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Zusammenfassung/Abstract

Kurzfassung

Die Vorgaben von Politik und auch von den Fahrzeugherstellern fir Gewichtsreduktion und
Produktionskostenminimierung zukinftiger Transportfahrzeuge werden immer strenger. Aus
diesem Grund gewinnt das Konzept des Multi-Material-Mixes immer mehr an Bedeutung. In
diesem Kontext sind Aluminium-Stahl-Verbunde, welche durch Verbundguss (Stahl-Insert mit
Aluminium umgossen) hergestellt werden, aufgrund ihres hohen Einsparungspotenzials bei
gleichzeitiger Funktionsintegration von besonders groBem Interesse.

Ein wichtiger und kritischer Aspekt dieser Verbundgussteile ist die Ausbildung
intermetallischer Phasen (IMP) an der Grenzflache vom Stahl zum Aluminium. Sowohl die
genaue Auspragung der méglichen IMPs als auch deren Bildungskinetik ist noch nicht ganz
verstanden und verlangt daher nach einer systematischen Untersuchung.

Diese Arbeit beschéftigt sich mit der Bildung der intermetallischen Phasen an der
Grenzflache von Stahl zu Aluminium und Aluminiumlegierungen. Ziel dabei war es, die
auftretenden Phasen zu bestimmen, die Bildungskinetik zu charakterisieren und nach
Mdoglichkeit die Phasenbildung in Abhangigkeit der Zeit zu modellieren. Aus diesem Grund
wurde nach der Herstellung von definierten Phasen im Labor zur Kalibrierung verschiedene
experimentelle Methoden zur Phasenbildung angewendet:

e Schwerkraftkokillenguss mit unterschiedlichen Al-Fe-Massenverhaltnissen

e Benetzungsepxerimenten in einer sauerstoffarmen Atmosphéare

e Eintauchversuche in Reinaluminium, bindren und kommerzielle Legierungen

e Squeeze Casting von Inserts im industrienahen Umfeld

Das System AI-Si, welches im Formgussbereich dominierend ist, besitzen komplexeste
Phasenauspragungen mit vielen unterschiedlichen, gleichzeitig auftretenden Phasen im
Interface, wie etwa Fe,(Al,Si)s (n), FeAl,Si (1), FeAl.Si (11) und FesAlsSio (13). Dies flhrt
unter anderem auch zu einer geringeren Schichtdicke, was sich negativ auf die Anbindung

im industriellen Umfeld auswirkt.

Im Rahmen der Arbeiten konnte aber auch gezeigt werden, dass eine chemische
Verbindung zusatzlich zu Formschluss und Kraftschluss dem Verbund weitere Festigkeit
verleihen kann, je nach Legierungssystem min. 5 MPa (Al-7Si) bis max. 24 MPa (Al-7Zn).

AbschlieBend werden dem Anwender praxisnahe Tipps und Parameter gegeben, wie im
industriellen Umfeld ein stoffschllssiger Verbund am glinstigsten zu erreichen ist.



Zusammenfassung/Abstract

Abstract

The requirements of politics and manufacturers for weight-saving and low-cost production of
prospective of components for future transport vehicles are getting more and more severe.
For this reason the concept of multi-material mix is of increasing importance. In this context
aluminum-iron compounds produced by means of compound casting (steel insert recast with
aluminum) are considered to be of particular importance due to their high potential for cost

savings and integration of function.

An essential and critical aspect of such compound castings is the formation of intermetallic
phases (IMP) at the Al-Fe interface. Both the nature and the kinetics of potential IMPs are

not well understood and require a systematic investigation.

This work deals with the formation of intermetallic phases at the interface of steel to
aluminum and aluminum alloys. Aim of this thesis is to determine the emerging phases,
characterize the kinetics and model the time dependent phase formation if possible. For this
reason several experimental methods of phase formation were applied after producing
calibration samples of defined phases in the laboratory:

e Gravity casting with different Al-Fe mass ratios

e Wetting experiments under a controlled atmosphere

¢ Dipping trials in pure aluminum and binary commercial alloys

e Squeeze Casting of inserts in an industrial environment.

The system Al-Si, which is dominant in shape casting industry, produces the most complex
phase morphologies with different, simultaneously emerging phases at the interface such as
Fe,(Al,Si)s (n), FeAl4Si (16), Fe-AlLSi (11) and FezAl4Sis (13). This leads to a reduced interface
thickness among other things, which has a negative influence on the bonding in the industrial

environment.

However, it could be also shown that a chemical bonding can add strength to the compound
additionally to shape- and force bonding, which range from at least 5 MPa (Al-7Si) to a
maximum of 24 MPa (Al-7Zn).

Concluding this thesis are practical tips and parameters for the caster on how to obtain

chemical bonding in the industrial environment.
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Introduction

1. Introduction

1.1 Motivation

The desire to reduce CO, emissions is omnipresent at the moment (2012) as it is also legally
enforced.!"! Especially the transportation industry and particularly the automotive industry as

a means of individual transport wish to reduce this impact in greenhouse gas emissions.?

There are several ways to achieve the goal of CO, emission reduction, one is by making the
engines and the components for the power-train more efficient, developing new technologies
like start-stop automatic and hybrid concepts® including energy recovery (micro-, mild- and
full-hybrids)™ or engine downsizing just to name a few. Weight saving is a key issue™ as fuel
consumption is directly proportional to weight.! Therefore less weight means less CO;
emissions and thus "greener" cars.”! Furthermore decreasing gas consumption also means
cost savings, an increasingly important buying decision for many customers. Weight saving
becomes even more necessary with hybrid electric cars as the load of electric components
and the battery adds up comparing to similar cars that run solely with a combustion engine.
Heavy necessities such as safety and convenience features further increase the vehicle
mass and therefore demand light-weight components, both in material and design, in order to

keep the final car weight at a moderate level !

Weight saving can be accomplished by various ways which include thoughtful construction
from the beginning.®! A frequently used approach is to lighten the car body, also named
body in white, in the beginning of the production process. Besides the engine motor
components and power-train applications can contribute significantly to mass reduction
without the customer noticing it. Lightweight design and construction is here a key factor.
However, most replacements of components with weight-saving potential consist of one
material type due to difficulties in making joint material parts. Additionally to ever present
chemical issues (i.e. corrosion) between two different materials with different electrochemical
potentials such as aluminum and steel, components consisting of two materials always
demand a joining technique, which renders the part more expensive than a one material

solution, even though the demands could be better met when using different materials.

A representative material combination for composite parts is joining aluminum to steel: Steel
is strong, ductile and cheap (leaving specialty steels such as TRIP or TWIP steels aside) as

a construction material. Yet, there is a limited capability to integrate several design functions
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in one part in comparison to cast structures that can be accomplished via the casting route.
This is where aluminum and aluminum (high pressure die) casting is a proven and efficient
method in part production. Highly evolved casting processes allow for large parts with
complex geometry, that lead to a high function integration, as component castings and lately
even as structural parts. The cost saving potential via the casting route is huge due to
manufacturing a single part that integrates several other parts and functions from previous
designs. These were usually made up of semi-finished products which included multiple
operations like stamping and joining to finish the assembly. Hence, if the demanded
properties can be achieved, casting is becoming the preferred way of part production. But,
since the strength of aluminum castings is limited, a combination of these materials is
desirable. The joining aluminum and steel using a casting process is therefore a key issue in

further reducing vehicle weight or in finding other industrial applications. °!

The resulting bond between these two materials can have three characteristics, which can
occur all at the same time, but not necessarily.

a. Force-bonding: Aluminum shrinks onto the steel substrate and therefore applies a
force on it which results in a physical bonding.

b. Shape-bonding: Through micro- and macro-gearing the two parts hold together

c. Chemical bonding: Aluminum and steel react upon contact diffuse into each other

and/or form an intermetallic phase which results in a chemical bond.

1.2 Aim of the Thesis

This work deals solely with chemical bonding of aluminum and steel and thus investigates
the possibility of joining aluminum and steel using a casting process (gravity and pressure
assisted) via chemical bonding. In this procedure the solid insert consists of a mild steel
component (such as DX 54 D according to EN 10346)"" "'l and the aluminum is cast in its

liquid state around this insert.

Goal of the thesis is to investigate and characterize the formation of the Al-Fe interface
depending on different aluminum alloys. In the literature several authors discuss the
interaction of pure molten aluminum and iron substrates.'*?®! For industrial applications
however, cast alloys such as Al-7Si are used and here the literature is sparse.?” 28 As a
consequence, this thesis deals also with the influence of mayor alloying elements of cast Al-
alloys on the bonding behavior and its quality. The focus however lies in the observation of
the Al-Si-Fe system, since most of the casting alloys used in the automotive industry lie

2
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within the aluminum-silicon alloy family. The iron counterpart is set to a mild steel substrate

as mentioned before and was not varied.

In order to put the Al-Fe-Si system into the right perspective, not only the binary Al-7Si alloy
is investigated, but also the Al-7Cu, Al-7Mg and Al-7Zn alloys. Reason for this is that there
are some cast alloys that have similar composition as Al-Si alloys, although they are less
often used.

It is important not to forget to gain practical knowledge in order to provide advice to
component designers and the foundryman on which parameters suit best for optimal
chemical bonding. Chemical bonding is generally welcomed primarily with moving parts. With
parts that are solely force bonded a crack could open up between the joined partners upon
load and an electrolyte (salt-water from winter services) facilitates contact corrosion in an
area that does not dry up quickly by the reason of capillary moisture. A chemical bonding
could avoid such a crack.

The thesis is divided in two parts. The first part deals with the characterization of the
interface formation, the second with the modeling of the interface formation based on the
findings of the characterization. At the end, practical advice to the industry should be made.
This is crucial due to the fact that while the chemical bonding certainly adds to the total
strength of the composite material, intermetallic phases that form in the interface are known
to be brittle!""! and therefore reduce the ductility to an extend where the bonding is no longer
acceptable for industrial applications. Hence, a balance must be found between chemical
bonding that adds to the strength and an interface thin enough not to weaken the bond by its
brittleness. For this, two methods of casting need to be investigated: Gravity casting and
pressure assisted casting like squeeze (high pressure casting). These casting procedures
differ in the cooling rate of the aluminum within the process after the cavity is filled.
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2. State of the Art

Compound materials are being already applied to commercial applications in numerous ways
including Al-Fe composite casting, which has been in use since decades and even increased
in recent years owing to the weight saving efforts of the industry. In composite casting, a cast
part is joined with one or more inserts via the casting process which means this is a process
where one partner is solid (Fe) and the other liquid (Al) which embeds the insert. Classical
joining operations like welding, soldering, riveting and clinching can be saved. This method
can be used for different material combinations. The aluminum melt usually has a
temperature of 700°C to 740°C when cast and the steel insert temperature ranges from room
temperature to 300°C at insertion. The insert must be completely dry and not moist, therefore
most inserts are preheated. As noted earlier, the joint in composite casting can have three
characteristics which are force-bonding, shape-bonding and chemical-bonding which can

occur all at the same time, but not necessarily.[29]

2% gluminum shrinks onto the steel substrate and the combination of

For force-bonding
friction and internal stresses due to the different coefficients of thermal expansion apply a
strong force on the insert which results in a good physical bonding. Nevertheless stress
relaxation can reduce the bonding force in the course of the lifetime of the composite.
Additionally, movements can lead to small openings in the bond and via capillary forces

corrosion can occurs in the joint.

Shape-bonding describe a process where the bonding of the individual parts is accomplished
via their geometrical shape and is also a robust form of joining. The large degree of freedom
for shape casting is very beneficial for this kind of attachment. Even so the same restrictions
apply as with force-bonding.

Chemical-bonding is a connection of the two parts on an atomic level. For the composite
casting of aluminum to steel, several intermetallic phases can emerge at the interface which,
as long as they stay intact during the cooling process, can ensure a high-strength bond. To
achieve this, the steel surface has to be removed from any oxides and a re-oxidation has to
be prevented. It is known that intermetallic phases are brittle at room temperature®®® which
means that cracks can easily propagate in the thin layer of the interface. Therefore a purely
chemical-bonding is thought to be less than ideal for strong compound castings and is
always backed up by either force- or shape-bonding or both. In the composite casting
process, force-bonding happens naturally as the insert is generally completely enclosed by

the liquid aluminum.
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2.1 Al-Fe Components

Today the industry already produces and uses components consisting of an aluminum and a
steel part. But these are mostly joined by welding. In general cast structures use force- and
shape-bonding, but not chemical-bonding. Additionally, most of the compound castings that

are in series production serve in the premium segment of the automotive industry.

An example is a brake disk from Brembo (Figure 1), where two different inserts (one ceramic
and one pre-cast iron) are recast into the final component. This helps not only to reduce
weight, but also to reduce the residual deformation at the end of the brake. Another usage of

casting aluminum to steel are bush bearing (Figure 2).

Figure 2: Bush bearing of steel with aluminum insert

For a long time already the so called Alfin Process exists. This technique is used mainly for
high performance diesel pistons (Figure 3). The Piston has three contact rings to the cylinder
wall, of which the first ring bears most of the load. Thus this ring is usually made of austenitic
cast iron. The process works by immersing the cast iron ring in a melt made of a specific Al-
Si based-alloy with the purpose of forming an intermetallic bonding layer, then removing the
ring from the immersion bath, placing it into a mould and then directly afterwards recast it
with the piston alloy. Sometimes this is performed using argon as a cover gas, however the
process is still not well understood concerning the reaction and diffusion kinetics.
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Figure 3: Example of an aluminum piston with a steel insert

High pressure die casting process also use the VarioStruct process (Figure 4), which
incorporates aluminum fins in a steel u-profile to increase rigidity. The process was
developed by the team of Univ.-Prof. Dr.-Ing. A. Bihrig-Polaczek and Imperia GmbH was

created to promote parts made by this process.

Figure 4: VarioStruct part produced via high pressure die casting

While VarioStruct can produce chemical bonding with certain Al-Fe combinations under
particular process parameters, intermetallics of aluminum and steel can be found more
readily by Al-Fe welding applications.®"*! The best known process here is the cold metal
transfer process (CMT) which evolved from the continuous adaptation of the metal inert gas
(MIG) and metal active gas (MAG) welding process. However, CMT is designed to minimize
any intermetallic formation in order to reduce the brittleness of the welding seam as can be

seen in Figure 5.
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Figure 5: Micrograph of a CMT produced welding seam of Aluminum to a steel sheet

Several automotive companies are testing prototypes to implement Al-Fe castings into series
production but little is published so far.

2.2 Die Soldering

In die casting steel, dies and molds are used to form the shape of the casting. Here, an
undesired phenomenon can occur which is called "die soldering" which describes the sticking
of the cast part in the metallic die, generally happening in the high pressure die casting
process. This method is based on the formation of intermetallic phases of Al and Fe (mainly
AlsFe,) that have a lower melting point than the die material itself. This topic has been
investigated and several papers have been published on this subject and how to avoid die

soldering.®®!

This work now uses the findings in the opposite direction and while in usual part casting this
phenomenon is sought to be prevented, efforts are being made for better understanding it
and eventually using it for composite casting.

2.3 The Binary Al-Fe Diagram

In the phase diagram of Al-Fe (Figure 6) shows that several intermetallic phases are
expected in an intermetallic layer between the two bonding partners when going from Fe to
Al, such as FeAl,, FeoAls and FeAls;. However, since the Al melting temperatures in technical
processes are normally below 800°C - mostly about 730°C £ 20°C - formation kinetics might
favor a specific phase.®”! Pure Aluminum is supposed to wet steel at these temperatures
decently, so intermetallic phases can be expected. Additionally, diffusion between the
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bonding partners is expected, especially from iron into aluminum, since in liquids, diffusivities

are at least several orders of magnitude higher than in solids.

If binary Al-alloys are used, the situation concerning possible intermetallic phases (IMP’s)
gets even more complex, both regarding their type and their formation kinetics. In a first step,
besides pure Al, three different binary test-alloys were selected for the investigation: Al-Si,
Al-Cu and Al-Zn, each with 7 weight percent (£ 0.1 wi%) of major alloying content.
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3. Experiments and Procedures

To understand the mechanisms of the interface formation of the binary Al-Fe system (solid
steel insert recast with molten aluminum) and the ternary systems with additional copper,

magnesium, silicon, and zinc experiments were conducted.

3.1 Creating defined binary intermetallic Al-Fe phases

Calibration samples were produced to create a batch of reference phases. The aluminum
(and aluminum alloys respectively) and steel samples were fixed in their composition and
came from one batch to evaluate and characterize the according Al-Fe phases and their
properties. The material was created using an electric arc furnace in a protective atmosphere
(99.9999% Ar). To create the phases according to the following mass ratios were used:
90 AI-10 Fe, 80 Al-20 Fe, 70 Al-30 Fe, 23 Al-77 Fe, 27 Al-73 Fe and 17 Al-83 Fe.F*

For the production of the calibration phases, ingots with a purity of 99.999 wt% Al and
99.98 wt% Fe were employed. The metals were molten together in the electric arc furnace,
then wrapped in a molybdenum foil and stored in evacuated quartz ampoules. They were
tempered in a resistance furnace for 170 hours at 850°C and then quenched in distilled water

at room temperature.

