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Abstract

Properties of cast aluminum components can be improved by strategically placing ferrous inserts to
locally improve properties such as wear resistance and stiffness. A cost-effective production method
is to cast-in the insert using the solidification of the molten aluminum as a joining method.
Metallurgically bonding between the metals could potentially improve both load and heat transfer
across the interface. The metallurgical bond between the steel and the aluminum has to be strong
enough to withstand stresses related to solidification, residual stresses, thermal expansion stresses, and
all other stresses coupled with the use of the component. Formation of a continuous defect free bond
is inhibited by the wetting behavior of aluminum and is governed by a diffusion process which requires
both energy and time. Due to the diffusional nature of the bond growth in combination with post
manufacturing heat treatments defects such as Kirkendall voids can form.

The effect of aluminum alloying elements during liquid-solid bond formation in regards to
microstructural changes and growth kinetics has been described. A timeframe for defect formation
during heat treatments as well as microstructural changes has been established. The effect of low
melting point coatings (zinc and tin) on the nucleation of the metallurgical bond has been studied as
well the use of a titanium coating for microstructural modification. A set of guidelines for successful
metallurgical bonding during multi-material metal casting has also been constructed.
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Executive Summary

1. Motivation

The increasing temperatures in the atmosphere have sparked a race to reduce the carbon dioxide
footprint of our way of life. To accomplish this in the required timeframe new regulations are pushing
the automotive industry to reduce the CO» emissions of motor vehicles. To improve efficiency of a
motor vehicle, three principal strategies can be employed;

e  Weight Reduction
e Improving Powertrain Efficiency
e Reducing Friction

Reducing weight without compromising safety and comfort is generally achieved by moving from a
heavier material to a lighter material to the extent for which it is both financially and technically viable.
The Carnot cycle states that to improve the efficiency of the engine, it need to operate at higher
temperatures and pressures. The friction of the car towards the environment can be improved by
optimizing the aerodynamics as well as reducing the friction between the tires and the ground.

For many of the metal components, weight reduction can be achieved by switching from ferrous alloys
to aluminum. It is lightweight, corrosion resistant, superior specific strength, and cheap relative to other
lightweight metals. However, aluminum does not have the necessary stiffness for certain components,
and its strength properties deteriorate at elevated temperatures. This means that two strategies for
decreasing the carbon footprint of the car collides. To increase the efficiency of the powertrain requires
higher temperatures and pressures, and we want the engine lightweight to reduce its fuel consumption
even more.

A powerful technique is to create hybrid or bimetallic structures, so the majority of the component is
manufactured out of aluminum and locally reinforce a crucial section of the component using steel.
The component will act as a bimetallic composite which allows for a lightweight component with the
required strength at the necessary locations. An efficient production method to produce this bimetallic
structure for cast components is to place the reinforcing insert in the mold and cast the aluminum
around it creating a multi material metal cast component.

2. Bonding during Multi-Material Metal Casting

A chain is only as strong as its weakest link which means that the integrity of the dissimilar metal
component is dependent on the bond between the two metals. If the bond is weak, the load cannot be
transferred between the two metals which will result in failure of the component. There are two types
of bonds that can form during multi-material metal casting, a mechanical bond, and a metallurgical
bond.

2.1. Mechanical Bond

Mechanical bond forms after and during solidification of the liquid aluminum as the casting starts to
cool. The difference in thermal expansion causes the aluminum to shrink at a faster rate compared
which creates pressure on the insert holding it in place. This type of bond is common and necessary
for the structural integrity of the bimetallic component. The mechanical bond is commonly referred to
as interference fit or shrink fit.



2.2. Metallurgical Bond

Metallurgical bond forms when diffusion between the metals occur and chemically interact. The
interaction between the insert and the casting creates a material bridge across the interface, and the
type of bond formed will depend on the material used. If the metals have solid solubility, a solid
solution metallic bond can form but the case of aluminum and iron the solid solubility, see Figure 1, is
very low and brittle intermetallic compounds (IMCs) will form at the interface, see Figure 2.
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Figure 2: Metallurgical bond between A356 and a 1015 mild steel.

This thesis is focused on the formation of a metallurgical bond during the liquid-solid interaction of
aluminum and steel. The growth of the bond is in broad terms considered to be reactive diffusion and
and can be either diffusion or reaction controlled. During the former the transport of atoms by diffusion
is slow and thus determines the growth rate. If the growth is reaction controlled the formation of the
intermetallic compounds is the rate determining step. The nucleation of the intermetallic compounds
at the interface of a Al-Fe liquid-solid diffusion couple is considered to be reaction controlled with fast
reaction rates so it is considered to be instantaneous while the overall growth of the reaction layer tends
to be diffusion controlled. In the case of Al-Fe, according to the phase diagram, see Figure 1, the



following phases should be present during reactive interdiffusion at 675°C between aluminum and
iron; Al/Al;Fe/AlsFey/Alb,Fe/AlFe. However, only AlsFe and AlsFe; forms which is due to the fast
growth the AlsFe; phase and slow formation and growth rate of the AloFe phase.

There are certain characteristics of the Al-Fe system that allows for the formation and growth of the
reaction layer. The solid solubility of aluminum is low in iron which initiates the formation of the
intermetallic compounds. The second characteristic is that the solubility of iron in the liquid aluminum
is relatively low which prevents excessive dissolution of iron from the intermetallic compounds to the
liquid aluminum. For which large difference in melting point is generally a requirement.

The following steps were identified as mechanisms that influence the bond formation:

e Wetting — The melt comes in contact with the aluminum and needs to wet the surface to provide
an intimate contact for any bond to form.

e Heat transfer — (If the insert is at a lower temperature) Once the aluminum is in contact with
the steel heat will be transferred from the hot melt to the cold steel.

e Nucleation — Once the steel reaches a certain temperature intermetallic compounds starts to
nucleate on the surface. This step is reaction controlled(fast).

e Growth — As the intermetallic nuclei thicken they start to grow by aluminum diffusing in and
iron out. This step is diffusion controlled(slow).

3. Why Metallurgical Bond?

A continuous metallurgical bond will provide very close and intimate contact between the two
metals. This continuous contact the two metals improves the load transfer between the two metals and
the complexity of the ferrous insert can be reduced. Viala et al. [Viala 2002] managed to reduce the
weight of a steel insert in a suspension part by 36% by metallurgically bonding it to the aluminum.

The absence of any space between the steel and aluminum also allows for all thermal conductivity to
proceed through conduction through a solid instead of conduction and radiation through a gas. This
could substantially improve the overall thermal conductivity of the component.

4. Problem Statement

Casting aluminum around a solid ferrous alloy insert achieving a continuous metallurgical bond across
the bimetallic interface. A metallurgical bond without gaps and cracks will improve bond properties
such as mechanical strength and heat transfer. The bond has to be robust enough to withstand stresses
related to solidification, residual stresses, thermal expansion stresses, and all other stresses coupled
with the use of the component.

4.1. Challenges

Using casting as a joining method is different from the traditional methods. There is a limited amount
of energy and time available for bond formation to occur. To yield a defect free continuous bond, it is
necessary for the melt to completely wet the surface of the insert and for the reaction to start occurring
immediately. The formation of iron aluminides is an exothermic reaction, but several studies have
shown that a continuous bond without any surface engineering is not easy to form during the
solidification of the cast component. For insert casting to be a competitive and viable option for the
automotive industry, there is a need to be able to form this bond using casting processes, like permanent



mold and high pressure die casting, which have a very high solidification rates. This restricts the time
available for the bond to form.

The strength of the bond generally decreases with the thickness of the brittle layer and the poor thermal
conductivity of intermetallic compounds requires careful control of their growth kinetics. During heat
treatments of these components, there is a tendency to form Kirkendall voids in and around the
interface which results in poor performance of the final component.

Aluminum and iron have different coefficients of thermal expansion which causes residual stresses
during cooling or subsequent heat treating that are required for most aluminum casting alloys.

5. Approach

Understanding the limitations and possibilities of this technique is crucial for its implementation. It is
important to know the suitability of each casting process for metallurgically bonding the insert to the
aluminum casting. For the design of a casting procedure and process to allow for a continuous
metallurgical bond to be formed the following needs to be understood and determined:

e Thermodynamics
e Kinetics
e Energetics

The thermodynamics describe what will form, whereas the kinetics dictate how fast it is formed, and
the energetics inform us as to how much can be formed during the casting procedure. It is also
imperative to understand the entire lifecycle of the metallurgical bond, from manufacturing, heat
treatment, and end use of the component.

Initial exploratory experiments, a literature review, see Appendix A, and industrial applicability
indicated a couple of restrictions that had to be considered:

e Metallurgical bond formation needs to be initiated during the casting procedure when liquid
aluminum is in contact with the ferrous alloy. The difference in thermal expansion causes the
aluminum to expand faster, and during post heat treatment steps this could cause the surface to
separate and prevent diffusion. The cause of this is likely due to the difference in cooling and
heating rates during processing. If cooling rates are faster after casting the internal residual
stress will be higher, and if the heating rate upon subsequent heat treating is slower there will
be a relaxation of residual stress, and the expansion will cause the interface to separate.

e Die soldering during high-pressure die- and permanent mold casting is a big concern due to
expensive repairs of the dies and tools which add limitations to the techniques that can be
applied to initiate the bond.

There can be significant residual stresses within a bimetallic casting due to the difference in thermal
expansion of the two metals. The influence and formation of these stresses have not been the focus of
this thesis while they seem to influence the results in certain experiments, see Appendix D.

Several experiments were carried out to learn and characterize the system in the form of
thermodynamics, kinetics, and energetics which will be described in the next section.



6. Experimental Work
6.1 Liquid-solid interaction between mild steel and A356 and 390

The purpose of this experiment was to measure the kinetics of the reaction layer that forms between
A356 and 390, and to try to relate the characteristics of the microstructure to the kinetics of the bond
growth. Mild steel rods were dipped in liquid aluminum alloy for times between 10 and 300 seconds
at three different temperatures to allow for a reaction to form and grow. It is also known that the
surface roughness of a substrate can affect the wetting so three different surface roughness of the steel
were used for the experiments.

The results show that the growth of the metallurgical bond follows a parabolic curve and that it is
diffusion controlled which is consistent with the literature, see the section on kinetics in Appendix A.
Activation energies for the growth of the bond was measured and the values for A356 corresponds well
with literature while 390 indicated a negative activation energy (slower growth at higher temperatures).
The results also indicated that the surface roughness could affect the results, for example for A356
surface roughness changed the calculated activation energy. Microstructural characterization of the
bond formed between A356 and the mild steel also corresponded well with literature while experiments
with 390 have previously not been published the formed bond was characterized using electron
backscatter diffraction. The results also indicated that the microstructure changes depending on the
cooling rate which also corresponds well with what has been shown previously in the literature.

A more detailed summary of these experiments can be seen in Appendix B which was published in La
Metallurgia Italiana, see “Soderhjelm, C., Apelian, D., (2016) “Metallurgical bonding between cast-in
ferrous inserts and aluminum,” La Metallurgia Italiana, 6, 93-100.”, and presented at High Tech Die
Casting 2016 conference in Venice Italy.

Several conclusions can be drawn from the results of these experiments.

e The growth curves for the high silicon content alloy indicate diffusion controlled process, but
negative activation energies show slower growth at elevated temperatures. This is
contradictory since diffusion speeds up with temperature. It was suggested that this behavior
is due to increased dissolution of iron to the melt.

e The microstructure that is characterized is necessarily not the microstructure that grows during
liquid-solid reactive diffusion. This can influence kinetics data since the reported time does not
correspond to that specific temperature as well as the phases that are considered to be in
equilibrium during growth. It also suggests that there can be significant growth and
microstructural change at solid-state temperatures.

e Initiation of a continuous metallurgical bond is slow and will take up to 2 minutes.

Based on this experiment three new experiments were designed to further investigate the basic
mechanisms behind the conclusions and to answer the following questions:
e How does the silicon concentration in the liquid influence of silicon on growth kinetics and the
effect of silicon on dissolution? See Appendix C.
e What microstructural changes are accompanied by heat treatment of bimetallic castings? How
does solid-state diffusion affect growth rate? See Appendix D.
e Why is the nucleation of the metallurgical bond is slow? Is it due to slow reaction rates or poor
wetting of the substrate? See Appendix E



6.2 The influence of silicon during liquid-solid diffusion of aluminum and iron

It is well known that additions of silicon reduce the thickness of the reaction layer formed with iron.
However, the mechanism behind the behavior is still being discussed in the literature for a more
detailed explanation please see the literature review in Appendix A.

The purpose of this experiment was to investigate the effect of Si on the liquid-solid interaction of
aluminum and iron, more specifically bridging the gap between microstructure and kinetics of the
intermetallic layer growth. Liquid-solid diffusion couples were prepared by dipping a mild steel in
liquid aluminum alloy with a silicon concentration ranging from 0 — 15 wt.% for diffusion times
ranging between 5 — 180 minutes. Although the diffusion time is not representative of a casting process
it is necessary for theoretical considerations and the formed microstructure may also depend on time.

The results show that Si reduces the growth rate of the reaction layer by two major mechanisms; there
is change in diffusion rates within Fe>Als layer due to a change in crystal cell size and the Si increases
the saturation limit of Fe in the liquid aluminum causing an increase in dissolution. The diffusion
couples form a stationary growth microstructure that corresponds to diffusion paths within the ternary
Al-Fe-Si phase diagram.

The details of the experiments can be seen in Appendix C and are in preparation for submission for
publication.

6.3 Effect of thermal treatments on the metallurgical bond

It is well known that joints of dissimilar metals experience Kirkendall voids due to the difference in
the diffusion coefficient of the atomic species. Joints between aluminum and iron are no different, and
solid-solid diffusion tends to create a different microstructure compared to liquid-solid diffusion. In
literature, the most investigated Al-Fe joint of interest is mild steel bonded to A356. The fast diffusion
of aluminum creates voids at the bond/aluminum interface.

The purpose of this experiment was to investigate the behavior two different alloys in the form of
castings with the intent to investigate microstructural changes, growth kinetics, and Kirkendall porosity
formation during isothermal holding. Two alloys were chosen, 390 and an Al-Mg-Zn alloy with high
magnesium to zinc ratio that is being developed by the Advanced Casting Research Center. The intent
was to try to slow down the diffusion of aluminum by changing the microstructure. It was shown in
Appendix B that 390 exhibits a different microstructure with multiple ternary Al-Fe-Si intermetallic
phases and Al-Mg alloys are known for their tendency for die soldering.

The growth kinetics of the liquid-solid interaction was measured and characterized by hot-dip
experiments. Small bimetallic castings were made by dipping the insert in the liquid alloy for 2 minutes
and then quickly transferring it to the mold and casting aluminum around it. The bimetallic castings
were then placed in a furnace for two types of heat treating. A high-temperature heat treatment at the
alloys solutionizing temperature and a low-temperature heat treatment to simulate either use at elevated
temperatures or the aging temperature.

The results show that there are changes to the microstructure after high-temperature thermal treatment
while low temperature indicated no significant change for the 390 alloy but only minor changes for the
Al-Mg-Zn alloy. There is significant damage to the metallurgical bond due to porosity formation for
the Al-Mg-Zn alloy after less than 8 hours of isothermal holding at 430°C. While minor porosity at the
aluminum/bond interface started to form between 4 — 8 hours of holding for the 390 samples. The Al-
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Mg-Zn samples started to show porosity formation after 24 hours of heat treating at 180°C while no
noticeable change was discovered for 390 after 870 hours.

The details of the experiments are documented and given in Appendix D and are being prepared for
publication.

6.4 Effect of coatings on the metallurgical bond formation

The metallurgical bond can be hard to form during the casting procedure. In fact, there is no source in
literature that managed to induce a continuous metallurgical bond without any form of insert interface
engineering. The cause for this is often considered to be due to poor wetting of liquid aluminum on
steel, but the wetting angle of an Al-Si alloy on steel has been measured to be 59° which is considered
a partially wetted substrate. The presence of oxides is known to reduce this angle and can also act as
diffusion barriers.

The purpose of this experiment was to investigate the efficiency of three metallic (Zn, Sn, and Ti)
coatings on the metallurgical bond formation between a coated mild steel and liquid aluminum alloy.
A metallic coating such as Zn or Sn is interesting due to that it is sacrificial nature and that there is a
relatively high tolerance for these in the aluminum alloy specifications. While a titanium coating is of
interest due to the stability of the titanium aluminides which could prove to be more stable compared
to the ternary Al-Fe-Si phases that tend to form Kirkendall porosity during subsequent heat treatment
of the bimetallic casting.

Hot-dip zinc and tin coated steel samples were prepared and characterized. The coated samples were
submerged into liquid A356 at 700°C for aluminum for 1, 3, 5 seconds and carefully removed and
quickly quenched in water to investigate the wetting and metallurgical bond formation for short
reaction times. Cold-sprayed Ti coated steel was cleaned from titanium oxide and submerged in pure
liquid aluminum and A356 alloy at 700°C for different periods of times ranging from 30 seconds to 15
minutes to map the progression of the metallurgical bond.

Zinc and tin coatings show a very fast initiation of the metallurgical bond. The zinc coating shows that
a continuous metallurgical bond has formed after 5 seconds of reaction time while the tin coating
exhibits a similar bond after 1 second of reaction time. The progression of the reaction seems to be as
follows; as the liquid aluminum comes in contact with the coating, it melts and mixes in and instantly
reacts with the steel. The titanium coating shows a very slow initiation for the formation of the
metallurgical bond and the results suggests that this is mainly due to the presence of oxide films. There
are also indications that titanium efficiently slows down the diffusion of aluminum.

The details of the experiments are given in Appendix E and are to be submitted for publication.

7. Conclusions

The formation of the metallurgical bond during multi-material metal casting as previously mentioned
requires four steps; wetting, heat transfer, nucleation, and growth. The conclusions of this work will
be presented with respect to these steps.

Wetting

Consistently hot-dip experiments of steel into liquid aluminum indicate poor and only partial wetting
for short reaction times. Wetting in systems like Al-Fe are under the label reactive wetting in literature
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and one of their characteristics is that the wetting angle changes with time as the reaction progresses.
The wetting is also strongly influenced by the presence of contaminates like oxides, iron and aluminum.
This means that to optimize wetting both the presence of iron and aluminum oxide needs to be
minimized.

The iron oxides are relatively easy to manage at low temperature but the aluminum melt front will
always be covered in an oxide. Zinc and tin proved efficient in initiating a metallurgical bond by
removing the need for wetting the steel. Aluminum melted the coating, mixing occurred, and the strong
affinity of aluminum and iron initiated a reaction. For many reasons, there is a need to preheat the
ferrous insert. The low melting point coating does not allow for high temperature preheating due to
their low melting points. If these are preheated the process becomes time dependent due to oxide
formation on the coated sample which could significantly change their effectiveness.

The results show that without proper flow of aluminum around the insert there is a tendency for macro
segregation of the coating material around the insert. Segregation of the low melting point metals could
cause insipient melting in regions around the insert.

Heat transfer

The heat transfer between the liquid aluminum and steel was not actively studied here there are no
indications that the heat transfer is a rate limiting step in the formation of the metallurgical bond. There
are however other considerations necessary in more complicated castings than what has been produced
during these studies. The metallurgical bond could change the heat transfer coefficient between the
steel and the aluminum which could affect solidification patterns in castings.

Nucleation of the metallurgical bond

The nucleation of the bond is instant upon contact with the steel which was shown using the tin coating.
This indicates that there is not a lack of energy for the initiation of the metallurgical bond, it is a
problem of wetting.

Growth of the intermetallic layer

The growth rate of the metallurgical bond depends on the composition and temperature. Liquid-solid
diffusion couples between aluminum alloys and steel tend to form a stationary microstructure that are
related to diffusion paths within the phase diagram. This can be utilized to predict a microstructure that
forms for metallurgical bonds between ferrous alloys and different aluminum alloys. The stationary
microstructure is time dependent and can take time to form. The microstructure of the metallurgical
bond can and is likely to change during cooling.

There seems to be a distinct difference between solid-solid and liquid-solid diffusion due to different
rate controlling mechanisms. During liquid-solid diffusion the diffusion of iron out of the steel
determines the growth rate while during solid-solid diffusion the diffusion across the aluminum/bond
interface appears to be rate controlling.

The results show that the growth rate will be determined by the diffusion of iron out from the steel
through the intermetallic layer and the dissolution rate. This has certain implications for engineering
applications. For example, the thickness of the reaction layer could be reduced by changing the
diffusivity of iron in the steel. It will also prevent and reduce bond formation but by for example the
steel surface could be decarburized to allow for the initiation of the bond but later restrict its growth.
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Silicon reduces the growth rate of metallurgical bond by two mechanisms. It changes the cell
parameters of the Fe,Als phase and increases the dissolution rate. There is a desire to keep the
dissolution rate low and the intermetallic layer thin which could be important considerations during
alloy selection.

A timeline for the formation of Kirkendall porosity was established and aluminum the faster diffuser.
There is therefore a need to interracially engineer the metallurgical bond to reduce the diffusion rates
of aluminum. Titanium seems to be a suitable element for slowing down diffusion of aluminum but
the coating design needs to be optimized. There is also a difference in the location of the formed
porosity in the solid-solid diffusion couples depending on shape and volume. This is likely due to the
difference in thermal expansion which makes this process dependent on the system size. There is also
damage due to oxidation along the metallurgical bond which would require engineering solution before
being applied industrially.

7.1. A Practical Guide to Multi-Material Metal Casting

As part of the “Multi-Material Metal Casting” project for the Advanced Casting Research Center
(ACRC) new testing methods for the metallurgical bond strength molds were designed for producing
these specimens. The design of the samples and molds were revealing in the sense that many practical
issues were faced and had to be attended to. Appendix F outlines the different challenges and also
describes the pitfalls that could be of practical value for successful metallurgical bonding during multi-
material metal casting. A summary of the practical guidelines are as follows:

1. Component and Casting Design — The metallurgical bond should in the extent possible be cast-
in so it is surrounded by aluminum to prevent failure along the brittle intermetallic layer.

2. Mold Design —

e Melt flow — Generally, higher flow rate is better around the insert to promote bond
formation and to remove any eventual coating residues.

e Heat transfer — The volume ratio of insert to mold cavity will determine the amount of
heat available for bond formation and thus should rather be lower than higher. There
can be only one solidification front to avoid formation of counterproductive residual
stresses.

3. Insert Design — Large complex insert could be difficult to predict the behavior during heat
treatment in manners of both diffusion within the metallurgical bond and distortions due to
difference in thermal expansion. The edges of the insert need to have a curvature to prevent
crack initiation and propagation.

4. Materials Selection —
¢ Aluminum alloy — Should be selected to have a higher ductility than the ferrous alloy
and should preferably not require extensive heat treatments. Composition of the
aluminum alloy can change the thermal stability of the bond.
e Ferrous alloy — Should have greater stiffness and strength than aluminum to maximize
the benefits of the bimetallic component. The composition of the ferrous alloy can
change the growth of the metallurgical bond.
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5. Coatings — The coating is necessary to form a defect free continuous metallurgical bond and needs
to be selected based on the casting process.

6. Machining — The metallurgical bond is brittle and it is not recommended to machine the
components in a manner where it is completely exposed.

8. Recommendations for Future Work

The biggest challenge for industrial deployment is that the process of metallurgical bonding during
casting that it is dependent on the size of the system it forms in. Variables that differ from casting to
casting are and can impact the formation of the bond are:

e Casting process — Casting processes have very different solidification time which can affect
both the thickness and microstructure of the bond.

e Cavity size — Similar to the previous point, a bigger cavity has longer solidification times.

o Melt flow patterns — More flow generally implies more heat input for the bond to grow. If there
is excessive flow around the insert dissolution can increase which changes both the dimension
of the insert and iron impurities are introduced in the casting.

o Solidification patterns — Depending on the preheating temperature of the insert the
solidification patterns can change in a casting and if not designed properly can deteriorate the
properties.

