Consequently, less alu-
minum cations would be able to reach the other side of
the film to interact with oxygen ions. Therefore, the slope
for the oxidation diagram of aluminum-zinc alloy would
decrease with time. The boiling point of the zinc would
be a problem at higher temperatures. In that case, the
formation of zinc oxide and ZnAl,O, spinel would be
expected.”? The lattice parameter of ZnAl,O, is bigger
than alumina’s, and this would cause local stresses in
favor of accelerating the oxidation process.

The strength of the oxide layer also matters. Oxides with
higher strength would be more resistant to cracks.”> Apart
from that, structure, morphology and thickness of these
layers would play a crucial role in the quality of casting
parts.

Studies have shown that 1 wt% of the total aluminum melt
will be oxidized during casting process.' Therefore, con-
sidering the effect of the bifilm defect on the mechanical
properties of the product and its quality index,*'> under-
standing the nature and characteristics of the formed oxide
films is crucial. Addition of elements and impurities affects
the oxidation rate and characteristics of the oxide film.
Accordingly, the effect of addition of elements such as
magnesium, calcium and strontium on dynamically formed
oxide films in aluminum alloys has been investi-
gated.”®%!1"'? But to the authors’ knowledge, effect of Zn
addition and its consequent effect on the thermodynamics
of oxidation in the aforementioned dynamic situation are
still neglected in the literature.

In the present study, the effect of Zn content on the char-
acteristics of dynamically formed oxides of aluminum
alloy has been studied via oxide/metal/oxide sandwich
method. Thickness of oxide films along with the morpho-
logical features was investigated by scanning electron
microscopy equipped with energy-dispersive X-ray
spectroscopy.
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Figure 1. Schematic of the bubble blowing procedure and mold used in the present study.
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Materials and Methods

The casting model was designed based on the criteria for
the bottom gated running system.® The model has gone
through computational fluid dynamic (CFD) simulations in
order to evaluate mold cavity filling, solidification process
and flow rate of molten metal entering the mold cavity
which is reported elsewhere.”'

To prepare the melt, commercially pure aluminum and Al-
Zn 20 wt% master alloy was used. Pouring temperature
was chosen 30 °C above the liquidus temperature of each
alloy according to the phase diagram. A clay graphite
crucible was employed to hold the melt in a resistance
furnace. All the tools, e.g., crucible, mold, etc., used in the
casting process were preheated up to 100 °C. The final
composition of each sample according to spectral analyzers
results is given in Table 1. These are the average numbers
acquired from an optical emission spectrometer performed
on the samples cut from the cast.

After reaching the appropriate composition, molten metal
was poured into the sodium silicate—sand mold. To gen-
erate artificial bubbles in a certain shape and size and
blowing them at the predefined time intervals of two
bubbles per second, a system was designed.”*' In this
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Figure 3. Secondary electron (SE) micrographs of OMO sandwich formed in Al-7% Zn alloy. The images are
magnified in order (a—c). Represented regions are the entrapped metal between two oxide layers (A), two adjacent
oxide layers (B), large cracks (C), cracks formed due to the stresses during solidification process (D), wrinkles caused
by the difference in the thermal expansion coefficient of metal and oxide (E) and the cavities made by the impression
of dendrite growth on the surface oxide covering it (F).

setup, the compressor produces the compressed air and its  placed in the bottom of the mold. Bubbles were blown with
pressure reaches the specific value passing through a few  a pressure of 0.8 atm. Proper pressure depends on the
instruments including solenoid and control valves. The  density of liquid metal and the head of molten metal in the
setup used to introduce bubbles into the melt is presented in ~ mold.'®"

Figure 1. A quartz tube with inner diameter of 1 mm was
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Figure 4. SEM image from the surface of AI-5%Zn OMO sandwich and EDS analysis from points 1, 2 and 3.
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Figure 5. Backscattered electron (BSE) micrograph of
Al-7%Zn OMO, providing better resolution of the folds
and wrinkles formed on the sandwich sample. It also

shows areas containing trapped metal between oxide
layers, double oxide layers and interdental cavities.
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The model used in this study includes a plate pattern with
dimensions of 180 x 80 mm and a thickness of 20 mm.
On top of the model, a top feeder is added to increase the
chances of air bubbles getting trapped. At the bottom of the
model, two trapezium-shape feeders are used to create a
warm region around the tip of the quartz tube. With this
operation, until the last stage of solidification, there is a
chance to insert artificial bubbles. The mold used, silica
sand, contains 4% of sodium silicate as the binder.