Characterization was carried out via XRD (Philips MPD diffractometer and Image-Plate-
Guinier-camera) to examine the lattice structure and parameters. The chemical compositions
of the intermetallic phases were investigated via scanning electron microscope SEM and
energy dispersive X-ray analysis (EDX, Philips XL 30 FEG ESEM and EDAX Phoenix
System with correction factors).

It was discovered that individual Al-Fe phases of Al-Fe compound castings were sometimes
very thin (1 um or less). Since the analyzed area activated by the 20 kV accelerated electron
beam (and thus the source of the X-ray quanta) is sometimes larger in the extent of several
um, than the phase itself, the X-ray spectrum produced originates from the area surrounding
phase as well and lead to a tampered and biased quantitative result.

Analyses carried out at a lower acceleration voltage of the electrons (for instance 5 kV) have
a lower penetration depth and therefore, the amount of the spectrum that comes from the
surrounding area is smaller. The disadvantage of such a low acceleration voltage is that X-

ray quanta with energy of less than 5 kV may not be sufficient for some elements to be
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detected properly, and for that reason the resulting signal is sometimes not completely

distinct.

Fe and Al deliver well separable peaks in this energy band which can be used for
quantification which is not the case in ternary systems with elements such as copper,

magnesium, silicon and zinc.!*”!

Though the EDAX analyzing software delivers a different result via integrated correction
factors at 5 kV than a quantification at 20 kV, the reproducibility of the analysis is excellent
and can be used for the designation of individual phases as Table 1 illustrates.

Table 1: Averages and Standard deviations of EDX analysis of 71Al 29Fe (FesAly) and 75,5A1 24,5Fe
(Fey3Al, or more commonly named FezAl)

Average Standard deviation

Al Al Fe Fe Al Al Fe Fe
wt%e at% wit% at% wt% at% wit% at%

71Al 29Fe @ 20 kV 562 71.8 448 28.2 0.17 0.12 0.17 0.12
71Al 29Fe @ 5 kV 478 655 522 34.8 0.38 0.35 0.38 0.35
75,5Al 24,5Fe @ 20 kV 61.7 77.0 383 23.0 0.12 0.09 0.12 0.09
75,5A1 24,5Fe @ 5 kV 549 716 451 284 0.52 0.43 052 043

After all possible Al-Fe phases were produced and characterized, the system Al-Fe-Si was
examined. The following phases were made and identified using the same procedure as
described above: T4 (FesAlsgSiz7), TS (Fe2Al;Si) and T6 (FeAl,Si).

The phases T4-T6 were evaluated via EDX and the data used as standards for the phase
characterization of intermetallic phases that develop in the "real" life interface, that is the Al-

Fe bonding in casting experiments between the aluminum alloy and the steel insert.

Another important mechanical property of materials is their hardness. Especially for
composite materials, different hardness values of the bonding partners play a crucial role for
the final product. A relatively soft aluminum is cast around harder steel to form even harder
intermetallic phases.*"! Therefore, the micro-hardness of the most frequently emerging
aluminum-iron phases (AlsFe, more correctly Fei3Al4, and AlsFe,) was investigated.

10
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While high micro-hardness values could be confirmed, the intermetallics phases were very
brittle. This can be seen in the typical cracks!*? at the pyramid edges of the micro-hardness
indentations on Figure 7.

Sampling Parameters: Load (F): 100 Newton
Load time: 10 seconds

Vickers hardness values:

AlsFe,: 935 +8 HV 0,1
AlsFe: 765 +11 HV 0,1

The results obtained correspond well with values from the literature.*?!

Figure 7: Measurement of micro-hardness: a) AlsFe, and b) AlzFe

11
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3.2 Gravity Casting using defined Mass Ratios

Using form industrial gravity casting conditions, the experiments should show until which
mass ratio of liquid pure aluminum and solid low alloyed steel (material number 1.0226)

intermetallic phases. For this purpose, steel cubes were recast with aluminum.

Aim of these trials is to find out at which mass ratio between aluminum and steel an interface
formation happens and what kind of intermetallics form. Due to the relatively low heat
conductivity of steel compared to aluminum, a higher surface temperature of the smaller
steel cubes compared to the larger one is expected. Furthermore less heat is absorbed by
smaller steel cubes. These factors should lead to a wider intermetallic phase zone (IMPZ) at
the Al-Fe interface.

For the trial aluminum with a purity of 99,97 % was melted and kept at a temperature of
700°C. The steel cubes were lowered into the die via a 0,5 mm thick iron wire so they were
hanging freely in the middle of the die, which was itself a hollow steel cube with an open top
having 100 mm edge length (volume of 1 I). The steel cube was hanging in the middle at a
height of 50 mm — half of the side length and could be recast on all faces. A schematic of the
experimental setup is depicted in Figure 8.

/]

VRV RURORORE.

' steel !

' insert

| atRT i~
Al-melt at
700°C

Figure 8: Schematic of setup for recasting of steel with aluminum at different mass ratios

Two of the cubes had thermocouples installed as well to record the cooling curve. These
cubes were the one with Fe-Al mass ratio 1:1 and 1:50. Seven different mass ratios were
cast as shown in Table 2.

12
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Table 2: Mass ratio of steel to aluminum

mass ratio sslt(l Z:i‘:ﬂ: weigh; steel weight agljuminum
mm
1:1 62.7 1921.7 1921.7
1:2 52.0 1095.9 2191.7
1:5 39.4 478.7 2393.5
1:10 31.6 246.9 2469.3
1:15 27.7 166.4 2495.6
1:25 23.5 100.7 2517.1
1:50 18.7 50.7 2533.4

At the beginning of the experiment, the steel cube hat a temperature of 25°C, the aluminum
700°C and the die temperature was between 250°C and 300°C. After cooling, the composite
was cut in four parts. In every quarter, a steel part was embedded as it can be seen in

Figure 9.

steel insert

transition region

T
(T R
.

. U TR 60
aluminum i

Figure 9: Quarter of a sample of steel recast with aluminum

Figure 10 shows the cooling curve and rate during the cooling of the smallest (18,7 mm, blue
line, mass ratio Fe-Al 1:50) and the largest steel cube (62.7 mm, red line, mass ratio Fe-Al
1:1). It can be noticed that the small cube maintains a high temperature (which is 660°C, the
melting temperarure of pure aluminum) for a longer time (3 min) than the large cube which
absorbs so much heat out of the aluminum that the system cools down rapidly. The two lines
(light blue and orange) indicate the cooling rate (at the secondary y-axis) in °C/s. A maximum
cooling rate can be observed, which is much larger with the big mass of the large steel cube.
Once the temperature of the melt equalizes in the die, the cooling rate evens out at a low

level.
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Figure 10: Cooling curve and cooling rates of steel cubes recast with aluminum

3.3 Wetting Experiments

The wetting experiments were conducted using an experimental setup depicted in Figure 11.
The system is gas tight and runs under different atmospheres as well as under vacuum. In a
horizontal furnace (Lindberg Blue M) a quartz glass cylinder was inserted. A mild steel plate
of size 30 mm x 15 mm x 2 mm (material number 1.0226) was placed inside and serves as
the substrate. Small amounts (about 2 g) of aluminum or its binary alloys were placed inside
a quartz glass syringe. The system was heated to 600°C and then kept for two minutes to
allow any volatile substances to disappear. Then the arrangement was heated to 700°C and
kept additional 5 minutes for the Al-alloy to melt. After this procedure, part of the liquid Al
(about 1 g) was pushed out of the syringe using the steel rod manipulator. In doing so, any
oxide of the aluminum was stripped off. When the Al-alloy had contact with the steel plate for
10 seconds at the desired temperature, which was 700°C for the first series of experiments,
the system was air cooled to room temperature.

14
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Flat- Resistive heating Quartz glass Quartz glass
bottomed ; . g
quartz elements syringe piston Gas valve
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Thermocouple l Steel rod
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system

Figure 11: Experimental setup for wetting experiments

At first, inert gas (Argon 5.6 and 6.0, and Ar with 7 % H,) was used. But since oxidation of
the steel plate could still be observed and the wetting mechanism of Al was reduced, the
wetting procedure was finally performed under high vacuum (5-10° Pa) using an ABB turbo

vacuum pump. The heating curve and the experimental procedure are shown in Figure 12.

800
i wetting Fe substrate with Al
700 - and holding for 10 seconds
600 + ]
= : holding at 700°C cooling the system
8 500 stabilizing the system /
[J] L
32 400 I venting and taking
g i sample out of system
g— [ holding and reducing the
8 800 T pressure 0 5.10°mbar U |
200 - f NG N
heating and vacuuming of the system
100 £/
0 ‘ T T T T T T
0 5 10 15 20 25 30 35
Time (min)

Figure 12: Temperature profile and experimental procedure of the wetting experiment

3.4 Dipping Experiments

For characterizing and modeling the reaction and diffusion kinetics an experiment had to be
designed to understand the speed of the interface formation. Furthermore the tests should be
easily conducted in order to start and stop the reaction within a second and be very
reproducible to get proper results to work with.

15
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A good way to achieve these goals where dipping experiments: Aim of these experiments is
the metallographic assessment of intermetallic phases (IMP) and the intermetallic phase
zone (IMPZ) at the interface between the mild steel insert and aluminum and aluminum
binary alloys respectively as a function of the exposure time in the melt.

When producing aluminum-steel compounds by means of casting, several different
parameters influence the formation of intermetallic phases at the interface** **!, like the
surface texture of the steel, the preheating temperature of the insert and the die, the
temperature gradient of the interface during casting and the cooling rate of the compound
itself. To reduce this large array of parameters that would lead to an unmanageable trial
matrix the dipping experiments were always conducted at a constant temperature of 700°C
(isothermal) with the steel strip inserts being always alike. Solely the dipping time and the

composition of the aluminum melt were varied.

For the dipping experiments 300 um thick steel strips with electrolytic polished surface
structure and a 2-3 um zinc coating for oxidation protection (zinc coated electrodes from the
company Kocour) were used. The usage of such thin steel plates ensures immediate heating
to the surrounding temperature (Al-melt with 700°C, measured with a type K thermocouple
as outlined in Figure 13a and displayed in Figure 13b) and consequently a quantitative
examination of the steel plate thickness reduction as well as the growth of the IMPZ by
analyzing the cross-sectional area.

Thermocouple

Steel strip

Crucible with Al
melt at 700°C
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Figure 13: Schematic (a) and real (b) world test setup of dipping experiment with steel strips (ambient
temperature) into liquid aluminum at 700°C

The 100 mm long steel strips with a width of 20 mm were dipped into the melt and after
withdrawal cooled in the air at room temperature. For tracking the growth of the IMPZ with
time for each time a new strip was dipped. The following dip times were used: 2, 5, 10, 15,
30, 60 und 120 seconds. For Al-Si alloys additional dip times where 1, 20, 45, 90, 180, 240
and 300 seconds as seen in Figure 14. These supplementary dip times completed the

picture, since they where necessary for accounting for the slower interface formation rate.

Figure 14: Steel strips dipped into a binary Al-Si7 alloy with dipping times ranging from 1 s (left) to
300 s (5 min, right)

Since first trials with small, zinc coated steel plates showed encouraging results with regard
to reproducible results of the growth of intermetallic phases at the interface, the trials were
made not only with pure Al99.7, but also with Al-7Mg, Al-7Zn, Al-7Cu as well as Al-7Si, Al-
12Si, Al-17Si and even the commercial alloys AISi7Mg0.3 and AIMg5Si2Mn.

3.5 Real World Castings

To transfer the findings to the industrial environment squeeze casting (SQC) was applied.
This process is similar to high pressure die casting (HPDC)"® *”! with two differences: a) the
plunger speed is slower (about 0,5 m/s compared to 4 m/s using HPDC) and b) the shot
sleeve is vertical, allowing for laminar melt flow from bottom to top. This process is generally
used for high performance castings*®! with little to no air entrapment and therefore well suited
for the experiments.

The machine, an UBE HVSC (horizontal die movement, vertical shot sleeve) with 350 t
clamping force, is depicted in Figure 15.

17
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Figure 15: UBE HVSC 350 t squeeze casting (SCQ) machine with dosing robot

As a die a so called step die with decreasing wall thickness was employed. The resulting
cast part with its dimensions is outlined in Figure 16 (here without insert). For compound
casting low alloyed steel inserts were placed in the middle of the 14 mm step as depicted in
Figure 17. At the first batch the steel inserts were pickled in 10 % HCI for 1 min and then
immediately inserted and recast. The second test batch was Zn-coated (galvanic coating with
a thickness of 5 um).

18
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Figure 16: Dimensions of step die casting (without insert)

Aim of these trials was the characterization of the aluminum-iron interface and the
identification of emerging faces in an industrial environment. Besides pure 99.7Al the
following binary alloys where tested: Al-7Si, Al-7Mg, Al-7Zn and Al-7Cu.

The melt temperature for the casting was set to 700°C + 7°C and the steel insert was dry and
at room temperature, but heated up quickly to die temperature (which was 245°C as
described in Figure 16). The time from inserting the steel part to the casting procedure itself
is approximately 8-10 seconds (die closing, shot sleeve swinging into place and docking,
casting).

For each material combination five parts were cast. As can be seen in Figure 17, the low
mass ratio of aluminum to the insert is not favorable for a good joint (less than 1:1).
Furthermore the steel oxidized immediately upon inserting it in the die (like blue annealing)*"!
which additionally contradicted any chemical bonding. This proved to be true for the non-
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coated steel inserts as 99.7Al-Fe was the only combination that exhibited an intermetallic

layer at the interface. The other samples had no chemical bonding at all and separated
during the casting procedure.

£ £ ¥ 8 8 L 8 8O0

&

Figure 17: Position of the steel insert at the 14 mm thick step
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4. Practical Experiments and Metallographic Evaluation

The results of the experiments were investigated using either conventional polishing
procedures and light microscopy™® or, most of the time, ionic pickling and scanning electron
microscopy (SEM) with energy dispersive X-ray analysis (EDX).

4.1 Gravity Casting using defined Mass Ratios

First a light microscopical investigation of the gravity castings was performed to make a first
evaluation of the interface. As can be seen in Table 3 there was in general a chemical
bonding, at least for the high mass ratios (Fe-Al better than 1:10) However, the intermetallics
at the interface are very brittle as they broke during the cutting process.

Table 3: Cube experiments: the metallographic comparison of Fe-Al ratios 1:50 and 1:15 show that

with increasing steel mass compared to aluminum melt the chemical bonding of the interface
decreases (Trial 1), whereas with high mass ratios there is a continuous intermetallic layer.

Trial Ratio Zoom Zone Trial Ratio Zoom Zone
Nr. Nr.
1 1:50 100x  Diffusion 1 1:50 ogox  Diffusion
layer layer
| [ o 5 P
K|
e e
4 115 50x Diffusion 4 115 200x Diffusion
layer layer
Lm0, T o | 5
L e AR L O A R Lr"-":\’.‘r::-zr‘;’r(’"? e e
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To analyze the influence of the Al-Fe mass ratio on the formation of the intermetallic phase
zone at the interface layer between aluminum and steel, cross-section polishes were made
and afterwards etched via focused ion beam (FIB), firstly to remove any polishing artifacts
from the section, secondly to better show the pattern of the microstructure in the steel as well

as in the intermetallic phases.”" %

As it turned out, all samples with a mass ratio of Al to Fe < 10:1 hat a very low connection
within the compound casting and most of them even separated during the cutting procedure.
Just the composite casting with smaller steel cubes (Al to Fe ratio > 10:1) had an
intermetallic connection that was strong enough to withstand the polishing procedure. Figure
18 to Figure 25 represent the results of the SEM investigations of the Al-Fe interface of these
samples.

At first the experiments with a mass ratio of Fe-Al 1:50 were investigated. As can be seen
below a good intermetallic connection could be obtained.

Alui Stahl Probe 15 | .

Steel |

ccV Spot Magn Det WD Exp F——— 200pm
B5 00kv 30 100x  BSE 1040

st S

) BEp 1 100pm
50

Figure 18: Mass ratio Fe-Al 1:50: Al-Fe phase over the whole profile, vermicular Al-Fe phase visible in
the aluminum
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Alui Stahl Probe 15 |=

1000x  SE 10

AI5Fe2 AI3Fe
Al Al Fe Fe Al Al Fe Fe
wt% at% wt% at% wt% at% wt% at%
56.1 72.5 43.9 27.5 62.8 77.7 37.2 22.3

Figure 19: Mass ratio Fe-Al 1:50: Boundary layer steel/aluminum, EDX analyses from the intermetallic
phase agrees with the results of the standards; The phase turned towards the aluminum could be
identified as AlsFe, the phase turned towards the steel as AlsFe, (EDX analyses at 20 kV)

Alul Stahl Probe 15 o o ' AAd32 Alul Stahl Probe 15 |

G

L TS > g .
Spot Mal Det WD n § Bk pot Magn  Det WD Exp
2500« SE 104 0 _ A : 2500x  SE 105 0

A|5Feg A|3Fe
Al Al Fe Fe Al Al Fe Fe
wt% at% wit% at% wt% at% wt% at%
56.7 73.0 43.3 27.0 62.8 77.7 37.2 22.3

Figure 20: Mass ratio Fe-Al 1:50: Boundary layer steel/aluminum, EDX analyses from the intermetallic
phase agrees with the results of the standards (EDX analyses at 20 kV)
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The experiments with a mass ratio of Fe-Al 1:25 show a similar behavior as can be seen in
Figures 21 to 25. However, a good intermetallic connection could not always be obtained.