A robust method for designing for multi-material metal casting is required.
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Literature Review
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1. Kinetics and Microstructure of Liquid Aluminum and Iron

1.1 Aluminum — Iron

The interest of the liquid aluminum-iron reactions system is largely due to the hot dip aluminizing
steel (HDA steel) process. The surface of the steel can be covered in a thin layer of aluminum by
submerging it in liquid aluminum. It will make the surface of the steel very resilient to corrosion due
to excellent corrosion resistance of the surface layer of aluminum. The adherence of the aluminum
layer is however dependent on how well it bonds to the steel and the bond similar to processes like hot
dip galvanizing and hot dip tinning depends on the metallurgical bond that forms between the two
metals. For these three processes, there is an intermetallic layer forming which determines the
properties like coating adherence. Therefore, a lot of the knowledge from HDA process can be
extracted and applied to the dissimilar metal casting between steel and aluminum.

1.1.1 Intermetallic layer constituents

The major constituent in the intermetallic compound layer is the n-phase (Fe>Als) which was identified
by Gebhardt and Obrowski in 1953 [1]. It was later shown that there was a thinner additional 6-phase
(FeAls) layer forming close to the aluminum discovered using TEM by Eggeler et al. [2]. After the
identifications, there has been numerous articles regarding the crystal structure and orientation of the
intermetallic constituents. The Fe>Als is easly identified in light optical microscopy due to its
characteristic tongue (saw-tooth morphology) like appearance, see Figure 3.

- Pureiron side P -

P 3 N Afumihyll 1 _ ' 50 wm
Figure 3: Left: optical micrograph of the intermetallic layer[3]. Right: SEM micrograph of the
intermetallic layer[4].

Fe

There has been many attempts to explain the characteristic tongue like appearance of the FeAls layer.
Heumann and Dittrich [5, 6] suggested that due to structural vacancies along the C-axis of the Fe,Als
crystal paved was for accelerated diffusion in these directions [7, 8]. This theory is what has been
accepted by many authors as an explanation to the tongue like morphology [3, 9-11].

Kwon and Lee [12] argued that the Fe,Als layer is unaffected by the orientation or structure of the iron
and that the tongue like morphology is due to a preferred nucleation rate for certain crystallographic
orientations of the FesAls crystal. It should however be noted that they did not have the proper tools to
identify the FeAls layer which could have changed their reasoning.
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Based on studies of electron backscatter patterns maps Takata et al. [4] argued that the morphology of
the FexAls layer is due to strains introduced in the FeoAls-phase during growth due to a difference in
volume between the BCC iron and the orthogonal Fe,Als-phase. If the volume expansion is anisotropic
then a stress field shown in Figure 4, is possible. These strains introduce stresses at the surface of the
Fe;Als-phase which induces a vacancy flow which allows for Al atoms to preferentially diffuse fast to

the tip of the tongues.
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Figure 4: Sketch of the vacancy and aluminum atom flux giving rise to the elongated structure of the
Fe2Al5 phase according to Takata et al.[4].

There has been multiple studies of the microstructure of pure aluminum reacting with either a mild
alloy steel or pure iron. The typical microstructure can be seen in Figure 5 and Figure 6.
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Figure 5: Electron backscatter diffraction images of the interm
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Figure 6. Left: x-ray tomography image of the intermetallic layer showing the characteristic tongue
like appearance [14]. Right: Electron backscatter diffraction image of the intermetallic layer for
various dipping times[4].
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1.1.2 Growth rate
The first systematic study on the liquid aluminum-iron system was as mentioned earlier by Gebhardt
and Obrowski [1]. Their measurements of the showed a linear relationship between the layer thickness
and the reaction time. Heumann and Dittrich [5] performed similar experiments and got a linear
relationship between the thickness and the square root of the reaction time which was to be expected
if it is a volume diffusion controlled process.

d =kt

They explained that the difference was that they measured the maximum diffusion distance while the
measurements performed by Gebhardt and Obrowski only measure the mean diffusion distance.

Heumann and Dittrich also came to the conclusion that the constant k had an Arrhenius type
temperature dependence.
k~e#

Denner and Jones [15] did similar experiments and found that the mean thickness of the intermetallic
layer has a linear relationship to the square root of time. This discrepancy they believed could be
stresses introduced in the intermetallics once a certain thickness was achieved and this caused
spallation of intermetallic pieces into the melt. This could explain that they noticed a deviation from
the parabolic relationship at longer reaction times. In a later study, Denner and Jones [16] analyzed the
growth kinetics while correcting for the dissolution of iron using the Nernst-Brunner equation and
following the work by Eremenko [17-19]:

where C is the solute concentration at time t and S the surface area, V the melt volume, and CS the
saturation concentration. K is the dissolution constant. The equation can be rewritten using the
boundary at x = 0 and t= 0:
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X is the thickness of the intermetallic layer, p is the density for aluminum and Fe;Als, 0 is the iron
concentration in the Fe,Als layer. Even with the dissolution correction they noticed that for longer
reaction times there was a negative deviation from the dissolution corrected parabolic growth equation.
They believed that this could be due to either a change in dissolution rate or spalling of the intermetallic
layer. They also noticed that for higher reaction temperatures (826 °C) the Fe>Als layer can be thinner
than for shorter times.

Yeremenko et al. [20] published a study on the effect that dissolution of iron to the aluminum melt has
on the growth of FexAls. With a very similar approach as Denner and Jones [16] they managed to get
a good approximation of the layer thickness. Their model slightly overestimates the thickness for short
reaction times and underestimates it for longer times. They claim this is due to the assumption that the
rate of dissolution is assumed to be linear while more likely it is higher in the beginning and slower as
the melt becomes more saturated. They suggest that the growth rate is slower for shorter time due to
the random crystallite orientation of the Fe;Als intermetallic grows into each other and impinges the
growth. Only grains with the preferred (c-axis) orientation normal to the surface can grow at maximum
rate.

Eggeler et al. [9] studied the growth of the intermetallic layer in pure aluminum and iron saturated
melts. They discovered that they would similarly like Denner and Jones [16] would get negative
deviations from the parabolic growth curve when the steel was dipped in pure aluminum. However,
they also discovered that if the steel is dipped in an iron saturated melt it followed the parabolic growth
curve. So they came to the conclusion it is dissolution of iron into the aluminum melt that causes the
negative deviation from the parabolic growth curve.

In 1986 Dybkov published three papers on the reaction diffusion in heterogeneous binary systems. The
papers deal with systems that form one [21], two [22], and multiple [23] compound layers at the
interface. The model proposed in [21] is similar to the work of Yeremenko [20] and Denner and Jones
[16] but with adjustments to consider if the growth is either reaction rate controlled or diffusion
controlled. For the liquid aluminum-solid iron interaction the model proposed in [22] is more suitable
since there are evidently two layers forming. The model incorporates both if the growth is either
diffusion limited or reaction limited, meaning that it can also take into account for different formation
rates of the different intermetallics. Forming the intermetallic layers like in Figure 7 can occur by the
following reactions:

qB + pA = A,B,
(sp —qr)A + qA,Bs = A,B,

and
(sp —qr)B + rA,B, = A, B

rA+ sB = A,Bq
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Figure 7: Sketch of the diffusion couple[22].

Thus each layer can be produced by two reactions and dissolved by one. So the total growth of the
ApBq for a short period of time dt can be described by:

dx, = dxg; +dx,,

Where dxg; is due to the reaction at interface 1 and dxa» due to the reaction at interface 2. From
Dybkovs paper on one growth layer the following equation is derived:

kOBl
dxg, =———dt
Bl 1 + kOBl/lel

kg is the rate constant for reaction controlled conditions and kig; for diffusion controlled and can be
expressed as:

DB(Aqu)(CBZ(Aqu) - CBl(Aqu))
kip, =

CBl(Aqu)

Similarly:
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koaz
dx,, = ——dt
271+ kopa/kias

and

_ DA(Aqu)(CAl(Aqu) - CAZ(Aqu))

k1A2 -

CAZ(Aqu)

D is the diffusion coefficient and C the concentration at the specific locations indicated by the subscript.
With a similar procedure dy- and its components can be derived to these equations:

dy, = dyp, + dyss

kog:
dyg, = —————dt
Ye2 =Ty kopz2/k1p2
k
dy,s = . B 1

1+ k0A3/k1A3

Dpa,8,)(Cp3(a, ) — Cr2(4,B,))

lez =
Cha(a,By)

DA(ATBS)(CAZ(ATBS) - CA3(ATBS))

ka3 =
CA3(ATBS)

At the same time as growth is occurring there is also loss of thickness due to dissolution, dx. and dy-
is simply the loss for the growth of the other layer:

Ma,B;, ™™y p, N Pa,B, A% _ "V, B,

My, g, DMy, s, Pa, 8,452 B pVa, B,

Where M is the molecular mass and V the unit cell volume which can be rearranged to

TV,
dx_ = —28 gy
PVa, B,
And for dy.
qVa, s,
dy_ = SV dxp,
ApBq

So the change overall thickness with respect to time of the two different compound layers can be
described by

dx = del + dxAz - dx_

dy = dyg, + dy,s — dy_
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So the equations for the growth of intermetallic in two compound layers are described by:

% _ kog1 koaz _ rVAqu ( kog2 )
dt  1+kopi/kipr 1+ koaa/kiaz  DVap, \1+ kopz/kip2

d_y _ kog2 koa3 _ qVa, s, ( koaz )
dx  1+4kopa/kipa 1+ koas/kiaz SVa,p, \1+ Koaz/K1az

The combination of reaction controlled and diffusion controlled growth rate that Dybkov [22]
developed explains certain particularities of the liquid aluminum- iron system that cannot be explained
by the diffusion theory by itself. If the process is considered to be purely diffusion controlled the phases
present in the binary iron-aluminum phase diagram, see Figure 8, are expected.
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Figure 8: Binary phase diagram for Iron and Aluminum.

However, due to other controlling factors such as the chemical reaction rate can inhibit the formation.
There are certain predictions that can be made using this theory that is of practical importance. During
the very early stages of growth it can be argued that the diffusion is very fast due to the thin layers and
thus the growth is predicted to be linear. The change from one diffusion to reaction controlled growth
can cause deviations from what is expected to be a parabolic growth curve. For example, consider
growth after relatively long periods of time, one of the layers could follow diffusion controlled growth,
due to the existing concentration gradient in the intermetallic compounds, the other layer can be
experiencing a reaction controlled growth, this combinations can result in a paralinear growth behavior,
see Figure 9. Where line 1 is diffusion controlled and line 2 is reaction controlled. This will give the
total compound layer growth a paralinear behavior.
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Figure 9: Plot of the components that can form paralinear growth kinetics[22].

In a later paper published by Dybkov [24] on the interaction between a stainless steel and molten
aluminum in which the dissolution of iron, chromium, and nickel as well as the intermetallic growth
rate was studied. He found that the dissolution was non-selective so they dissolve in ratios similar to
the ratio in the steel meaning that the stainless steel can be considered a single element. The growth
rate also supported his previous theory on the paralinear growth behavior, see Figure 9, the behavior
changes from parabolic to linear. From this he makes the conclusion that these results cannot be
explained, quantitatively or qualitatively, by the more simple diffusion control theory, indicating that
the growth kinetics in fact are of a more complicated nature.

Bouche et al. [10] studied the growth of pure iron in contact with static pure liquid aluminum. They
concluded that for short reaction times the intermetallic compound layer grows with little to no
dissolution out from the initial interface at lower temperatures (700°C). While at higher temperatures
(800 - 900°C) they did not find dissolution at shorter times (15s) but for longer reaction times (15 min)
there was significant dissolution. The growth rate of the two intermetallic layers were of parabolic
nature which is consistent with a diffusion controlled process with an exception of an initial transient
period.

Shahverdi et al. [25] performed a systematic investigation similar to what Bouche et al. [10] did. Their
results also showed a parabolic growth behavior but they got a better fit using 0.4 as a time exponent
meaning a slight negative deviation from the parabolic growth rate. They also noticed the deviation
from parabolic growth for short reaction times which they noted was likely due to the effects reaction
and dissolution at the early stage of intermetallic compound formation. However, in contradiction to
the paper by Bouche et al. [10] they noticed a large decrease in reaction layer thickness for samples at
high temperature (900°C) for long reaction times(375s and up).

Bouayad et al. [3] performed a similar study and found that Fe>Als layer grows following the parabolic

rate law while the outer FeAl3 layer shows a linear dependency to time. They were able to characterize
the growth rate using the theories presented by Dybkov [22].
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A compilation of the rate constants and activation energies from Heumann and Dittrich [5], Denner
and Jones [16], Eggeler et al. [9], and Bouayad et al. [3] can be seen Table 1: Rate constants for selected
temperatures and activation energies.

Table 1: Rate constants for selected temperatures and activation energies.

HEUMANN AND  DENNER AND EGGELER ET BOUAYAD

DITTRICH[5] JONES[16] AL.[9] ET AL.[3]
Temperature (°C) 700 771 800 800
Iron purity 99.99% 99.78% Mild Steel 99.999%
Aluminum purity Iron sat. 99.99% Iron sat. 99.9%
Time exponent, n 0.5 0.49 0.49 0.5
Rate constant k; (m?/s) 1010 5.64*10!1 1.394*1071° 9.05*10-!!
Activation energy, q (kJ/mol) 155 76 134 74

Effect of Carbon Content in Steels

Niinomi and Ueda [26] studied the effect of different alloying elements on the intermetallic layer
formation. They looked at pure Fe, Fe-3Si, Fe-3C, Fe-2C, Fe-3Cr, Fe-3Ni, Fe-3Cu, Fe-3Mn, and Fe-
2Mn. They say that Cu, Ni, and Si had the greatest effect on growth rate and slowed down the growth
considerably. Although both Mn and C showed a significant decrease in growth rate. While Cr were
more inefficient in decreasing the growth rate it showed a greater decrease for longer reaction times.

El-Malhallaway et al. [27] performed a study on four different types of steel with varying alloying
element content. If nickel, chromium, or a high carbon content is present the intermetallic layer
thickness is decreased. A higher carbon content also shows a decrease in growth rate compared to a
similar steel grade with lower carbon content.

Sasaki et al. [28] compared the growth rate of intermetallic layer between pure aluminum and steels
with different amounts of carbon content. They were able to show that the parabolic rate constant
decreased as the carbon content increased. For a low carbon steel (0.05 wt%) they noticed negative
deviations from the parabolic growth at higher temperatures (800-850 °C) as well for their medium
carbon steel (0.45 wt%). For their high carbon steel (0.88 wt%) there was no noticeable deviation.
They also noticed less dissolution of iron with an increase in carbon content and that the rate constant
k showed no decrease at carbon concentrations above 0.8%.

2. Kinetics and Microstructure of Liquid Aluminum and Iron

2.1  Aluminum-Silicon alloys — Steel

Additions of silicon to the aluminum alloy is known to slow down the growth rate of the intermetallic
layer. The intermetallic phases formed between steel and aluminum are very hard and brittle and
therefore controlling the size during manufacturing of the bimetallic component can prove to be crucial.
If the layer grows to thick it can have detrimental effects on the final properties of the component. It is
also important to impede the growth of the intermetallic compounds if the component is used at
elevated temperatures.
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Intermetallic layer constituents

Eggeler et al. [29] carried out hot dipping experiments using a low alloy steels in liquid Al-2%Si alloy
at temperatures of 780-792°C. They identified two binary phases the FeAls (close to aluminum) and
FexAls (close to iron) with 2% silicon in solution which is the solubility limit of silicon in the binary
phases.

El-Mahallaway et al. [30] performed hot dip experiments on mild steel sheets in aluminum melts
containing up to 12% Si. For a melt with 8% Si there is an outer layer (close to aluminum) of Al;Fe,Si
and with an inner layer of AlooFe;Si and Ali9FesSi containing percipitates of AlzFe,Si.

Awan and Hasan [31] identified two intermetallic layer when studying hot dipped steels of different
carbon content in melts containing up to 7% Si. They identified the Fe2Als phase close to the steel
substrate and FezAlp 7Sio 3 close to the aluminum. They explain that the Fe3Alo 7Si0.3 phase has the same
crystal structure as FeAl3 but Si takes the place of some of the Al atoms.

Cheng and Wang [32] analyzed the intermetallic layer formed between a mild steel reacting at 700°C
for 3 minutes using electron backscatter diffraction. They identified an outer layer of Al;Fe>Si with an
inner layer of mostly of Fe;Als and some FeAls with dispersed (Al Si)sFes, see Figure 10.

O A I o-Fe B Ts-AkFe:Si

X3,000 Spm NTUST

Figure 10: Left: Figure showing the phase distrubution for the intermetallic compound layer for a
silicon containing aluminum coating[32]. Right: Disperesed (Al Si)sFes in the Fe:Als layer[32].

Zhe et al. [33] looked at a low carbon steel hot dip coated in A356 at 680°C for 40 seconds and then
quenched. They also prepared samples that were allowed to cool inside the melt. The quenched samples
consisted of a very thing intermetallic layer of Al74Fe>Si. The samples that experienced a slower
cooling rate had a thin inner intermetallic layer consisting of Fe2Als close to the steel surface with and
intermediate layer of Aly4Fe;Si and an outer layer of AlssFeSi.

Springer et al. [13] analyzed the reaction layer using TEM of a mild steel coupon that was hot dipped
in a 5% Si aluminum melt at 675°C for 30 seconds and air cooled. They concluded that there was an
inner layer (close to steel) of Fe;Als with dispersed Al.FesSis, an intermediary layer of FeAls, and an
outer layer of AlgFe:Si, see Figure 11.
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Figure 11: TEM image with corresponding diffraction patterns for Al-5%Si alloy interacting with a
low carbon steel[34].

2.1.1 Growth rate

As mentioned in the above paragraph adding silicon to the aluminum melt impedes the growth of the
intermetallic layer. Evaluation in literature of quantifying growth rate in aluminume-silicon alloys and
ferrous substrates are the same as for pure aluminum which is discussed in section. The mechanism
behind the retardation of the metallurgical bond growth rate has been debated and a few theories will
be presented.

It was established by Gittings et al. [35] that alloying the aluminum with silicon reduces the reaction
layer in hot dipping experiments and it has been confirmed by many others [13, 29-33, 36-46]. The
literature on the mechanism behind the slow growth of the reaction layer due to the silicon in the melt
is diverse. While Nicholls [36] suggests that silicon occupies structural vacancies in the formed n-
(AlsFe2)-phase and thus slows down the diffusion through this layer. Lainer et al. [37] explained the
slow growth by considering the ternary intermetallic compounds (Al«SiyFe,) that form during the
reaction forms much slower and thus lowers the build rate of the of the reactive layer. Komatsu et al.
[38] suggested that the silicon in the melt improves the rate of iron dissolution in the aluminum melt
which would explain the slower growth rate.

Eggeler et al. [29] were able to reach the conclusion that the decrease in growth rate is due to the
behavioral change in the solid state, rather than the liquid. They compared the concentration iron in a
melt with and without silicon and there was no difference in the dissolution rate between pure
aluminum melts and melts containing silicon.

Springer et al. [47] measured the silicon concentration in the n-phase and it was expected that if the

reduction in atomic mobility is due to the occupation of structural differences, then there would be a
silicon concentration difference for layers grown at different rates. However, they measured the
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concentration of silicon in the n-phase for intermetallics grown at different rates and could not measure
a concentration difference.

3. Conclusive Remarks on Kinetics and Microstructure

The growth rate of metallurgical bond formation between steel and aluminum is relatively well known.
Qualitatively there are several different theories on the high growth rate of Fe2AlS5 during reaction
between pure liquid aluminum and a solid iron substrate. However, quantitatively the results are fairly
similar. The addition of silicon to the aluminum melt retards the growth rate while again the mechanism
behind the retardation is argued, quantitatively the results are similar.

The initial steps during reaction is in most cases not described or are considered to have minor effects
on the experiments. For example, Yeremenko et al. [20] measured the growth after 1 second interaction
between the steel and the melt and concluded that nucleation is extremely fast and will have minor
effects on the results. During their experiments they preheated the iron to the melt temperature by
keeping it in molten flux on top of the aluminum melt.

It can also be seen for the results that there is much faster growth very early in the reaction process.
This is clearly visible in the parabolic growth curves since the straight lines does not intersect with
zero instead at a positive value. This could be due to that the very initial stages are not controlled by
diffusion (very short distances) but instead are controlled by the for example the reaction rate [21].

If the initial nucleation and growth is either reaction or diffusion controlled they will both be dependent
on temperature of both the aluminum melt and the ferrous substrate. For the reaction to proceed a
certain critical temperature must be reached. During insertion of a ferrous substrate in an aluminum
melt the surface will heat up relatively quickly and allow for the reaction to start.

If the wetting of the substrate is effective, then the heat transfer will be more effective, and the reaction
is allowed to progress for a longer period of time. The wetting is not only crucial for the heat transfer
it is also a requirement for any chemical interaction between the two metals.

The temperature in the reaction zone will determine the kinetics of the controlling processes,
nucleation, growth, and dissolution. Therefore, parameters that directly controls the temperature
surrounding the insert have an effect on the kinetics of formation. As a result, every casting will interact
differently with the insert. The size and shape of the melt will together with melt flow will determine
the energy distribution around the insert. If the insert is large relative to the surrounding melt it will
absorb more energy and less can be used for bond formation. The initial temperature of the insert can
also have major effects on the final results. If it acts as a chill and solidification is premature then a
gap can form between the ferrous insert and the aluminum.

The bond formation can be seen to follow some steps. Once the melt is in contact with the insert it
needs to wet the surface. Upon contact with the surface there is a heat transfer step where the heat
flows from the hot melt to the cold insert. At the required reaction temperature, the intermetallic
compounds will start to form. Once the first compounds are formed diffusion is needed to continue the
growth of the metallurgical bond, see Figure 12.
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Figure 12: Steps in the metallurgical bond formation.

4. Effect of other aluminum alloying elements

4.1 Cu content

Yousaf et al [48] studied the aluminizing process of steel in an aluminum 11% copper alloy. They
came to the conclusion that the addition of 11% copper reduces and changes the morphology of the
intermetallic layer. The reduction in thickness is attributed to the formation of intermetallic phases,
ALCu and Al;CuFe on the outer coating of the steel. Figure 13 shows the change of morphology of
the intermetallic layer for alloys with copper.

Figure 13: Effect of copper on the reaction layer between steel and a) pure aluminum b) addition of
11 wt% copper[48].

The wetting angle experiments carried out by Fragner et al [40] did not reveal any change in the wetting
angle due to the addition of 7 wt% copper but a decrease in the intermetallic layer thickness was
confirmed.

4.2Mn content

Liu et al [44] studied the metallurgical bond between grey iron and aluminum-silicon alloy with
different manganese content. The addition of manganese prevented the formation of needle like
intermetallic phases that can be formed at the matrix transition layer when iron is present. This was
explained by the formation of a-Al;s(FexMn«)3Siz phases. Their results also indicated that a slightly
thicker intermetallic layer formed with alloys that had a manganese concentration higher than 2%.

5. Effect of insert type

5.1 Steel

There have been several studies on bimetallic castings using a solid mild steel insert and casting
aluminum around it, see [49-53] These studies show that a metallurgical bond can form between the
insert and the aluminum although some form of bonding technique was used. They all measured the
shear strength using a push-out test method, see Evaluation methods, of the samples prepared but due
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to differences in preparation methods and testing methods it is very hard to quantitatively compare the
results between the studies.

Aguado et al. [51] compare sand cast bimetallic samples using several cleaning and bonding
techniques. All of the samples were also exposed to the thermal treatment T6. The sample with the
best performance in the shear testing was an uncoated sample without signs of a metallurgical bond.
The sample had been sand blasted so they suggest that the strength is strongly related to the surface
morphology of the insert which in the case for the sand blasted sample is rougher. During shear strength
testing samples with a metallurgical bond tend to fail at the interface which contains the brittle
intermetallic compounds.

Dezellus et al [52] cast steel/aluminum-silicon hot dipped samples in lab crucibles and studied the
behavior during mechanical testing using the push-out test. The hot dipping allowed for a continuous
metallurgical bond to form. They were able to determine that crack initiation occurs at the bottom
surface in the intermetallic reaction layer but with no brittle failure of the component, see Figure 14.