Schematic of oxide/metal/oxide sandwich production is
illustrated in Figure 1. When the pouring step was done,
artificial bubbles were released with specified time inter-
vals (two bubbles per second). After successfully per-
forming the procedure, the final cast was cooled in the air
and cut in pieces.

Figure 2 shows the sandwiches before being cut off from
the casing. After cutting off, the OMO sandwiches were
gold-coated by ion sputtering. Eventually, the samples
were investigated by scanning electron microscopy (SEM),
Vega 2 TESCAN, equipped with energy-dispersive spec-
troscopy (EDS). Also, the phase diagrams of Al-Zn-O
system were calculated using FactSage 7.3.

International Journal of Metalcasting/V olume 13, Issue 3, 2021



Section A

Section B

Section C

! ..‘
n } %\
(d) «— Oxide layer

¥ L eiona

/Oxidellayer—.
. ’ Seclion B
/Oxldellayer\‘
Solidified metal ' , ‘Section C

International Journal of Metalcasting/V olume 13, Issue 3, 2021

Oxide over oxide

Section A

Section B

Section C

(9)

Oxide layer —

W Crack and break % Section A

Crzick
,/Oxidellayer\
Solidified metal
VA

Section C

753



<«Figure 6. SEM image and its schematic of Al-7%Zn
OMO sandwich in secondary electron mode that show
(a) SEM image of AI7%Zn OMO sandwich, (b) the
magnified image of the rectangular area marked in upper
left of image (a), (c) schematic of the image (b) explaining
the detail, (d) schematic of the cross sections in three
positions—A, B and C—for clarification, (e) the magni-
fied image of the area marked in the right-middle part of
the main image, (f) schematic of the image (e) showing
other features of OMO sandwich, (g) cross sections of
three lines—A, B and C—in the image (f).

Results and Discussion
Morphology

SEM images of oxide/metal/oxide sandwich of Al-7%Zn
alloy showing typical features are shown in Figure 3.
Features include the entrapped metal between two oxide
layers (A), two adjacent oxide layers (B), large cracks
formed during extraction of sandwiches (C), cracks formed
due to the stresses caused from the solidification shrinkage
and mechanical stresses (D), wrinkles caused by the dif-
ference in the thermal expansion coefficient of metal and
oxide (e) and the cavities made by the impression of den-
drite growth on the surface oxide covering it (F).

SEM image of OMO sandwich from Al-5%Zn sample is
demonstrated in Figure 4. EDS analysis results prove the
appearance of oxide phase.

Folds and wrinkles are clearly visible on the surface of the
oxide layer in Figure 6. In contrast to other images shown
in this work, which are mostly secondary electron micro-
graphs, Figure 5 shows a backscattered micrograph giving
a better idea of the characteristics of the OMO sandwich.

The oxide film and aluminum melt are, of course, in inti-
mate atomic contact (the oxide having grown atom by atom
from the metal sulrface).24’25 Therefore, the oxide films
necessarily follow the turbulence in the melt, folding and
tearing in the chaotic flow of the melt, particularly during
the pouring and the filling stages. In such conditions, if the
surface oxide on the melt is torn, a new oxide layer would
form on the newly exposed surface. If the surface is folded,
the basic mechanics of surface behavior are complicated:
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The folds entrap air between the upper dry sides of surface
films but entrap metal between the wetted undersides of
films. Further shrinkage of the surrounding metal during
the solidification would cause deformations on the film
surface which is known as wrinkles.