Steel Steel
¢ _'7 9
AccV Spot Magn Det WD Exp 200 pm ccV Spot Magn Det WD Exp F—— 200pm

20.0kV 3.0 100x BSE 104 0 20.0 kv 3.0 100x BSE 104 0

(a) (b)
.I
Steel" Steel

ccV  Spot Magn Det WD Exp
20.0kV 3.0 100x BSE 104 0

ccY Spot Magn Det WD Exp
20.0kV 3.0 100x BSE 104 0

() (d)

Figure 21: Mass ratio Fe-Al 1:25: Overview boundary layer Steel/Al, different thick developed
intermetallic phases, in some areas are no intermetallic phases at the boundary layer (thickness of the
intermetallic phase decrease from (a) to (d))
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AccY SpotMagn Det WD Exp ———— 100 m =
85 00 kv 3.0 250x  BSE 105 0

20.0 kV 3.0 250x BSE 104 0

Figure 22: Mass ratio Fe-Al 1:25: Overview boundary layer Steel/Al, different thick developed
intermetallic phases; In the area at the boundary layer developed intermetallic phase, the phase
extend bacillary into the Al-matrix.

Det WD Exp cc. Spot Magn Det WD Exp ——— 20pum
SE 1050 ! /3.0 1000x SE 10650
s L R | i e

Figure 23: Mass ratio Fe-Al 1:25: Detectable cracks in the intermetallic phase
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Stahl/Alu Probe 3
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Al Al Fe Fe
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Al Al Fe Fe
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Figure 24: Mass ratio Fe-Al 1:25: At the boundary layer steel/Al two intermetallic phases form (AlsFe;
towards steel, AlsFe towards Al); These two phases have different contrasts in the BSE-Picture (the
phase with more aluminum is a little bit darker); EDX analyses at 20 kV
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Al Al Fe Fe Al Al Fe Fe
wt% at% wt% at% wt% at% wt% at%
57.6 73.8 42.4 26.2 62.7 77.7 37.3 22.3

Figure 25: Mass ratio Fe-Al 1:25: Analyses of the boundary layer

At the Al-Fe interface two different intermetallic phases can be observed: AlsFe, at the
boundary to the steel insert and Al;Fe at the boundary of the recast aluminum. While Al;Fe at
the edge to Al appears "unraveled", AlsFe, at the edge to the steel insert looks "smoother".

For Figure 26 to Figure 31 below on the left SE-electrons where detected, for the image
below on the right back scattered electrons where used to increase contrast (elementary
contrast, the aluminum rich phase appears darker). The EDX-analysis was performed with
20 kV.
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The experiments with a mass ratio of Fe-Al 1:15 show a similar behavior than the
experiments with a mass ratio of Fe-Al 1:25 as Figures 26 to 31 depict.

Spot Magn  Det WD Exp
20.0 kv 3.0 100 BSE 99 0

Spot Magn  Det WD
500 kY 3.0 250x 2 0

g Det WD BExp —— 20pm
00kV 3.0 1000x SE 9 0

Figure 27: Mass ratio Fe-Al 1:15: Intermetallic phases not developed over the whole profile (no phase
in the right picture)

AlsFe

Al Al Fe Fe
wt% at% wt% at%

55,2 71,8 44,8 28,2

Figure 28: Mass ratio Fe-Al 1:15: Al-Fe-particle in Al-matrix + EDX analysis (at 5 kV) shows Al;Fe
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5.00 kv 3.0 5000x BSE 89 0 )

Al;Fe

Al Al Fe Fe
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Figure 29: Mass ratio Fe-Al 1:15: In some areas at the boundary layer Steel/Al the Al;Fe begins to
develop (EDX analysis at 5 kV)

cc.V  Spot Magn

v } - i
00 kv 3.0 2500x 00 R _ 200 kv 3.0 2500x

AlsFe, (Spectrum 12) AlsFe (Spectrum 10)

Al Al Fe Fe Al Al Fe Fe
wit% at% wit% at% wit% at% wit% at%
51.1 68.4 48.9 31.6 54.8 71.5 45.2 28.5

AlsFe, (Spectrum 13) AlsFe (Spectrum 11)

Al Al Fe Fe Al Al Fe Fe
wi% at% wit% at% wit% at% wi% at%
50.2 67.6 49.8 32.4 54.6 71.3 454 28.7

Figure 30: Mass ratio Fe-Al 1:15: Visible grain structure in the intermetallic phase: Fine grained
structure from AlsFe, relative large grain from AlsFe,; EDX analysis at 5 kV shows the existence of two
phases (AlsFe,, AlsFe)
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In the transition region of the steel insert to the intermetallic phase it can be observed, that in
some grains the intermetallic phase has not formed completely yet (Figure 31, right image
grab using back scattered shows a bright seam at the border of the intermetallic grain). The
EDX-analyses were performed with 5 kV (lower penetration depth) and show that in the dark
areas of the grain AlsFe, has formed already, but in the bright seam the Fe-content is still
high.

| Spectrum 14

ccV  Spot Magn Det WD Exp
5.00 kv 3.0 10000x BSE 10.0 0

Re

- Spectrum 14 Spectrum 15
Al
0.50 100 150 2.00 2.50 300 350 400 450 - 0.50 100 1.50 ':..l].; : 2.50 3.0 3.50 4.00 450
AlsFes Iron with diffused aluminum
Al Al Fe Fe Al Al Fe Fe
wit% at% wit% at% wi% at% wi% at%
50.1 67.5 49.9 32.5 5.6 10.9 94.4 89.1

Figure 31: Mass ratio Fe-Al 1:15: Transition region of Fe to Al (intermetallic in grain)
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The Fe-Al mass ratio of 1:10 seems to be the border case for chemical bonding with this test
as Figures 32 to 34 clearly illustrate. Literally no interface formation can be found along the
surface of the insert, but at the edges (where there is more Al surrounding the steel) different
contrast at varying acceleration voltage and individual detectors can be observed. The
element contrast is more pronounced at IMPZ at 20 kV (Figure 32, lower right image) than
with 5 kV (lower left image), however the signal comes from a higher depth which results in a
soft border of the grains. SE electrons are better suited for imaging finer details, especially at
5 kV (upper left image).

AccV SpotMagn Det WD Exp 1 200pum
5.00kV 3.0 100x_ BSE 10.4 0

Figure 32: Mass ratio Fe-Al 1:10: Overview, Development of intermetallic phases at the flanges

5kV 20 kV

4 e ) i <
AccV Spot Magn Det WD Exp —— 10m
200kV 30 2500x SE 103 0

e

.V Spot g
00 kv 8.0 2500x  BSE

Figure 33: Mass ratio Fe-Al 1:10: Element contrast
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Al Al Fe Fe Al Al Fe Fe
wt% at% wt% at% wit% at% wt% at%
52.0 69.2 48.0 30.8 56.2 72.7 43.8 27.3

Figure 34: Mass ratio Fe-Al 1:10: The phase with more aluminum (AlsFe) is much finer grained than
the phase with less aluminum (AlsFe,)

As has been stated before, at an even lower mass ratio of Fe-Al 1:5 it is similar to Fe-Al 1:10
which confirms that no chemical bonding could be observed with Fe-Al rations lower than
1:10. The reason for this is the fast cooling rate of the aluminum melt that surrounds to a
point, where formation of intermetallic phases is not possible any more. Figures 39 and 40
show the evaluation of the steel insert and it can be seen, that no chemical reaction between
the steel insert and the aluminum melt has happened. Some oxides have been found as well,
but too few to be the reason for the non-bonding.
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Figure 35: Mass ratio Fe-Al 1:5: BSE picture from the steel surface near the crack + EDX analysis of
the whole in the picture displayed area: Hardly any Al detectable.
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Figure 36: Mass ratio Fe-Al 1:5: SE picture from the steel surface with middle (left) and high (right)
magpnification; Oxide can be spotted on the surface.

With an even higher Fe-Al ratio of 1:1, no chemical-bonding could be found. This time in
addition to the steel insert (Figures 37 and 38), also the recast Al was investigated (Figures
39 and 40) but again, no trace of the other bonding partner (here Fe) could be found.
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Figure 37: Mass ratio Fe-Al 1:1: BSE picture from the steel surface near the crack + EDX analysis of
the whole in the picture displayed area: Hardly Al detectable
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Figure 38: Mass ratio Fe-Al 1:1: SE picture from the steel surface with middle (left) and high (right)
magnification
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Spm‘ qun Det WD Exp
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Flgure 39 Mass ratlo Fe- AI 1: 1 BSE plcture from the aluminum surface near the crack + EDX
analysis of the whole in the picture displayed area: No Fe detectable, just O; Grain boundaries clearly
visible
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Figure 40: Mass ratio Fe-Al 1:1: SE pictures from the alumlnum surface with different magmflcatlons
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4.2 Gravity Casting using zinc coated steel cubes in 99.7Al

To find out the difference of interface formation between non-coated and zinc coated steel
inserts, last mentioned galvanically Zn-coated (2 pm coating thickness) cubes were used for
compound casting with Al-Fe ratios of 1:25, 1:15 and 1:10. To estimate a possible
temperature influence of the steel insert on the evolution of the intermetallic phase zone
(IMPZ), some samples were pre-heated to 100°C, the others were at room temperature
when recast with aluminum, adding up to six pieces.

Again the samples were cast as before and characterized via metallography. The results can

be summarized as follows:

e Aluminum steel inserts had a continuous intermetallic interface layer, regardless of
the preheating temperature as can be observed in Figure 41.

e The area of the IMPZ correlates to dipping times with zinc-coated steel strips in
99.7Al of around 20 to 30 seconds, independently of the mass ratio or the preheating
temperature.

e With careful pretreatment of the inserts (meaning correct pickling and Zn-coating) the
influence of the mass ratio Al-Fe is negligible.

e Identification of the phases in the IMPZ showed AlsFe, at the border to steel and
AlsFe at the border to aluminum. Compared with the dipping experiments the iron
content in the phases is slightly higher (Figure 41).
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Figure 41: REM/BSE pictures from cast samples steel in Al99.7 show the transition zone
Steel/IMPZ/Aluminum: Constant development of the IMPZ independent from the mass ratio
steel/aluminum and the preheating temperature of the steel cubes.
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Guss Al99.98 100°C 115 / 5,5 s i AEB62
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Figure 42: REM/BSE pictures of the IMPZ with a preheating temperature of 100°C (steel cube, mass
ratio Fe-Al 1:15) and quantitative tabulation from the EDX analysis at the marked points: Identification
of phase AlsFe; at the border to steel and phase AlzFe at the border.

4.3 Wetting Experiments

In Figure 43 and Figure 44 samples as they came out of the experimental setup can be seen.
The images show the polished iron plate from above with the drop on it. As can be clearly
seen from Figure 45 and Figure 46, the wetting angle © (as depicted in Figure 47) is
changed considerably when changing from Al99.98 to Al-7Si. Unlike Si and Mg, Zn and Cu
do not seem to have a significant impact on the wetting angle of Al to Fe as Table 4
suggests. As for Mg a reaction has been observed at the melt containing glass syringe: an
exchange of Mg and Si from the SiO, could have happened, since in the

Al-7Mg sample also Si could be detected by EDX. This has to be investigated further.

Additionally adding of Si to the aluminum altered the morphology of the intermetallic layer
compared to the pure material.®*% The structure has a blocky appearance and is much less
tongue shaped, furthermore does the intermetallic layer contain Al-Fe-Si phases (detected by
EDX) on the iron side. Moreover a significant decrease of the intermetallic layer between Al
and Fe can be observed.
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Figure 43: Sample Al/Fe Figure 44: Sample Al-7Si/Fe

AR R-'Lj\.' i nby ";J;L!L

P Ry e e S P e

Figure 45: Al/Fe (12,5x) Figure 46: Al-7Si/Fe (12,5x)

EVO 40

500 pm—|

SEM/QBSD; ACV=15keV; WD=11,02mm

Figure 47: Interface of Al99.98/Fe couple on the edge. The different wetting angle of aluminum und
the intermetallic layer on the iron substrate can be seen

An additional influence of the alloying elements can be observed for the interface thickness.
The Fe/AlI99.98 couple has an average thickness of 260 um, alloying elements decrease the
thickness, with Cu and Zn having a less significant influence than Mg and Si. However Fe/Al-
7Si couple has the thinnest section, as Table 4 shows and is considerable thinner than all
others.
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Table 4: Wetting angles of Al and Al-alloys on Fe as an average of 12 measurements each with
standard deviation as well as the maximum with of the intermetallic layer

Average wetting Standard Max. Interface width
Alloy used .
angle (°) deviation (°) (um)
Al99.98 37 4 260
Al-7Cu 33 3 190
Al-7Si 49 4 100
Al-7Zn 35 3 220

All samples were with the same procedure prepared: Cut in the middle, polished, edged and
analyzed via optical and electronic microscopy.

Additionally adding of Si to the aluminum altered the morphology of the intermetallic layer
compared to the pure material as Figure 48 and Figure 49 show. The structure is blockier
and less tongue shaped. Moreover a significant decrease of the intermetallic layer between
Al and Fe can be observed.

Compared with the Al99.98/Fe interface (Figure 48) the morphology of the intermetallic
layers of Al-7Cu/Fe (Figure 50) and Al-7Zn/Fe (Figure 51) couples do not change
significantly as that of Al-7Si/Fe (Figure 49). Both exhibit the tongue like shape of the
interface growing into the iron substrate. Also Al-Fe phase in needle like shape can be

observed in the aluminum.

N \‘/\\\‘ “"‘l*\'/
\, ‘r \ / / (‘ ‘{J-‘f‘ i’ ’,'\ ]‘: ‘I-\E

§_‘;: \_|| N F. L/< i:-"‘ : L { :9 “ |

Figure 48: Intermetallic layer interface of Figure 49: Intermetallic layer interface
Al99.98/Fe couple Al-7Si/Fe couple
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Figure 50: Intermetallic layer interface of Figure 51: Intermetallic layer interface of
Al-7Cu/Fe couple Al-7Zn/Fe couple

In literature the statement can be found that the Al-Fe interface consists of Al;Fe phases or
AlsFe, phases. Additional investigation of the interface employing ionic pickling revealed that
the interface can be clearly divided in a two phase material as Figure 52 shows. The tables
contain also the values of the reference material at 20 kV (annealed at 850°C for 168 hours,
then water quenched) that have been made for this investigation. Surprisingly, this distinction
could not be made by means of conventional polishing, neither using optical microscopy, nor
electronic microscopy. The two phases were identified as AlsFe, and AlsFe on the iron and
aluminum side, respectively. The measurements are an average of 10 readings each, with

pure intermetallic phases as a reference.

S1 = AlsFe;

Al Al Fe Fe
wt% at% wit% at%

56.1 725 439 275

Reference Material

56.2 71.8 448 28.2

S2 = AlFe

Al Al Fe Fe
wt%e at% wt% at%

628 777 372 223

Reference Material

61.7 770 383 23.0

Figure 52: Al 99.98/Fe interface using an electronic microscope and
phase identification of Points S1 and S2
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Afterwards Fe/Al-7Si couples were investigated in more detail. Contrary to the pure Al-Fe
sample the interface here is more complex. The shape of the interface changed from the
tongue like appearance (see Figure 52) to a more blocky structure as depicted in Figure 53.
EDX measurements were carried out in two areas to check the composition, shown in
Figure 54. Since zinc has such a good solubility in both Al and Fe, not a lot of intermetallic
phases are expected, as shown in Table 5. Similar to copper, but the intermetallic copper
phases are very brittle, so this could explain the cracks of the prepared sample in the

interface.

The EDX measurements (Figure 55 to Figure 58) revealed several phases that were not
present in the Fe/Al99.98 interface, due to the absence of Silicon. Among them n, 14, T3, Ts, Ts
clearly could be identified. The 6 phase (FeAls) could not be found, instead of the 15 phase
the FeAl,Si phase exists. From ternary diagrams it is believed that additional phases can be

found at the interface (Table 6).

A: 10b/11b

ccV Spot Magn Det WD Exp 50 pm
200 kY 3.0 500x BSE 10.2 0

Figure 53: Fe/Al-7Si interface (Al-7Si Top, Fe Figure 54: Fe/Al-7Si interface (500x) and
bottom) approximate areas from where EDX spectrums were
taken

Table 5: Expected/possible IMP’s formed at the Fe/Al interface.

System Expected intermetallic phases Source
Fe/Al99.98 FeoAls, FeAl, ASM[E]
Fe/Al-7Si Fex(Al,Si)s, Fe(Al,Si)s, Fe:Al;Si, Fe;AlsSie, Guptal®® 57
Fe,Al,Si, FeAl,Si
Fe/Al-7Cu Fex(Al,Cu)s, Fe(Al,Cu)s, Fe,Al;Si ASME8! Zhang!®®!
Fe/Al-7Zn Fes(Al,Zn)s, Fe(Al,Zn)s ASMI#
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For wetting experiments high vacuum proved most stable. Any gas (inert or reducing) did not
prevent oxidation of the iron substrate during heating and therefore will not be considered in
the next such experiments. Silicon clearly has the most impact on the interface (thickness

and morphology).