Figure 14: Crack initiation in the metallurgical bond between the steel insert and aluminum matrix.
The pushout test was interrupted at 50% of previously measured maximum force for failure[52].

Durrant et al [53] squeeze cast steel inserts with and without coatings. By hot dipping steel inserts in
aluminum they were able to show that a metallurgical bond greatly increases the interface shear
strength. They also concluded that preheating the uncoated insert before casting does not show any
significant improvement in the formation of a metallurgical bond. Durrant et al could also establish
relationship between the surface roughness and very high strengths of the bond.

Choe et al [49] studied expandable pattern casting process with different pressures and also tested
different preparation techniques. Using a zinc coating they successfully metallurgically bonded steel
with aluminum alloy A356. They also observed improved bonding with a higher pouring temperature
of the aluminum.
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Pan et al [50] managed to metallugically bond a steel pipe with aluminum using ultrasonic vibration
during casting. They concluded that the vibrations break down the oxide layer on the insert which
improves wettability and reactivity of the surface.

Ultrasgund Molten aluminum (AC4C)
generator 780 +10°C
T.C
- ey Steel mold
Bonding zone
| Rod heater

Figure 15: Setup for casting aided by ultrasound vibrations[50].

3.2 Cast Iron

There have been a few studies focusing on casting aluminum that reinforced with cast iron, see [44,
54-56]. Although in all of the mentioned studies they hot dipped the inserts in aluminum before casting
to ensure a metallurgical bond between the insert and the aluminum. Attention in these articles is
focused on finding and identifying the intermetallic compounds that are formed during the reaction.

Viala et al. [54] used a spheroidal graphite cast iron insert and bonded it with a silicon containing
aluminum alloy by first hot dipping the insert and immediately after the aluminum was gravity cast.
They were able to identify three intermetallic compound layers forming at the interface, n-(AlsFe»)
contacting the iron, 15-(Al7.4Fe>Si) intermediate, and 16-(Al4.5FeSi). During heat treatment two new
ternary intermetallic compounds, 12-(AI5Fe2Si2) and 710, are formed at the expense of \tau5 and \tau6.

Bouayad et al. [55] tried to cast spheroid graphite cast iron using the high pressure die casting process
but were unable to achieve a metallurgical bond. They were also unable to bond the insert with the
aluminum using a gravity sand casting procedure. However, after hot dipping the inserts in aluminum
they managed to successfully create a bond to the insert. Identified binary intermetallics were Fe,Als,
and FeAl; and two ternary intermetallic compounds ts and T.

Li et al. [44] investigated the effect of the silicon content on the reaction layer during hot dipping a
cast iron ring in aluminum and then die casting aluminum around it. The effects of Si on the bonding
layer will be discussed more in detail in the Aluminum alloy section. They also identified ternary
intermetallic Al-Fe-Si compounds at the interface.

Liu et al. [56] successfully bonded a gray cast iron to aluminum by hot dipping the inserts in an
aluminum-silicon melt containing different concentrations of Mn and then transferring it to a mold a
gravity cast aluminum around it. They identified some quaternary Al-Fe-Mn-Si intermetallic phases at
the boundary. The effect of Mn on the bond layer growth will be discussed more in more detail in the
Aluminum alloy section.
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5.3 PM Insert

Powder metallurgy (PM) techniques can produce parts with a relatively low density that has a
continuous network of porosity. The open structure of the PM parts can allow for infiltration of
aluminum if cast under pressure. If the pressure and velocity of the melt during the casting is high
enough it is possible to produce a fully dense component. The aluminum will form a matrix around the
PM part and it will be fully integrated in the part [57, 58]. Compared to a solid steel insert the area
interacting with the melt is much higher which allows for much more reactive phase to form.

Baron et al [57] used PM insert of a steel and a stainless steel with a relative density of 0.6 and 0.7 and
squeeze cast aluminum A380 around them. By optimizing the cast condition they were able to produce
composite samples that were completely infiltrated. As can be shown in Figure 16 and Figure 17,
comparing the location, side or center, in samples and also materials, steel and stainless steel. There
is a significant difference in the reaction layer thickness comparing the plain steel with the stainless
steel. They were also able to determine that the melt temperature has a strong effect on the mechanical
properties of the composite part. They also correlated the volume fraction of reaction phase formed
during processing to the mechanical properties of the part. A higher volume fraction indicated
deleterious effects on the properties especially there was a decrease in ductility.

Figure 16: PM steel insert infiltrated with aluminum. M-Al-matrix, SP-Steel insert, R-Reaction
phase. (a) The midde of insert. (b) The edge of the insert[57].

Figure 17: PM stainless steel insert infiltrated with aluminum. M-Al-matrix, SSP-Stainless steel
insert. (a) The midde of insert. (b) The edge of the insert[57].
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In Baron et al [58] study they compared four ferrous PM samples produced with different
compositions, especially the chromium compositions. As in their study previous study [57] the steels
containing chromium produced less volume fraction of reaction phase.

Patent EP1886747A1 describes a technique in which sintered PM-compact is impregnated in a
pressurized die casting procedure. The method involves first heating of the die and insert and then a 2-
step pressurized casting procedure. The invention is aimed to reducing the porosity of the resulting
component to improve properties like thermal conductivity.[59]

5.4 Insert preheating
Preheating the insert will decrease initial temperature difference between the melt and the insert. A
higher insert preheating temperature will prevent it from acting as an internal chill in the mold.

Durrant et al. [53] could not see improvement in bonding between the uncoated mild steel insert and
the aluminum matrix between preheating temperature of 300 °C and 900 °C. They believe that there is
not enough time for reaction to take place due to the quenching effect when the hot melt meets the
colder insert. The insert that was preheated to 900 °C demonstrated there is no improvement for the
metallurgical bonding. When they analyzed the sample, they found an iron oxide layer between the
insert and aluminum matrix. For their titanium coated inserts they got the same results. Figure 18 shows
an oxide layer between the steel and the aluminum.

Mild steel

Figure 18: Oxide inbetween the two metals[53].
In Bouayad et al [55] studies on sand casting aluminum around a cast iron insert they came to the
conclusion that preheating delays aluminum solidification and promotes the development of the bond.
However, at the same time iron oxides can also form on the insert which can act as diffusion barriers.

Aguado et al. [51] compared samples that were pickled in HCI and then two out of the three samples
preheated to 100 °C respectively 300 °C. There was no metallurgical bond formed and they could not
identify and difference in bond strength between the samples. Upon investigation they concluded that
metallurgical bonding was prevented by an oxide layer formed on the insert.

33



5.5 Alloying element content

The alloying elements in the insert can also play an important role during the formation of the
intermetallic compounds. Hwang et al. [39] and Sasaki et al [28] studied the effect of carbon on the
formation of the intermetallic boundary layer. Both of the studies concluded that an increased carbon
content in the insert decreases the reaction layer thickness.

Niinomi et al [60] investigated the effect of different alloying elements in the iron base insert. He
compared commercially pure Fe with Fe-C, Fe-Si, Fe-Mn, Fe-Cr, Fe-Ni, and Fe-Cu alloys. He
concluded that all of the alloying elements reduced the reaction layer thickness and Si, Ni, and Cu had
the greatest effect.

Kwon et al. [12] were able to determine that using a high carbon steel or a silicon containing steel will
suppress the tongue like structure produced by pure iron and aluminum, instead a more planar interface
forms. They were also able to show that the morphology of the interface is not dependent on the
structure (ferrite or austenite) of the iron. Komatsu et al [38] saw an absence of carbon in the
intermetallic layer which could be due to the low solubility of carbon in the intermetallic layer [61].

6. Coatings

Metal coating can be utilized to improve the bonding between the two metals. A coating will
completely alter how the interface will interact with the melt. If a coating of aluminum is used
properties like the wetting angle and oxidation resistance is altered. If a third metal is added to the
system as a coating the interface chemistry and the reaction layer can be completely different. If for
example a metal that is known to react exothermically with aluminum is used as a coating for the insert
the heat generated can aid the diffusion and create a thicker bond.

6.1 Aluminum coating

A common technique to ensure a metallurgical bond between the insert and the melt is to first hot dip
the insert in an aluminum melt. During the hot dipping process the reaction between iron and aluminum
takes place. After dipping the insert for some time it is quickly transferred to a mold and aluminum is
cast around it. This technique has been successfully applied in many studies that were able to show a
formed metallurgical bond between the insert and the aluminum matrix. [51-56]
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Figure 19: SEM backscatter micrograph of a hot-dipped insert[53].

6.2 Zinc coating

Instead of using an aluminum coating a metal with a lower melting point, like zinc, can be used. By
hot dip galvanizing the insert in zinc a metallurgical bond between iron and aluminum was achieved.
At the interface between the ferrous insert and the aluminum melt binary Al-Fe and ternary Al-Fe-Si
intermetallic compounds are found. [49, 51, 62]

Choe et al [49] and Zhe et al [33]reports that no zinc is present at the interface and believes this is due
to it dissolving into the aluminum matrix due to its high diffusivity in aluminum.

6.3 Ni/Cu coating

Coatings utilizing metals like Cu, Ni, Ag and Cr different from the aluminum and zinc coatings due to
that their melting point is above the aluminums. The coefficient of thermal expansion is also in between
iron and aluminum.

Han et al [63] developed a method in which two layers of coating were electroplated on a steel insert
and successfully bonded this with the aluminum matrix. They focused on a Ni/Cu coating with the
nickel close to the insert and the copper in contact with the aluminum. With this setup the coefficients
of thermal expansion goes from low (iron) to high (aluminum). The outer coating can also be a
sacrificial coating that is used only to improve the bonding between the melt and the inner coating.
After the plating of the insert, the coatings are diffusion bonded by being heated to 900 °C and held
there for four hours and then cooled to room temperature in the furnace. The aluminum is then cast
around the coated insert, see Figure 20. Also Aguado et al [51] successfully bonded a Cu/Ni plated
insert to the aluminum matrix.
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Figure 20: Right: Deposited layer of copper and nickel on the steel insert. Left: The two layers after
casting and T6 heat treatment[63].

6.4 Titanium coating

Durrant et al. [53] tried to bond a mild steel insert to the aluminum by vacuum plasma spraying titanium
powder on the insert. They demonstrated a good connection between the titanium and the steel but
there was very little to no reaction between the titanium and the aluminum. The reason for the lack of
reaction between the aluminum and the titanium were explained by an oxide layer between the two
metals and there is very limited reaction between the titanium oxide and the liquid aluminum.

7. Patent Search for Bonding Techniques

A patent search revealed these bonding techniques:

One of the techniques developed to promote the bonding is the so-called Al-Fin process. The ferrous
insert is immersed into a bath of a metal, normally aluminum, and held there to allow for the formation
of a metallurgical bond. The modified insert in then placed in a mold and aluminum is cast around
it.[64-66]

Similar methods but with preparation steps involving molten salt baths used to clean add a salt coating
for oxidation protection and then casting the aluminum around the insert[67]. A combination of the
salt pre-coat plus an additional aluminum pre-coat of the insert has also been patented[68]. Adding a
coating of a more oxidation resistant material to reduce the amount of oxidation has also be
developed[69].

Zinc has also proven to aid the formation of the bond. The insert is dipped in molten zinc and a reaction
layer is allowed to form. The insert is later cast into aluminum and give the high diffusivity in
aluminum it will diffuse away and allow for reaction between the iron and the aluminum [70-74].

To increase the reactivity with the melt and promote the bonding, the insert can be coated with
materials that are known to exothermically react with aluminum. Once the liquid aluminum comes in
contact with the reactive coating the exothermic reaction will release energy that will further promote
the bonding [75].

Due to the brittle characteristics of the intermetallics formed at the interface between aluminum and
iron, it can be favorable to add other metals to change the characteristics of the bond. Techniques to

electroplate the insert with one or multiple layers of other metals than aluminum and zinc have been
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developed. The advantages of these techniques are that the metal choice for plating can be picked so it
has a thermal expansion coefficient in between aluminum and iron. Metals that can be used are nickel,
copper, silver and many other, and combinations of these [76, 77].

8. Interface strength

In the literature concerning a ferrous insert cast into an aluminum matrix, the shear strength of the bond
has been measured by push-out testing [50-53, 63], a pull-to-fail test [78] and a semi-shear test [49].
Zhe et al [79] also studied the strength of the interface using a modified 4-point bending test.

A typical push-out setup can be seen in Figure 21. Aluminum is cast around a ferrous insert and the
sample is sliced into discs. A steel punch pushes the sliced insert out from the bimetallic sample and
the force necessary to push until failure is measured.

Mechanical load

Extenso -
meter ] Tl — — Steel punch
Cll e +~—— specimen Top Face

| specimen Back Face

22 Load Cell

rrr
e

Figure 21: Schematic drawing of the push-out test setup[52].

Luo et al [78] and Choe et al [49] pull the sample apart and measures the load necessary for the sample
to fail. Table 2 shows the measured interface shear strength from the different studies.
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Table 2: Summary of strength of the metallurgical bond from different authors

Layer Bond
Test thickness  strength
Authors type Alloys Insert Manufac. Conditions (pum) (MPa)
Durrant et al 1996[53] Push-out Al-7Si Steel Preheat 300 °C - 30.5
Preheat 900 °C - 44.5
Al-coat, preheat 300 °C ~50-80 * 114
Al-coat, preheat 900 °C ~50-80 * 112
Ti-coat, smooth, preheat 300 °C - 5
Ti-coat, rough, preheat 300 °C - 150
Ti-coat, smooth, preheat 900 °C - 34
Ti-coat, rough, preheat 900 °C - 126
Pan et al 2000[80] Push-out A356 Steel Ultrasound vibration 5~8 60
Han et al 2003[63] Push-out A354 Steel Ni/Cu coating, preheat 120 °C ~10 * 65
Dezellus et al 2007[52] Push-out A413 Steel Al-coat, preheat 735 °C 12~14 92
Semi-
Choe et al 2008[81] shear A356 Steel Zn-coat 15~20%*
Aust-
Li et al 2012[44] Push-out Al-2Si Cast-iron  Al-coat, preaheat 700 °C 3.6
Aust-
Al-6Si Cast-iron  Al-coat, preaheat 700 °C 8.8
Aust-
Al-11S1 Cast-iron  Al-coat, preaheat 700 °C ~20 * 13.6
Aust-
Al-16Si Cast-iron  Al-coat, preaheat 700 °C 4.8
Aguado et al 2013[51] Push-out  AlSi7Mg Steel Degrease - 13
AlSi7TMg Steel Pickling - 12
AlSi7Mg Steel Pickling, preheat 100 °C - 14
AlSi7TMg Steel Pickling, preheat 300 °C - 12
AlSi7Mg Steel Shot blast - 31
AlSi7Mg Steel Pickling, Al-coat 2
AlSi7Mg Steel Zinc coat (hot dipped) 14
AlSi7Mg Steel Zinc coat (plated) 14
AlSi7Mg Steel Cu/Ni coating 19
AlSi7Mg Steel Shot blast, Al-coat 22
AlSi7Mg Steel Shot blast, Cu/Ni coating 27

Dezellus et al [52] were able to determine that crack initiation occurs at the bottom surface in the
intermetallic reaction layer by interrupting the tests at certain loading levels of the maximum measured.
However, Durrant et al. [53] report that failure occurs in the aluminum matrix for the aluminized
samples. Aguado et al [51] report that for samples with no evidence of metallurgical bonding the
samples fail at the interface due to an oxide layer. For the samples showing a reaction layer, the failure
occurs close to the coating/Al interface. By using a modified 4-point bending test, Zhe et al [79] were
able to determine that the crack propagates through the n-(AlsFex(Si)) phase layer.

It is known that intermetallic compounds are very brittle and hard which can be attributed to their more
valence like bonding. The high hardness and lack of ductility can degrade properties of the composite.
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Therefore it can be necessary to limit the thickness of the formed intermetallic layer. Especially if the
surface to volume ratio of the component increases when using a PM-insert or coating[57].
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Introduction

In dissimilar metal components, there is a necessity to efficiently join the two materials and in
similarity to composite materials the bond between the two materials are crucial in determining the
properties of the component. Controlling the bond formation can allow to optimize mechanical and
physical properties. Due to very limited solubility in the aluminum-iron system there is an intermetallic
compound (IMC) formation during the interaction[1]. The type of IMC that forms is dependent on
which elements are present. It has also been shown that the presence of alloying element will
significantly change the type of intermetallic as well as their morphology[2].The growth of IMC layer
has been shown to follow parabolic relationship indicating a diffusion controlled process[3]. Other
authors has shown paralinear behavior of the growth due to a combination of reaction and diffusion
controlled growth[4]. The addition of alloying elements in the aluminum and/or the ferrous alloy will
have an impact on both the morphology and the growth rate of the IMC layer. Specifically, silicon has
been shown to have a significant effect on the type and morphology of the IMC layer, and the growth
kinetics[2]. It has been shown that the thickness of the intermetallic compound layer will affect the
mechanical properties of the bimetallic component[5]. Intermetallic compounds are known to have a
lower thermal conductivity compared to the metallic materials from which they form. Therefore, it is
of importance to understand the kinetic behavior of the formation of the IMC layer and it is of crucial
importance to predict the type of IMCs that can form.

Experimental

To simulate the casting procedure steel rods were dipped into an aluminum melt. A mild steel (1015)
and two commonly used casting alloys (A356 and 390) with different silicon content were chosen for
the experiment. 8 cm long steel rods (6.35 mm diameter) were ground using silicon carbide (SiC)
grinding paper and ultrasonically cleaned in ethanol. Three types of surface roughness were achieved
using three different paper grits. The topography of the surface was measured and the surface
roughness were 0.9, 0.6, and 0.3 um for the different grit papers used. To characterize to dissolution
of iron the thickness of dissolved steel was measured for the liquid A356 and mild steel system. Steel
rods prepared with 600 grit grinding paper were masked and half covered in a boron nitride coating to
prevent any contact between the liquid aluminum and steel. 1 kg was melted and held at temperatures
of 625, 660, 700 and 750°C in an electrical resistance furnace in a silicon carbide crucible. Once the
desired temperature was reached the steel rods were lowered into the aluminum melt. Care was taken
to remove the oxides from the melt surface before immersion of the steel. Three samples were
immersed for 10, 30, 120 and 300 seconds and then gently removed from the melt and allowed to air
cool. To understand the equilibrium growth in the liquid solid interaction three additional samples were
then dipped for 300 seconds, removed and then water quenched. Cross sections of the steel rods were
cut and prepared with standard metallurgical preparation methods. To determine the thickness of the
IMC layer nine locations in each cross section were examined and six thickness measurements were
made and an average was calculated. For phase identification, the samples were analyzed using a JEOL
JSM-7000F equipped with Oxford Instruments EDS detector X-Max™ and EBSD detector
NordlysMax?.
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Results

Kinetics

Shorter dipping times, 10 and 30 seconds show relatively poor IMC layer bonding. The thickness of
the layers had to be measured in the spots where bonding had occurred. A longer dipping time shows
much better bonding as well as overall coverage. Especially lack of interaction between the aluminum
and steel is for samples prepared using a 120 grit SiC paper were results were only obtained for a
dipping time of 300 seconds. An example of a plot of the thickness of the IMC layer and how it changes
with time for liquid can be seen in Figurel. The shape of the curve indicates a parabolic growth rate
and the rate constant k can be calculated plotting the thickness versus the square root of time, see
Equation 1 and Figure 1.
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Figure 1: Left: Growth curve for A356 prepared with 320 grit grinding paper. Right: Rate constants
for the growth curve.

There is a good fit for most of the samples using the parabolic rate law which indicates that the growth
process is diffusion controlled which is in agreement with what other authors have reported[2]. The
curve does not intersect 0 which could indicate that there is an initial step that is reaction controlled
and therefore very fast as suggested by Dybkov[4]. The influence of temperature can be analyzed by
assuming that the growth is diffusion controlled and treat the rate constants as diffusion coefficient,
see Eq. 2.

-Q -Q -Q
D = Dyexp (E) -k = kyexp (E) -k ~exp (E) )
The value of the activation energy will give a quantitative measurement of how the temperature affects
the growth of the IMC layer. The activation energy for the different parameters can be seen in Table

1. Due to the lack of interaction for the A356 120 grit samples no value could be calculated. The fit for
calculating for 390-600 grit is very bad and therefore the results unreliable but the trend is the same.
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Table 1: Table of activation energies for the different experiments.

120 grit 320 grit 600 grit
A356 - 90 kJ/mol 111 kJ/mol
390 -32 kJ/mol -30 kJ/mol (-7 kJ/mol)

A high value for the activation energy indicates that growth is slower for equal temperatures. The
difference between the different surfaces for the A356 samples would indicate that there are other
factors than diffusion that influences the measured data. The materials and methods are the same for
these samples but the very initial conditions, like the surface roughness, differ and can greatly influence
the final results. The samples produced with a 120 grit grinding paper yields very little to none
interaction between the liquid aluminum and the steel compared to both the 320 and 600 grit finish.

The activation energies calculated for when 390 is reacting with steel are negative. In a solid-solid
diffusion couple this would indicate that diffusion slows down at with higher temperature. However,
due to the solubility of iron in the liquid aluminum these values would indicate that the iron dissolution
increases more with temperature relative to the IMC layer growth. The kinetics for the dissolution of
iron was measured for liquid A356 and mild steel and were found to follow a linear relationship which
corresponds well with literature[6].

Phase characterization - A356

Figure 2 shows an SEM analysis images of the IMC layer that forms between A356(bottom) and the
steel(top) that is allowed to air cool. The layer close to the aluminum side consists of 15 (Al74Fe2Si)
and the layer closer to the steel consist of a ) (Fe2Als) with precipitates of what can be assumed to be
ternary Al-Fe-Si IMCs. In between these two layers there is an intermediary layer of 6 (FeszAli3).

Phase Color 5 Band Contrast 5 Al K series Si K series
- v Sl B
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[Map Data5 s
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Figure 2: EBSD and EDS analysis of the IMC layer produced by A356 at 700°C.

Fig. 3 shows an SEM analysis images of the IMC layer that forms between A356(top) and the
steel(bottom) after a water quench. Only one IMC layer is visible and was found to be 15 (Al7.4Fe2Si).
This indicates that it is the 15 phase that grows during the liquid solid interaction. This phase breaks
down during the air cooling to form two Al-Fe binary IMCs with precipitates of ternary Al-Fe-Si IMCs
with higher silicon and iron content.

Figure 3: EDS analysis of water quenched IMC layer formed by A356 at 700°C.
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Phase characterization — 390

Figure 4 shows an SEM image of the IMC layer that forms between 390(bottom) and the steel(top).
The layer close to the aluminum side consists of t4 (Al3FeSi2) and the layer closer to the steel consist
of an (Fe2Als) with precipitates of what can be assumed to be ternary Al-Fe-Si IMCs. In between these
two layers there are two layers, one thick binary consisting of 6 (FesAli3) which also has precipitates
of ternary Al-Fe-Si IMCs with higher silicon and iron content and a thin layer of 12 (Al;FeSi).

Spm
I n (FezAls)
I 6 (FesAls)
B2 (A:FeSi)
D (AlFeSiz)

Figure 4: EBSD and EDS analysis of the IMC layer produced by 390 at 700°C.

Spm

Conclusion

Overall the growth of the IMC layer is diffusion controlled. However, there are indications that the
very initial growth is governed by a reaction controlled step when diffusion distances are relatively
small. For A356 samples the growth in the liquid-solid reaction starts with growth of the ternary s
(Al74FesSi) phase that is in equilibrium with the melt and the solid steel. Once removed from the melt
this phase breaks down into two binary phases with ternary precipitates. The n (Fe2Als) is the most
stable phase in contact with the steel grows into the steel. The growth of these binary layers occurs
after the steel rod has been extracted from the melt and adds to its final thickness. The aluminum coated
steel cools from the outside in resulting in growth due to the residual heat from the steel. The IMC layer
in the 390 samples shows a more complex layered structure. The ternary IMC t4 (AlsFeSiz) first
converts to 12 (AlsFeSi) which in turns converts to the binary 0 (FesAlis) and ternary Al-Fe-Si
precipitates with higher Si and Fe content. As the inner n (Fe2Als) layer grows into the steel consuming
the aluminum more 1 (Fe2Als) is formed from the 6 (FesAlrs).