Apart from that, the solidification of entrapped melt
between the oxides would cause deformations through
suction of the thin layers of entrapped liquid metal and
drawing them inward.

Returning to the detail of OMO formation, which is a
collision between the wetted sides of two oxide films of
two consecutive bubbles, the molten metal may be partially
driven outward by the lower bubble buoyancy force. Fig-
ure 6 shows an arrangement of SEM images and their
graphical views of the sandwich formed between two
adjacent bubbles in Al-7%Zn alloy, including two selected
areas: the first one (Figure 6b) chosen from the upper-left
part of the image and the second (Figure 6e) from the
middle-right part and their cross sections in different
positions (Figure 6d and g). Figure 6b shows a magnified
portion of the sandwich sample containing overlapping
oxide layers and metal between layers. No cracks are vis-
ible in the oxide films. Figure 7c shows the graphical view
of Figure 6b in which islands of solidified melt are sur-
rounded by overlapped oxide film. Three cross sections
shown in Figure 6d depict the features of the OMO sand-
wich noting how the oxide layers from both sides capture
the melt in between.

Figure 6e shows the second magnified part of the main
image (Figure 6a). Figure 6f shows a schematic view of
Figure 6e, depicting all the details of this figure. In this
image, cracks are visible in black. OMO sandwich has torn
in these locations due to the mechanical stresses caused by
the dynamical motion of the bubbles in the melt. Moreover,
stresses caused during extraction of the sample can be
another source.'’° As mentioned above, the gray areas
represent the overlying oxides and the black-tinted areas
show the lost metal between the two oxide layers. The side
view of the oxide/metal/oxide sandwich sample is shown in
Figure 6g in three sections A, B and C.

General steps of OMO sandwich formation are illustrated
in Figure 7. As can be seen, in the first stage (Figure 7a), it
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Figure 7. (a) Schematic cross section of the OMO sandwich showing stages of solidification and possible events.
Step I: Appearing of the solid nucleus within the melt in sandwich, step Il: induced stresses in the metal due to melt
suction and contraction pressure created during solidification process and step lll: exerted stresses on the oxide film
that lead to tearing, breaking and wrinkle forming on the oxide layer and (b) 3D schematic of the image (a—Ill).

International Journal of Metalcasting/Volume 15, Issue 3, 2021 755



Figure 8. The presence of swells on the oxide film
formed in Al-7%Zn alloy that indicated by arrows.

is imagined that some freezing nuclei may appear on the
suitable place in the melt. It should be noted that while the
melt is shrinking in several directions, the oxide film does
not shrink in proportion to the melt. Although the molten
metal has wettability with its surrounding oxide film, it
does not fit the volume and longitudinal shrinkage coeffi-
cient of the oxide. So, folds would appear on the surface of
oxide films to compensate the difference. At the same time,
the surface oxide film starts to be sucked into the dendrite
mesh which is forming. This is shown in stage 2 of Fig-
ure 7a. In the next stage, by completing the freezing, the
tensile stress of the shrinkage force reaches its final level,
causing the oxide film to crack in different places. The fact
that the oxide film contains melt inclusions can explain the
chance of cracking due to the presence of contraction
stresses. Figure 8b shows the three-dimensional slice of the
OMO sandwich.

Swell Formation

Having a closer look at the surface of the oxide film, some
swells are observable (Figure 8). One possible cause is
hydrogen, and another possible source is zinc vapor. The
partial vapor pressure of different elements at 680 °C is
given in Table 2. The high value of the Zn vapor pressure

Table 2. Partial Vapor Pressure and Boiling Point of Al

and Zn*®
Element Temperature Vapor pressure Boiling point
(°C) (atm.) (°C)
Al 680 7.97 x 107"2 2519
Zn 680 4.16 x 102 907
756

indicates the zinc is probably a significant contributor to
the blister formation, despite its reduced activity as a result
of its dilution in the alloy. As in all varieties of pore for-
mation, pressure due to both hydrogen and zinc could
combine to create the defect.