When looking at the phase diagram it is clear that not only AlsFe; and Al;Fe develop at the
interface, but also FeAl, on the iron side. Even with ionic pickling this phase could not be
observed yet so that it is likely that kinetics do not favor this face.

The interfaces of the Fe/Al-7Cu and the Fe/Al-7Zn couple did not show several distinct
different intermetallic phases. The ternary phase diagram of Al-Fe-Zn shows a high solubility
of Zn, so that no distinct Zn-containing phases could be found in the interface. This might
also be the reason why the morphology of this intermetallic layer is very similar to that of
pure aluminum. Furthermore, as with FeAl, growth kinetics could play an important role in the

formation of intermetallics.

With 7 wt% Cu the Al-Fe interface reduces in thickness, but it also seems that the formation
of intermetallic phases leads to a more brittle sample, that either broke during cooling due to
different CTE of the materials or at the sample preparation. It has to be said that the sample

preparation was equal to all samples.
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Figure 55: Sample 1, Area A: EDX points Figure 56: Sample 1, Area B: EDX points
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Figure 57: Sample 2, A
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Table 6: EDX measurements from Figure 55 to Figure 58, the intermetallic compounds
detected and their phase names

Sper\cl::-rum a?"lk a?‘:k a':; Compound Phase Name
1 72.3 0.9 26.8 Fe,(Al,Si)s n
2 72.3 1.1 26.6 Fex(Al,Si)s n
3 721 1.1 26.8 Fea(Al,Si)s n
4 44.5 20.9 36.6 FeoAlLSi T 1
5 41.2 23.6 35.2 FesAlLSi T1
6 38.5 26.1 35.4 FeoAlLSi T1
7 711 9.9 19.0 Fe Al;Si Ts
8 70.9 9.9 19.2 FeoAl;Si Ts
9 70.6 10.3 19.1 Fe Al;Si Ts
10 70.6 10.4 19.0 Fe Al;Si Ts
11 70.9 10.4 18.7 Fe Al;Si Ts
12 67.5 17.5 15.0 FeAl,Si Ts
13 68.3 17.3 14.3 FeAl,Si Te
14 67.5 17.3 15.3 FeAl,Si Ts
15 69.9 16.5 13.7 FeAl,Si Te
16 71.6 1.3 27.1 Fea(Al,Si)s n
17 72.2 1.0 26.8 Fex(Al,Si)s n
18 72.6 0.8 26.7 Feo(Al,Si)s n
19 46.1 21.1 32.7 FesAl4Sio T3
20 48.9 17.8 33.3 FesAl,Sio T3
21 46.0 20.3 33.7 FesAl4Sio T3
22 71.3 9.6 19.1 Fe Al;Si Ts
23 71.0 9.9 19.1 Fe Al;Si Ts
24 71.2 10.0 18.8 Fe Al;Si Ts
25 70.4 10.4 19.2 Fe Al;Si Ts
26 70.2 10.2 19.6 Fe Al;Si Ts
27 67.5 16.4 16.1 FeAl,Si Ts
28 70.9 15.0 14.2 FeAl,Si Te
29 68.2 16.8 15.0 FeAl,Si Te
30 70.2 15.6 14.2 FeAl,Si Te
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4.4 Dipping Experiments

The analysis of the individual phases was performed by scanning electron microscopy (SEM)
via energy dispersive X-ray analysis (EDX) after the according sample preparation. Highly
important for identifying individual phases is the correct sample preparation. Here focused
ion beam pickling (FIB) proved invaluable: Not only it allows the analysis of large sample
areas (in the range of several cm?) but also shows a high contrast of the grain structures in
the occurring phases and the substrate material.

While the reaction zone at the interface of the Al-Fe compound is called intermetallic phase
zone (IMPZ) within this zone several intermetallic phases (IMP) can emerge. 523671

4.4.1 Evaluation

Figure 59 illustrates the process of evaluation in determining quantitatively the amount of the
intermetallic phase zone, the residual steel and the thickness of the complete composite
(which can be thinner or thicker than the original 300 um thick steel strip). Reason for
choosing this method is because of the finger shape like formation of the IMPZ, which does
not allow positively optical thickness interpretation. The length of the evaluated area in every
image is 405 um which also implies that all images were taken at the same magnification
(200x). This means that always the same area was compared among each another. The
original area of the non-dipped steel strip is therefore constantly 121.500 um2.

AccV  Spot Magn
200KV 3.0 200x

Figure 59: Score of the area ratio IMPZ/Steel by setting color levels: Red for IMPZ and green for Steel
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4.4.1.1 Dipping experiments in Al-7Cu

Figure 60 shows the evolution of the intermetallic phase zone and the concurrent reduction
of the steel strip width over time. The IMPZ clearly emerged already after 2 s dipping time
(left part of the image) and continuously increases in thickness with time. In nearly every
micrograph at beginning of the dipping process some detached, “wave-like” material from the
intermetallic phase zone can be noticed.®® *®¥ This phenomenon ceases after 15 s. Steel
strips with dipping times of 30 s or more do not exhibit these detached intermetallics
anymore. The cause of this could be movements of the melt at the beginning of the interface
formation which causes some material that is momentarily just loosely attached to move
away from the interface.

Profile IMPZ + Steel

2 5 10 15 30 60 Dipping Time (s)

Figure 60: Dip experiments Al-7Cu: Sequence of SEM pictures from the ion beam etched profile of
Steel/Al-7Cu with different dipping times: Decrease of steel profile and growth of IMPZ with increasing
dipping time

The evaluation of the IMPZ progression and the reduction of the steel strip width are
illustrated in Figure 61. While the cross-section of the steel decreases linearly except for the
first 5 seconds, the increase if the IMPZ reduces after 60 s, which means that in the first
minute the formation is controlled by the reaction kinetics, while afterwards diffusion through
the IMPZP% to form further intermetallic compounds is the limiting element. The overall area

of IMPZ and steel thereby stays relatively constant.
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Figure 61: Dip experiments Al-7Cu: Growth of the IMPZ with increasing dipping time and decreasing
steel profile, the overall thickness (Steel + IMPZ) persist constant from 60 seconds dipping time

Via quantitative analysis of EDX measurements of the IMPZ the following phases could be
identified: AlsFe, at the border to the steel strip and Al;Fe at the border to aluminum. The Cu-
content within the individual intermetallic phases is low and varies from 0.5 to 1 at%
(Figure 62 and Table 7).

Figure 62: Dip experiments Al-7Cu: REM picture of an ion beam etched profile from a compound
sample Steel/Al-7Cu after 120 seconds dipping time: The different phases in the IMPZ are well
specifiable
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Table 7: Dip experiments Al-7Cu: EDX analysis from the in Figure 62 marked points: The composition
conform the phases AlsFe, and Al;Fe with little percentage of Cu

Analysis Phase a?"L a|;°e/o a(i:/lo
1 (Al Cuy)sFez 70.2 28.8 1.0
2 (Al xCuy)sFes 71.0 28.5 0.5
3 (Al Cuy)sFe 76.2 22.8 1.0

In the IMPZ at the interface of steel and aluminum Al-Fe phases with a low Cu content could
be detected. The corresponding Al-Fe-Cu phases though were found in the Al-matrix as

shown in Figure 63.

The left image of Figure 63 shows finger shaped growth of the IMPZ in the steel and a
relatively straight change of the IMPZ to the aluminum alloy. At the right picture a precipitate
in the Al-7Cu alloy can be seen which consists of two different Al-Fe-Cu phases (see EDX-
analysis at the two points and Table 8). Flaky, plane particles with relative high concentration
of Fe and bone-formed branched dispersions with high concentration of Cu could be found in
the Al-melt.

AICUT 2 min| - s AD134 AICu7 2 min
Steel

AccV Spot Magn  Det WD Exp Acc V' Spot Magn ei ) Exp I
500KV 30 500x  SE 108 0 20.0 KV 8.0 10000x BSE 10.7 0 _ I
: == S\ Y S NN .

2p

Figure 63: Dip experiments Al-7Cu: SEM picture (left: Secondary electrons (SEM-SE), right:
Backscattered electrons (SEM-BE)) of an ion beam etched profile from a compound sample Steel-Al-
7Cu after 120 seconds dipping time: Finger-shaped growth of the IMPZ into the steel and detail picture
of an dispersion in Al

Table 8: Dip experiments Al-7Cu: EDX analysis from the in Figure 63 marked points at the dispersions
in the Al-Matrix

Analysis Al Fe Cu
y at% at% at%

1 77.6 16.4 6.0

2 81.4 0.5 18.1
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4.4.1.2 Dipping experiments in Al-7Mg

Analog to the Al-7Cu dipping results interface formation with the alloy Al-7Mg leads to a
reduction in the cross-sectional area of the steel strip and an increase in the IMPZ thickness
as well. Accordingly the interface shows finger shaped growth at the steel border.
Nonetheless there are two distinct differences when comparing these results to the ones with
the Al-7Cu alloy:

The cross-sectional area of the steel strip decreases much faster

2. There is a difference in the IMPZ formation: While the IMPZ of the Al-7Cu dipping trials
stabilized within the first 15 s, with Al-7Mg the wave like formations stay up to 120 s
dipping time and it seems that the IMPZ cannot consolidate as it broadens. The layer is
dense just at the border to steel. The boundary to the aluminum material is less dense
and intermetallic and alloy alternate.

Figure 64 illustrates this phenomenon quite clearly

Profile IMPZ+Steel

bt oS

2 5 10 15 30 60 Dippin

% HL '
g Time (s)

Figure 64: Dip experiments Al-7Mg: Sequence of SEM pictures from the ion beam etched profile of
Steel/Al-7Mg with different dipping times: Decrease of steel profile and growth of IMPZ with increasing
dipping time.

The evaluation of the IMPZ progression and the reduction of the steel strip width are
illustrated in Figure 65. It can be observed that the IMPZ formation speed reduces somewhat
with time. The growth does not stop, probably due to the above mentioned effect.
Additionally it can be stated that the interface width is much thicker than compared to Al-7Cu.
The steel profile decreases linear except the first 5 seconds (comparable with Al-7Cu), the
gradient of IMPZ slim down from about 30 seconds dipping time
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In the IMPZ at the interface of steel and aluminum Al-Fe phases with a low Mg content could
be detected. The images of Figure 66 show an IMPZ that is less dense than the Al-7Cu
interface layer. The IMPZ is broken (cracks parallel to the boundary layer), and is not
compact at the boundary to Al-7Mg (aluminum islands in the IMPZ). The EDX-analysis at the

three points is shown in Table 9.

250.000
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Figure 65: Dip experiments Al-7Mg: Growth of the IMPZ with increasing dipping time and decreasing
steel profile, intense growth of the overall thickness (Steel + IMPZ)

AD436 AlMg7 15 sek

Figure 66: Dip experiments Al-7Mg: SEM picture (left: Secondary electrons (SEM-SE), right:
Backscattered electrons (SEM-BE)) of an ion beam etched profile from a compound sample
Steel/Al-7Mg after 15 seconds dipping time
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Table 9: Dip experiments Al-7Mg: EDX analysis from the in Figure 66 marked points: The composition
conforms the phases AlsFe, and AlsFe, compared to Al-7Cu the concentration of Mg in the IMPZ is

higher
. Al Fe Mg Zn
Analysis Phase at% at% at% at%
1 (Al;xMgy)sFe- 711 26.1 1.4 1.4
2 (Al xMg,)sFe 73.5 23.0 2.5 1.0
3 (Alix Mgy)sFe 74.0 22.1 3.3 0.6

4.4.1.3 Dipping experiments in Al-7Zn

Compared to the dipping experiments with the binary alloys Al-7Cu and AI-7Mg the
dissolution of the steel strip is much faster in Al-7Zn.?"! After 30 s the thickness of the steel
insert is already considerably reduced. Samples with a longer dipping time could not be
analyzed, since after 60 s just small residuals of the original steel strip were remaining which
did not allow for a correct analysis of the phase formation. The IMPZ formed at the interface
detaches in wave like structures and moves into the aluminum melt and does not stabilize
with time as in the case of Al-7Mg (Figure 67). Overall however the total thickness of IMPZ
and the steel insert stays constant with time (Figure 68).

The extreme fast dissolution of the steel is not homogenous along the cross section, but
begins in certain areas and continues there at an accelerated rate as Figure 69 depicts. The
left part of the image shows the beginning of the fast dissolution in a specific area after 5 s,
whereas another area, not far away has a much slower IMPZ formation, see table 10. The
right image shows the situation after 30 s, where 50 % if the original steel material has
already been dissolved. Despite ongoing work and further examination the process of the

localized attack and its reason cannot yet be explained.
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Profile IMPZ + Steel
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Figure 67: Dip experiments Al-7Zn: Sequence of SEM pictures from the ion beam etched profile of
Steel/Al-7Zn with different dipping times: Decrease of steel profile and growth of IMPZ with increasing
dipping time
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Figure 68: Dip experiments Al-7Zn: Growth of the IMPZ with increasing dipping time and highly
decreasing steel profile
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Figure 69: Dip experiments Al-7Zn: SEM picture of an ion beam etched profile from a compound
sample Steel/Al-7Zn after 5 seconds dipping time (left) and 30 seconds dipping time (right):
Unbalanced dissolution of the steel

¢
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Figure 70: Dip experiments Al-7Zn: SEM picture (left: Secondary electrons (SEM-SE), right:
Backscattered electrons (SEM-BE)) of an ion beam etched profile from a compound sample
Steel/Al-7Zn after 5 seconds dipping time: Finger-shaped growth of the IMPZ into the steel, no
correlation between grain structure of steel and the IMPZ

Table 10: Dip experiments Al-7Zn: EDX analysis from the in Figure 70 marked points: the composition
conform the phases AlsFe, and AlsFe, the concentration of Zn inside the IMPZ is marginal (ca. 1 at %)

Analysis Phase a?"l/o alz;, azt‘r’L
1 AlsFe; 71.8 27.2 1.0
2 Al;Fe 76.2 22.8 1.0
3 Al;Fe 78.1 20.9 1.0

54



Practical Experiments and Metallographic Evaluation

4.4.1.4 Dipping experiments in Al99.7

Figure 71 illustrates the reduction of the cross-sectional area of the steel insert for the
dipping experiments in Al99.7 and the increase of the IMPZ. Again the detachment of the
wave like intermetallic phases from the interface at the beginning of the dipping process
could be observed. This detachment, that with time gradually becomes less severe, can be
observed up to a dip time of 15 s and then stops. Shape and morphology of the IMPZ look
very similar to those of the dipping trials in Al-7Cu as Figure 72 shows. The EDX
measurements listed in Table 11 show a thick AlsFe; layer at the steel side and a thin Al;Fe
layer at the aluminum side. Nevertheless both the IMPZ thickness growth and the reduction
of the cross-section of the steel are lower in the AI99.7 samples compared to the ones
dipped in Al-7Cu (see Figure 72). The steel profile decreases linear except the first 5
seconds (comparable with Al-7Cu), the gradient of IMPZ slim down from about 30 seconds
dipping time.

Profile IMPZ + Steel
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Figure 71: Dip experiments Al99.7 + 2 um Zinc: Sequence of SEM pictures from the ion beam etched
profile of Steel/Al99.7 with different dipping times: Decrease of steel profile and growth of IMPZ with
increasing dipping time
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Figure 72: Dip experiments Al99.7 + 2 um Zinc: Growth of the IMPZ with increasing dipping time and
decreasing steel profile, the overall thickness (Steel + IMPZ) is constant after about 60 seconds
dipping time

Figure 73: Dip experiments Al99.7: SEM picture (left: Secondary electrons (SEM-SE), right:

Backscattered electrons (SEM-BE)) of an ion beam etched profile from a compound sample Steel-
Al99.7 after 120 seconds dipping time: No correlation between grain structure of steel and the IMPZ

Table 11: Dip experiments Al99.7: EDX analysis from the in Figure 73 marked points: The composition
of 1, 2, and 3 conform the phase AlsFe, with little decrease of the Fe concentration towards aluminum.
The composition of 4 conforms to Al;Fe phase

Analysis  Phase a?"l/o aI:S/o
1 AlsFe; 73.5 26.5
2 AlsFe; 73.9 26.1
3 AlsFe; 74.2 25.8
4 AlzFe 77.6 22.4
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4.4.1.5 Dipping experiments of steel with and without 2 um Zn-coating in Al-Si
alloys

So far dipping experiments were described using the binary alloys Al-7Cu, Al-7Mg, Al-7Zn
und Al99.7. Since the Al-Si system is of great importance for the casting industry, not only
the hypo-eutectic composition Al-7Si was tested, but also the eutectic Al-12Si and the hyper-
eutectic Al-17Si, both representing a large array of alloy families in the aluminum casting
industry.

These trials showed that the Zn-coating has an influence of the IMPZ formation for hyper-
eutectic alloys. For this reason experiments steel strips that where etched in 10 % HCI
solution immediately before dipping into the aluminum melt were conducted. A time of less
than 10 s from drying the insert with a clean cloth to dipping into the melt ensured a steel

surface that was virtually oxide free.