The IMC layers are initially formed during the liquid solid interaction. However, once formed they
will continue to develop and grow after solidification of the aluminum has occurred. This growth is
accompanied by phase changes and is not negligible and can contribute to significant portions of the
resulting metallurgical bond. It was also evident that short interaction times only allowed for very
partial bonding and to achieve a continuous bond between the two metals the initial steps of the process
needs to be accelerated.
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Introduction

The requirements for fuel efficiency in the transportation industry is driving the need for lightweight
components. Aluminum castings combine good specific strength with a competitive price. However,
for certain applications, it lacks in stiffness, strength, and wear resistance. There are opportunities to
further lightweight traditionally ferrous components by replacing them with bimetallic composites of
aluminum with cast-in ferrous inserts. The performance of composites depends on the interaction
between the matrix and the reinforcing component. A chemical reaction between the aluminum alloy
forming a metallurgical bond between the aluminum and the steel has proven to be advantageous for
mechanical properties of the bond between the two metals [1, 2].

The chemical interaction forms a reaction layer between the aluminum and the iron which is influenced
by both the composition of the ferrous alloy and aluminum alloy. Liquid pure aluminum will in contact
with iron form an intermetallic compound (IMC) layer consisting of two phases. At the iron/IMC
interface the binary n-phase (Fe2Als) will grow with a tongue like an appearance and was first identified
by Gebhardt and Obrowski[3]. It was later shown by [4] that there was a thin layer of 0-phase (FesAli3)
at the IMC/liquid Al interface. The n-phase is easily distinguishable by microscope due to its
characteristic tongue like appearance while the 0-phase is a thin layer fairly uniform layer[5-7].

Huemann and Dittrich[5] studied the crystal structure of the n-phase that there is a high vacancy
concentration along the c-axis [001] inducing anisotropic diffusion and can thus explain the tongue
like structure which has been confirmed by multiple authors[6, 8-11]. Takata et al.[7] studied density
of high/low angle grain boundaries and dislocation density using electron backscatter diffraction
(EBSD) maps and transmission electron microscopy (TEM) and suggested that the preferential
diffusion can be due to the anisotropic volume change during the a-iron to n-phase transformation. The
anisotropic change in volume induces stress fields which activates Herring-Nabarro creep and allows
for vacancy flow to the sides of the n| grains from the tip and aluminum flows in the opposite direction.
The growth rate of the n-(Fe2Als) phase has been shown in principle to follow the parabolic rate law
[8, 10] with a slight negative deviation. Parabolic growth behavior indicates that the growth is diffusion
controlled and the negative deviation has been shown to be due to saturation of the aluminum melt[9,
12].

At the AV/IMC layer interface a 6-(FesAl;3) layer is present in multiple forms. It can be adhered to the
interface, in close proximity, and there is the eutectic 6-(FesAli3). While the eutectic phase forms due
to the dissolution of iron into the liquid aluminum, it was suggested by Denner and Jones[13] the
detached 6-(FesAli3) could be due spallation of the 0-(FesAlis)due to stress build up during growth of
the IMC layer and a similar mechanism was suggested in[ 14]. The formation and growth of the attached
0-(FesAli3) layer has been studied by multiple authors, and its formation has been described as either
formation and growth by reactive diffusion [8, 10] or for elevated temperatures as precipitation on the
n-(Fe:Als) layer during solidification[15]. Experiments by Bouayad et al. [8] showed that the 6-
(Fes4Alss) layer followed a linear growth rate indicating dissolution while experiments by Bouche et al.
[10] indicated a parabolic growth.

The oxidation resistance of steels can be greatly improved by hot-dip aluminized coatings but a thick,
brittle IMC layer is undesirable, and the possible advantages with metallurgical bonding within
bimetallic castings of aluminum and steel have led to multiple studies on the effect of the addition of
Si to the melt. Additions of Si to the liquid aluminum is known to reduce the thickness of reaction
layer, specifically the growth rate of n-(FexAls) is reduced[6, 16-20]. Komatsu et al. [19] reported that
there was a change in microstructure (a ternary Al-Fe-Si phase layer at the IMC/ALl interface) for more
than 3wt.% Si in the liquid aluminum and work done by Eggeler et al. [20] showed that for Si
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concentrations below 2 wt.% there is no change in the major constituents (Fe2Als and FesAli3) layer.
Springer et al.[6] showed that for melts containing 5 wt.% Si formed a third layer consisting of the
ternary Al-Fe-Si phase Al74Fe>Si (t5). A similar investigation by Zhe et al. [21] using a commercial
alloy, A356 (~7.5 wt% Si and 0.35 wt.% Mg), showed that for fast cooling rates the outer 15 phase
forms and with slower cooling rates an additional ternary phase AlssFeSi (16).

Several mechanisms behind the reduced growth rate of n-(Fe2Als) due to the presence of Si has been
suggested. Nicholls [17] suggested that the Si occupies the structural vacancies of the n-(Fe2Als) phase
and slows down diffusion. Komatsu et al.[19] suggested that the addition of Si to the liquid aluminum
increases the dissolution of Fe while experiments performed by Eggeler et al. [20] showed that there
is no significant increase in dissolution Fe and concluded that the decrease is due to a solid-state
phenomenon. In a more recent study, Lemmens et al. [22] were able to detect elevated Si concentrations
at the n-(Fe2Als)/0-(FesAlr3) interface which could be a contributing factor to the reduced growth.

The maximum concentration of Si in the n-(Fe2Als) phase is approximately 2 wt.%[20]. In systemic
study Springer et al.[6] noticed discrepancies relating to the Si concentration in the n-(FexAls) layer
when comparing the growth rate between a solid/solid pure Al/steel and an semi-solid/solid Al(5 wt.%
Si)/steel diffusion couples. The Si containing n-(Fe2Als) layer was growing at a higher rate compared
to the pure diffusion couple. A study on the growth rate by [23] indicated an almost constant Si
concentration (2 wt.%) in the n-(Fe»Als) phase for Al-Si/iron with Si concentrations up to 3 wt.%. The
work by [6] indicates that the Si concentration in the n-(Fe;Als) layer cannot by itself explain the
differences in growth rate and the data provided in [23] shows a significant reduction in growth rate
with an almost constant Si concentration within the n-(Fe;Als) phase. The microstructure of the
growing reaction layer seems to affect the kinetics of the system, and the Si concentration in the
aluminum can completely change the microstructure by the formation of ternary Al-Fe-Si compounds.
From the above discussion, it is also evident that the analyzed microstructure is dependent on cooling
rate and therefore it also needs to be considered. The work by [24] shows a strong relationship between
formed IMC layers and the ternary phase diagrams.

Objective

The objective of this study is to investigate the effect of Si on microstructure and growth rate for liquid
binary Al-Si alloys and solid steel diffusion couples. Low (0.5 - Swt.% Si) and high (5 - 15 wt.% Si)
binary alloys will be investigated to try further to shed light on the relationship between microstructure
and growth rate in Al-Fe liquid-solid diffusion couples.

Experimental

Mild steel coupons with the dimensions 38 mm x 19 mm x 1.5 mm were cut from the stock cold-rolled
1008 steel, the composition can be seen in Table 1. The specimens were ground to a 600-grit finish,
producing a surface roughness value, R, of 0.3 um, degreased in ethanol and acetone in an ultrasonic
bath for 5 minutes, pickled in a 10%HCI solution for 1 minute, rinsed in deionized water, ultrasonically
cleaned in acetone for 30 seconds and allowed to dry. To accurately determine the thickness of the
steel after surface preparation and account for any material removal the top section of the coupon was
covered in a boron nitride coating to prevent interaction with the aluminum alloy. The maximum time
in contact with air before submersion in liquid Al was 10 minutes.

The aluminum alloy was prepared in an induction furnace by melting approximately 4.5 kg of pure Al
(99.99%) ingots and adding pure Si (99.95%) chips at a temperature of 750°C+15°C and holding for
30 minutes. Aluminum alloy ingots were cast and cut into smaller pieces. The exact composition of
the Al alloys used in the experiments can be seen in Table 1. A resistance furnace was preheated to
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50°C above desired reaction temperature, and 0.6 kg of aluminum alloy was placed in a silicon carbide
crucible and placed in the furnace.

Table 1: Composition of the steel and aluminum alloys.

Chemical Composition (wt.%)

C Mn P S Fe

Steel (1008)  0.09 0.36 0.033 0.025 Bal.
Si Fe Al
0.5% Si 0.55 0.015 Bal.
1% Si 1.02 0.012 Bal.
1.5% Si 1.63 0.034 Bal.
2% Si 1.96 0.029 Bal.
2.5% Si 2.58 0.026 Bal.
5% Si 4.93 0.036 Bal.
7.5% Si 7.25 0.052 Bal.
10% Si 10.51 0.04 Bal.
15% Si 1491 0.055 Bal.

Once the melt had reached the desired reaction temperature the furnace temperature was lowered to a
previously determined temperature to keep the reaction temperature constant with minimal variation,
+5°C. The temperature drop due to insertion of the cold steel was measured to be less than ~3°C in the
melt. Right before immersion, the aluminum surface was skimmed of oxides and the time between
immersion and skimming was less than 1 second. After the desired reaction time the aluminum was
carefully extracted and immediately quenched in water at room temperature. The experimental matrix
with temperature, time and alloy for all experiments can be seen in Table 2, and two sample for each
condition was prepared.

Table 2: Experimental matrix where X= 625°C, Y=675°C, and Z = 750°C.

Pure Al
0.5% Si
1% Si

1.5% Si
2% Si

2.5% Si
5% Si

7.5% Si
10% Si
15% Si

(A)
(A0.5)
(A1)
(AL1.5)
(A2)
(A2.5)
(AS)
(A7.5)
(A10)
(A15)

Time (min)
5 20 60 180
Y Y Y Y
Y Y Y Y
Y Y Y Y
Y Y Y Y
Y Y Y Y
Y Y Y Y
Y Y Y Y
Y Y Y Y
XY XY XY XY
YZ YZ YZ YZ

X=625°C Y =675°C Z=750°C

One 10 wt.% Si diffusion couple at 875°C for 2 minutes due to excessive dissolution.
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Surface roughness measurements of the steel were measured using an Olympus LEXT 3D Measuring
Laser Microscope, and the composition of the steel and aluminum alloys was measured using a Spectro
Maxx LMM14. A cross section of the diffusion couple was cut perpendicular to the diffusion direction.
All samples were cut at the same location. The samples were prepared using standard metallurgical
preparation methods and analyzed by optical microscopy and by scanning electron microscopy(SEM)
techniques. All of the SEM analysis were performed in a JEOL JSM-7000F equipped with Oxford
Instruments EDS detector X-Max™ and EBSD detector NordlysMax>.

The crystal structure data used for phase identification with EBSD analysis and the designations used
for the binary and ternary IMC in this paper can be seen in Table 3.

Table 3: Crystal structure data used for EBSD analysis.

Symbol Composition Space group References
n Fe,Als Cmcem (63); orthorhombic [25]
0 FesAlis C2/m (12); monoclinic [26]
1 AlFesSi3 P1 (2), triclinic [27]
() AlsFeSi R-3 (148); hexagonal [28]
T3 AlFeSi Cmma (67); orthorhombic [29]
T4 AlsFeSi, [4/mcm (140); tetragonal [30]
T5 Al 4FeSi P6_3/mmc (194); hexagonal [31]
T6 AlysFeSi A2/a (15); monoclinic [32]

Results

Microstructural Characterization

Optical micrographs of the progression of the reaction layer with respect to time (row) and Si
concentration (column), for the temperature was 675°C, can be seen in Figure 1(please note the
different scales between low and high Si concentrations). The top light gray side of the image is the Al
alloy, and the bottom darker gray part is the steel. The well-known characteristic tongue like
morphology [6, 8-10] is visible for Si concentrations up to 1.5 wt.%Si at shorter diffusion times (up to
20 minutes) and then transforms to a smoother interface. However, after 60 minutes of reaction time,
the n-(Fe2Als)/steel interface starts to become serrated for diffusion couple with between 2 and 15 wt.%
Si. The thickness of the IMC layer increases with increasing reaction time and decreases with
increasing Si content in the liquid aluminum. A crack and pore free reaction layer between the steel
and the liquid Al was able to form and withstand the water quench. The porosity visible in the A, A0.5
and A2 180 minutes’ samples are due to the relatively rough grit used during sample preparation. For
samples with an Si concentration of 7.5 and above only one distinct IMC layer is visible after 5 minutes
of diffusion, see top left corner of Figure 1. After 20 minutes, there are two distinct layers visible, and
the high Si-containing samples also show significantly thinner reaction layer.

To study the phases growing during the liquid-solid diffusion of AI-Si alloys several samples were
selected for further analysis. The Al-steel reaction layer has been extensively studied[6, 7] and it has
been reported that ternary Al-Fe-Si compounds start forming at a Si concentration of 2.5 wt% [33], so
samples were selected for phase characterization A1, A2, A2.5, A5, A7.5, A10,and A15. As previously
mentioned there seems to be a delay in the formation of the inner IMC layer and therefore samples that
were hot-dipped at 675°C for 60 minutes were selected. To further study the effect of Si and
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temperature an A10 sample prepared at 625°C (60 minutes) and A15 samples dipped at 750°C (60
minutes) and 875°C (2 minutes) were prepared for phase analysis.

15% Si

10% Si

7.5% Si

5% Si

2.5% Si

2% 51

1.5% Si

1% Si

0.5% Si

£

2
'
'

5 min 20 min 60 min 180 min

Figure 1: Microstructural development of the reaction layer with time and Silicon content. Please
not the difference in scale for the upper three rows.
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Figure 2 shows representative EBSD phase maps for A1, A2, A2.5, and A5 samples with the band
contrast superimposed to indicate the grain structure of four samples. The red color represents BCC
Fe, the blue colored phase in contact with the Fe the n-(Fe2Als) phase, the magenta colored area is the
0-(FesAli3) phase, and the cyan is FCC Al. The yellow phase represents the ternary Al-Fe-Si phase ti-
(Al FesSis). Overall the reaction layer mostly consists of a thick n-(Fe:Als) layer in contact with the
steel and a thinner 0-(FesAl3) layer in contact with the aluminum. There are what could be described
as T1-(AlbFesSi3) precipitates within the n-(Fe:Als) layer consistent with previous studies [6, 21].
Comparing Figure 2a (A1) with Figure 2b (A2), it can be seen that the difference in thickness that is
thickness is largely due to a thinner n-(Fe2Als) layer. The difference in thickness of the n-(Fe2Als) layer
is even more pronounced in both Figure 2¢ and 2d and increasing the Si content in the aluminum alloy
will increase the amount of 11-(Al2Fe3Si3) precipitates within the n-(Fe2Als) layer. There is also a rather
thick black line of poor band contrast and no phase recognition which is most likely due to uneven
polishing due to the difference of chemical attack on the dissimilar metals used during sample
preparation. Figure 2d shows the phase map for the 5% sample which shows the 6-(FesAli3) layer in
contact with aluminum while it was previously reported to consist of 15-(Al74Fe2Si) [6, 33, 34] which
could be due to the high cooling rate the sample is exposed to during the water quench. Figure 2e
shows the inverse pole figure(IPF) of Figure 2d and confirms the directional growth of the n-(Fe2Als)
layer is along the c-axis [001] similarly to [5-7, 9].

Y-direction

010

001
L
};—Fe
100

Figure 2: EBSD phase maps with superimposed band contrast for a) A1, b) A2, c) A2.5, and d) AS
samples dipped for 60 minutes at 675°C. e) is the IPF map in the Y direction for the A5 sample with
the corresponding orientation triangle for the n-(Fe2Als) phase.

The Si concentration within the microstructure of the samples consisting of the two binary n-(Fe2Als)
and 0-(FesAl 3) phase layers was measured by EDS analysis. The average Si concentration within the
n-(Fe:Als) layer, can be seen in Figure 3 and is very close to the composition of the liquid Al up to the
saturation limit of the n-(Fe:Als) (2wt%) which corresponds well with [20].
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Figure 3: Si concentration within the n-(Fe:Als) layer for Si concentrations up to 5 wt.% Si.

Additions of 7.5 wt.% of Si to the liquid aluminum resulted in a change of the phases present within
the reaction layer. Figure 4a shows an EBSD phase map of the phases formed after one hour for the
A7.5 sample, and there are four phases present in the formed reaction layer. Similarly, to the lower Si-
containing samples, the n-(Fe;Als)(blue) is in contact with the steel and is the major phase contributing
to the thickness. There is an outer ts5-(Al74FexSi)(green) layer in contact with aluminum and
precipitates of 11-(AlFesSiz)(yellow) within the n-(Fe,Als) layer. At the interface of n-(FexAls) and ts-
(Al7.4Fe;Si), there are in certain locations a thin discontinuous layer of 8-(FesAlis)(magenta) phase.
The inverse IPFs for the EBSD map can be seen in Figure 4b while the previously mentioned
directional growth of the n-(Fe;Als) layer can be seen. However, the IPFs does not reveal a preferential
growth direction for the columnar grains of the t5-(Al74Fe2Si) phase.

The phases present in the reaction layer for the A10 sample at 675°C is almost identical to the A7.5
sample, compare Figure 4a with 4¢, with one difference in lacking any formation of 6-(FesAli3) phase
at the n-(FexAls)(blue)/ts-(Al74Fe,Si)(green) interface. Columnar ts-(Al; 4FexSi) crystals seem to stack
on top of each other forming a slightly thicker layer. There also seems to be a larger quantity of 1i-
(Al FesSis)(yellow) precipitates within the n-(Fe;Als) layer. Figure 4d shows an EBSD phase map of
the A15 sample after one hour of reaction time at 675°C and additionally to the n-(Fe;Als) layer there
is two ternary Al-Fe-Si layers, 12-(AlsFeSi) (dark red) and t4-(AlsFeSix)(dark blue). There is also a
very small amount of 0-(FesAl;3) phase present at the n-(Fe:Als)/12-(AlsFeSi) interface as well as a
significant amount of t1-(Al2FesSis3) precipitates.

The absence or a very small amount of 6-(FesAli3) between the outer ternary phase layer is interesting
since a relatively thick layer is commonly reported for longer diffusion times[6, 33, 34]. A very thin
0-(FesAl3) layer could be present is and not detected by the analytical tools used. Or due to the very
high cooling rate during quenching, the 0-(FesAli3) layer does not have time to form during this step.
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Figure 4: EBSD phase maps with superimposed band contrast for a) A7.5, ¢) A10, d) A15 samples
dipped for 60 minutes at 675°C. b) is the IPF map in the X, Y, and Z direction for the A7.5 sample
with the corresponding orientation triangle for the t5-(Aly4Fe>Si) and n-(Fe2Als) phase.

The effect of temperature on microstructure for the A10 and A15 samples can be seen in Figure 5.
Reducing the temperature to 625°C for the A10 sample forms a reaction layer composition of n-
(Fe2Als)(blue) and ts-(Aly 4FexSi)(green) there are an outer 16-(AlssFeSi)(orange) in contact with the
aluminum, see Figure 5a. There is also a significant amount of 0-(FesAli3) phase that seems to have
grown into the n-(Fe;Als) phase, and there appear to be less and smaller ti-(AlFesSiz) precipitates
compared to the A10 sample at 675°C (Figure 4c¢). Figure 5b and ¢ show the reaction layer of 15 wt.%
Siat 750 and 875°C respectively. Increasing the temperature significantly reduces the overall thickness
of the IMC layer which is due in large part to the absence of a thick n-(Fe2Als) layer. The outer layer
consists of 12-(AlsFeSi) phase, and there is a visible 0-(FesAli3) layer within the structure. At 875°C
there is an absence of the n-(Fe;Als) layer in Figure 5¢ only one layer of 1.-(AlzFeSi) grains compared
to multiple layers at 750°C.
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Steel

Figure 5: EBSD phase maps with superimposed band contrast for a) A10 sample dipped for 60
minutes at 625°C. b) A15 sample dipped for 60 minutes at 750°C and c) the A15 samples dipped for
2 minutes at 875°C.

Growth Kinetics of the Reaction layer

The growth kinetics of the IMC layer is known to be parabolic in nature [6, 8-10, 12]. A plot of the
growth rate of the n-(Fe2Als) layer for samples with 5 wt.% and less Si content can be seen in Figure
6a. A linear fit with the square root of time shows a parabolic growth rate relationship with time the
rate constant can be calculated using Equation 1.

x =kt (Equation 1)

Rate constants for the diffusion couples are summarized in Table 4, and the thickness data shows some
scatter but overall a good fit. The standard deviation was larger for samples containing less Si due to
the tongue like morphology difference. Increasing the Si content in the liquid aluminum decreases the
growth rate constant without a change of in the major constitutes of the reaction layer. Comparing the
thickness of the 0-(FesAl;3) layer in Figure 2 there is noticeable thickness difference between the Al
sample and the A2 sample while the difference between the other (A2, A2.5, and AS5) is less noticeable.
In Figure 4b the measured thickness of the 6-(FesAli3) layer is plotted vs. the square root of time. While
it shows a good fit to the parabolic equation, it is more difficult to distinguish a clear relationship
between the thickness and the Si content. There is a tendency as mentioned above that the layer gets
thinner with increasing silicon content.
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Figure 6: Thickness vs. square root of time curves for a) the n-(FexAls) layer and b) the 0-(FesAl;3)
layer.

The growth rate of the n-(Fe2Als) layer for the high Si-containing (7.5 wt.% and above) can be seen in
Figure 7a and shows a good fit. Increasing Si content tends to decrease the growth rate of the of the n-
(FezAls) layer. The thickness vs. time plot for the outer ternary Al-Fe-Si layer is shown in Figure 7b.
Interestingly highest growth rate of the ternary Al-Fe-Si layers is the low-temperature A10, and the
growth rate of the n-(Fe,Als) phase in the A10 samples at 625°C and 675°C are very similar despite
the temperature difference, see Table 4. The A7.5 and A10 sample have the same microstructure, but
the growth rate of 15-(Al7 4Fe2Si) is slightly higher. The growth of 1.-(AlsFeSi) phase in the A15 sample
at 750°C shows a negative growth rate which is likely due to the excessive dissolution of the steel
substrate and the entire sample was dissolved before 180 minutes of reaction time.
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Figure 7: Thickness vs. square root of time curves for a) the n-(FexAls) layer and b) the ternary
layer/layers.

Table 4: Calculated rate constants for the different the IMC layers of the different samples.

Temperature 675°C 625°C  750°C
Sample Al  A0.5 Al AlS A2 A2.5 A5 A7.51 Al10 Al5 AlO Al5
& o 1.56 142 131 132 124 1.18 1.09 098 091 0.65 0.91
é 0 0.09 0.08 0.13 0.08 0.12 0.12 0.09
g Ts 0.05 0.07
@ T4+ T2 0.03
§ Te+ Ts 1.48
g o 0.04

Dissolution of Fe

The dissolution of Fe into the liquid Al was investigated by measuring the remaining cross-sectional
area of steel and reaction layer. The remaining area of the steel in the diffusion couples was measured
and is summarized in Figure 8a. The steel area reduction (left y-axis) is plotted with respect to Si
concentration(x-axis) for different diffusion times and the saturation limit of Fe in the liquid Al alloy
is plotted as a dotted line with the corresponding values on the right y-axis. The area reduction initially
decreases with increasing Si content and increasing until it reaches a minimum between 1 and 2.5 wt%
of Si. Then the steel area of steel seems to slightly decrease up 10 wt.%Si. Interestingly, initially, the
amount of steel transformed to IMC decreases with increasing solubility of Fe in Al alloy which is
inversely proportional to the solubility limit of Fe in the liquid.