The presence of such blisters on the oxide films of pure
magnesium metal has been reported and linked to three
different mechanisms: rejection of hydrogen atoms,
vaporization of magnesium atoms and intrinsic defect of
the oxide film.?® As for the magnesium, Zn poses a high
vapor pressure, too. Accordingly, in the case of Al-Zn
alloy, evaporation of zinc atoms is more likely to be the
mechanism behind the formation of blisters.

Oxide Film Thickness Estimation

The thickness of folds is affected by a various number of
parameters such as the amount of material trapped within
the fold, intensity of regional stresses in each fold, strength,
and flexibility of oxide film, the tendency of the alloy to
oxidation and also the amount of available oxygen in the
vicinity.” In oxide film thickness estimation, the thinnest
folds are assumed to have a low probability of entrapped
material and so represent a doubling of the thickness of the
film. Regions like point B in Figure 4 are the suit-
able places to search for a fold without any entrapped metal
between two layers. Nevertheless, if the length or height of
a fold is less than its width, the estimation could be
accompanied by some error because of the possibility of
some metal entrapment between the films. Figure 9 shows
the schematics of morphological features of the oxide films
which were used to estimate their thickness. Thickness
would be equal to the measured value divided by two.
Clearly, performing the measurements on the edge of the
oxide film would result in a more precise value (Figure 9d).
Figure 10 shows images of the OMO sandwiches used for
thickness estimations in oxide films of samples with 3 and
7 wt% of Zn. Results are presented in Figure 11 as a dia-
gram. Accordingly, the thickness of the formed oxide in
Al-3%Zn alloy is within the range of 100-1000 nm.

Scattering in the thickness values of the oxide films indi-
cates the complex procedure of the oxidation in dynamic
situation. Entrapment of oxide films in the melt occurs
quickly due to surface turbulence. So, these entrapped
oxides had a little time to grow thick and become in the
order of a few hundred of nanometers.*

Oxide Structure
Alumina exists with different atomic structures according
to the formation temperature and elapsed time. Initially

formed alumina at 750 °C is amorphous, with its growth
controlled by the outward diffusion of aluminum cations.

International Journal of Metalcasting/V olume 13, Issue 3, 2021
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<« Figure 9. Different kinds of oxide film folds and edge
layer in the Al-Zn alloys based on the fold’s length and
width and the related schematics of their cross section
area in the (a) A-3%Z2Zn, (b) Al-3%Zn, (c) Al-3%Zn and
(d) Al-7%Zn.

At high temperature, the amorphous growth is arrested by
the nucleation and growth of crystalline y-alumina. The
controlling mechanism for growth of this phase is inward
diffusion of oxygen anions. Alloying elements could affect
the number of cationic or anionic vacancies in the oxide
structure and, hence, make a change in the oxidation rate.?
Most oxide structures consist of a compact network of
oxygen anions with cations placed at octahedral or tetra-
hedral interstitial positions. Since only one-quarter of these
positions would be occupied, cation diffusion is plausible
even in the absence of vacancies. So, an intermittent chain
of octahedral and tetrahedral vacancies would be an easy
path for cation diffusion through the oxide layer.”’~®
Reported investigation has shown that the amorphous oxide
structure has a stoichiometric ratio of Al,_,Os; with an
approximate value of 0.42 for x; accordingly, oxygen is in
excess in the structure and consequent growth of the oxide
layer would be favorable.”’

While according to Figure 1 addition of Zn to the alu-
minum melt should not affect the oxidation, the results of
this investigation show a small reduction in the thickness of
oxide films (Figure 11). It has been reported in the litera-
ture that introducing Zn to the aluminum leads to the for-
mation of a relatively thin zinc oxide beneath the oxide
layer, along with the incorporation of Zn ions in the
amorphous alumina.*® This thin zinc oxide layer would act
as a barrier preventing the flow of aluminum cations. Then,
the incubation time before the oxide rupture would be
increased. The deficiency of vacancies and the dwindling
mobility of oxygen anions through the oxide layer would
control the reduction in the oxidation rate and therefore the
oxide thickness.**! In the case of gamma alumina, Zn
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would penetrate into the crystalline structure and decrease
the number of interstitial positions. But such an explanation
would be more appropriate for the case of long-term oxi-
dation. In case of dynamically formed short-time oxides,
referring to the PO, phase diagrams would be more
reasonable.