4.4.1.5.1 Dipping experiments of a steel strip with 2 pm Zn-coating in Al-7Si

Contrary to the dipping trials with the binary alloys Al-7Cu, Al-7Mg, Al-7Zn und AI99.7 the
emerging interface had a considerable different morphology. The width of the interface is
even after 120 s dipping time much smaller than any of the interfaces of the dipping trials
described until now. Additionally the dissolution of the steel into the melt is much slower than

in the other alloy systems.

After 10 s dipping time of the Zn-coated steel strips into the melt at 700°C a thin intermetallic
phase zone (IMPZ) can be observed, shown in Figure 74. The dimension of the IMPZ does
not change much with time, but the combined thickness of the steel strip and the IMPZ
reduces somewhat (Figure 75). With time the steel profile decreases. There is a continuous
formation of IMPZ on both sides not before 10 seconds dipping time - the width of IMPZ
however is irregular and there is no growth of the IMPZ with increasing dipping time.
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Figure 74: Dip experiments Al-7Si + 2 um Zinc: Sequence of SEM pictures from the ion beam etched
profile of zinc coated steel and Al-7Si with different dipping times
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Figure 75: Dip experiments Al-7Si + 2 um Zinc: Little decrease of the steel profile with increasing
dipping time; Growing of the IMPZ stops after 10 seconds, thus results in a decreasing of the overall
thickness Steel + IMPZ
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To identify the emerging phases of the Al-7Si-Fe system, they were analyzed via EDX at
single, largely formed recognizable phases (Figure 76). Table 12 shows the EDX-results of
the intermetallic phases after 5 s (left image) and 120 s dipping time (right image).
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Figure 76: S Dip experiments Al-7Si: EM picture (secondary electrons (SEM-SE)) of an ion beam
etched profile from Steel-Al-7Si after 5 seconds (left) and 120 seconds (right) dipping time: 15 and
AlsFe, could already be identified after 5 seconds dipping time.

Table 12: Dip experiments Al-7Si: EDX analysis from the six in Figure 76 marked points conform to
the phases (A|1.X Six)sFez, F625A|508i15, (A|1.X Six)3Fe and FegA|7Si (T5).

Analysis Phase a?"l/o al:oe/o ::A, azt‘r’;o
1 Fe,Al;Si (Ts) 70.2 20.6 9.1 -
2 (Aly Siy)sFes 66.5 5.0 28.5 -
3 (Al1 Siy)sFez 70.2 27.5 2.2 0.7
4 FessAlgoSiis 55.5 291 155 -
5 (Al1 Siy)sFe 72.8 22.7 4.3 -
6 FeoAl;Si (15) 71.9 18.9 9.3 -

Analysis of the chemical composition of these phases that formed during the dipping tests
shows a complex menagerie of phases. Most of the time four different phases have been
identified:

- Fe Al:Si (15)

- (Al Siy)sFez

- FexsAlsoSiis

- (Al Siy)sFe
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4.4.1.5.2 Dipping experiments of an etched steel strip in Al-7Si

Figure 77 shows the evolution of the steel strip thickness over time. The IMPZ is present
already at the beginning of the dipping (1 s, seen on the left hand side) and stays at a
constant width from 5 s on as Figure 78 depicts.
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Figure 77: Dip experiments Al-7Si: Sequence of SEM pictures from the ion beam etched profile of
pickled steel and Al-7Si with different dipping times: Light decrease of steel profile; Continuous
formation of IMPZ on both sides after 1 seconds dipping time; No growth of the IMPZ after 5 seconds
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Figure 78: Dip experiments Al-7Si + pickled: Both steel profile as well as overall thickness (steel +
IMPZ) decreases during the 120 seconds dipping time. The width of the IMPZ does not change after
the first 5 seconds
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The IMPZ formation after already one second is the biggest difference between the etched
steel strip and the Zn-coated steel strip where the interface emerges only after 5to 10 s on
both sides.

4.4.1.5.3 Dipping experiments of a steel strip with 2 ym Zn-coating in Al-12Si

The formation of the IMPZ as well as the cross-sectional reduction of the Zn-coated steel
strip upon dipping into the Al-12Si melt show at the beginning a similar behavior than in the
Al-7Si melt. Not until a dipping time of 10 s and more the IMPZ emerges on both sides of the
insert. Additionally the reduction of the cross-sectional area of the steel strip is again much
slower compared to the experiments with the binary alloys of Al-7Cu, Al-7Mg or Al99.97.

The main difference to the Al-7Si melt is the development of very long (> 100 um) skewers

into the Al-matrix after long dipping times as illustrated at the right edge of Figure 79. Even
the morphology of the IMPZ is somewhat skewered at the interface.
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Figure 79: Dip experiments Al-12Si + 2 um Zinc: Sequence of SEM pictures from the ion beam etched
profile of steel and Al-12Si with different dipping times: Decrease of steel profile with increasing
dipping time and double sided growing of IMPZ not before 5-10 seconds; Very long, bar-shaped

dispersion into the Al-Matrix, which grow with increasing dipping time.

In Figure 80 the very slow reduction of the steel with is depicted. The Figure also shows that
the IMPZ is formed after about 5 s and stays constant afterwards.
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Figure 80: Dip experiments Al-12Si + 2 um Zinc: Growing of the IMPZ until 5 seconds dipping time,
following the width of IMPZ is constant; The steel profile and the overall thickness (steel + IMPZ)
decrease with increasing dipping time.

4.4.1.5.4 Dipping experiments of an etched steel strip in Al-12Si

The formation of the IMPZ as well as the cross-sectional reduction of the etched steel strip
upon dipping into the Al-12Si melt shows a similar behavior like a Zn-coated steel strip.
Again the IMPZ is formed after about 5 s and stays constant afterwards as Figure 82 depicts.

However there are differences of the etched steel strips compared to the Zn-coated ones as
can be clearly seen in Figure 81 an even formation of the IMPZ on both sides is already
present after 1 second as well as a good connection to the aluminum, and the long skewer

like phases in the Al-matrix are present even after 5 s.
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Figure 81: Dip experiments Al-12Si + pickled: Sequence of SEM pictures from the ion beam etched
profile of pickled steel and Al-12Si with different dipping times: Smooth growing of the IMPZ already
after 1 second dipping time; Good connection to the Al-Matrix.

140.000 : :
——IMPZ ——Steel ~——IMPZ+ Steel

120.000 - e T

100.000 -----==-=====-- T N —
80.000 -------===nnmmns S S —— S ——

60.000 f-------mmmmeeee fromonmennnnee e frmmmmennn e frmmmmeennnneee ] bommeennonennee frmmremnnennnes

Profile area (um?)

40.000 -------=--nnmmos T N

20.000 -------s=-nmmmns SRS S S S —

0 20 40 60 80 100 120
Dipping Time (s)

Figure 82: Dip experiments Al-12Si + pickled: Trend of the thickness of IMPZ and steel profile: The
very thin IMPZ is constant after 5 seconds dipping time. Slow decrease of steel profile with increasing
dipping time.
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4.4.1.5.5 Dipping experiments of a steel strip with 2 pm Zn-coating in Al-17Si

Comparable with the dipping trials of the Zn-coated steel strips in Al-7Si and Al-12Si there
are issues during the IMPZ formation in the beginning 5-10 s and therefore a good Al-Fe
connection exist only afterwards. Since this binary alloy is hyper-eutectic, primary Si
precipitates can be observed near the steel surface (shown in Figure 83).

Profile IMPZ + zinc coated steel
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Figure 83: Dip experiments Al-17Si: Sequence of SEM pictures from the ion beam etched profile of
steel and Al-17Si with different dipping times: Both-sided growing of the IMPZ and connection to the
Al-Matrix not before 5-10 seconds. Primary Si dispersions (bright gray areas) at the border to steel.

Again, the formation of the IMPZ is unsteady. Figure 84 shows that the IMPZ stays constant
after about 5 to 10 s while the steel gradually dissolves into the melt.
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Figure 84: Dip experiments Al-17Si + 2 pm Zinc: Trend of the thickness of IMPZ and steel profile: The
IMPZ is constant after 5 seconds dipping time. Slow decrease of steel profile with increasing dipping
time.

4.4.1.5.6 Dipping experiments of an etched steel strip in Al-17Si

An even formation of the IMPZ on both sides is already present after 1 second similar to the
results of the experiments with the alloys Al-7Si and Al-12Si with an etched steel strip. It has
to be noted though, that the formation is not as regular as with Al-12Si. An increase of the
width of the IMPZ with ongoing dipping time cannot be observed (Figure 85). The cross-
sectional area of the steel strip decreases as the steel gradually dissolves into the melt.
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Figure 85: Dip experiments Al-17Si + pickled: Sequence of SEM pictures from the ion beam etched
profile of pickled steel and Al-17Si with different dipping times: Decrease of the steel profile;
Connection to the Al-17Si Matrix already after 1 second dipping time.

65



Practical Experiments and Metallographic Evaluation

Figure 86 shows the familiar development of the steel strip thickness and the constant width
of the IMPZ after a dipping time of 5to 10 s.

140.000

—IMPZ  —Steel IMPZ + Steel

100.000 f----=---=------- T e s oo

80.000 oreeeeeeeeeeeee S S S A S—

Profile area (um?)

I IR A S S A
PR I IS SURRSRS E S (SRR

20,000 Jorrrrrrerrrerr A N S— AR S—

0 20 40 60 80 100 120
Dipping Time (s)

Figure 86: Dip experiments Al-17Si + pickled: Trend of the thickness of IMPZ and steel profile: The
IMPZ is constant after 5 seconds dipping time. Slow decrease of steel profile with increasing dipping
time.

4.4.1.6 Comparison of the dipping test results

In the following diagrams the development of the cross-sectional area of the steel strip
(Figure 87) and the area increase of the intermetallic phase zone (Figure 88) are shown for
the dipping trials in molten Al99.7 and the binary alloys Al-7Cu, Al-7Mg, Al-7Zn and Al-7Si.

As can be seen the dissolution of steel into the melt is fastest in the binary alloy Al-7Zn and
the slowest dissolution rate happens in Al-7Si. Cu in the alloy reduced the reduction of the
cross-sectional area of the steel strip as well, while Magnesium has relatively little influence
when talking Al99.7 as reference.
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Figure 87: Decrease of the steel profile area during dipping into Al-7Cu, Al-7Mg, Al-7Si, Al-7Zn and
Al99.7

The growth of the IMPZ is lowest with the binary alloy Al-7Si followed by Al7-Cu. Interestingly
the IMPZ formation speed of Al-7Zn is similar to the one in pure aluminum AI99.7 even
though steel dissolves much quicker in the Zn containing melt.

Contrary to this the IMPZ of the binary alloy Al-7Mg on the Al-Fe interface grows
exceptionally fast while the steel dissolution is comparable to the one in pure aluminum
Al99.7.
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Figure 88: Increase of the IMPZ area during dipping into Al-7Cu, Al-7Mg, Al-7Si, Al-7Zn and Al99.7.

Summing up it can be stated that the thinnest IMPZ emerge with AIl-7Si. In general
intermetallic phases a brittle (especially Al-Fe phases as measured in this thesis) and
therefore not wanted as a thick layer. This result of a thin intermetallic reaction zone
encourages for producing Al-Fe composite castings in an industrial environment. However
the irregular formation of the IMPZ and consequently the bonding between the partners after
short contact (dipping) times has to be improved.

One possibility to generate a good bonding between a steel insert and an Al-Si alloy could be
the usage of etched and oxide free steel surfaces. The comparison between etched and Zn-
coated steel strips in otherwise constant experimental parameters is shown in Figure 89 and
Figure 90. This allows the conclusion that a Zn-coating generally enhances a thicker IMPZ

with time up to an eutectic Al-Si melt.

A further observation is that the development of the intermetallic phase zone is independent
of the surface treatment of the steel surface (it has to be noted however, that the galvanic
zinc coating is just 2 um thick). The cross-sectional area of the steel strip is diminishing with
increased dipping time in the melt, while at the same time the area of the IMPZ stays
constant after 5to 10 s at a low level.

These experiments have shown the crucial role of a third element in the liquid partner of a
compound casting in the Al-Fe system. Via simultaneous formation of several different
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phases in the system Al-Si-Fe during dipping in the melt, those phases interfere with each
other and therefore grow at a slower rate as elements that form no or few additional phases
compared to the pure Al-Fe system. Therefore the total thickness of the IMPZ in the Al-Si-Fe

system is lower.

125.000

120.000 -t

115.000 -

110.000 +

105.000 -

100.000 -+

Profile area (um?)

95.000 -

—Steel with Znin AISi7 Steel w/o Zn in AISi7

90.000 +- ——Steel with Znin AlSi12 Steel W/0ZNin AlSi12  d--mmmmmmmme b

—Steel with Znin AlSi17 —Steel w/o Zn in AlSi17

85.000
0 20 40 60 80 100 120
Dipping Time (s)

Figure 89: Comparison of steel profile transformation while dipping in Al-7Si, Al-12Si and Al-17Si
(steel profile each zinc coated/not coated).

By varying the silicon content of the binary alloy from 7 to 12 to 17 (hypo-eutectic, eutectic
and hyper-eutectic) the main difference is in the even formation of the IMPZ after a short
dipping time with different surface treatment of the steel strip: With a Zn-coated steel surface
an even IMPZ emerges after 5 to 10 s while etched steel strip produce an IMPZ after already

1 s exposure time in the corresponding melt as can be seen in Figure 90.
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Figure 90: Trend of the steel profile and the dispersion and transformation of the IMPZ with different
preprocessed steel surfaces and different Al-Si alloys

For production of Al-Fe composite castings etching the Zn-coating away from the steel insert
is not favorable if oxidation until the recasting cannot be eliminated. However if the steel
insert does not see a high temperature before casting, an etched insert could possibly have
an advantage for interface formation. Another advice would be to make the Zn-coating as

thin as possible.

4.4.1.7 Dipping experiments in commercial Al-alloys

After these promising results of the dipping tests in binary alloys two commercial Al-X
systems were tried out. These where the technical alloys AISi7Mg0.3 and AIMg5Si2Mn,

which means that now the system is not ternary any more but quaternary. 6879

4.4.1.7.1 Dipping experiments in AlSi7Mg0.3 (A356)

Figure 91 shows the development of the cross-section of the dipping tests in a commercial
AISi7Mg0.3 alloy: With time the thickness of the steel strip reduces while the IMPZ stays
constant after already 2 s. However it can be observed that the IMPZ is not present
everywhere in the examined area - there are spots where no intermetallics are formed (left
image border). It can be stated that whereas the IMPZ stays constant over time, the growth

of it is inhomogeneous.
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Figure 91: Dip experiments AlSi7Mg0.3: Sequence of SEM pictures from the ion beam etched profile
of steel and AlSi17Mg0.3 with different dipping times: Decrease of the steel profile and constant
thickness of IMPZ with increasing dipping time.

The overview of the width of the steel strip and the IMPZ are illustrated in Figure 92. While
the steel thickness reduces linearly with time after 5 s insertion into the AlSi7Mg0.3 melt, the
thickness of the IMPZ stays at a very low level along the whole dipping time.
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Figure 92: Dip experiments AlSi7Mg0.3: Constant thickness of IMPZ and decreasing thickness of steel
profile with increasing dipping time. The overall thickness (steel + IMPZ) decreases. The steel profile
decreases linearly.
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4.4.1.7.2 Dipping experiments in AIMg5Si2Mn (Magsimal59)

The so called Magsimal59 (common trade name), or better AIMg5Si2Mn is a cold hardening
aluminum high pressure die casting alloy with very good mechanical properties without any
heat treatment (casting condition F) for safety critical parts (even for dynamic loading).

The formation of the IMPZ during the dipping experiments is similar to the AISi7Mg0.3
Nonetheless there are some differences: The IMPZ is more uniform and a bit thicker as can

be seen in Figure 93 and Figure 94.
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Figure 93: Dip experiments AIMg5Si2Mn: Sequence of SEM pictures from the ion beam etched profile
of steel and Magsimal59 with different dipping times: Light respectively no growing of the IMPZ and
decrease of the steel profile with increasing dipping time.

Looking at Figures 91 to 95 reveals that the combination of silicon and magnesium being
simultaneously present in the melt make the Al-Fe system much more complex for
compound casting: While a little amount (0.3 %) of Mg in the AISi7Mg system reduce the
homogeneity and thickness of the intermetallic layer compared to the trials made with the
binary alloy Al-7Si, a magnesium content of 5 % in the presence of 2 % silicon resembles
much more the Al-7Si alloy dipping results than the ones from the system Al-7Mg with iron.
This proves that even small amounts of an additional element can change the game for
compound casting significantly when one seeks to get a chemical bonding between the
binding partners. Unfortunately this means that from these results no deduction to other alloy
systems (such as the commonly used alloy AlSi9Cu3Fe, where additionally Mg and Zn are

present) can be made.
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Figure 94: Dipping results of AIMg5Si2Mn (Magsimal59): Light respectively no growing of the IMPZ
and decrease of the steel profile with increasing dipping time. The overall thickness (Stahl + IMPZ)
decreases during the dipping time.

Below Figure 95 depicts the difference of the steel dissolution between the two commercial
alloys AISi7Mg0.3 and AlMg5Si2Mn. While at first 30 seconds (during the interface layer
buildup) the dissolution of steel is equal, the Magsimal59 alloy forms a more dense IMPZ that

reduces diffusion speed of the Fe atoms into the melt compared to the A356 alloy.
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Figure 95: Thickness changing of the steel strip during the dipping tests. The profile decreases faster
while dipping in AISi7Mg0.3 than in Magsimal59.