The area of dissolved solid of the diffusion couple is plotted in Figure 8b (if the area measured in
Figure 5a is subtracted from the area measured in Figure 5b it equals the total area of the reaction
layer). The results show that the dissolution of Fe into the melt increases with increasing Si content of
the melt and which is to be expected since the solubility limit of the liquid aluminum increases with Si
concentration in the liquid aluminum.
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Figure 8: a) Area reduction in percent of the steel b) Total area reduction of the diffusion couple.
The dotted line represents the saturation limit of Fe in the liquid aluminum and reads of the right y-
axis.

Discussion

Effect of Si on Microstructure of Liquid-Solid Al-Fe Diffusion Couples

The microstructure formed between liquid Al-Si alloys of various composition is shown in Figure 2, 4
and 5. Composition, temperature and time change phase composition of the formed reaction layer. The
outer layer of the reaction layer in contact with the melt is the phase that is in equilibrium with the melt
at elevated Fe concentrations and is thus both dependent on Si concentration and temperature. Shorter
diffusion time (5 minutes) combined with higher Si concentrations (10 wt.% and above) did not show
the presence of the binary Al-Fe compounds n-(Fe2Als) and 6-(FesAl;3). Since the outer layer generally
consists of the phase that is in equilibrium with the liquid composition and there seems to be a delay
time for the binary phases to break through and start growing. Similar results have been shown for
other aluminum alloys in studies by [21, 34]. There is an interesting difference between the A7.5
sample and A10 sample since at 675°C they should consist of the same microstructure but the elevated
Si concentration seems to delay the formation of a binary layer further.

The A5 sample showed an anomaly by the presence of an outer 6-(FesAli3) layer when compared to
literature where 15-(Al74Fe,Si) has been reported[6, 34]. This is likely due to the difference in cooling
rate since 15-(Al74FexSi) becomes more stable for lower Fe concentrations as temperature decreases,
see the isopleth of ternary Al-Fe-Si phase diagram generated in Thermocalc in Figure 9.
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Figure 9: Al-Fe phase diagram isopleth at 5 wt.% Si.

The absence of a continuous 0-(FesAli3) layer phase in Figure 2, 4 and 5 could be an artifact due to
insufficient resolution of the characterization methods or excessive removal during the sample
preparation. A thin 8-(FesAl;3) layer could be indicating two things. Either that diffusion rate of Al
through the n-(Fe;Als) layer is higher compared to the Al diffusion through the ternary compound layer
or diffusion of Fe out through the ternary layer is slow causing a higher iron concentration stabilizing
the n-(Fe2Als) layer. Assuming that 0-(FesAli3) has a slow formation time and/or low growth rate.
Similarly, the FeAl, or FeAl were not present during the analysis which was explained by Bouche et
al.[10] and is due to slow nucleation rates and low growth rate.

From microstructural observations, it was observed that after 20 minutes of reaction time what seems
to be a stationary reaction layer sequence is formed, and diffusion paths in the ternary phase diagram
can describe the microstructure[21, 24]. Based on the identified phases shown in Figure 2, 4, and 5
suggested diffusion paths for the formed microstructures can be seen in Figure 10 in isothermal ternary
Al-Fe-Si phase diagrams generated Thermocalc. The red lines indicate a phase of interest which are
T]—(A12F63Si3), Tz—(Al3FCSi), ’[4—(A13F€Si2), ‘C5—(A17.4F€2$i), ’C6—(Al4‘5FeSi), n—(FezAls), and 9-(Fe4A113).
The diffusion path starts in the liquid (see color coded arrow for alloy) and follows the path indicated
by the colored line. In Figure, 10a suggested diffusion paths for the experiments performed at 675°C
with the different Si concentrations are color-coded. The red triangle shows where a magnification of
the ternary phase diagram was taken and is shown in Figure 10b and the purple line shows the diffusion
path from the binary 0-(FesAl;3) phase to the Fe with a dotted purple line indicates the missing FeAl»
and FeAl phase. A magnified phase diagram is taken at 675°C but represents this section fairly well
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for the temperature range 625-875°C. The diffusion paths at for the A10 sample at 625°C can be seen
in Figure 10c and for the A15 sample in Figure 10d.

The solid and dotted blue lines in Figure 10e shows two possible diffusion paths. The corresponding
microstructure can be seen in Figure 5S¢ and consists of a 8-(FesAli3) layer in contact with the steel and
a 12-(AlsFeSi) layer in contact with the aluminum. If the diffusion path follows the same pattern as the
others, it should follow the solid blue line while the microstructure indicates that it follows the dotted
blue line. A SEM micrograph of the reaction layer can be seen in Figure 11 the 0-(FesAli3), and 12-
(AlsFeSi) layers and the boundary are indicated. The white arrows show spots of Al in between the
two reaction layers and the 12-(AlsFeSi) layer shows a blocky morphology compared to the 12-(AlsFeSi)
layer formed at 750°C. This indicates that the phase formed during cooling and precipitated onto the
interface making the solid blue line the more likely diffusion path.
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a) 675°C 30

Figure 10: Isothermal sections of the Al-rich side of the ternary Al-Fe-Si phase diagram. The red
lines indicate a phase and the diffusion path starts in the liquid (see color coded arrow for alloy) and
follows the path indicated by the colored line. a) 675°C and b) is the magnification of the red
triangle, c) at 625°C, d) at 750°C and e) at 875°C.
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Figure 11: SEM micrograph of the A15 sample dipped at 875°C for 2 minutes.

Effect of Si on Growth Rate

The above results show that Si reduces the growth rate of the reaction layer which confirms previous
results [6, 17-20, 23, 33] and the following discussion will concern the samples made at 675°C. There
are several suggested mechanisms to account for this behavior. As previously mentioned Nicholls [17]
suggested that Si atoms occupy interstitial spaces of the n-(Fe2Als) crystal and efficiently reduces the
Al diffusion. Lainer et al.[ 18] suggested that the reduction in growth rate could be due to slow forming
ternary Al-Fe-Si compounds which take more time to form. Komatsu et al.[19] suggested that the Si
improved the rate of dissolution of Si to the liquid aluminum resulting in a thinner reaction layer and
more recently a study of the n-(Fe,Als)/0-(FesAl;3) grain boundaries by Lemmens et al.[22] using an
atomic probe equipped microscope noticed elevated concentrations of Si within the boundary which
could hinder Al diffusion.

According to the results shown in Figure 4 there is very little ternary phase present within the reaction
layer up to 5 wt.% Si and it is not a continuous layer as reported by Layner et al.[18] suggesting that
this theory is not likely the cause for the reduction in growth rate for these low concentrations of Si.
The reduction of steel area in Figure 8a shows the advancement of the n-(Fe2Als)/steel interface which
decreases with increasing Si content up to between 2 and 2.5 wt.%. A thinner reaction layer which
should increase the Fe concentration gradient across the reaction zone speeding up the advancement
of the n-(FexAls)/steel interface. These results confirm the conclusion by Eggeler et al.[20] that the
reduction in growth rate is at least partly due to a solid-state phenomenon. The advancement of the n-
(FeoAls)/steel interface is dependent on the Si concentration as is shown in Figure 8a.

Figure 9 shows a summary of available growth rate constants in literature plotted vs the inverse in
temperature. Dotted lines represent represents the trendline used to extrapolate the activation energy
for n-(Fe2Als) growth according to the Arrhenius expression that can be seen in Equation 2. The solid
black vertical line indicates the melting temperature of aluminum. There are two things that are
particularly interesting in the plot. There seems to be a disconnect between the activation energies for
solid-solid (open markers) and liquid-solid (solid markers) reaction layer growth. Secondly, the liquid-
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solid diffusion couples carried out with an Fe-saturated aluminum melt similar growth rates (crossed
markers) as non-saturated melts do.
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Figure 9: The logarithmic value of available rate constants in literature for solid-solid, open
markers, and liquid-solid, solid markers, plotted vs the inverse of time. The dotted from the
dotted lines the activation energy can be extracted using Equation 2. The solid line
represents the melting point of aluminum.
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For comparison three established diffusion couples are sketched in Figure 10a with the reported
microstructures[6, 35]. The red arrows represent the direction of growth for the interfaces present in
the diffusion couples. Comparing case 1 with 2 the layer grows in both directions and have different
microstructures. The presence of B-(FeAl) in case 1 instead of n-(FexAls) would suggest that the
diffusion rate of Al is not high enough sustain the n-(Fe>Als) growth that is present in case 2 and 3. For
case 3, the non-saturated aluminum melt, there is dissolution of iron and 0-(FesAli3) phase into the
liquid and thus for the interface the total growth velocity will be vy - vp. For the microstructure to be
stable and for the n-(Fe2Als) layer to increase in thickness vy, must be larger or equal to v and a similar
argument can be made for the 6-(Fe4Al;3) layer. An argument can then be made that the n-(Fe,Als)/steel
interface must have the highest velocity and is thus rate controlling. The advancement of the n-
(FezAls)/steel interface will depend on the transformation of Fe to n-(Fe:Als), the atomic transfer of Fe
across the interface, and diffusion through the n-(Fe2Als) layer. The crystal cell volume of BCC Fe is
23.55A% [36] and contains 2 Fe atoms while the crystal cell volume of n-(Fe>Als) phase is 206.55A°
[25] and contains 4 Fe atoms. This means that for every unit cell of n-(Fe,Als) that forms more than
12 Fe atoms needs to diffuse away from the interface. The parabolic nature of the movement of the 1-
(FeoAls)/steel, see Figure 8a, growth would indicate that the velocity is not controlled by a reaction
rate but by a diffusion rate. If movement of Fe atoms across the n-(Fe2Als)/steel interface would be
rate controlling it would be independent of the reaction layer thickness. But the difference in growth
rate for the A2, A2.5, and A5 samples, see Table 4, and the increase in n-(FexAls)/steel movement
would suggest that the flux of Fe atoms is proportional to the concentration gradient within the n-
(Fe2Als) layer, see Equation 3 and Figure 10b.
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Figure 10: a) Sketch of different Al-Fe diffusion couples. 1) solid-solid diffusion couple, 2) liquid-
solid diffusion couple with a Fe-saturated aluminum alloy, and 3) a liquid-diffusion couple. The red
arrows represent the interface velocity direction and the black the diffusion of atomic species. The
dotted red line is the original interface. b) Concentration gradients within diffusion couple 3.

In a study by Springer et al.[6], it was shown that when comparing the thickness of the semi-solid Al-
Swt%Si/steel diffusion couple to a solid-solid Al/steel diffusion couple at 600°C the Si-containing n-
(FeoAls) layer grew at a faster rate than one without. During interdiffusion between the solid steel and
semi-solid aluminum, it is more likely that the liquid content of the semi-solid is in contact with the
steel. A possible explanation for this if the atomic transfer of Al across the Al/ n-(Fe;Als) interface is
the rate limiting step for solid-solid diffusion couples. This would explain the disconnect of the
activation energies calculated from the rate constants as seen in Figure 9 and the difference in
microstructure despite the fast growing n-(Fe2Als) phase. The liquid-solid diffusion couple as
previously mentioned two binary layers 0-(FesAli3) and n-(Fe2Als) while for solid-solid diffusion, [37]
only reported an n-(Fe;Als) layer for and [6] reported an n-(Fe2Als) layer with two additional IMC
(FeAl and AlFes;C) layers present at the n-(Fe2Als)/steel interface. The phase change of Al from solid
to liquid impacts the chemical diffusivity in Al in the solid state is approximately is in the order of 10"
12 m?s! [38] at 650°C and in liquid state the self-diffusivity of Alis 7.2x10° m?’s™ [39] which could
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change the interaction Al with the IMC interface. The liquid also acts as a vacancy sink which if Al is
the fast diffuser through the structure prevents any gap to form at the interface.

Marker et al.[40] characterized the lattice cell parameters for multiple compounds within the Al-Fe-Si
system at a temperature of 800°C and 900°C and measured the n-(Fe>Als) cell parameters for different
Si compositions. The lattice parameters for the n-(Fe2Als) cell for different Si concentration can be
seen in the top part of Figure 11, please note the difference in scales on the y-axis, and the size of the
a and b axis are decreasing with increasing Si concentration. n-(Fe2Als) crystals containing Si also
seems to have an increased amount of Fe, see the bottom of Figure 11. The slightly elevated Fe
concentration corresponds better with the results from the EDS measurements, the measured average
concentration of Fe for the low Si-containing samples is 45.5 wt.%. Diffusion in intermetallic
compounds is rather complex due to their ordered nature and depends on their defect structure[41].
Measurements of diffusion coefficients with in intermetallics will often strongly depend on
composition [41, 42] and it is, therefore, likely that this changes the diffusion coefficients of both Al
and Fe within the n-(Fe2Als) layer. Lemmens et al.[22] suggested that the reduction of growth rate of
the n-(Fe2Als) layer could be due to elevated Si concentration at the 0-(FesAli3)/m-(FexAls) interface.
However, the columnar grains within the n-(Fe,Als) layer could also provide high diffusivity pathways
for Si in the form of grain boundary diffusion which was not considered. Their study showed elevated
Si concentrations within the n-(Fe2Als)/m-(Fe2Als) grain boundaries which could significantly impact
and reduce the grain boundary diffusion. Clearly, a more controlled diffusion study would be needed
to characterize further the effect of Si on the defect structure of n-(Fe2Als) and how it affects diffusion.
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Figure 11: The change of cell parameters of the n-(Fe2Als) crystal on Si concentration.

Interestingly increasing the Si content to 5 wt.%, more than twice the saturation limit of n-(Fe;Als),
further decreased the growth rate of the n-(Fe,Als) layer, see Figure 6, with the same phases present
within the IMC layer. The reduction of steel area also increased slightly indicating a faster movement
of the n-(Fe2Als)/steel interface. A thin reaction layer would increase the concentration gradient for Fe
which could speed up the flux of Fe atoms and thus the n-(Fe:Als)/steel interface see previous
discussion. A thinner IMC layers is also an indication of increased dissolution which was also shown
by Dybkov[43].

Increasing the Si concentration from 5 to 7.5 wt.% changes the microstructure, and a t5-(Al7.4Fe>Si)
phase is formed at the interface. The growth rate constant for the n-(Fe2Als) layer decreases from 1.09
to 0.98 um/s'? which is similar to the difference between the growth rate constants of the A2.5 and A5
samples. Figure 12 shows the growth rate constant of the n-(Fe:Als) layer plotted vs. the Fe saturation
limit of the liquid alloy. Once the n-(Fe2Als) layer starts to be saturated in Si (between 1.5 to 2 wt.%
Si) there is a linear relationship between the growth rate constant and the Fe saturation limit up to 10
wt.% Si. The more complex ternary multilayer structure of the A15 sample, see Figure 4d, seems to
reduce the growth rate of the n-(Fe;Als) layer. A decrease in both the advancement of n-(Fe2Als)/steel
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interface and the dissolution could indicate that the multilayer structure changes the diffusion across
the layers, but a more focused study on the kinetics of for this type of phase layers would be needed to
confirm.
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Figure 12: Growth rate constant of n-(Fe:Als) plotted vs. Fe saturation limit in the liquid aluminum
alloy.
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The growth rate of the ternary layers in contact with aluminum does not exhibit the same relationship
with the Fe saturation limit, see Figure 7b. There is also a tendency for a negative deviation which is
typically explained by the enrichment of Fe to the Al melt[9] which is also evident for the 6-(FesAli3)
layers in Figure 6b. Interestingly, the growth of t5-(Aly4FeSi) is faster and n-(Fe;Als) slower for the
A10 sample compared to the A7.5 sample. This could be due to a faster dissolution, but the elevated
Si concentration for the A10 sample is closer to the composition of the t5-(Al74Fe2Si) phase which is
9.5 wt.% which improves its growth rate. The A15 sample dipped at 750°C shows a reduction in IMC
layer thickness with increasing dipping time and dissolution progresses relatively fast, and the entire
steel was dissolved before 3 hours of dipping time which has been reported before but for higher
temperatures[ 15, 44].

Conclusion

The undertaken study mapped the growing microstructure of the reaction layer between binary liquid
Al-Si alloy with varying Si concentration (0.5 — 15 wt.%) and a mild steel (US grade 1008, 0.10 wt.%
C, 0.4 wt.% Mn) for a time span of 5 to 180 minutes. The focus was characterizing the growing
microstructure and how it relates to the growth kinetics of the formed reaction layer. From the results
presented above the following conclusions can be made.

1) Phase layers formed in the diffusion couples have been characterized by EBSD and them
reasonable match the theoretical diffusion paths in ternary phase diagrams generated in
Thermocalc with exceptions for phases that are not present due to very low growth rates.

2) The microstructure of the reaction layer depends on the composition, temperature, time
and cooling rate. While the effect of composition and temperature can be predicted by
diffusion paths, the cooling rate and diffusion time can change the microstructure and
therefore influence the characterization of the kinetics of the system.
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3) Forareaction temperature of 625°C and 675°C, the majority of the reaction layer consisted
of the n-(Fe;Als) phase, and the growth follows a parabolic rate curve. At Si concentrations
of 5 wt.% and below a 6-(Fes4Al;3) layer was present and its growth rate was also parabolic.

4) Si additions to the liquid aluminum seem two growth rate controlling mechanisms. (1) Si
changes the crystal size of the n-(Fe>Als) layer which could reduce the diffusion coefficient
of both Al and Fe within the n-(Fe;Als) layer. Elevated Si concentration within the n-
(FeoAls)/m-(Fe2Als) grain boundaries could prove to be effective at slowing down grain
boundary diffusion. (2) For Al melts that are not iron-saturated, dissolution of Fe reduces
the thickness of the IMC layer. The dissolution is dependent on the saturation limit of Fe
in the liquid aluminum which increases with increasing Si content.

5) The movement of the n-(Fe2Als)/steel interface depends on the rate at which diffusion of
iron atoms can move from the steel and through the n-(Fe2Als) phase. For a reaction layer
to be stable in a non-saturated melt and increase in thickness, its advancement has to be
faster than the dissolution making the diffusion of Fe the rate determining step.
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Appendix D

Effect of thermal treatments on the metallurgical bond
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Introduction

Stricter requirements on the reduction of CO; emissions in the transportation sector pushes the further
light weighting of vehicles which impose challenges for materials selection. Aluminum castings
combine excellent specific strength with a competitive price. However, for certain applications, it lacks
in stiffness, strength, and wear resistance. There are opportunities to further lightweight traditionally
ferrous components by replacing them with bimetallic composites of aluminum with cast-in ferrous
inserts. Allowing aluminum to chemically react with steel to form a metallurgical bond has been shown
that the performance of these composites depends on the interaction between the matrix and the
reinforcing component and a metallurgical bond can improve the properties[1].

The metallurgical bond has been utilized in the hot-dip aluminizing industry to bond aluminum
coatings to steel substrates[2]. Research has shown the composition and phases of the metallurgical
bond between pure aluminum and iron to consist of two binary intermetallic compound (IMC) layers,
the n-phase (Fe2AlS), with a characteristic saw-tooth morphology close to the steel and a thinner flat
outer layer consisting of 6-phase (Fe4Al13) in contact with the aluminum[3-5]. The growth kinetics of
the intermetallic compound(IMC) layer tend to follow a parabolic growth curve with a slight negative
deviation due to iron saturation of the aluminum melt[6-8].

Silicon has been used to reduce the thickness of the brittle bond due to its natural ability to slow down
the growth of the reaction layer. AS a major alloying element for casting alloys its effect on
microstructure and growth rate has been extensively studied[9-11]. The A356 aluminum alloy (7.5wt%
Si and 0.3wt% Mg) has specifically been studied in detail. It tend to form three distinct layers are
present in the metallurgical bond, the layer in contact with the aluminum consists of the ternary phase
15-(Al7.4FesSi), an intermediary layer of the binary 0-(FesAli3), and in contact with the steel the binary
n-(Fe2Als) phase[11-13].

To achieve optimal properties of aluminum alloys, thermal treatment of the castings is required. The
treatment generally consists of three steps; isothermal holding at temperatures close to the solidus line
for 2-10 hours, water quenching, and isothermal holding at 180°C for 5-10 hours[ 14]. Therefore, it is
important to know the effects of these treatments on the metallurgical bond between the aluminum and
ferrous alloys.

Viala et al.[1] studied the effect of a heat treatments on a metallurgical bond formed between a cast
iron insert and A356 and were able to show that the n-(Fe2Als) layer grows thicker and two ternary
phases, T2-(AlsFe;Siz) and t10-(Ali2FesSiz), forms at the expense of the preexisting t5-(Aly4Fe2Si) and
T6-(AlssFeSi) layer. Zhe et al.[12] performed a more extensive study on the effect of solution heat
treatments on metallurgically bonded steel to A356 alloy. The study showed that the metallurgical
bond broke down into several layers, after 10 hours of isothermal holding an IMC layer consisting of
a mixture between 12-(AlsFe;Siz) and t10-(Ali2FesSiz) forms in between the t6-(AlssFeSi) and n-
(FezAls). The preexisting 15-(Al7.4Fe2Si) had completely disappeared even after short holding times
(less than 3h). For longer holding times (over 40h) a fourth layer appeared consisting of ti-(AlsFexSi).
Both authors also showed that Kirkendall voids forms for longer holding times and crack formation
during the quenching step due to the large difference in thermal expansion.

While the composition of the formed IMC layer changes during isothermal holding close to the solidus
line, the layer seemed structurally intact for shorter holding times (less than 40 hours) if the quenching
step is avoided and can thus still be useful. There is limited information on how a change of the
aluminum alloy composition changes the thermal stability of the metallurgical bond and how it changes
during exposure to lower temperatures. Formation of porosity in the metallurgical bond can damage
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its properties and it has also been shown that the strength of the bond depends on the type and size of
the intermetallic compounds present in the bond [15] and thus the growth behavior and microstructural
changes needs to be known for selection of a suitable casting alloy.

Objective

This study aims to investigate the growth rate, thermal stability and phase transformations in the
metallurgical bond formed between two different aluminum alloys, 390 (17wt% Si, 4.5wt% Cu, and
0.6wt% Mg), and an Al-Mg-Zn alloy (10wt%Mg and 2wt%Zn), and a mild steel during both high and
low-temperature thermal treatments.

Experimental Procedure

Liquid-solid and solid-solid diffusion couple experiments between a low-carbon steel and aluminum
alloys were performed. All of the steel samples were 76 mm long and were cut from the same 6.3 mm
diameter rod, the composition of the steel and the initial composition of the aluminum alloys used is
presented in Table 1. The steel was ground to a 600-grit surface producing a surface roughness value,
Ra, of 0.3 pm measured using a Olympus LEXT 3D Measuring Laser Microscope. After grinding the
samples were pickled in a 10% HCI solution for 30 seconds, rinsed in deionized water, ultrasonically
cleaned in ethanol, then acetone and allowed to dry.

The diffusion couples were prepared using standard metallurgical preparation methods, and all of the
scanning electron microscope analysis were performed in a JEOL JSM-7000F equipped with Oxford

Instruments EDS detector X-Max" and EBSD detector NordlysMax>.

Table 1: Chemical composition of the steel and aluminum alloys used during the experiments.

Chemical Composition (wWt%)

C Mn P S Si Fe
Steel (1015) 0.14 0.53 0.023 0.032 0.06 Bal.

Mg Zn Si Fe Cu Al
Al-Mg-Zn alloy 1471  2.29 0.05 0.11 - Bal.
B390 0.44 1.43 16.87 0.8 4.81 Bal.

Table 2 shows the designations for the binary and ternary phases and its compositional limits. The Al-
Fe-Si ternary designations are adapted from Krendelsberger et al.[16], the ternary Al-Fe-Cu
designations are adapted from Raghavan [17], and the references refer to the crystal structure data used
for phase identification using EBSD.
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Table 2: Binary Al-Fe, ternary Al-Fe-Si, and ternary Al-Cu-Fe phases with crystal structure data
and their designations. The ternary Al-Fe-Si designations are adapted from Krendelsberger et
al.[16] and the references are the crystal structure data used for EBSD identification.