Figure 12 shows the phase diagram plotted for Zn mass
fraction versus oxygen partial pressure in Al-Zn system at
700 °C calculated by FactSage 7.3.°> As it can be seen,
oxidation of Al-Zn alloys at Zn contents within this study
begins with the formation of Al,O3 at a very low oxygen
pressure of 10™*° atm. It is only at the PO, of 107" atm.
that formation of the spinel oxide would be possible.
Therefore, the major part of the formed oxide layer would
be composed of primary Al,Os, accompanied with spinel
oxide. The only difference between the case for Al-Zn-O
system and Al-O system would be the presence of the
spinel phase. It seems spinel formation may be responsible
for the decrease in the thickness of the oxide film with the
addition of Zn to aluminum melt.

Hypothetically, flexibility of the oxide film has a remark-
able effect on the oxidation rate.***** In the case of low
flexibility of oxide film, the surface film would be repeti-
tively fractured due to the mechanical stresses caused by
turbulence and shrinkage. This would lead to over and over
exposure of the metal to the atmosphere and formation of
new oxide layers. Consequently, the oxidation rate will be
intensified.

Figure 13 shows the SEM images of the oxide films
extracted from pure aluminum and Al-Zn alloys. The film
observed in pure aluminum has been deformed and bent
under the applied stress without any fractures. On the other
hand, films from the Al-Zn alloys samples possess more
cracks and torn regions. Supposedly, the presence of Zn
reduces the flexibility of the film and leads to additional
cracking behavior.*>
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Figure 10. Estimation of the oxide thickness by measuring the width of the folds and the edge layer in SEM images
from different areas of OMO sandwich: (a) AI-7% Zn, (b) the magnified images of the marked area in images (a), (c) Al-
3% Zn and (d) Al-7% Zn.
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400 1 and wrinkles are the results of mechanical
— stresses caused by turbulence of the melt and
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Al3% Zn Al5%Zn P 4. The cause for the formation of swells on oxide
surface is yet unknown. Among the proposed
mechanisms, evaporation of Zn atoms is more
likely to be the reason.

5.  The range of the thickness value of the dynam-
ically formed oxides of Al-Zn system was
reduced by addition of more Zn. Thickness range
in Al-3%Zn alloy varies between 100 and
1000 nm, but in Al-7%Zn alloy, the maximum
value is about 600 nm.

Figure 11. Results of thickness estimation of the oxide
layer by measuring the width of the edge layer and fold
in SEM images of Al-Zn alloys OMO sandwich.

Conclusion

In the present study, the oxide films formed on the Al-Zn
alloys melt in dynamic conditions were investigated using
oxide/metal/oxide (OMO) method. The following results
were concluded:

Al-Zn-0,
700°C, 1 atm
o - ' Spinel + ZnO
5 S
Al,0, + Spinel Liquid + Spinel
32 1
E '-37 1
a —
S ol Al,O; + Liquid -
-1]
-47 | ;_J
Liquid
-52 - N ' :
0 0.2 0.4 0.6 0.8 1

Zn/(Al+Zn) (g/g)

Figure 12. Phase diagram of Al-Zn system plotted for Zn mass fraction versus oxygen partial pressure at 700 °C
calculated by FactSage 7.3.%?

760 International Journal of Metalcasting/V olume 13, Issue 3, 2021



Figure 13. SEM images of OMO sandwiches which show cracks and non-cracks on the surface of the oxide layers:
(a) pure aluminum, (b) magnified area of (a) showing no sign of cracks, (c) Al-3%Zn and (d) Al-7%Zn. Note the
reduced flexibility of the oxide film as a result of Zn addition.
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