Comparing the nature of the IMPZ of Magsimal59 (AIMg5Si2Mn) with the binary alloys Al-
7Mg and Al-7Si during dipping some differences can be observed. With the Magsimal59 alloy
the IMPZ thickness stays constant which is similar to the behavior of the alloy Al-7Si.
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However with the Al-7Si alloy the thickness of the steel strip reduces at a higher rate. The
commercial alloy AISi7Mg0.3 shows similar IMPZ kinetics, but here the steel thickness

decreases even faster than with the alloy Magsimal59.

During the SEM investigations it was discovered, that the emerging IMPZ phases got cracks
and whole fragments were flaking off the interface layer (see Figure 96 right). After 180 s the
thickness of the IMPZ is less than after a dipping time of 150 s. It is therefore very likely that
the IMPZ that is formed with a commercial alloy is very brittle. After reaching a certain
thickness, complete areas of the interface peel off. This cycle is repeating with ongoing
dipping time.
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Figure 96: SEM pictures of the ion beam etched profile of steel and AlSi7Mg0.3 after 150 seconds
(left) and 180 seconds (right) dipping time.

After a closer look to the IMPZ between Magsimal59 and the steel strip cracks can be
identified already after 10 s dipping time. These thereby separated areas show differences in
the chemical composition as Figure 97 reveals. The intermetallic near the steel insert
contains considerably more iron while the layer closer to the aluminum melt contains more
aluminum as table 13 clearly shows. Some manganese is incorporated in this layer as well. It
is conceivable that stresses between these different intermetallic layers lead to the

separation.l’""!
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Figure 97: SEM pictures of the ion beam etched profile of steel and AlSi7Mg0.3 after 10 seconds
dipping time and related EDX spectrum.

Table 13: EDX analysis of the marked points in Figure 97

Analvsis Al Fe Si Mn
y at% at% at% at%

sptG147 59.6 38.5 2.0 -

sptG148 66.5 29.7 1.8 2.2
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4.4.1.8 Influence of zinc coating thickness on interface formation

In this thesis the change in the bonding mechanism between Zn-coated and etched steel
inserts were investigated. From this a further question arises: Is there an effect of different
Zn-coating thickness on the IMPZ formation between steel and Al-7Si alloys?

To clarify this matter the steel strips were electro polished and galvanized with Zn. The
thickness of the coatings were 5 um, 10 um, 15 pm, 20 um and 25 um. Dipping times where
1, 2, 5 and 10 seconds. The best result from an early optical examination seemed to be the
steel strips with a Zn-coating of 15 um thickness. Figure 98 shows the development of the
IMPZ up to a dipping time of 10 s. Due to the relatively large amount of zinc (nearly 10 % of
the total thickness of the immersed steel strip for 15 um Zn-coating) the IMPZ formation is
selectively accelerated as was described in the Al-7Zn/Fe system in this work. Looking more
closely at the interface of these areas in which the steel dissolves rather quickly, an
enrichment of Zn can be at the interface detected. This is again an indication the presence of

Zn considerably enhances the dissolution of the steel into the aluminum melt.

Figures 99 and 100 show the difference of the interface reaction between two areas after a
dip time of one second with corresponding EDX mappings. While Figure 99 shows an area
where there is strong but unsteady interface reaction and heavy steel dissolution into the
melt, in Figure 100 a desired reaction where an even and dense IMPZ is formed can be
seen. As stated before, the mechanism for this behavior could not yet be pointed out and
thus the reaction cannot be steered into the desired direction. Figure 101 shows the
compound after a dip time of 10 seconds where Zn still can be found at the interface (last
EDX mapping image on the right)
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Figure 98: SEM/BSE pictures from the 15 um zinc coated steel profile in Al-7Si up to 10 seconds
dipping time: Unbalanced growing of IMPZ; Zn accelerate the fast dissolution in the steel profile.
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Figure 99: SEM/BSE pictures + EDX-Mappings of the elements Al, Zn and Si from the 15 um Zinc
coated steel profile in Al-7Si with 1 second dipping time: Especially in areas with heavy dissumption of
steel there is no Zn at the boundary layer between steel and IMPZ (picture right bottom).
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Figure 100: SEM/BSE pictures + EDX-Mappings of the elements Fe, Al, Zn and Si from the 15 um
Zinc coated steel profile in Al-7Si with 1 second dipping time: High concentration of Zn in the Al-Si
alloy near the IMPZ. No Zn at the boundary layer steel/IMPZ is detectable.
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Al 20.0kV Z2um H

Figure 101: SEM/BSE pictures + EDX-Mappings of the elements Fe, Al, Zn and Si from the 15 um
Zinc coated steel profile in Al-7Si with 10 second dipping time: As seen in the 1 second dipped steel
part also after 10 seconds dipping time Zn is detectable on the boundary layer steel/IMPZ where the

steel profile dissipate very fast.
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Figure 102 shows the development of the steel strip thickness and the formation of the IMPZ
over time for the first 10 s for 5 um thick Zn-coated steel strips dipped into Al-7Si. As can be
observed, a continuous IMPZ emerges just after 10 s. Still, the width of the IMPZ is very

irregular.

Profile IMPZ + Steel

1 10 Dipping time (s)

Figure 102: Sequence of SEM pictures from the ion beam etched profile of steel and Al-7Si with
different dipping times: Steel with 5um zinc coat; Formation of IMPZ and decrease of the steel profile
depending on the dipping time.

Figure 103 shows the development of the steel strip thickness and the formation of the IMPZ
over time for the first 10 s for 15 um thick Zn-coated steel strips dipped into Al-7Si. Again, the
IMPZ width is inconsistent, but additionally in places an accelerated dissolution of the steel
and therefore a reduction in the strip thickness could be recognized. These irregularities can
be explained by the severe presence of Zn at the very beginning of the dipping experiment.
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Figure 103: Sequence of SEM pictures from the ion beam etched profile of steel and Al-7Si with
different dipping times: Steel with 15um zinc coat; Formation of IMPZ and decrease of the steel profile
depending on the dipping time.

The IMPZ which emerges after 1 second after dipping the 15 pm Zn-coated steel strip into
the binary Al-7Si alloy is shown in Figure 104. Within the IMPZ two distinct areas can be
clearly distinguished (left light gray, right dark gray). EDX analyses were performed to
determine the chemical composition of these two phase regions. The results of these spot
measurements (sptF, marked in Figure 104) are shown in Table 14: The lighter area is the
(Al1Siy)sFe> phase which is additionally enriched with zinc. The darker region consists of
Fe,Al;Si (Ts) and is enriched in Zn as well. It can be safely stated that with even shorter
dipping times higher Zn contents would be found in the steel-IMPZ interface.

: -sm Magn Det WD ——————— 5ym
V 30 5000x BSE 96
; 448
Figure 104: IMPZ, between steel and Al-7Si after 1 second dipping time. Chemical analysis were
made on the marked points.
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Table 14: Chemical composition of IMPZ at the points shown in Figure 104

Analysis aﬁ’l/o aI:OeA) azt?/o a?"l/o Phases

SptF184 52.9 37.7 7.0 25 Fe Al;Si (Ts)
SptF185 69.9 23.6 3.3 2.6 FeAl;Si (Ts)
SptF186 709 234 2.2 3.6 (Al15Siy)sFes
SptF187  70.2  19.1 0.9 9.7 (Al1,Siy)sFes
SptF188  69.1 19.7 1.0 102 Fe,Al;Si (Ts)
SptF189  72.0  17.4 1.1 9.6 (Al1,Siy)sFes

To put this result into relation Figure 105 depicts the IMPZ of steel and Al-7Si after 10
seconds of dipping time. Again the areas of the EDX spots are marked. Table 15 shows the
results: In the IMPZ the following phases can be determined: (Ali4xSix)sFe> and FeoAl;Si (Ts).
Near the steel-IMPZ interface Zn enrichment up to 3 % can still be observed after 10 s. Still,
the amount of Zn is lower that the results from the 1 s dipping specimen.

Stahl

AccV Spot Magn Det WD 1 b5um
20.0kv 3.0 5000x BSE 9.9

Figure 105: IMPZ, between steel and Al-7Si after 10 second dipping time. Chemical analysis were
made on the marked points.
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Table 15: Chemical composition of IMPZ at the points shown in Figure 105

Analysis a?"lb a':; azt;; a?"lb Phases

SptF156 69.5 21.4 - 9.0 Fe Al;Si (Ts)
SptF157  69.6 21.3 - 9.1 FeoAl;Si (Ts)
SptF158  70.4  26.7 - 2.9 (Al1,Siy)sFes
SptF159  70.4 25.5 1.0 3.2 (Al14Siy)sFes
SptF160 59.7 29.5 1.1 9.8 Fe Al;Si (Ts)
SptF161  63.3 324 2.1 2.2 (Al1Siy)sFes
SptF162 638 316 2.1 2.4 (Al Siy)sFes
SptF163  59.1 30.9 1.4 8.6 FeoAl;Si (Ts)
SptF164 701 265 1.6 1.8 (Al1,Siy)sFes
SptF165  70.7 257 1.7 1.9 (Al1,Siy)sFes
SptF166  69.8 252 2.7 2.3 (Al1,Siy)sFes
SptF167  70.4  24.1 2.9 2.6 (Al1,Siy)sFes
SptF168  68.7  22.7 15 7.1 Fe,Al;Si (Ts)
SptF169 68.4 215 0.8 9.3 Fe2Al;Si (Ts)

4.5 Real World Castings with the Squeeze Casting Process

For providing the reader of this work with practical advice, industrial castings were performed
in a near industrial environment but with controlled conditions. The most obvious trend for
composite Al-Fe castings are structural parts, therefore the preferred method of sample
production was pressure assisted casting (squeeze casting) that is similar to the common
high pressure die casting process with the advantage, that in general the casting quality is
better due to the nature of the process (laminar flow from bottom to top with little to no air

entrapment).

The castings were performed with electro polished and galvanically Zn-coated steel blocks
measuring 20 mm x 20 mm. The sample preparation was the same as for the gravity cast
test pieces. The casting alloy was the binary alloy Al-7Si to have comparable results to the
dipping experiments.

Figure 106 illustrates a schematic drawing of the sampling. It could be observed that no

chemical bonding had taken place as the component casting separated during the cutting
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and polishing procedures, especially in area 1, where the aluminum melt directly contacted
the sample head-on. In area 2, where the melt was flowing adjacent to the sample during
casting (and the initial heat loss was less dramatic), chemical bonding could be established.
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Figure 106: Schematic view of sampling after ,Squeeze Cast“ experiments: Metallic continuity only in
the boundary area of the casting part (area 2).
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4.5.1 Investigation of area 1: ,,No chemical bonding*

The top REM/BSE image of Figure 107 shows that the Zn-coating started to separate from
the steel insert during the casting process and begins to melt into the aluminum. Those areas
are encircled with the red dotted line. EDX-analyses of the Al-Fe interface in this area reveal
two different phases in the separated part (spectrum 2 and spectrum 3) as well as the
formation of a very thin (< 1 um) Fe-Al-Zn-Si phase at the steel surface (spectrum 1),
meaning that the time for interface development was too short until the Al solidified in the die.

-
Steel

. Spectrum 1

Fe

AccV  SpotMagn Det WD Exp 1 50um 200 00 600 800 to.00 1200 ke
200 kv 3.0 500x BSE 10.1 0

Squeeze Cast Probe 5

AF045 Squeeze CastProbe 5| O i
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SpotMagn Det WD Exp 1 10pm n pot Magn  Det WD E.xp

200k 3.0 2500x BSE 10.1 0 2 /3.0 10000x_BSE 10.1 0

Al-poor phase (Spectrum 2) Al-rich phase (Spectrum 3)

Al n
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Figure 107: SEM/BSE pictures of the boundary layer steel/aluminum and EDX analysis on the marked
points: No connection, very thin IMPZ at the steel surface, Zn goes into the aluminum melt.
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Cracks could be detected that were going right through in the casting process freshly formed
IMPZ, which consists of Zn enriched aluminum melt as Figure 108 illustrates. The top
REM/BSE image of Figure 108 shows clearly the Zn-rich area in the aluminum via the bright
contrast of Zn (marked with a red dotted line). The lower left image illustrates, that Zn exists
in the shape of finest particles in these light gray area. Element analysis of the encircled
areas of the lower right image shows the formation of Al-Fe-Si-Zn-containing particles
(spectrum 1) at the interface to the steel insert. In the areas 2 and 3 (spectrum 2 and 3) Al-

Zn- as well as Al-Fe-Zn-Si-containing particles could be detected.
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Figure 108: SEM/BSE pictures at the boundary layer steel/aluminum: Construction of Al-Fe-Zn-Si-
particles in boundary area, no bonding in this area.
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4.5.2 Investigation of area 2: ,,Chemical bonding*

Figure 106 showed the beginning of the chemical bonding in area 2 where the aluminum
melt directly contacted the sample head-on so the cooling time was too fast and the interface
development time was too short to form a consistent intermetallic layer. However, in area 2,
where the melt was flowing adjacent to the sample during casting and the initial heat loss
was less dramatic (the insert had time at this surface to heat up), chemical bonding could be
established as shown in Figure 109.

Interestingly, the formation of an intermetallic phase at the border to the steel insert could not
be observed as the right image of Figure 109 illustrates. The bright, very small particles at
the right side of Figure 109 mainly contain Zn and the structure of this reaction zone seems

porous.

Squeeze Cast Probe 7

AccV  Spot Magn  Det ‘\-.\-.'D Exp-
5.00kV 3.0 5000x  BSE 100 0

Figure 109: SEM/BSE pictures: Porous structure in the zone between steel and aluminum.

This reaction zone between steel and aluminum contains Al, Zn, Si, and O. It can be shown
that the composition of these elements changes with respect to the distance of the steel
insert: With increasing distance from the steel the content of Si, Zn, and O reduces, as can
be seen clearly in the graphically superimposed EDX-analyses in Figure 110. At the interface
border to steel Si, Zn, and O accumulate.
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Figure 110: SEM/BSE pictures from the transition zone steel/aluminum and EDX analysis at the
marked areas: At the border to steel an accumulation of Si, Zn, and O was detected.

To complete the study in castings in an industrial environment, different insert shapes were
recast with pure aluminum and the binary alloys Al-7Cu, Al-7Mg, Al-7Si, and Al-7Zn. To
evaluate the possibility to dispense with the Zn-coating for castings, where inserts touch the
hot (245°C) die, these insert were not coated. The sample preparation can be seen in Figure
112.

Again a cross-sectional polish was performed at the interface. lonic pickling was applied here
as well to reveal the microstructure of the aluminum and the steel at once, something that
cannot accomplished with normal etching. As expected there was neither a reaction at the
Al-Fe interface (Figure 112, images), nor any diffusion happening between aluminum and
iron as the graphs of Figure 112 below show: Neither intermetallic phases or diffusion of
steel into aluminum or reverse can be detected, also there is no increased oxygen
concentration at the boundary layer of steel and aluminum. The oxidation during the 8-10 s
before the recasting, where the insert heated up to the die temperature was too severe to
form any chemical bonding.
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Figure 111: Aluminum/Steel compound castings after mechanical trench: Connection Al-alloy/steel is
very bad.
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Figure 112: Profile pure aluminum/steel in the middle and bottom area from the cast composite; The
raw structures at the boundary layer arise from different etching behavior. The graphics below shows
the elements dispersal along the red line drawn in the SEM picture.
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5. Mechanical Properties of the Interface Layer

No literature could be obtained that solely measured the bonding strength of the interface
alone, since most geometries implicate force- and shape-bonding, too. Hence the aim of this
thesis was to develop and employ a test method to measure the amount of strength that is
added to the composite casting when a chemical bonding via an intermetallic phase zone is
formed.

The dipping tests proved to be a reliable way to create an IMPZ with desired properties
(thickness, chemical characteristics etc.). As a consequence this method of creating a
chemical- bonding between an aluminum alloy and steel was used to measure quantitatively

the mechanical properties of the interface formed.

5.1 Production of the Test Specimen

A very interesting question arises when trying to characterize a compound casting especially
in terms of mechanical properties: What is the strength of the interface alone, without force-
or shape-bonding? Is it worth the entire struggle or is it so brittle that it is better to avoid

chemical bonding of the compound partners?

In order to find an answer to this question a special die was designed as depicted in Figure
113. The die itself is made of Monalite®, a homogeneous, finely-pored, insulating calcium
silicon material for non-ferrous metallurgy — non-wetting and inert to corrosion when in direct
contact with a number of non-ferrous metals/alloys such as aluminum. The die with a size
150 mm x 150 mm x 30 mm is symmetrical in one direction. On each side a block (40 mm x
30 mm x 20 mm) was cut out that could either host a copper or a Monalite insert and
therefore control the temperature flow and the cooling rate. In the center of the die the
familiar steel strip (100 mm x 20 mm x 0.3 mm) is clamped. Then aluminum is cast from

above in both compartments. After solidification the compound casting is taken out.
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Figure 113: Assembly for evaluating interface strength in cast compound structures with tensile test
specimen

The symmetrical Al-Fe compound casting (with two interfaces, one on each side of the strip)

is then machined to a size of 10 mm x 10 mm x 100 mm as depicted in Figure 114.