Symbol Composition Space group References
n Fe Als Cmcem (63); orthorhombic [18]
0 FesAlss C2/m (12); monoclinic [19]
T1 AlFesSi; P1 (2), triclinic [20]
() AlsFeSi R-3 (148); hexagonal [21]
3 AbLFeSi Cmma (67); orthorhombic [22]
T4 AlsFeSi, [4/mcm (140); tetragonal [23]
Ts Al 4FeSi P6_3/mmc (194); hexagonal [24]
T6 AlysFeSi A2/a (15); monoclinic [25]
T7 AlsFesSis P2 1/n (14); monoclinic [26]
T3 AblFesSiy Cmcm (63); orthorhombic [20]
® FeCuAly - [17]
| FeCuxAls - [17]
0] FeCuioAlio - [17]
Liquid-Solid diffusion

To characterize the IMC layer growth kinetics between Al-Mg-Zn alloy and steel liquid-solid diffusion
experiments were set up. In a resistance furnace, a silicon carbide crucible with 700 grams of the
aluminum alloy heated to 680°C, and the steel inserted into the aluminum melt. Prior experiments
showed that the temperature of the aluminum melt decreases 5°C as the steel rod is introduced into the
aluminum melt. After submersion, the aluminum melt was then kept at a temperature of 675°C + 5°C
during the experiment. Three samples were produced for each of the following time steps; 10 seconds,
30 seconds, 120 seconds, and 300 seconds.

After the desired diffusion time the steel rod was extracted and allowed to air cool. Once at room
temperature three cross-sectional samples were cut at a spacing of 10 mm. The samples were prepared
for metallographic examination by light optical microscopy and scanning electron microscopy. The
average total thickness of the IMC layer was measured from each sample, and the average thickness
was calculated by taking nine images from each sample and ten measurements from each image.

Solid-Solid Diffusion

The solid-solid diffusion couples were made by submerging the steel rod in the liquid alloy at 675°C
+ 5°C for 120 seconds and quickly transfer it to the brass mold in which the aluminum is cast. Time
between removal from the melt to pouring the casting did not exceed 5 seconds. The mold had a
diameter of 32 mm and 50 mm long with a slight taper at the bottom to ease centering of the steel rod.

Each sample was cut in two 20 mm tall slices and placed in a preheated furnace at the preselected
temperature. The temperatures and holding times for the different alloy combinations can are presented
in Table 3. A third slice was used as a reference sample for the as-cast condition.

After the desired diffusion time the compound casting was removed from the furnace and allowed to
air cool. Once at room temperature the samples were cut along the steel axis and were prepared for
metallographic examination by light optical microscopy and scanning electron microscopy.
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Table 3: Temperature and schedule for the solid-solid diffusion couples.

Al Alloy Temperature Holding time (hours)

Al-Mg-Zn 430°C 4 8 16 24
180°C 24 120 336 870

B390 480°C 4 8 16 24
180°C 24 120 336 870

Results

Liquid-Solid diffusion - Al-Mg-Zn alloy

The microstructural features and phase composition can be seen in Figure 1. Figure la shows a
micrograph of the reaction layer formed by the Al-Mg-Zn alloy. The morphology is jagged finger-like
in shape (aluminum was removed during sample preparation). Figure 1b shows a phase map (with
superimposed band contrast to reveal grain structure) of the phases present in the reaction layer formed
between the steel and the alloy after being submerged at 675°C for 300 seconds. The red colored phase
at the top of the image indicates BCC iron, the blue upwards protrusion corresponds to n-(Fe2Als), and
the magenta at the bottom of the map matches 0-(FesAli3) which is in contact with aluminum. The -
(FeoAls) layer is relative to the 0-(FesAli3) layer much thicker and contributes to the majority of the
reaction layer thickness.

Figure 1c shows the characteristic Ko x-rays for different elements of interest. There is only a small
amount of magnesium and zinc present in the reaction zone and point analysis (location where
measured and indicated by white arrow in Figure 1a) and the average concentration of magnesium and
zinc is less than 0.2wt% in the 6-(FesAli3) phase while only zinc could be is detected in the n-(Fe2Als)
layer (0.2 wt%).

No morphological or microstructural difference could be seen between the dipped and as-cast samples.
The average thickness of the IMC layer after 120 seconds of dipping time was 29 (standard deviation
of 6 um) and 24 um (standard deviation of 5 um). This could be explained by the high cooling rate and
fast solidification of the brass mold.
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Figure 1: EBSD analysis of the formed reaction layer after 5 minutes of dipping in the Al-Mg-Zn
alloy at 675°C for 5 minutes. a) SEM micrograph with white arrows showing the relative size of the
two phase layers and indicating arrows to where the compositional EDS data was captured. The
white square show where the EBSD map was collected. b) EBSD phase map with band contrast
overlay to indicate grains. c) EDS maps of the corresponding to the same region as the EBSD map.

Liquid-Solid diffusion — B390

The SEM analysis of the IMC layer formed between 390 and the mild steel can be seen in Figure 2.
The reaction layer is does not exhibit the ragged morphology protruding into the steel, there are
however protrusions reaching out into the aluminum and small eutectic silicon can be seen on the next
to the IMC layer on the aluminum side(Figure 2a). The also seems to be a tendency for primary silicon
to nucleate on the outer IMC layer, see Figure 6a. The final polishing step reveals four distinct layers
and the phases identified are visible in the phase map in Figure 2b. There are two ternary Al-Fe-Si
layers, consisting of t4-(AlsFeSiz) closest to the aluminum (bottom of phase map) with a dark red thin
layer identified as 12-(AlsFeSi) next to it. Subsequently, there is a layer of 0-(FesAli3) (magenta) and
n-(Fe:Als) (blue). The EBSD patterns also identified the ternary precipitates within the two binary Al-
Fe phases to be 11 — (Al2Fe3Sis).

The EDS analysis, shown in Figure 2c, shows that there is a copper-rich zone which corresponds to

the 12-(AlsFexSix) suggesting that this compound has a higher solubility of copper compared to the
other IMCs present in the reaction layer.
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Figure 2: EBSD analysis of the formed reaction layer after 5 minutes of dipping in the B390 alloy at
675°C for 5 minutes. a) SEM micrograph showing the location of the EBSD phase map (white
square). b) EBSD phase map with band contrast overlay to indicate grains. c¢) EDS maps of the
corresponding to the same region as the EBSD map.

Liquid Solid Diffusion - Growth rate

If the total measured thickness of the IMC layer is plotted vs time the shape of the curve is parabolic
in nature. A parabolic curve indicates a diffusion controlled growth rate and can be described by
Equation 1 and if solved for x (layer thickness) a growth rate constant can be calculated using Equation
2.

x* =kt (Equation 1)

x =kt (Equation 2)
The growth rate constant, k, for the Al-Mg-Zn alloy was calculated to 2.4 pm s and for 390 to 1.1
um s2. The fit of the approximation can be seen in Figure 3 when a linear curve is fitted to the data

and the R? value is calculated. The coefficient of determination for both alloys is above 98% which
indicates a good fit. The protrusions require many (290) measurements for an accurate average.
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Figure 3: Total thickness plotted vs. the square root of time for the liquid-solid diffusion couples. The
linear fit indicates diffusion controlled growth and the growth rate constant k can be seen as the
slope.

Solid-Solid diffusion - Al-Mg-Zn alloy

Figure 4a shows a timeline of micrographs that illustrates the development of IMC layer between the
Al-Mg-Zn alloy and a mild steel after exposure to 430°C for different time steps. After 4 hours, voids
started to form at the aluminum-IMC layer interface and gradually starts to interconnect as holding
time increases. Minor defects in the center of the reaction layer after 4 hours and the extent of this
porosity increases with increasing solutionizing time. After 8 hours, there is significant porosity in the
middle reaction layer IMC layer, see Figure 4b, which increases with time. Quantitative measurements
of the porosity are difficult due to possible loss of material during sample preparation, and a larger
porous network will increase the uncertainty of the measurements. Increasing solutionizing time
gradually changes the morphology of the microstructure from the jagged edge to progressively
smoother interface.

To establish in what phase the porosity starts to form a phase map of the reaction zone heat treated for
8 hours at 430°C can be seen in Figure 4c. The same two phases are present as in the as-cast sample,
but their relative amount has changed. There is a thick 0-(FesAl3) layer (the color magenta in Figure
4c) close to the aluminum and small remains of n-(Fe;Als) (blue color) in contact with the steel.
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Figure 4: a) a timeline of micrographs for Al-Mg-Zn alloy being isothermally held at 430°C. b) SEM
micrograph of the bonding are after 8 hours of exposure and the white square represents the area in
which the EBSD phase map data was collected. c) EBSD phase map with band contrast overlay to
indicate grains.

A timeline of the microstructural development for samples isothermally held at 180°C can be seen in
Figure 5a and shows no signs of increase in thickness. In fact, there was no measureble change in IMC
layer thickness. Figure 5b shows an electron micrograph of the reaction layer formed between the Al-
Mg-Zn alloy after isothermal holding at 180°C for 870 hours. There are signs of porosity forming at
the interface between the reaction layer and the aluminum alloy which indicates that diffusion of
aluminum into the 0-(FesAl3) phase activates at this relatively low temperature. Figure 5c is showing
a phase map of the layer would suggest that there is an increase in the relative amount of 0-(FesAli3)
to n-(Fe2Als) compared to the as cast layer.
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Figure 5: a) Timeline of micrographs for Al-Mg-Zn alloy being isothermally held at 180°C. b) SEM

micrograph of the bonding are after 336 hours of exposure and the white square represents the area

in which the EBSD phase map data was collected. c) EBSD phase map with band contrast overlay to
indicate grain structure.

Alloy 390

The development of the metallurgical bond for isothermal holding at 480°C is presented in Figure 6a.
Minor voids start forming between the bond and the aluminum after 4 hours, and after between 8 and
16 hours of thermal treatment, the voids begin to interconnect. The protrusions of the bond that extend
out in the aluminum and the primary silicon that formed on the IMC layer form barriers that prevent
the coalescence of the voids. Comparing the micrographs in Figure 2a and Figure 6b it is clear that a
new phase has appeared. After 4 hours, the phase is present in both the steel and the aluminum side of
the reaction layer, but after 8 hours it is completely it has disappeared from the steel/IMC layer
interface and is gradually disappearing from the aluminum/IMC layer interface with increased holding
time.

Figure 6b shows a SEM micrograph of the reaction layer with the different visible phases marked. The
ternary Al-Fe-Cu phase marked by an arrow in Figure 8a did not yield a clear EBSD pattern and thus
had to be identified through EDS. The average composition was 50wt% Al, 34wt% Cu, 15wt% Fe and
I wt% Si (69at% Al. 20at%Cu, 10at% Fe and 1%Si) which corresponds well with the ternary o-
(Al;CuzFe) phase.
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Figure 6: a) Timeline of micrographs for B390 alloy being isothermally held at 480°C. b) SEM
micrograph of the bonding are after 336 hours of exposure and the white square represents the area
in which the EBSD phase map data was collected. c¢) EBSD phase map with band contrast overlay to

indicate grain structure.

The phase constituents of the reaction layer after 8 hours of solutionizing treatment at 480°C are
mapped in Figure 6¢ and seems to mainly consist of two phases, ti-(Al2FesSi3) and 16-(AlssFeSi).
Comparing Figure 2b and 6¢ the binary Al-Fe phase layers have disappeared and transformed into two
a three-layered structure with t6-(AlssFeSi) close to the aluminum, ti-(AlxFesSiz) in contact with the
steel, and a mixture of the two in between. Figure 6d shows how the band contrast of the EBSD patterns
changes and indicates that the t1-(Al2FesSi3) grains are more equiaxed while the ts-(AlssFeSi) grains
are elongated. The EDS map of the same area, Figure 6e, shows that copper is segregated to Ti-
(ALxFe3Sis) with much less solubility in the 16— (Als sFeSi).

Discussion

Effects of alloying elements on microstructure during liquid-solid diffusion

The finger-like shape of the reaction layer formed between the Al-Mg-Zn alloy clearly resembles the
morphology of the bond that forms between pure aluminum and iron and forms due to the preferential
growth along the c-axis of the n-(Fe2Als) crystal [4, 11]. Heumann and Dittrich [27] were the first to
suggest that this was due to structural vacancies along the c-axis. Takata et al.[4] reported that the
directional growth could be explained by induced vacancy generation and diffusion because of stress
build-up between the n-(Fe;Als) and iron due to the size difference in the crystal structure.
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Figure 7a shows an isopleth of a Thermocalc generated Al-Fe phase diagram in the presence of
10wt%Mg and 2wt%Zn. The red dotted line marks the reaction temperature (675°C) and at increasing
iron concentrations both the 0-(FesAli3) and the n-(Fe;Als) phase are predicted to be stable. There is
evidently very low concentration of both Mg and Zn present in the binary Al-Fe phases. The low Zn
concentration corresponds well to results in previous studies[28], and the thermodynamic simulations
do not predict the presence of Mg in 6-(FesAli3) or n-(Fe2Als) which confirms similar findings in[29].
Due to the low solubility of the of the major alloying elements(Mg and Zn) and high stability of the
binary Al-Fe phases the microstructure formed is determined by the Al-Fe phase diagram.

The microstructure formed between B390 and the mild steel, see Figure 2a, is strongly influenced by
the presence of silicon. Similar to previous studies [springer eggeler silicon papers] the finger like
morphology is no longer present even though there is the presence n-(Fe2Als) layer in contact with the
steel. Figure 2b shows the presence of two ternary IMC layers, a thicker 14-(AlsFeSi») in contact with
the aluminum and a thinner a 12-(AlsFeSi) layer. A Thermocalc generated Al-Fe phase diagram with
17 wt% Si and 4.5 wt% Cu, plotted in Figure 7b, shows that t4-(AlsFeSiz) is in equilibrium with the
melt at 675°C and with increasing iron content both 14-(AlsFeSiz) and t2-(AlsFeSi) is in equilibrium.
The phase diagram indicates that there should be other ternary compounds (73, 17, 71, and I) present at
iron concentrations where 6-(FesAli3) is stable. This indicates that the binary layers most likely form
due to the rapid diffusion of aluminum through the outer layers keeping the concentration of both
copper and silicon below the liquid concentration. Al-Si alloys with Si concentrations between 5-10
wt% have been studied in by previous authors [11, 30] and were also able to identify the presence of
T1-(AlbFesSis) precipitates within the binary phase layers.

There is an elevated concentration of copper (approximately 0.9 to 1.7 wt%) within the 12-(AlsFeSi)
layer. However, measurements of an accurate copper concentrations are difficult due to the large
interaction volume of the x-rays and the semi-quantitative nature of EDS concentration measurements
but it does suggest a higher solubility limit.
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Figure 7: a) Al-Fe phase diagram isopleth at 10 wt.% Mg and 2.5 wt.% Zn. b) Al-Fe phase diagram
isopleth at 17 wt.% Si, and 4.5 wt.% Cu

Figure 2b shows the presence of two ternary IMC layers, a thicker t4-(Al3FeSiz) in contact with the
aluminum and a thinner a 1-(AlsFeSi) layer. A Thermocalc generated Al-Fe phase diagram with 17
wt% Si and 4.5 wt% Cu, plotted in Figure 7b, shows that 14-(AlsFeSiy) is in equilibrium with the melt
at 675°C and with increasing iron content both t4-(AlsFeSiz) and 12-(AlsFeSi) is in equilibrium. The
phase diagram indicates that there should be other ternary compounds (73, 17, T1, and I) present at iron
concentrations where 0-(FesAl;3) is stable. This indicates that the binary layers most likely form due
to the rapid diffusion of aluminum through the outer layers keeping the concentration of both copper
and silicon below the liquid concentration.

Al-Si alloys with Si concentrations between 5-10 wt% have been studied in by previous authors [11,

30] and were also able to identify the presence of 11-(AlxFes3Si3) precipitates within the binary phase
layers.

There is an elevated concentration of copper (approximately 0.9 to 1.7 wt%) within the 12-(AlsFeSi)
layer. However, measurements of an accurate copper concentrations are difficult due to the large

interaction volume of the x-rays and the semi-quantitative nature of EDS concentration measurements
but it does suggest a higher solubility limit.

Growth rate of intermetallic layer during liquid-solid diffusion

The curves in Figure 3 shows the thickness of the IMC layer for different time steps. To determine
how well they fit the criteria for parabolic growth the thickness can be plotted vs. the square root of
time. Figure 8, with additional data adapted from [13], shows this plot and the R? value for a linear fit

gives a value close to 1 which indicates that the growth is diffusion controlled which is common for
these systems [11, 31, 32].
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Figure 8: Thickness plotted vs. the square root of time for three different alloys with the
corresponding growth rates as the slopes of the fitted straight lines.

The total thickness of the IMC layer for the AI-Mg-Zn alloy is significantly higher than both the A356
and B390 alloy which is also represented in a high growth rate constant. It is known that the presence
of silicon in the liquid aluminum reduces the growth rate of the reaction layer [27, 31]. However, for
these alloys, a larger quantity of silicon present in the alloy does not equal a lower growth rate. The
growth rate constant is higher for the B390 compared to A356 while it has more than twice the silicon
content. The two silicon-containing alloys also shows significantly different microstructure which
changes the diffusional behavior of the atoms due to the difference in the crystal structure. B390 also
contains more iron in solution which would reduce the driving force for dissolution of the outer IMC
layer.

Heat treatment of Al-Mg-Zn/Mild steel reaction layer

The microstructure of the metallurgical bond between the Al-Mg-Zn alloy and the steel during liquid-
solid diffusion is in composition identical to the structure formed by pure aluminum and iron. The
isothermal holding of this microstructure does change relative amounts of the two binary phases
(compare Figure 1b and Figure 4c), and there is also significant void generation in the 0-(FesAl;3) layer
which is not seen in pure Al-Fe solid-solid diffusion couples at higher temperatures(600°C)[11].A
more similar experiment[28] without the pre-formation of the reaction layer between a hot-dip
galvanized steel and pure aluminum exposed to isothermal holding for 4 hours at 400°C with what
seems to be a single layer of binary phase with porosity within. The porosity forming at the aluminum-
IMC layer interface would indicate that aluminum is a faster diffuser compared to the iron.

During the liquid-solid diffusion, the growth of the 0-(FesAl3) layer is competing with its dissolution
into the liquid aluminum. For the solid-solid diffusion, the 6-(FesAli3) layer grows in two directions
due to no dissolution and the higher diffusion rates of aluminum generates a higher concentration of
aluminum which seems to transform n-(Fe>Als) to 0-(FesAl;3). Difference in thermal expansion could
cause growth of 0-(FesAl;3) towards the aluminum to relieve stress and fill space
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There appears to be a threshold for the activation of diffusion of iron from the steel to the n-(FexAls)
layer that is not met. It could be that a lower temperature will reduce the vacancy concentration in the
steel which slows down diffusion and growth of the n-(Fe2Als) into the steel. It has also been shown
that new intermetallic layers start forming at the steel/m-(Fe:Als) interface during solid-solid
diffusion[11] which were not detected during this analysis and could inhibit growth rate.

Isothermal holding at 180°C does, similarly to the high-temperature solid-solid diffusion, change the
relative amount of 6-(FesAli3) and n-(Fe:Als). There is no visible porosity within the reaction layer,
but there is porosity present at the interface between the 6-(FesAli3)/aluminum interface which would
indicate that the diffusion of aluminum atoms into the 0-(FesAl;3) layer activates even at low
temperatures. There is, however, no measurable increase in reaction layer thickness since the deviation
within the samples is larger than the difference in thickness.

Heat treatment of B390/Mild steel reaction layer

Figure 8a shows the formation of the w-(Al7CuzFe) phase at the interface of both the iron and aluminum
reaction interface after 4 hours of holding at 480°C. After 8 hours the w-(Al;Cu.Fe) phase has
completely disappeared from the iron/IMC layer interface and is only present at the aluminum/IMC
interface. The increased copper concentration (between 4 and 7wt%) present in the ti-(Al.FesSi3) phase
and its location would indicate that there is a transformation of ®w-(Al;CuzFe) into t;-(Al.FesSiz) with
prolonged high-temperature exposure. Figure 9 shows the thickness change of the reaction layer and
the majority of the growth occurs before 4 hours of heat treatment and could be due to the formation
of the o-(Al;CuzFe) phase.
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Figure 9: The thickness change of the IMC layer plotted vs isothermal holding time.

Comparing Figure 2b and Figure 6c¢ it is clear that there is a significant change in the phases present in
the formed IMC layer. The binary Al-Fe phases have disappeared, and the ts-(AlzFeSi2) and 12-
(AlsFeSi) layers have been replaced by a mixture of ti1-(AlxFes3Si3) and t6-(AlssFeSi). Studying the
phase diagram at 480°C in Figure 7b t1-(Al2FesSis) is not stable until iron concentrations of ~40wt%
indicating that it grows from the diffusion of iron from the Fe or this is not the stationary phase layers
forming within the diffusion couple. 16-(AlssFeSi) is more stable at lower temperatures and is in the
equilibrium phase for higher aluminum concentrations and can support its growth by being in contact
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with aluminum. 716-(AlssFeSi) was also identified by Zhe et al.[12] in a solid-solid diffusion couple
when studying an aluminum alloy containing 17 wt% Si.

Porosity formation

To optimize the properties of bimetallic castings the properties of both metals and the bond between
them. The aluminum alloys studied here both require a heat treatment program to achieve their required
properties and the metallurgical bond has to be able to withstand the high-temperature exposure. For
optimal heat and load transfer between the two materials, it is crucial that the bond be continuous and
stays intact during the materials processing. The rapid change in dimensions due to quenching steps
has proven to initiate cracks along the brittle IMC layer, and prolonged exposure to elevated
temperatures induce porosity in an already brittle layer.

Comparing solid-solid diffusion couple of Al-Fe and Al-Si alloys[11, 28, 33, 34] the location of the
formed porosity is slightly different. Zhe et al.[12] showed that there is a difference between diffusion
couples that are coated and those that are cast-in. Similar to their cast-in steel samples severe porosity
was formed between the aluminum/IMC layer interface before 16 hours of heat treatment. Another
influencing parameter could be the difference in thermal expansion between the aluminum and the
iron. Aluminum will expand at a faster rate as the temperature increases which would reduce the
contact area between the two metals. This would make these types of diffusion couples size and shape
dependent. Similar to what Zhe et al. the effects are exaggerated by the presence of oxygen at the joint,
see Figure 10.

Figure 10: Formed crack at the iﬁterface of the high temperdtizre Al-Mg-Zn sample likely due to the
influence of oxidation.
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Conclusion

The purpose of this study was to investigate the microstructure and growth kinetics of the formed
reaction layer during liquid-solid interaction and its transformation during sub sequential thermal
treatments. Two alloys were investigated, a magnesium-based aluminum alloy and a hyper-eutectic
silicon-based alloy. The as-cast microstructure was characterized, and then small bimetallic castings
were subjected to isothermal holding at their respective solutionizing temperature and an aging
temperature. From the above results the following conclusions can be made:

1.

The as cast metallurgical bond microstructure of the Al-Mg-Zn alloy formed two distinct
binary Al-Fe phase layers, 0-(FesAli3) and n-(Fe2Als). The growth rate follows a parabolic
curve with a growth rate constant of 2.4 pm s™2. High-temperature temperature (430°C)
isothermal exposure for less than 24 hours did not change the phase composition of the
alloy but changed the relative amounts indicating preferential growth of the 0-(FesAl:3)
phase and the growth of the reaction layer follows a parabolic curve. Low temperature
(180°C) isothermal exposure also changed the relative amounts indicating 0-(FesAli3) and
n-(Fe2Als) phase due to preferential growth of 6-(FesAli3) phase although no significant
increase in thickness was could be measured.