» machined aluminum tensile specimen

» recast steel strip

» machined aluminum tensile specimen

— (area 10 mm x 10 mm)

Figure 114: Schematic and image of Al-Fe compound cast specimen from Monalite die

5.2 Tensile Testing of the Test Specimen

The tensile specimens are then tested. It has to be noted that the assessment of the
interface strength is simultaneously examined on both sides of the casting, so the specimen
will always fail at the weaker interface. This leads to a slightly inferior performance as if the
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average would have been taken from samples with just one interface. However, this test

geometry has been proven best to create relatively reproducible results.

These results are shown in Figure 115 below. Besides different alloys there are values for
the inserts made of ceramic (Monalite, with slow cooling and therefore thicker intermetallic
layer) and copper (high cooling and therefore thinner intermetallic layer).

Interestingly the results show that fast cooling leads to better values, as predicted: While a
thin interface creates a bonding between the partners, the interface is still the weakest link.
The only exception is Al-7Si. This can be explained with the slow interface development
(several competing phases during formation) and so more time is needed to create a stable
bond.

The measured strengths range from 5 MPa (lower value of Al-7Si with ceramic insert) to 24
MPa (Al-7Zn with ceramic insert) proving that the interface bonding is best when no
intermetallic phases are present.
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Figure 115: Results of tensile tests for strength of formed interface
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6. Modeling of the Interphase Reaction

With all this data generated of the interface formation with time for different binary and
commercial alloys, the next logical step would be the modeling of the reaction in order to
evaluate the possibility and amount of the chemical-bonding when recasting a steel insert
with aluminum. For this a literature research was done for binary and multicomponent
interface reactions and then a time dependent model was developed based on the data
generated within this thesis.

6.1 Modeling of the Binary Interface Reaction

In spite of theoretical interest and obvious practical importance the kinetics of interface
reactions of aluminum to steel have so far received comparatively little attention.l’ ! If a
continuous, coherent layer of solid product separates the reactants from one another the rate
of diffusional transport of the reacting species through the layer becomes the dominant factor
determining the overall reaction rate. In such a case the layer growth usually follows the
parabolic law which was first established experimentally by Tammann and was then obtained

theoretically by Wagner.[’8: 771

Theories developed by Wagner'®, Kidson!”®! and other investigators are based upon Fick's
laws (mainly upon Fick's first law) and take no account of the rate of chemical reactions
which, as could be observed in the experiments, dominate the beginning of the growth of the
IMPZ and therefore seem to be debatable in the case of a chemical compound layer built by
a solid compound (steel) and a melt (aluminum). Dybkovi®® 21 states a number of
discrepancies between the existing "diffusional” theory and the experimental data available in

the literature as published in his papers. The main ones he describes as following:

1. From a "diffusional" point of view, there is no restriction on the number of compound
layers growing simultaneously in a given couple. All the layers are expected to occur and
grow simultaneously. This is contrary to the observations made via the dipping tests,
especially in the Al-Si-Fe system where several different phase formations can happen
depending on the process parameters. No reports of the simultaneous growth of a large
quantity of compound layers could be found.
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2. The layer growth seldom parabolic in multi-phase systems, especially in those cases
where two or more compound layers grow simultaneously such as the above mentioned
Al-Si-Fe system. In the initial stage the process can be observed as non-parabolic, the

layer thickness-time relationship seems following more a linear manner. 7!

3. From diffusional considerations it follows that the formed layer cannot then disappear
because the smaller the thickness the greater is the layer growth rate, that being

1 However different

inversely proportional to the existing layer thickness."* &
experiences have been made. It has been shown that even intermetallic phases which
are thermodynamically stable at a given temperature can disappear in favor of other

phases. !

Neglecting the chemical reaction step in the beginning of the interface formation appears to
be the main source of discrepancies between the theory and experiment. An equation taking
into account the relative influence of physical and chemical phenomena on the rate of growth
of a chemical compound layer was first proposed by Evans in 1924”1 Evans' equation
provides a suitable basis for understanding the nature of the processes taking place in
multiphase binary systems.

Dybkov attempts in his work to affirm the role of diffusion and that of chemical reactions in
determining the compound layer-growth kinetics, and to develop a physicochemical theory of
heterogeneous kinetics in binary systems based on Evans' equation and Arkharov's concept

of the reaction diffusion.®®

6.1.1 Solid-state growth of one compound layer

The first and easiest case is a single intermetallic layer A,B,, that emerges between the

binding partners consisting of the elements A and B, as shown in Figure 116.
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Figure 116: Schematic diagram to illustrate the growth of the A, B, layer between the elements A and
B according to Dybkov'®

6.1.1.1 Reaction diffusion model

The solid-state growth of the A, B, layer between the two mutually insoluble (cg4) =0 =0

and ¢ = () elementary substances A and B, at a given temperature T; is due to two
A(B) 1

parallel processes each of which proceeds in two succeeding steps:
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1. B atoms diffuse across the A,B, layer and then react at the A/A,B, interface

(interface 1) with the surface A atoms

2. A atoms diffuse across the layer in the opposite direction and react at the A,B,/B

interface (interface 2) with the surface B atoms

From the kinetics point of view, reactions 1 and 2 are, in general, different, while the reacting
substances are the same. This is because the reactants A and B enter these reactions either
as diffusing or as surface atoms. Both processes involve two consecutive steps:{®®!
a) diffusion of atoms through the layer
b) chemical reaction with the participation of these atoms taking place at the interface
between the layer and either A or B

The processes involving these two steps are usually called the reaction or chemical
diffusion. 8!

Dybkov makes now the following assumptions:®*
1. the concentrations of components A and B in the layer at boundaries 1 and 2 are

equal to the limits of the A, B, homogeneity range
2. achange in concentration with distance within the A, B layer is linear (see Figure 1);

3. during growth, both the boundary concentrations and a linear concentration
distribution remain almost unchanged, which is of course a simplification but works
well for these kinds of systems (there might be a concentration gradient due to
reaction partner depletion at the interface).

It should be noted that these assumptions are usually made to treat the growth kinetics of

compound layers.!"8 &7

Taking these assumptions into account, a condition of a quasi-stationary concentration
distribution arises when the concentrations of A and B within the A, B, layer depend only on
position and are independent of time.l”® It is obvious that this condition is undoubtedly
satisfied in the case of stoichiometric compounds having no ranges of homogeneity. This
approximation can be justified in the case of chemical compounds with narrow ranges of

homogeneity.
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6.1.1.2 One process in the A-B system

Reaction 1 is the only reaction in the A-B system when the diffusion of A within the 4,B,
layer is negligible compared to that of B. In an initial stage of the interaction, the A, B, layer
thickness is small and therefore the diffusional path is short. Hence, a number of B atoms
are able to reach the A/A, B, interface. Thus the overall rate of reaction 1 is only limited by
the reactivity of the A surface. In such a case, the layer-growth rate is constant. This
reaction regime of growth of the A,B, layer is one of the two limiting cases. Another
extreme is the diffusional regime of its growth when the rate of reaction 1 is limited only by
the rate of diffusional transport of B atoms across the layer, the further chemical reaction
with the participation of these atoms being quick. This is the case if the A, B, layer is thick.

This "diffusional” case can easily be treated using Fick's first law!®”
Jp = _DBE (1)

Where ji is the flux of the diffusing B atoms across the A, B, layer towards interface 1 (mol
m? sec); Dp the diffusion coefficient of B into the A,B, lattice (m* sec™); cz the

concentration of component B within the compound layer (mol m™®).

If the chemical reaction is spontaneous then all the B atoms passing across the layer per unit
time are reacting with the surface A atoms into the A,B, compound at interface 1. This

results in an increase in thickness of the layer. Dybkov®* 8" 8 therefore draws the conclusion
that

kigs = % (2)

is the rate constant of the layer growth under conditions of diffusional control (physical

constant, m?sec”). In the subscript 1B1 the preceding 1 ahead of B1indicates the

diffusional regime of the layer growth and the other indexes have the former meaning.

In general, the growth rate of the A,B, layer depends on both the rate of diffusion and the

rate of chemical reaction since each of these two processes always proceeds at a finite rate.

The general relationship for the reaction can be stated as
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(dx) koB1 3)

at) ~ 1+(kop1 x/k1B1)
Integration of equation 3 at the initial condition x = 0 at t = 0 yields

2
t=— 4= (4)

2kip1  koB1

The equations of this type were first obtained by Evans.®®”!

It has to be noted that the reactivity of the A surface towards B atoms remains constant, the
substance A being uniform from a macroscopic view-point, whereas the flux of these atoms
through the A, B, layer gradually decreases as the layer thickens. Accordingly there exists a

condition of the layer thickness at which these quantities are equal.

If the rate of reaction at the A surface is less than the flux of B atoms through the A, B, layer
and therefore there is an "excess" of these atoms which can be used by the layers of other
chemical compounds (enriched in component A compared to A,B;). On the other hand if
there is a deficit of B atoms because the rate of reaction at the A surface is greater than the
flux of B atoms through the layer. On reaching interface 1, each B atom will therefore be
combined into compound. Hence, no B atom is available for the growth of other layers

enriched in component A.18"#

6.1.1.3 General case: Reactions 1 and 2 proceed simultaneously

In general, reactions 1 and 2 take place simultaneously. The growth of the A, B, layer to the

left from the original A-B interface is according to reaction 1 while its growth to the right is

due to reaction 2. Dybkov states for this

x+1

kip1 = Kopi

dt = ( )cle1 (5)

and

dt = (

ad +L) dxAZ (6)

kiaz = koaz

where k4, is a chemical constant and k, 4, is a physical (diffusional) constant.’®"
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Reactions 1 and 2 are considered to be independent of one another for the two following
reasons:
a) They are separated in space

b) The fluxes, j, and jg, of components A and B across the growing A, B, layer appear

to be independent of each other

This is due to the fact that in the lattice of a chemical compound each component forms its
own sublattice.” In this sublattice all atoms as well as all sites are structurally equivalent.
Again, the vacancies are continuously created in the sublattices as reactions 1 and 2
proceed, namely, the vacancies in the B sublattice according to reaction 1 appear at
boundary | whereas the appearance of vacancies in the A sublattice at boundary 2 is due to
reaction 2. The vacancies formed are filled by the atom-by-atom movements. Thus the B
atoms are transferred from interface 2 to interface 1 while the A atoms are transferred in the
opposite direction. The most essential point is that each kind of atoms moves in its own
sublattice, thus not hindering the movement of another kind of atoms.

There exists another critical value at which the reactivity of the B surface towards A atoms

and the flux of A atoms through the A, B, layer are equal. The existence of the critical

@ and x&

thicknesses, x; ), 1/20

provides a basis for the theoretical definitions of the reaction and

diffusional regimes of growth of the A, B, layer. That is the regime of growth of the layer is

(B)

reaction controlled with regard to component B if x < x; ,

and is diffusional with regard to

(B)

this component if x > X173

Dybkov shows that therefore an initial portion of the thickness-

time relation ship is always a straight line and the long-time portion of the x-t relation ship is

parabolic.®'8!

6.1.2 The effect of dissolution on the growth of the A;B, layer

If Ais a solid and B a liquid, and the liquid is undersaturated with A then the dissolution of
the layer occurs simultaneously with its growth. The overall change in thickness of the layer
is therefore the difference between the rate of growth of the layer and the rate of its
dissolution, which results in a steady state condition (similar to the dipping experiment results
of Al-7Cu to steel)
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Figure 117: Growth of the A, B, layer under conditions of its simultaneous dissolution into the liquid at
a constant rate.’*

6.1.3 Parabolic Growth

The conclusion of the previous chapter so far is that a reaction-diffusion model ends up in an
parabolic growth, that eventually stops as the dissolution of the intermetallic layer happens at
the same speed as new intermetallic phase forms (in a state of equilibrium). However, in real

world casting the aluminum melt will be solidified before this happens.

1. Growth of the A,B, compound layer between the elements A and B is due to two

simultaneous processes.

2. Each of these two processes occurs in two consecutive (alternate) steps: (a) Diffusion
of atoms; (b) Chemical reactions with the participation of these atoms.

3. In general, an initial portion of the layer thickness-time relationship in linear but there

is then a gradual transition from a straight line to a parabola.

6.2 Modeling of multi-component interface reactions

When modeling multi-component interface reactions, the situation gets a bit more
complex.®¥ Depending on the involved elements a single compound layer or a mult

compound layer can be formed. For analytical purposes the former will be explained here.
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6.2.1 Solid State growth of a single compound layer

Considering the case where three chemical compounds A4,B,, A,Bs and A;B, exist in the A-B
system (Figure 118), the homogeneity ranges of these compounds except for A,B, are

considered to be very narrow compared to the average contents of components A and B.
Consider first the case where a single layer of the chemical compound A, B, grows at the
A/B interface (Figure 119).[5

(
(

""" rrr=—""""r-——""""Tr~—"—""""71 Treaction

A ADBQ ArBs AIBn B

Figure 118: Schematic phase diagram of a binary system with three chemical compounds®®!

6.2.2 Growth of the A,.B; layer at the 4/B interface

The solid state growth of the A,.B; layer at the interface between the two mutually insoluble
substances A and B is according to two simultaneous processes. Firstly, the B atoms diffuse
across the A,.B, layer and then react at the A/A,.B; interface (interface 1, Figure 119) with the

surface A atoms:

sB(diffusing) + rA(surface) = A, B;. (7)
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Figure 119: Schematic diagram to illustrate the growth of the A, B, layer between the mutually
insoluble elements A and B®

Secondly, the A atoms diffuse across the layer in the opposite direction and react at the

A, B, /B interface (interface 2) with the surface B atoms:
rA(diffusing) + sB(surface) = A, B;. (8)

From the view-point of kinetics, reactions (7) and (8) are, in general, different. Both reactions
involve two consecutive steps:
1. Diffusion of atoms through the layer.
2. Chemical transformations with the participation of these atoms taking place at the
interface between the layer and either A or B.

The process involving these two steps is usually called reaction or chemical diffusion. The
time required for the A,.B; layer to thicken at the A/A,.B, interface is the sum of the time of
diffusion of B atoms to this interface and the time of further chemical reaction with the
participation of these atoms. The time of diffusion is directly proportional to both the existing
A, By layer thickness and the increase of its thickness whereas the time of reaction is directly
proportional to the increase in the A,Bg layer thickness and is independent of its total
thickness.®"

The reactions are considered to be independent of one another. Therefore, the total increase
in thickness of the A, B; layer is the sum of both. The parabolic law of the growth was first
established experimentally by Tammann and was then obtained theoretically by Wagner!”®!
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and further developed by Dybkov.B%%% 8l Ag only relatively thick compound layers are
observable with the help of the usual experimental techniques, parabolic law kinetics is
observed more often than linear law kinetics.®® 8

6.2.3 Growth of the 4,.B, layer at the 4,,B,/B interface

A schematic diagram to illustrate the solid state growth of the A,.B; layer between A,B, and B
is shown in Figure 120. Consider the case where the content of A in A,B, is equal to the
lower limit of the A,B, homogeneity range. The A,B; layer grows as the B atoms diffuse

across its bulk and react with 4,,B, at interface 1 to form A, B

This layer also grows as the A atoms diffuse from interface 1 to interface 2 and react with B.

The reactions at interface 2 are clearly the same in the A-A,.B;-B and A, B;-A, Bs-B systems.

Concentration of B

»

Distance

Figure 120: Schematic diagram to illustrate the growth of the A, B; layer between the 4,,B, and B
193]
phases.

Another situation arises, however, at interface 1. Firstly, the reactions at this interface are
different in those systems. Secondly, in the latter system the layer of A, B, acts as a source
of A atoms for reaction (2). Since the content of component A in the A, B, compound cannot
be less than the lower limit of its homogeneity range, the A,B, phase becomes unstable as

reaction (2) proceeds and therefore it must partly transform into another phase. It is clear that

the amount of this transformation is directly proportional to the extent of reaction (2).[*!
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Overall there are three interfaced velocities:
1. The movement of interface 1 to the left (see Figure 120) as reaction (10) proceeds
2. The movement of interface 2 to the right as reaction (2) proceeds

3. The movement of interface 1 to the left as a result of a phase transformation

Dybkov analytically examines additionally growth of the Ayer at the expense of component 4,

and the growth of the layer at the expense of both components, which will not be discussed
here in detail . %%

6.2.4 Growth of the 4,.B, layer at the 4,,B,/A,B,, interface

The A;B, phase is a source of B atoms for this reaction. However, if the content of
component B in A;B,, is equal to the lower limit of the A;B,, homogeneity range, then the 4;B,
phase becomes unstable and partly transforms into 4, B,:*!
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Figure 121: Schematic diagram to illustrate the growth of the A, B, layer between the 4,8, and 4,B,
compounds.
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Figure 122: Representation of a duplex structure of the A,.B; layer in the 4, B, — A, B; — B system.®®

It should be emphasized that a comparison of growth rates is correct only if the A,.B layer is
a single one in all the reaction couples, the layers of other compounds of a given binary
system being absent.
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7. 3D Modeling using the experimental data=

The growth of intermetallics phases of the dipping experiments between molten aluminum
and solid steel was investigated via the imaging analysis of the scanning electron
microstructures.®® Results from focused ion beam analysis revealed the isotropic growth of
intermetallics phases on the plane parallel to interface between steel and Al. Diffusive
controlling mechanism was confirmed during the growth of intermetallics phases and a 3D
model was derived to find that the growth of the intermetallics phases (IMP) was dependent

on t°15 of dipping time.!'%

The microstructure of IMPs shows interesting and intriguing morphology. Some researchers
report the observation of tongue like morphology of the IMPs between solid iron and molten
aluminum!™- 37 91 % which is explained as the anisotropic inter-diffusion along different
crystallographic directions during the growth of IMPs!*"l after the reaction controlled the
beginning of the formation.