The as cast metallurgical bond microstructure of the B390 formed four distinct phase
layers(in order from aluminum alloy side), t4-(AlsFeSi2), 12-(AlzFeSi), 0-(FesAli3) and n-
(FeoAls). The binary layers had precipitates of ti1-(Al.FesSiz) imbedded. The growth rate
follows a parabolic curve with a growth rate constant of 1.1 um s™2 High-temperature
temperature (480°C) isothermal exposure changed the microstructure of the bond to three
layers, 16 — (AlssFeSi) with elongated grains, a mixture of 16 — (AlssFeSi) and 7i-
(Al FesSis), and a layer t1-(Al2FesSiz) with more equiaxed grains. The growth rate showed
deviations from the parabolic curve, and most of the change occurred before 4 hours of
exposure.

High-temperature (430°C) exposure of Al-Mg-Zn alloy showed that there was significant
damage to the metallurgical bond due to porosity after less than 8 hours. Even low
temperature (180°C) exposure showed signs of porosity formation at the IMC
layer/aluminum interface. High-temperature temperature (480°C) exposure of B390
indicates that porosity starts to form at the IMC layer/aluminum interface between 4-8
hours. No internal porosity within the bond could be detected for holding times up to 24
hours.
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Appendix E

Effect of coatings on the metallurgical bond formation
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Introduction

The automotive industry is pushing further light-weighting of components to meet future
regulations on the carbon footprint of motor vehicles. This push requires further development of
lightweight metals such as aluminum and magnesium and their manufacturing methods. While
aluminum exhibits good specific strength, certain requirements like high stiffness or wear
resistance at elevated temperatures does require the heavier ferrous alloys. However, by selectively
reinforcing aluminum castings with ferrous inserts it is possible to utilize the materials superior
properties and still reduce the weight. A cost-effective method to manufacture these bimetallic
casting is by placing the insert within the mold and casting aluminum around it.

The performance of the aluminum-iron macrocomposite can be improved by ensuring a chemical
bond between them][1, 2]. Limited solubility of aluminum in iron produces a metallurgical bond
consisting of intermetallic compounds (IMC) at the interface. The IMC formed tend to be
dependent on the composition of the aluminum alloy. It has been shown that when silicon is present
in the liquid aluminum it drastically changes the growth rate, morphology and composition of the
formed metallurgical bond. The most commonly researched alloy is A356 (7.5wt%Si and
0.35wt%Mg) and tends to form a reaction layer consisting of three layers, an n-(Fe2Als) layer in
contact with the steel, a middle layer consisting of 0-(FesAl;3), and 15-(Al7.4Fe2Si) in contact with
the aluminum and the growth of the interaction layer is diffusion controlled[3-5].

The diffusional nature of the bond formation on ferrous insert has proven to be difficult during
casting without any interfacial engineering due to the short time in contact with liquid aluminum|2,
6-9]. Nucleation of the IMCs on the insert requires both time for diffusion and unobstructed contact
between the two metals. The ferrous substrate needs to be free of contaminations and an oxide
layer can prevent the bond formation[2, 6][durrant, aguado]. This makes it challenging to preheat
the substrate due to the formation of iron oxides at the insert interface when exposed to elevated
temperature in atmospheric conditions. A continuous metallurgical bond can be formed by
utilizing the so-called Al-Fin process [10] where the steel is dipped in liquid aluminum alloy then
quickly transferred to the mold and cast in[1, 2, 9, 11, 12].

Zinc has proven to be effective for improving the bond formation during casting. Choe et al.[7]
were able to form a bond between a 1045 steel and A356 utilizing a zinc plated coating in an
expandable pattern casting process which in comparison to a non-coated steel formed a bond and
gave superior shear strength properties of the interface area. Liu et al.[13] successfully bonded
mild steel samples to aluminum in a permanent mold casting process. They compared an
electroplated zinc coating with a hot-dip galvanized samples that were transferred directly from
the Zn bath to the mold with the conclusion that the preheated galvanized coating yielded better
results. Aguado et al.[6] investigated the metallurgical bond formation of sandcast A356/low alloy
steel castings which were both electroplated and hot-dip galvanized, and in both cases ternary Al-
Fe-Si phases were present at the interface. However, they noticed the presence of both Zn, Al, and
Mg oxides present within the interface for the electroplated samples. A systematic study on the
effects of Zn in the aluminum alloy and Zinc coatings (electroplated and hot-dip) on the reaction
layer growth by Springer et al. [14] showed that the presence of a zinc coating during liquid-solid
interaction enhances the regularity of the reaction layer. While the effect is most pronounced for
the hot-dipped coating the electroplated coating was still proven to be effective and it is believed
that this is due to the ability of the applied coatings to keep the steel surface insert clean while
quickly dissolving into the liquid aluminum.
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Another attractive coating for bonding aluminum and steel would be steel due to its exothermic
reaction with aluminum. Durrant et al. [2] investigated the formed microstructure of thermally
sprayed titanium coatings and their reaction with Al-7wt%Si alloy during a squeeze casting
process. The samples were preheated to 300°C and 900°C before casting and the results of the
study shows only minimal interfacial reaction (only noticed reduction of the titanium oxide) of the
sample preheated to 900°C.

Forming a metallurgical bond between aluminum and steel during casting is as previously mentioned
a difficult task. Application of a zinc coating has been reported [ 14] to improve the wettability of liquid
aluminum and solid steel which helps initiate the otherwise slow metallurgical bond formation. Fast
formation of the metallurgical bond is a requirement casting processes that does not allow much time
for diffusional growth processes. A metallic coating such as Zn or Sn is interesting due to that it is
sacrificial nature and that there is a relatively high tolerance for these in the aluminum alloy
specifications.

A titanium coating is of interest due to the stability of the titanium aluminides which could prove
to be more stable compared to the ternary Al-Fe-Si phases that tend to form Kirkendall porosity
during subsequent heat treatment of the bimetallic casting[5]. Cold spray is a technique in which
powder particles are accelerated to supersonic velocity and impacted on a substrate and adhere due
to deformation of the particles and the substrate[ 15]. This versatile coating technology could prove
ideal for powder metal coating applications.

Objective

This study aims to investigate the efficiency of three metallic (Zn, Sn, and Ti) coatings on the
metallurgical bond formation between a coated mild steel and liquid aluminum alloy. The efficiency
of the coating will be measured by its ability to form a continuous reaction layer between the aluminum
and the iron during hot-dipping in aluminum alloy and casting experiments.

Experimental

Zinc and Tin Coating

Hot-dip coated steel samples were prepared from a 6.3 mm and 12.6 mm diameter mild steel (1018)
rod and cut in to 76 mm long sections. The steel samples were ground to a 600-grit surface finish,
degreased in ethanol and acetone in an ultrasonic bath for 2 minutes, pickled in a 10%HCI solution for
5 minutes, submerged in a water solution of ZnCl and NH4Cl at 38°C + 4°C, and drying in furnace at
100°C+5°C.

The hot-dip galvanized samples were submerged in preheated zinc (99.99%) bath (0.65 kg) at 480°C
+ 10°C) for 30 seconds and carefully extracted from the melt and allowed to air cool. The dipping time
was experimentally determined to achieve a continuous well adhered coating with a limited reaction
layer thickness. The hot-dip tinned samples were submerged in preheated tin (99.97%) bath (0.65 kg)
at 300°C £ 10°C) for 60 seconds and carefully extracted from the melt and allowed to air cool. The
dipping time was experimentally determined to achieve a continuous well adhered coating with a
limited reaction layer thickness.

Hot-dip experiments were carried out with the 6.3 mm diameter coated samples in A356 (7.5 wt%Si,
0.35wt% Mg, and 0.15 wt%T1i) aluminum alloy at 700°C+10°C in a electrical resistance furnace, for
several timesteps to determine the progression of the metallurgical bond formation. The coated samples
were submerged into the aluminum for 1, 3, 5 seconds and carefully removed and quickly quenched in
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water. As mentioned before, the dipping time is measured to be for example 1 second, the real
interaction time between the sample and the melt is more like 3 seconds for certain parts of the sample.
Although care was taken to extract it slowly it still introduces a melt flow around the surface of the
steel.

Bimetallic samples were cast by placing the coated samples (6.3 and 12.6 mm diameter samples) in a
sand mold with the dimensions 25 mm diameter and 39 mm tall. Approximately 10 kg of aluminum
alloy, A356, was melted in an induction furnace and brought up to 725°C and degassed using Ar in a
rotary degasser for 30 minutes and the samples were cast.

The samples were prepared by standard metallurgical preparation methods, and analyzed by optical
microscopy (OM; Nikon), scanning electron microscopy (SEM; JEOL JSM-7000F) equipped with an
energy dispersive spectrometer (EDS, Oxford Instruments or X-Max™).

Cold Spray Titanium Coating

The as-received stock of titanium coated steel was CP-Ti powder cold sprayed on a 1018 mild steel
rod with a diameter of 25 mm. Round samples with a thickness of 8 mm were cut from the stock and
cut in quarters. The preexisting oxide layer of the titanium coating was removed by grinding the coating
with 400 grit SiC paper, etching in a HF(48%):H202(30%):H>O = 1:1:20 solution at room temperature
for 15 minutes, rinsed in deionized water and degreased in ultrasonic bath of acetone for 5 minutes.
Three hot-dip experiments of titanium coated steels were performed aimed investigate the effect of
oxide layer presence and chemistry of the aluminum alloy.

For all of the experiments 0.67 kg of either pure Al (99.99%) or A356 alloy and placed in a silicon
carbide crucible and heated to 700°C £ 10°C in an electrical resistance furnace. The samples were
dipped with the coated surface facing away from the melt surface to allow for a fresh melt front to flow
over the coating. Special attention was put on inserting the substrate within 2 seconds of skimming the
melt surface to remove any excessively thick oxide layer on the melt surface. After removal from the
melt the samples were allowed to air-cool.

The first experiment the samples were submerged in liquid A356 aluminum alloy for 5, 7, 10 and 15
minutes. In the second experiment the samples were dipped in pure aluminum for 1, 2, 5 and 10
minutes. For the third experiment the titanium coating was covered in a commercial titanium brazing
flux, with the composition; 10-25 wt.% Potasium Bifloride, 10-25 wt.% Lithium Flouride, 25-45 wt.%
Potasium Flouride. Then preheated in the furnace for 2 minutes before insertion into the melt and kept
for the following timesteps; 30 seconds, 1 minute, 2 minutes and 5 minutes.

The samples were prepared by standard metallurgical preparation methods, and analyzed by optical
microscopy(OM; Nikon ), scanning electron microscopy (SEM; JEOL JSM-7000F) equipped with an
energy dispersive spectrometer(EDS, Oxford Instruments or X-Max™).

Results

Zinc and Tin Coatings

The hot-dip galvanization procedure yielded a continuous coating with an average Zn layer thickness
19 um (standard deviation of 6 um) and on average 23 um (standard deviation of 7 um) IMC layer.
The tip of the coated steel rod had a small bulge of a slightly thicker zinc layer. A micrograph of the
typical microstructure of a zinc coated steel rod can be seen in Figure 1a, and two phase layers could
be detected using EDS analysis, an inner d-(FeZnio) with the measured composition(11at%Fe and 89
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at%Zn) and the &-(FeZni3) with the average composition (6.5 at%Fe and 93.5 at%Zn) see Figure 1b,
which is consistent with literature.

The hot-dip tinning produced a tin coating consisting of an average 8 um (standard deviation of 2 pm)
thick tin layer and a 2 um + 0.5 um thick IMC layer. A representative micrograph of the tin coated
steel can be seen in Figure Ic. During SEM analysis of the reaction layer it was difficult to get
consistent quantitative measurements of the IMC layer and the average of 9 measurements was
calculated to be 69.9 at.%Sn and 30.1 at.%Fe. The values fit best with FeSn» and the slightly high value
of tin is likely due to the large interaction volume of the electrons producing the characteristic x-rays
and the relatively thin reaction layer.

Steel

Fe-Zn
Delta Phase

Pure Zn

10 pm

Figure 1: a) Micrograph of a hot-dip galvanized steel. b) EDS map of hot-dip galvanized steel with
the phases present indicated. c) Micrograph of hot-dip tinned sample with the corresponding SEM
micrograph in d).

Titanium Coating

A typical micrograph of the cold sprayed titanium coating can be seen in Figure 2a. The average
thickness of the coating is 149 um (standard deviation of 28 pm) the relatively high standard deviation
is due some areas of the sprayed coating has a thinner coating. The thinnest thickness measured was
86 um while the thickest measurement of the coating was 206 um. No chemical reaction layer was
discovered between the titanium coating and the steel substrate. Figure 2b shows the surface
topography of the titanium coating which is pointy in nature and is likely due to the etchants used to
remove the preexisting oxide layer. There is a visible residue particle from one of the cleaning steps
circled in Figure 2c.
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Hot-dipping of Zn Coated Steel in A356

The samples dipped for 1 second in the aluminum alloy still contains a thick layer of metal on the
outside indicating that some of the aluminum instantly solidifies the cold steel surface and the short
dipping time is not enough to reheat it enough for it to melt. Figure 3a shows an SEM micrograph with
elemental EDS mapping of the interface between the steel and the remaining metal on the surface. It
appears that Zn melts very quickly upon contact with the liquid aluminum and there is mixing of the
two metals, see white arrow. There is however, an inner layer that contains on average according to
EDS point analysis 27 at%Zn, 63 at%Al, and 6at%Fe and 4Si at%. Figure 3b is a SEM micrograph
from the same sample at a different location where the inner layer where no reaction is observed. An
outer layer of aluminum can be seen covering the Zn layer without any interaction.

The micrograph in Figure 3¢ which is after 3 seconds of dipping time there are still areas in which the
zinc layer has not completely melted and mixed with the aluminum melt and one area similar to the
one shown in Figure 3b with unmelted zinc was found. Figure 3d is from the same sample but a
different cross section and the white arrow indicates a phase layer present at the steel interface,
quantitative measurements of the composition of the layer proved difficult due to the thin layer in
combination with a relatively large interaction volume of the electrons producing the characteristic x-
rays. The dendritic nature of the aluminum is also visible and the EDS map indicates relatively large
amounts of Zn present, an average of 33 at%Zn was present in the matrix.

After 5 seconds of dipping time no zinc or zinc rich IMCs are present at the interface, see Figure 3e,
and the concentration of zinc within the aluminum matrix has decreased to 14 at%Zn. A very uniform
metallurgical bond formed between the aluminum and steel and was measured to be 7 pm (standard
deviation of 1 pm) thick. Figure 3f shows a magnified micrograph of the metallurgical bond after 5
seconds of dipping and the measured composition of the reaction layer formed is 2 at%Zn, 71 at%Al,
and 20 at%Fe and 7 at%Si which corresponds fairly well with t5s-(Al74Fe>Si) [16].
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Figure 3: SEM and EDS analysis of hot-dip galvanized steel samples dipped in liquid A356 for a)
and b) 1s, ¢) and d) 3 seconds, e) and f) 5 seconds.

Hot-dipping of Sn Coated Steel in A356

The micrographs shown in Figure 4 shows the difference in microstructure of the Sn coated specimen
for dipping 1, 3, and 5 seconds. In Figure 4a the micrograph clearly shows that a reaction layer between
the steel and the liquid aluminum has started to form. The EDS maps corresponding to the micrograph
it can be seen that the layer consists of Al, Fe, and Silicon but very little Sn. It is too thin to get accurate
quantitative point analysis using EDS and the average thickness of the reaction layer is measured to be
2 um (standard deviation of 0.6 um). The micrograph reveals that there is a relatively large quantity
interdendritic segregation of Sn, see white arrows in Figure 4, in the aluminum matrix surrounding the
steel insert.
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After 3s of submersion in liquid aluminum alloy the microstructure is fairly similar to the 1s sample,
see Figure 4b. The bond seems to have advanced slightly and the morphology is slightly irregular. The
thickness of the formed metallurgical bond was measured to be 4 um (standard deviation of 1 um) and
the irregular nature of the bond contributes to the slightly higher standard deviation. The composition
of the phase contains on average 70 at%Al, and 21 at%Fe and 9 Si at% which corresponds to Ts-
(Al7.4FexSi). There are still significant interdendritic segregation of Sn in the aluminum matrix.

In figure Figure 4c the formed microstructure after 5 seconds of dipping is visible. Metallurgical bond
is clearly visible with a thickness of 6 um (standard deviation of 0.9 um) and the EDS point analysis
measures the composition to 1 at%Sn, 69 %Al, and 20 at%Fe and 10 Si at% which similar to the 3
second sample corresponds to 1s5-(Al74Fes>Si). There also seems to be significantly less interdendritic
segregation of Sn.
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Figure 4: SEM and EDS analysis of hot-dip galvanized steel samples dipped in liquid A356 for a) Is,
¢) 3 seconds, e) 5 seconds.

Hot-Dipping of Titanium Coated Steel in A356 and Pure Al

Three different experiments were performed with a titanium cold spray coating. The first experiment
was dipping the substrate in A356, the second in pure Al, and the third in A356 but with a protective
flux to prevent oxidation of the surface.

Overall the reactivity between the titanium and A356 is poor. There was no indication of interaction
until 15 minutes of dipping time, see Figure 5a. The micrograph shows a that a thin reaction layer has
formed with certain section more reacted than other indicated by the white arrow. To identify the
formed phases this sample was investigated in the SEM and analyzed using EDS, see Figure 5b, and
the EDS maps clearly indicate two phases. The thicker layer consists on average of 25 at%Ti, 64 at%Al,
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and 11 at%Si and was identified to be TiAl3 [17] with 10 at.% Si. The silicon rich needle shaped layer
on the titanium interface had a measured composition of 28 at%Ti, 27 at%Al, and 45 at%Si and was
identified to be ti1-(Al2Fes3Si3)[17].

Figure 5: a) Micrograph of a titanium coated steel sample dipped in A356 for 15 minutes. b) SEM
micrograph and EDS analysis of the formed reaction layer.

Pure aluminum initiated a reaction with the titanium at shorter interaction times. Small reaction zones
are visible after five minutes, see the white arrow in Figure 6a. However, after five minutes only small
zones mostly in crevices in the titanium coatings were visible. After 10 minutes of dipping time a
substantial continuous reaction layer has formed between the aluminum and the titanium coating that
is clearly visible in Figure 6b and was measured to have an average a thickness of 68 um (standard
deviation of 12 wm). The reaction layer is ragged and is visually similar to the reaction layer that forms
between pure aluminum and steel[18]. To identify the phase formed between the aluminum and
titanium the 10-minute sample was analyzed using EDS. Figure 6¢ shows the EDS maps and only two
major elements were detected Al and Ti. Analysis of the reaction zone gives an average composition
24 at%Ti and 76 at%Al. This composition is a little high in aluminum but fits well with the binary
TiAlz phase.
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Figure 6: Micrograph of a titanium coated steel sample dipped in pure aluminum for a) 5 minutes b)
10 minutes and c) SEM micrograph and EDS analysis of the formed reaction layer.

For the third experiment a flux paste was applied to compare the effect of oxidation of the titanium and
the effect of alloying elements in the liquid aluminum. To improve the efficiency of the flux had to be
melted so samples had to be preheated to the melting point of the flux which is around 540-595°C. The
flux had a profound effect on the time it takes to initiate a reaction between the Al and Ti. Figure 7
shows micrographs of the interface of the coating and the aluminum alloy and the white arrow indicates
a formed reaction layer. The shortest dipping time this coating combination that was tried was 30
seconds which formed spots of reaction zones. After | minute a thin (~5 um) continuous reaction layer
has formed on the interface which has grown to approximately 8 pum after 5 minutes.

30seconds 1 minute 5 minutes
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Discussion

Efficiency of Hot-Dip Zn and Sn Coatings

Joining two metals does normally require a certain energy input and the available energy for the bond
formation during casting is limited to the energy release during solidification and cooling. From the
results shown in Figure 3a the segregation of Al and Zn makes it look like the zinc melts and starts
mixing with the aluminum alloy. Similarly, Figure 3¢ also shows segregation of Al and Zn and it looks
like the binary dissolution of the Fe-Zn d-phase is progressing from left to right. The results indicate
that the Zn coating seemingly melts and mixes with the Al and assuming this is true also for the Sn
coating this is a phase transformation that requires energy. Studying the bond progression in Figure 3
and 4 it is clear that the formation of the metallurgical bond is initiated fast. These observations indicate
that the limiting factor for metallurgical bond formation during multimaterial metal casting is not
energy input.

The ternary A-Fe-Si IMC layer readily forms at the steel interface after short (3-7 seconds) liquid
aluminum interaction time. The bond was identified to consist of 15-(Al74Fe>Si) which corresponds
well with literature[5] and it is the phase that is in equilibrium with the A356 liquid composition.
However, the binary FesAlis and FexAls could not be detected and is normally accompanying the 1s-
(Al74FesSi) layer at the steel interface as in [3]. Aluminum is considered to be the fast diffuser and the
short dipping time in combination with the fast cooling rate does allow enough time for the formation
of the binary layers.

The lack of a reaction between the reference sample and the aluminum melt despite the fast reaction
rate shows indicates very poor wetting. Wetting angle measurements of binary Al alloys performed by
Fragner et al. [19] states a wetting angle of 59° between Al-7wt%Si alloy and mild steel which is
considered to be partially wetting the substrate[20]. The formation of oxide layers reduces the wetting
between aluminum and iron [19] which is likely one of the contributing factors to the poor wetting of
the reference sample. In addition to the reduction in wetting an oxide film can act as an effective
diffusion barrier.

When casting in steel into aluminum castings two oxide layers can form between the two metals. If the
steel is improperly cleaned there will be an iron oxide layer on the surface and as aluminum flows
alumina will instantaneously form on any newly exposed liquid. If air gets entrapped between the
liquid Al and steel the oxygen will at the elevated temperature oxidize the exposed metal. The Zn and
Sn coating will protect the steel from oxidation but the coating and thin oxide layer on the aluminum
melt front as it covers the surface of the coated steel during insertion.

When aluminum is flowing, or surrounds an uncoated insert it could potentially be covered in a layer
of aluminum oxide while a coated insert is covered in several layers, the innermost will be a layer of
IMCs which bonds the coating to the steel, the metallic coating, a layer of coating oxide, a layer of
alumina from the melt front and then surrounded by the aluminum melt, see Figure 8a and b. While
the melting point of the Zn and Sn oxides are above 1500°C[21], alumina is above 2000°C[22], the Zn
or Sn melts and the solid oxide layers become surrounded by liquid. During a casting operation, the
velocity of the liquid during mold filling will exert shear stresses on the oxide layers. However,
according to boundary layer theory these will be at a minimum close to a surface, see Figure 8c. But
when the coating melts the solid-liquid interface moves which can destabilize the oxide layer and allow
for mixing of the two liquid metals.
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Figure 8: Sketch of the suggested reason for wetting improvement.

The mixing allows for the aluminum alloy to come in contact with the steel surface without any reactive
wetting required. During dipping experiments, the sample exhibit slight different conditions compared
to what a cast-in insert would experience with the biggest difference is during extraction of the sample.
While the rate at which the samples were inserted to the melt is on the same scale as the velocity of a
melt front the extraction step simply does not occur during casting. The effect will be of greater
magnitude for short dipping times but is in a way self-counteracted for the shortest dipping time due
to the instant solidification and extraction of a thick solid/semisolid layer around the steel. However,
when this layer is not present the introduction of melt flow around the steel could affect the results and
show greater efficiency of the coating than what it would during casting.

Comparison: Zn and Sn

In comparison, the Sn coating offers a faster formation of a metallurgical bond between the steel and
the aluminum, a close to continuous ternary Al-Fe-Si layer on the steel surface after 1 second of dipping
time. The higher melting point and thicker coating of zinc seems to slow down the initiation of the
bond and there are still indications of a zinc layer present after 3 seconds of dipping time, see Figure
3c. To increase the efficiency of the zinc coating a common technique to reduce the IMC layer during
hot-dip galvanizing is to add aluminum to the zinc bath. This creates a very thin layer of Fe>Als between
the Zn and the steel which inhibits growth of the 6-phase[14]. Removal of the d-phase could reduce
the time for dissolution of the zinc layer. The Sn coating on the other hand is thinner and the formed
reaction layer is also significantly thinner and has a lower melting point which allowed for faster
metallurgical bond formation.