Up to now, investigations on the growth dynamics of IMPs are mostly based on the
relationship between the thickness of the IMPs and the reaction time. Among those
investigations, the thickness of IMPs is measured via maximal/minimal thickness'® or mean
thickness calculated as the ratio between the total area and the total length of IMPs®”;
Fractal analysis™*? and width of half height are also applied as well.”” Due to the mostly
complicated pattern of IMPs, obviously the method on the treatment of the IMPs has to be
standardized or generalized to minimize the uncertainty and enhance the comparability of the
results between different researchers.

Here, the growth of IMPs between molten aluminum and solid steel was investigated via an
imaging analysis method. Aim is to correlate the growth of the volume of IMPs with the
reaction time for the construction of a standardized method for the 3D investigation on
chemical reactions at solid-liquid interface, especially the reactive diffusion controlled

process.

7.1 Experimental techniques for Modeling

The results were obtained via the test specimen of the dipping trials. The microstructures of
the cross-section of samples are observed with a scanning electron microscopy (Model: FEI
XL30 ESEM-FEG) equipped with EDAX. To investigate the three-dimensional morphology of
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IMPs, a focused ion beam (FIB) instrument (mode: FEI, Quanta 200D) is applied to etch the
sample at the interface between steel and aluminum towards the inner part of sample, which
then opens the microstructures of IMPs in the direction perpendicular to the interface

between solid steel and liquid aluminum.

7.2 Microstructures of Intermetallic Phases

Figure 123 (a) shows a back scattering electron (BSE) image of a cross-section view of the
interfacial microstructure between steel and Al. Heavy elements with high atomic number
show bright signals due to a high intensity on BSE operational modus in SEM?. Thus Figure
123 (a) can be divided into three areas with different brightness, the bright area at the right
side is steel, the dark one at the left side is Al, and the grey one with tongue like pattern
located in between is iron aluminides. The EDAX analysis at different positions at the IMPs
zone is concluded in Table 16, which shows that the major part of IMPs is Fe,Als phase, and
a thin part in contact with Al is FeAl; phase. Figure 123 (b) displays the growth behavior of
IMPs with dipping time. For comparison, a 90° rotation according to Figure 123 (a) is adopted
for each image and only a slim part of image is selected. As shown in Figure 123 (b), IMPs
firstly grow steadily with dipping time from the both interfaces, then fast after 15 s, the
separative distance between neighboring tongue increases with time, implying that the
heterogeneous growth of IMPs becomes more apparent. The length and width of IMPs
tongue both increase with dipping time. Figure 123 (c) shows a 3D view of a sample
fabricated with FIB etching, which is dipped in molten aluminum for 10 s same as the sample
in Figure 123 (a). It is found that IMPs display a similar tongue like pattern in the direction
perpendicular to the observing plane in Figure 123 (a), which indicates that the growth of
IMPs is isotropic on the plane parallel to the interface between steel and Al. The results in
Figure 123 have revealed the complexity of the growth of IMPs between solid steel and
molten aluminum, and cannot be simplified with a single value representing the 1D growth of
IMPs. Therefore it requires the modification to the previously adopted methods or new ones

for the analysis of the growth of IMPs.
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10 pm

20 um

Figure 123: (a) Microstructures of the IMPs dipping time 10 s; (b) Collection of BSE maps, the
geometry of each strip is 445.90 um x 60.53 um; (c) FIB cross-section (dipping time: 10 s).

Table 16: EDAX results from Figure 123 (a)

ot ot Phsss
A 28.00 72.00 FesAls
B 27.86 72.14 FeoAls
C 27.80 72.20 FesAls
D 28.04 71.96 FeoAls
E 28.37 71.63 FesAls
F 25.74 74.26 FeAls
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7.3 Imaging analysis of microstructures

To overcome the difficulties of irregular phase shapes in the intermetallic phase zone (tongue
like, blocky, islands forming etc.), the image analysis software AnalySIS (Soft-Imaging
system GmbH) was adopted for the analysis of the SEM images: Phase coding analysis
based on the contrasts of steel, IMPs and aluminum phases in the BSE images. Figure 124
explains how a BSE image is coded with different phases, where the bright, grey and dark
phases in a BSE image are clarified into green, red and black ones respectively according to
their contrast value recognized by the software, the areas of different phases are then
calculated automatically by the software. Since the clarification of different phases is
dependent on their contrast acquired from BSE image, it is strictly required to set comparable
contrast and brightness parameters during the recording of BSE images. Because the
mentioned software calculates the area of phase with irregular shapes or patterns, and
returns the results of area with an integrated method, it is believed that a high accuracy with
high reliability can be assured. This method is especially suitable for the analysis of patterns
with highly disordered or irregular shapes, and can be developed into a standardized

method.

For the actual imaging analysis, a general frame with geometry of 406 um x 355 um from the
BSE image is selected. For each sample, four to five frames from different BSE images
observed at different positions on the sample are analyzed, and the results of the area of
IMPs and steel are compared in Table 17.

Table 17 shows that the standard errors for the measured areas of the IMPs and steel are
small, the highest error for the acquired area of IMPs is less than + 5 %; And the standard
error for steel is even below + 1.0 % in all cases. The results confirm the uniform growth of

IMPs throughout the steel strip.
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! ] i I -

Figure 124: Image analysis via phase coding method, (a) original image; (b) phase coded image.

Table 17: Area of IMPs and steel

Dipping time Area of IMPs  Standard error  Area of steel Standard

(s) (um?) ( %) (um?) error (& %)
2 18 622.0 2.6 111 183.8 0.2
5 26 952.2 2.0 109 952.5 0.4
10 23 034.8 4.9 111 106.0 0.2
15 24 212.0 3.8 109 412.2 0.2
30 40 544.2 1.0 102 863.0 0.2
60 52 015.1 1.0 98 760.5 0.3
120 63 727.6 1.0 85 300.7 0.8
240 77 042.2 2.9 76 552.9 1.1
600 109 988.9 0.8 60 970.2 1.0

7.4 Growth mechanism of Intermetallic Phases

There have been lots of investigations on the growth mechanisms of IMPs between molten
Al and solid steel, or more widely between solid and liquid, chemical reaction and the
diffusion of reactive reactants are widely accepted mechanisms. Those conclusions are
mainly derived from the results on the 1D treatment of the growth of IMPs, for the modeling
on the growth of IMPs a 3D treatment was carried out.
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It is reported that FeAl; phase does not change too much with the increase of reaction
time®?, the growth of IMPs between liquid aluminum and solid steel is mainly due to the
growth of the Fe,Als phase. Since the growth of IMPs starts from the interface towards steel
bulks, the diffusion of Fe atom towards molten aluminum is not considered here. Therefore,
the formation of Fe,Als can be described to the reaction between Fe and diffusive Al atoms

as shown in equations (1) and (2):1%°!

2Fe+5Algg=Fe,Al: (9)
or

Fe+3Aly=FeAl, (10a)
Fe+5FeAl;=3Fe,Al; (10b)

Supposing that the growth of Fe,Als is controlled by the chemical reaction (9) or (10), the
growth rate of Fe,Als phase should have the following relationship with the decreasing rate of

Fe at any specified time t:

d(Mpe,aig)/dt
“dyyae - C (11)

where, Mpg,a,; and Mg, are the masses of increased Fe,Als phase and decreased steel

respectively, and C is constant. The integration of equation (11) has the following

relationship:

I%-dtch%-dt (12)
Then,

VEe,als * PFeyals = C* Vie * Pre (13)

where, Vre, s is the increased volume of Fe2Als phase, Vg, is the decreased volume of steel;
Pre,nls (4.1 x 10° kg/m®) and pe (7.8 x 10° kg/m®) are the density of Fe,Als and Fe phases

respectively.['%®

Two parameters Afg,a; and Age are now introduced as the areas of cross-section of the
increased IMPs and decreased steel respectively. Arq, ), is directly from Table 17, Age can

be calculated simply from Table 17 by subtracting the value of original area with the value of

a specified time which leads to the following approximation:
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3
Ve, Al AFe,Als \ 2
2875 ~ ( 2 5) (14)
VFe AFe

Correlating equations (13) and (14) generates:

3
M, Al _ (AFeZAls)E  PreAlg
MFe Ape

= C (15)
Figure 125 plots Aps as a function of Agiee. TWoO distinct regions can be clarified in
Figure 125: The first region before dipping time of 15 s corresponds to the beginning stage,
where Ajps increases fast with Agiee); And the second region starts from the dipping time of
30 s, where Ajpyps increases linearly with Agee- Since the growth of Fe,Als phase is the
overwhelming step in the growth of IMPs at prolonged dipping time, Ajps and Asiee Can be
replaced with Are,a, and Are respectively. In the following part, only Age,a;, and Ar, is used.
A linear fitting of this region is achieved with a coefficient of 1.55255, then C is calculated to
be about 1.0 according to equation (15), which implies that the growth of IMPs is not
controlled by the chemical reaction for the formation of Fe,Als phase. Therefore, the growth
of IMPs is believed to be controlled by the diffusion of reactants (mainly Al through solid steel
in this case).
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Figure 125: Relationship between AIMPs and steel

For the growth of the IMPs, it's assumed that it can be described as the three-dimensional
integration of three different distribution functions:

V= [Jf f(x,)g(y, )h(z t)dxdydz (16)
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Where, f(x,t), g(y,t) and h(z,t) represent the distribution functions of Fe,Als phase along
X, Y and Z axes respectively, and Z axis is set as the direction normal to the interface

between Al and steel. These functions are supposed to be independent to each other.

Supposing that f(x,t) and g(y,t) have the same formula since the growth of the IMPs is
isotropic in the plane perpendicular to Z axis according to the FIB result shown in Figure 123
(c). Then, equation (16) can be transformed to:

V= (J fG,0d)? - [ h(z, ydz = LLEOZLLE0D (17)

The volume of Fe,Als phase is now derived as following:

2
_ _ AFephs
fFeZAls h(z,t)dz

Vre,Als (18)

According to Fick’s second law, the diffusion along Z axis can be treated as a classic case of

one-dimensional diffusion, therefore the corresponding diffusion distance will be:

5, = (2D,t)z (19)

Where, D, is the diffusion coefficient of Al atom in solid steel in z-direction, and is supposed
to be constant here.

According to equation (18),

2
AFe Al

Vre,als = (20)

1
(2D,t)2
Figure 126 shows the relationship between Vge,a, and dipping time t. As shown in Figure
126, the growth of Fe,Als volume can be divided into two distinct regions as that in
Figure 125: In the first region, there is no apparent relationship between Vgg,a,, and dipping

time t, which might be due to the complicate mechanisms that take effect such as the
diffusion of molten Al, and chemical reactions for the formation of FeAl; as well as the
formation of Fe,Als; However in the second region, a steady growth of Fe,Als phase is
observed and linearly fitted with dipping time at logarithm scale. The coefficient of the fitting
line is 0.14945, which indicates that the volume of Fe,Als is dependent on the dipping time
with the exponent ~0.15. The result for the first time correlates the volumetric growth of
Fe,Als phase with dipping time.
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Figure 126: Volume of Fe,Als phase as a function of dipping time

Considering the model with an ideal reactants/diffusion source located at the center of a

media, the volume induced by the diffusion depends on ¢t based on the assumption that the

diffusion is isotropic in 3D space since in 1D the diffusion distance is according to t°° as

shown in equation (19). There might be two major factors which are responsible for this

difference: One is that the reaction takes place on a 2D interface, not on a 3D one; And the

other one could be that the diffusion is anisotropic in 3D space probably due to the stress

effects® or the heterogeneous nucleation of the IMPs at the interface which needs further

theoretical modeling and analysis.

There are some advantages for introducing imaging processing to the analysis of the IMPs:

1.

It’'s only depending on the real reaction patterns of resultants during the diffusive reaction
process, and all the acquired parameters are based on the imaging analysis which is
carried out automatically by software, which can minimize the subjective deviations
related to different researchers.

This method is useful for a resultant pattern consisted of a series of intermetallic phases,
such as two or three different intermetallic phases or more formed during the reaction.
The area of different intermetallic phases can be acquired separately based on their
difference in contrast in BSE images and analyzed then, where the previously adopted
method is only focused on the 1D geometry of the intermetallic phases is not suitable for
the analysis of such complicate systems, especially when the interfacial boundary
between neighboring intermetallic phases is not smooth.

The method is based on the statistic results of the resultants, and can deal with a plenty
of resulting images, which enhance its reliability, while the measurement of maximal or

minimal thickness (or other parameters) of the intermetallic phases faces challenges
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when the morphology of the intermetallic phase is highly irregular and when lots of results

have to be processed.

Therefore, it's believed that the methodology applied here can be adopted for the analysis of
other interfacial reactions, and helps the construction of a standardized and generalized
method for diffusion processes or diffusive reactions.
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8. Summary and Outlook

In this work the interface formation of composite casting aluminum around steel inserts has
been investigated. While at first for principal understanding and calibration purposes pure
aluminum was cast around mild steel inserts, the work later concentrated on the binary alloys
Al-7Cu, Al-7Mg, Al-7Zn and especially Al-7Si, mainly because most commercial casting
alloys lie within the Al-Si system. For investigative purposes the silicon content in the binary
Al-Si alloys was varied to eutectic (12 %) and hyper-eutectic (17 %) concentrations.
Additionally commercial alloys such as AlSi7Mg (A356) and AIMg5Si2Mn (Magsimal59) have

been tested.
The interface formation (IF) was studied in several aspects:

e |F depending in mass ratio between aluminum and steel
e Wetting experiments in a controlled atmosphere
e Evolution with time via dipping tests considering alloy composition (see above)

e Real world IF via squeeze casting

In all these trials the steel partner of the compound casting (mild steel, material number
1.0226) and the temperature of the aluminum (700°C) during the experiments were kept

constant in order to keep the results comparable.

It was shown that the interface formation with time depends strongly on the amount of
phases possible. While Al-7Zn and Al-7Cu, which form none and just two intermetallic
phases respectively, have a considerable growth speed, the interface formation of Al-7Si
takes place at a much slower rate. This is desirable since the intermetallic phases are very

brittle and the interface would even more the weakest link of the compound casting.

In terms of practical advice to the foundry industry this work can give suggestions as well. As
can be seen from the results mechanical testing of the interface, the intermetallic compound
can add 10 MPa and more to the strength of the finals compound. Furthermore the layer will
not have cracks that might form upon load compared to compound castings that solely rely
on force- and shape bonding and thus may help reduce the corrosion.

For a caster this thesis can give the following recommendations:

e |Interface formation can be obtained for steel inserts when compound casting with

aluminum
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e Complex shapes are not suited for compound casting if an intermetallic interface is
desired: The formation strongly depends on the heat household of the casting, an
insert with varying dimensions will have different interface thickness. The same
applies to castings where the insert is symmetric but the width of the casting differs
along the insert.

e The steel insert needs to be coated, typically with zinc, otherwise even a freshly
etched steel insert will oxidize within seconds upon putting it into place (i.e. blue
annealing), that is the die which has certainly more than 250°C, however, a zinc
thickness that is too high will not lead to a proper interface. Furthermore casting
speed has to be adjusted as well.

e The interface formation will not work properly if the insert has more than 10 % mass
than the surrounding aluminum at the casting spot (Al-Fe mass ratio must be > 10:1)

To sum up it must me unfortunately said, that for commercial applications except the most
demanding ones (concerning mechanical properties) the required conditions for a proper
interface formation are demanding in such a way that most of the time it will not be feasible

to design the casting just to suit these circumstances.

For modeling the ways of reaction and diffusion kinetics have been described. As can be
seen, the limiting factor at the beginning of the interface formation is the reaction kinetics,
which is subsequently restricted by the diffusion kinetics through the intermetallic layer. While
this model works nicely with a layered interface with multiple intermetallics, it has been
shown, that especially with alloys in the Al-Si system the situation is far more complex. While
Fex(Al,Si)s (n) and (1) form an intermetallic layer, phases like Fe,AlLSi (11) and FezAl,Si, (13)
form either as island shaped phase or as lamellar structure. For such complex phase
formation an analytical approach is not feasible.

However, 3D growth of intermetallic phase Fe,Als formed between molten Al and solid steel
is investigated with FIB technology and analyzed with an accurate imaging analysis method.
The relationship between increased IMPs and the decreased steel confirms that the growth
of intermetallic phase is not controlled by the chemical reaction between Al and Fe. A 3D
model based on diffusion mechanism reveals that the volume of IMPs increases as a
function of t°1> where t is dipping time. The method applied in this thesis can be expanded
for the analysis of other interfacial reactions in solid-solid and solid-liquid systems with

complicated resultants morphology.
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