Quick dissolution of the coating metal is important to reduce the local concentration of coating element
to avoid a macrosegregation within the casting. Elevated concentrations of Sn will as seen in Figure 4
cause interdendritic segregation which if thermally treated could cause incipient melting. Similarly,
excessive amounts of zinc within the interdendritic space can also be seen in Figure 3. These problems
could potentially be alleviated during casting by utalizing the melt flow for removal and dispersion of
the coating material.

Titanium Coating

Generally, the wetting behavior of molten aluminum on the coldsprayed titanium coating was poor and
it took several minutes to initiate any reaction between the two metals. In some cases, there was very
little contact at all between the aluminum and the coating, see Figure 9 which is the interface after 10
minutes of dipping in A356 at 700°C. The inability to achieve continuous contact between the liquid
and the solid could be due to the surface roughness of the titanium coating. Surface roughness does
have an impact on the wetting and will be system dependent [20] and presence of an aluminum oxide
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film at the liquid interface changes the surface tension [23] which could bridge the certain roughness
magnitudes and prevent wetting.

10 minutes

Steel

Analysis of the reaction layer formed between A356 and the titanium coating revealed that there are
two layers forming. A TiAls layer with approximately 10 at.% of Si at on the aluminum which has
been described by previous authors[17, 24, 25] and the second layer is much higher in silicon and EDS
point analysis indicates an average composition of 28 at% Ti, 27 at% Al, and 45 at% Si In comparison
with the results presented by Gupta [17] the composition and shape are in good accordance for the
Taul phase but the location is different. Gupta report formation on the TiAls/Al interface while Figure
7c¢ indicates that there is a thin layer forming on the Ti/TiAls interface and some formation around the
TiAls/Al interface. A similar silicon rich phase was not identified in [24, 25] which are experimentally
more similar to this study. Differences could be due to higher silicon concentrations (~10-12 at.%)
temperatures(750-900°C) in the previously mentioned studies and commercial A356 also contains Mg,
Ti and Fe in small amounts. EDS is semi-quantitative and the large interaction volume of the electrons
make accurate compositional analysis of small phases difficult and prone to relatively large errors and
a more in depth analysis of the phase is required to confirm.

While phase determination is required the elevated Si concentrations at the titanium interface is
interesting since the silicon concentration increases with increasing diffusion distance from the source,
see Figure 12. The liquid aluminum contains ~7.2 at.% Si the TiAls phase ~11 at.% and what is
presumed to be Taul the average measured value is ~42 at.% Si. This layered structure would suggest
that silicon is a faster diffuser through the TiAlz structure compared to aluminum which could be due
to the high affinity between Al and Ti but further investigation is needed to determine the mechanism.
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Figure 10: a) SEM micrograph of the reaction layer of a titanium coated steel sample dipped for 15
minutes at 675°C b) EDS line scans across the interface.

It was determined by Cammarota et al. [25] that silicon reduces the growth rate of the reaction layer.
While there is not enough data within this study to collaborate these findings the reduction in growth
rate could give insights to the difference in time it takes to form a continuous reaction layer between
the Ti coating and pure aluminum vs A356. The time it took for the formation of a reaction layer was
reduced from 15 to 10 minutes. Results from Harach and Vecchio[26] suggests that initially only
aluminum is able to penetrate the oxide layers and during interaction and formation of TiAls the oxide
layer breaks down and more solid surface is exposed to aluminum. This type of reactive wetting or
exposure of oxide free metal surface would be dependent of the growth rate of the TiAl; which is
reduced by the additions of Si in the aluminum.

Pure aluminum allowed for faster reaction layer formation but the fluxed sample further reduced the
time (10 minutes to 30 seconds). The flux enables preheating of the sample without oxidation of the
titanium and could further improve wetting by breaking the aluminum oxides on the liquid metal. The
significant improvement would suggest that the oxide layers has a greater effect on the timescale for
metallurgical bond formation compared to the melt composition.

In accordance with [26] the reaction did not proceed upon cooling which would be an indication of
self-propagating high-temperature synthesis coating. Which could be due to not reaching the adiabatic
temperature (1245°C [27]) and if ignited such temperature could be hard to keep due to efficient heat
transfer to the liquid aluminum.

The morphology of the reaction layer formed between the titanium and pure aluminum, see Figure 6b,
is similar to the morphology between pure aluminum and iron. However, the formed TiAls is looks to
be more porous, similar to [17, 26, 28], in morphology, and islands of Ti isolated from the titanium
coating is left behind the growth front, see Figure 11a. A magnification of the area within the white
square of Figure 11a can be seen in Figure 11b where it can be seen that the liquid aluminum penetrates
in between Ti powder particles (red lines in Figure 11a) that are not completely fused together. The
islands of Ti within the reaction layer is larger Ti particles that has not yet been consumed by the
aluminum to form TiAls.
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Figure 11: Reaction layer of the Ti coated steel with pure Al. Growth direction of the TiAls and the
red lines indicate boundaries between powder particles.
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Suitable coatings for multimaterial metal casting

Tin is superior to zinc for accelerated metallurgical bond formation between both A356 and steel. In
the case of industrial application, the price of the coatings, and tin is in today’s metal prices over 7
times as expensive as zinc. There are on the other hand methods available to improve the hot-dip zinc
coating. As mentioned before aluminum can be added to the zinc bath, so called galvalume coating, to
change and significantly reduce the IMC layer formed between the zinc and the steel. Normally there
are also excess zinc wiping techniques employed at continuous hot-dip galvanizing lines to reduce the
zinc thickness. Electroplating is also an alternative to keep the zinc or tin coating thinner compared to
hot-dipping processes. Springer et al [Springer zn] compared electroplated vs a galvanized (Zn with
2wt% Al) coating and reached the conclusion that the hot-dipped coating produced a more uniform
bond to aluminum.

The titanium coating did not yield a metallurgical bond with A356 or pure Al during a reasonable
timeframe for a casting process. However, in combination with a flux the reaction could be initiated
fast enough to be more suitable. Use of this coating would however require further development to be
useful in a bimetallic aluminum-steel component. The coating procedure needs to be optimized to
produce a thinner coating that is consumed by both the steel and aluminum since titanium has
coefficient of thermal expansion that is lower than steel [29]. The difference in thermal expansion
could cause cracks during subsequent heat treatments. The apparent effect of slowing down the
diffusion of aluminum is attractive due the formed Kirkendall porosity during isothermal holding at
the aluminum alloy solutionizing temperatures.

Conclusion

The hot-dip low melting point metallic coatings offer a sacrificial coating that significantly improves
the continuity of the metallurgical bond between aluminum and steel during hot-dipping making them
prime candidates for use during casting. A thin coating with low melting point proved to be more
efficient and instantly allows for a bond to form between the steel and aluminum alloy.

The results indicate that the formation of the metallurgical bond is not delayed due to insufficient
energy input instead poor wetting and most likely poor contact due to oxide layers prohibit its
formation. Sufficient aluminum melt flow is recommended around the insert during casting to facilitate
mixing of aluminum and the sacrificial metallic coating. The flow will ensure transport of oxide layers
away from the insert surface and reduce macrosegregation of coating material around the insert.

Cold sprayed titanium coating exhibits poor wetting of aluminum and is due to the presence of oxide
layers. The wetting can be substantially improved by the application of a flux and a metallurgical bond
can be quickly initiated. Presence of Si seems to further delay reaction and slow down the diffusion of
aluminum through the reaction layer.
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Appendix F

From Theory to Practice: Specimens for Mechanical Testing
A Practical Guide to Multi-Material Metal Casting of Aluminum and Steel
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Introduction

The theoretical aspects of multi-material metal casting are quite well known with to the assumption
that hot-dipping experiments of steels into liquid aluminum equates the casting procedure. While
this is true for many aspects in terms of liquid-solid interaction between aluminum and the steel.
Hot-dipping experiments show good correlation with several aspects of the casting procedure such
as poor wetting, the formation and growth of the metallurgical bond. In other cases such as heat
treatment of components there seems to be a distinct difference between a dipped structure and a
casting, see Appendix D and [1]. However, there is limited information on the potential defects
that can occur as a result of different casting process parameters.

As part of the “Multi-Material Metal Casting” project for the Advanced Casting Research Center
(ACRC) new testing methods for the metallurgical bond strength were investigated. Since accurate
strength measurements are needed to be able to model the stress distribution in bimetallic
components upon loading. If cast-in inserts are bonded to the casting by both a mechanical and
metallurgical bond the resulting strength will be a combination between the two. It can therefore
be complicated to determine how much of the strength that is contributed by the metallurgical
bond and what part is due to the mechanical bond.

A common test method for bond shear strength of bimetallic samples is the push-out method. A
round steel rod is cast-in and then pushed out. In literature, the shear strength measurements show
results ranging from 13 — 114 MPa, see Table 1. The data available shows that there is a wide
spread in the reported numbers. Looking within the experiments of the individual authors there is
a strong correlation between the insert roughness and high strength, with and without a
metallurgical bond present. Using this method makes it difficult to measure the strength of the
metallurgical bond by itself and therefore new testing methods for the metallurgical bond were
investigated.
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Table 1

Layer
Authors Test type  Alloys Insert Manufac. Conditions thianess Strength (MPa)
Durrant et al 1996[2] Push-out Al-7Si Steel Preheat 300 °C - 30.5
Preheat 900 °C - 44.5
Al-coat, preheat 300 °C ~50-80 um 114
Al-coat, preheat 900 °C ~50-80 um 112
Ti-coat, smooth, preheat 300
°C - 5
Ti-coat, rough, preheat 300
°C - 150
Ti-coat, smooth, preheat 900
°C - 34
Ti-coat, rough, preheat 900
°C - 126
Pan et al 2000[3] Push-out A356 Steel Ultrasound vibration 5~8 um 60
Ni/Cu coating, preheat 120
Han et al 2003[4] Push-out A354 Steel °C ~10 um 65
Dezellus et al 2007[5] Push-out A413 Steel Al-coat, preheat 735 °C 12~14 ym 92
Li et al 2012 [6] Push-out Al-2Si Aust-Cast-iron Al-coat, preaheat 700 °C - 3.6
Al-6Si Aust-Cast-iron Al-coat, preaheat 700 °C - 8.8
Al-11Si Aust-Cast-iron Al-coat, preaheat 700 °C ~20 pm 13.6
Al-16Si Aust-Cast-iron Al-coat, preaheat 700 °C - 4.8
Aguado et al 2013[7] Push-out AlSi7Mg0.6  Steel Degrease - 13
AlSi7Mg0.6  Steel Pickling - 12
AlSi7Mg0.6  Steel Pickling, preheat 100 °C - 14
AlSi7Mg0.6  Steel Pickling, preheat 300 °C - 12
AlSi7Mg0.6  Steel Shot blast - 31
AlSi7Mg0.6  Steel Pickling, Al-coat * 2
AlSi7Mg0.6  Steel Zinc coat (hot dipped) * 14
AlSi7Mg0.6  Steel Zinc coat (plated) * 14
AlSi7Mg0.6  Steel Cu/Ni coating * 19
AlSi7Mg0.6  Steel Shot blast, Al-coating * 22
AlSi7Mg0.6  Steel Shot blast, Cu/Ni coating * 27
Salimi et al 2017[8] Push-out 1035 Steel (M040) Al-coating ~21 pm 23
Push-out 1035 Steel (M040) Cu-coating ~39 um 31
Objective

The purpose of this guide is to give general design and processing guidelines to successful
metallurgically bond ferrous inserts to aluminum during multi-material metal casting. Two
components, for testing shear and tensile strength of the metallurgical bond as part of the project
“Multi-Material Metal Casting” for the Advanced Casting Research Center (ACRC) will be used

as an example.

It will give suggestions on the following steps for making a successful casting:

e Component design
Materials selection
Mold and tooling design
Insert design
Casting procedure

Component design
Investigating the strength of the metallurgical bond requires that it is separated from the influence
of a mechanical bond that forms due to internal residual stresses. Trials with a simple geometry
for tensile test specimen, see Figure 1a, showed a lot of scatter in the data from samples collected

from the same casting, see Figure 1b.
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Figure 1: a) Test specimen of simple geometry. b) Stress vs strain curve for 3 samples taken from
the same casting.

The large scatter in the data is likely due to the difficulty in aligning the sample so that the stresses
are perpendicular to the bond. If the sample is slightly of center then stress will be concentrated in
one of the corners of the sample and the effect of small edge defects are exagerated. This in
combination with the fact that the brittle layer has little resistance to the crack propagation. Figure
1c shows the fracture surface of the which indicates that the fracture occurs between the binary
and the ternary layer as well as through the ternary ts-(Al7.4Fe2Si) layer. The sharp edges of the
the 15-(Al7.4Fe2Si) phase has a cleavage plane that it preferetially fails at.

Instead of following an ASTM standard a military specification (MIL-J-24445A) was suggested
to ease alignment during testing. The tensile test specimen and testing procedure can be seen in

Figure 2. To quantify the shear strength a shear lug test will be performed the specimen and the
setup can be seen in Figure 3.
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Figure 2: a) Specification for the tensile strength specimen. b) Method for testing the tensile
strength of the metallurgical bond.
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Figure 3: a) Shear test specimen for the triple lug shear test. b) Test setup for the shear strength
tests.
Casting Design

Cast-in the Insert

Initial trials at the ACRC showed that it is very difficult to make the samples without the cast-in
approach. If the melt is cast over steel then due to insufficient wetting of liquid on the mold wall
a sharp angle tends to form at the aluminum/steel interface, see Figure 4a. Figure 4b shows cracks
that formed during a sessile drop wetting experiment. The sharp angle acts as a stress raiser and
the bond tends to crack along the brittle interface during solidification due to shrinkage of the

liquid aluminum.

Steel
Mold

- Steel

200 pm |

Figure 4: Sketch of sharp angle created due to insufficient wetting.
Two different castings were designed with geometries that would make them suitable for

machining, allow for shrinkage around the insert, see Figure 5. They provide a small insert to
cavity ratio providing time for solidification and a relatively long fill time which allows for a lot
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of flow around the insert. The molds, see Figure 6 were designed to have a very even flow during
filling. The importance of shape and flow will be discussed in the next section.

Aluminum

>

Figure 5: Dissimilar metal castings that are to be machined to the mechanical testing specimens.
Left is the casting for the tensile strength and right for the shear strength.

Figure 6: Molds to make the castings for the mechanical properties. Left is the casting for the
tensile strength and right for the shear strength.

Mold Design

The diffusional nature of the metallurgical bond requires both time and temperature to form and
grow. It is also very likely that there is going to be a need to do some form of interfacial engineering
on the insert to speed up the bond formation. These requirements influence many aspects of the
design process of a mold that is designed to make bimetallic castings and a few considerations is
worth discussing.

1. Melt flow
Melt flow around the insert will determine the supply of hot liquid metal without impurities. The
formation and growth of the bond relies on both the temperature of the melt as well as the
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diffusional transport of iron. High flow will assist in removing impurities from the surface and
provide fresh aluminum which speeds up the bond development. However, dissolution of iron also
means that too much flow will reduce the size of the insert. Iron only provides strength within the
steel and reduces strength for aluminum, see the effect of dissolution in Appendix C.

If a coating is utilized to initiate the bond formation the flow around the insert is necessary to
transfer the residues of the coating away from the bond area. While metallic coatings are dissolved
in liquid aluminum other methods for improving wettability like a flux (will be discussed in more
detail below) needs to be transported away and out of the casting, see Appendix E.

2. Heat transfer

The volume ratio between the insert and the casting cavity is also important to consider. Especially
if the insert will be of a different temperature compared to the aluminum alloy since this will
establish the amount of heat and time the solid surface will be in contact with the liquid aluminum.

There can only be one solidification front operating during solidification. If the solidification starts
at both the insert and the mold wall the shrinkage will not center around the insert. This will cause
residual stresses away from the insert, see red arrows on the right side of Figure 7a. Depending on
the direction of the solidification front (from the insert out to the mold or from the mold to the
insert there will be more or less residual stresses holding the insert in place. For maximum
mechanical bonding the solidification front should start at the insert interface as in the left side of
Figure 7a. Figure 7 b and ¢ shows worst case scenario when two solidification fronts are operating
which causes no mechanical bond which in turn prevents any metallurgical bond.

1
Figure 7: a) Sketch of the solidification fronts (black arrows) in a bimetallic casting. The red
arrows represent stress that is induced to the shrinkage during solidification. b) Casting in
which there were two operating solidification fronts which can be seen at the top resulting in no
mechanical or metallurgical bond. c) Cracks which are likely due to the induced stresses due to
residual stress as a result of multiple moving solidification fronts.
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Design of Insert

The design of the insert needs of course to be optimized for the final applications but there are a
few things that needs to be considered for the casting part. The shape and size of the insert needs
to be well thought through if the casting is going to be heat treated. Difference in thermal expansion
and the low strength of aluminum at elevated temperatures can cause cracking and distortion. The
system appears to be size dependent which could change the diffusional behavior during solid state
diffusion, see [1] and Appendix D. The sharp edges and corners needs to be made with a curvature
to minimize any risk of cracking, see Figure 8 and 9. The shape also has to be optimized to allow
for proper filling of the mold so that contact between the molten aluminum and insert is secure,
see Figure 9 and 10.

Figure 8: Crack formed at the corner of the insert.

Figure 9: X-ray image of the tensile specimen were a crack formed at the edge of the round
insert and a gap which could be due to improper filling.
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Figure 10: Incomplete filling due to the insert is blocking the flow of the molten aluminum.

Materials Selection
While this is not applicable to the Multi-Material Metal Casting project since it had predefined

aluminum alloys of interest there are still some considerations that are of importance. Mild steel
(1015) rods with the diameter of 0.125°” were cast into the tensile bars in the ASTMB108 mold as
depicted in Figure 11, centering proved very difficult so many were of centered but were tested
for mechanical properties. The resulting stress vs. strain curve can be seen in Figure 12. While the
stiffness and yield strength showed a marginal improvement the UTS showed very little
improvement from which a couple of conclusions can be made regarding the materials selection.

Steel T — \
. A\
356 — — \
Figure 11: Ideal specimen geometry but centering was difficult so most steel rods were slightly
off-center.
250

Stress (MPa)

0 1 2 3 4
Strain (%)
Figure 12: Ideal specimen geometry but centering was difficult so most steel rods were slightly
off-center.
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Aluminum alloy

1.

2.

Ductility equal to insert — Ductility of the aluminum alloy needs to higher or equal to the insert.
Otherwise cracks can initiate and failure occur before the steels strength has been utilized.

Minimize heat treatment requirements — Avoid alloys that requires T6 heat treatments due to the
crack formation within the bond during quenching. If a solutionizing step is required, it needs to
be minimized since it activates diffusion along the bond interface and voids are created, see

Appendix D.

Composition changes thermal stability — Composition matters. Both during the liquid-solid
interaction and the solid-solid interaction which influences growth rates of the metallurgical bond.
Silicon has a good tendency to reduce the overall thickness of the bond and showed very little
change during thermal holding at 180°C, see Appendix D.

Insert Alloy

I.

Stiffness and Strength greater than aluminum alloy — Since the steel will experience elevated
temperatures during the processing it is important to pick an alloy that is not dependent on cold-
working or other heat treatments to achieve good properties. More obviously, a ferrous alloy that
has a much greater strength and stiffness compared to the aluminum casting is desired and
considering the low ductility of many aluminum casting alloys there is a lot of choice.

Composition changes growth — The composition of the ferrous alloy can be selected to reduce
growth of the intermetallic layer formed. This is however also going to affect the ability of the
system to form a metallurgical bond, see Appendix A and Figure 13. Figure 13 shows the difference
in the amount of metallurgical bond formation of a nitride steel dipped in aluminum and is from
Masters’ Thesis by Chiara Bertuccioli. A protective white layer completely prevents a reaction

while the diffusional layer inhibits growth compared to the reference material.

Figure 13: Different parts of a nitride steel hot-dipped in liquid A356 for 1 minute at 700°C. a)
White a white layer. b) No white layer but a diffusional zone of N. c¢) Reference material without

white layer.

Coatings
To initiate a metallurgical bond, it is recommended to use a coating. A coating will improve the
wetting of the liquid aluminum and at the same time keeping the interface clean providing an
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opportunity for a defect free bond. The type of coating will depend on the casting process and the
restriction of only allowing one moving solidification front. Two examples will be discussed, a
sand casting and a permanent mold casting.

Sand casting — The low heat transfer to the sand casting mold provides the possibility to start the
solidification front at the insert interface essentially utilizing it as a chill. This requires a relatively
cold insert and thus the low-melting point coatings discussed in Appendix E can be utilized.
Initiation of the solidification at the insert should maximize the mechanical bond.

Permanent mold — It could be very difficult to initiate the bond at the insert interface due to the
high heat transfer into the steel mold but if the insert is preheated to a high temperature dual
solidification fronts can be avoided. However, the low-melting point coatings will not be able to
withstand the elevated temperatures needed for preheating.

Machining

The final step before testing the mechanical properties of the metallurgical bond is to machine the
samples out of the castings. Transforming them from what is seen in Figure 5 to the dimensions in
Figure 2a and 3a. Due to excessive forces and impacts it proved extremely difficult to machine out
the specimen from the casting using traditional machining. Out of 5 shear samples only one lug
stuck to the steel, see Figure 13, the red arrows indicate the lug that remained attached to the steel.

The fracture surfaces were examined, see Figure 14, and the fracture appears to proceed through
between the binary Al-Fe phase layer and the 15-(Al74Fe2Si) phase. The flat surfaces present at the
break indicates that there are certain cleavage planes that facilitates the failure through this phase.

Figure 13: Machined shear samples with the red arrow indicating the only lug that stuck to the
steel after machining operation finished.
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500 pm 500 pm

Figure 14: SEM micrograph of the fracture surface on a) aluminum side, b) steel side and c) with
the corresponding EDS maps for the steel side.

Conclusion

While some of the presented discussion above is more practical and in a way common sense there
are certain conclusions that can be drawn. For example, the bond between the ferrous alloy and
aluminum will be dependent on the casting process and how it is solidified. The solidification will
determine the internal residual stresses around the insert which seems to be affecting not only the
mechanical bond but can also alter the diffusional behavior during heat treatment. As a result of
this the available data from literature can be difficult to trust since it is hard to estimate the specific
conditions for each data point in literature.

For inserts that requires a high preheating temperature a liquid flux coating would be suggested.
By preheating the insert in a liquid flux bath and the quickly placing it in the mold an oxide free
preheated steel insert can be cast-in. For a high integrity casting this need to be combined with
properly designed mold to transport away flux residues from the casting out to a riser or a part that
is going to be machine away.

In conclusion, the following guidelines for successful metallurgical bonding during multi-material

metal casting with aluminum and ferrous inserts are proposed:

1. Component and Casting Design — The metallurgical bond should in the extent possible be cast-in
so it is surrounded by aluminum to prevent failure along the brittle intermetallic layer.

2. Mold Design —

e Melt flow — Generally a higher flow rate is better around the insert to promote bond
formation and to remove any eventual coating residues.

e Heat transfer — The volume ratio of insert to mold cavity will determine the amount of heat
available for bond formation and thus should rather be lower than higher. There can be
only one solidification front to avoid formation of counterproductive residual stresses.

3. Insert Design — Large complex insert could be difficult to predict the behavior during heat
treatment in manners of both diffusion within the metallurgical bond and distortions due to
difference in thermal expansion. The edges of the insert need to have a curvature to prevent crack
initiation and propagation.

4. Materials Selection —
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¢ Aluminum alloy — Should be selected to have a higher ductility than the ferrous alloy and
should preferably not require extensive heat treatments. Composition of the aluminum
alloy can change the thermal stability of the bond.

e Ferrous alloy — Should have greater stiffness and strength than aluminum to maximize the
benefits of the bimetallic component. The composition of the ferrous alloy can change the
growth of the metallurgical bond.

5. Coatings — The coating is necessary to form a defect free continuous metallurgical bond and needs
to be selected based on the casting process.

6. Machining — The metallurgical bond is brittle and it is not recommended to machine the
components in a manner where it is completely exposed.
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