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Abstract

Aluminum die-casting provides parts used in the manufacture of lightweight
technical machinery and has become a very large and important industry in the modern
manufacturing environment. In order for the die casting process to continue to grow and
become more efficient and profitable it is necessary to continue to improve the materials
used within the industry. The energy consumption as well as the capital investments
involved in the process have a major influence upon the final cost of each casting, which
has a major effect upon the cost of the final products the castings are used to produce.
These costs, coupled with the possible savings in energy, are the main reasons this
research has been conducted.

The major consideration for this research is the interface between the molten
aluminum and surface used to give the aluminum its solidified shape. Improving the
durability of the materials that the molten aluminum comes into contact with, will make
the die casting dies last ionger and reduce the amount of time the dies are not in operation
due to repair and or replacement of the die components. By improving the number of
castings that a die can produce before needing maintenance, it is possible to improve the
efficiency of the overall operation.

The goal of this research is to improve the die casting dies by using surface
treatments and or coatings to act as a barrier between the molten aluminum and the die
material. The main category of coatings that have been investigated for this research are
physical vapor deposition (PVD) coatings, which offer many new and exciting
opportunities due to the ability to control the coating process very precisely. Industrial
companies as well as the university laboratory applied selected coatings to H13 tool steel, I
which is the most common material used for die casting dies in the aluminum die casting
industry. The coatings were tested using an experiment that holds aluminum alloys in
contact with the coatings and surface treatments, for an extended period of time, at a
temperature above its melting temperature.

By comparing the interactions of the aluminum with the various coatings and
surface treatments a set of trends have been observed which give insight as to which

coatings offer the greatest potential. The amount of energy between the aluminum alloys
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and the various coatings and surface treatments was inferred by the amount of spreading
of the liquid aluminum, the strength of the bond between the solidified droplet and
surface, and the amount of material the aluminum absorbed while liquid.

The goal was to find which coatings and surface treatments were the least
reacting, and the best barrier to molten aluminum alloys. It was found that the coatings
each reacted differently with the different alloys. There is likely an ideal coating or
surface treatment for a each aluminum alloy. An index was developed in order to
determine the coating, which was the best candidate for more than one alloy. This
coating was identified and will be used as the working layer film for a thin film coating

system.
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1. Introduction

The productivity of aluminum die casting dies has been improved through
material selection and development. This research is oriented toward improving the dies
through the improvement of the materials at the interface between the aluminum and the
die surface. Through the application of surface treatments and coatings it is possible to

prolong the life of die casting dies, which are commonly made of H13 tool steel.

Working Layer Film (e.g. CiN, CrC, TiAIN, ZrN, Al,0O,)

Intermediate Graded Film
(used to help the working layer
film remain attached to the substrate)

Substrate or Bulk Material
(Premium Grade H13 Tool Steel)

Figure 1:  Schematic of the thin film coating system that is being developed for the
improvement of the productivity of aluminum die casting dies.

Surface treatments and coatings offer the possibility of increasing the life of the
dies and decreasing down time, as well as improving the surface finish of the cast
products. The main modes of failure for the dies are soldering of aluminum to the die
surface, heat checking or cracking, and washout of the die materials. It is desirable to
emulate these problems in the laboratory, but it is not possible to accurately reproduce the
actual conditions that occur within the die casting dies. The pressures that exist at the die
surface, when aluminum is injected into the dies at high speed, are hard to produce in a
laboratory setting. For this reason multiple experiments are necessary in order to
converge upon the surface treatments or coatings that offer the best characteristics when

in contact with molten aluminum, followed by plant trials of the new coatings
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The sessile drop experiment was used to determine which of the coatings offer the
best barrier to wetting and the highest interfacial energy with molten aluminum. The
coatings were all applied to the same fully characterized H13 tool steel. The coatings
included industrial coatings as well as some that were produced at the Colorado School of
Mines ACSEL laboratory. Four aluminum cast alloys that are commonly used in
industry were selected; viz. 360, 380, 383, and 390 aluminum alloys. The coatings were
tested with the different alloys in order to determine the best coating and or surface
treatments that handle each of the aluminum alloys the best.

The aluminum was cut to a cube shape and then melted in contact with each of the
coatings in an oxygen-depleted atmosphere. The aluminum was held in contact for an
extended period of time at a high temperature. The initial contact angle that the
aluminum made with the coatings was recorded and used in a comparative manner to
determine the respective interfacial energies with the aluminum alloys. The aluminum
was allowed to cool in the furnace and then the solidified droplet was removed from the
surface using an instron mechanical tester to measure the amount of force required to
remove it, which is related to the soldering strength of the two materials. The fracture
surface was then investigated for the amount of material that was removed with the
aluminum, which is related to how far the aluminum was able to penetrate the coating
and the H13 tool steel.

To test the coatings further a dunk tester was designed and built. The dunk tester
manipulates a sample through thermal cycling, which is similar to a typical aluminum die
casting shot cycle. The manipulator moves a coated sample in a molten bath of
aluminum and then cools the sample in a high pressure spray chamber, repeating this for
a period of time or set number of cycles. The molten aluminum is a high temperature
corrosive environment and tests the coatings ability to act as a barrier to the aluminum; at
the same time the sample expands and contracts due to thermal forces, which cause the
coatings to cycle through high levels of compressive and tensile stresses. The coatings
that are capable of withstanding both the thermal and the corrosive forces will likely
perform best in a die casting die.

The dunk tester, which is a thermal fatigue film durability tester, was designed to

be very flexible and consistent. It was decided to modify an industrial robot to perform



the tasks. The computer control used for an industrial robot is more dependable than a
traditional desktop computer. At the same time it was desirable to control the robot with
a point and click program, rather than having to manually write a new program every
time a change in the experiment is desired. A desktop computer with a windows based
operating system interfaces with the robotic controller to allow the operator to write
muttiple programs easily and quickly in a manner that is consistent so that the samples
can be easily compared with one another.

A frame was designed and built to secure the robot and allow for the use of
muitiple stations. One of the stations is a crucible furnace with molten aluminum that the
coatings are rotated in. One of the stations is a high pressure spray chamber, which is
used to remove any aluminum that remained on surfaces such as core pins after a casting
is removed and to cool the sample. The thermal cycling of the coating substrate system is
a main mode of failure for thin films due to the thermal coefficient of expansion
mismatch between the materials. Testing the coatings in a laboratory setting makes the
evaluation less expensive and more quickly achieved than testing the coatings in an

industrial setting.



2. Background

2.1 Aluminum Die Casting

Aluminum die-casting is used to produce parts that are lightweight, strong, have
complex shapes, and are inexpensive. The parts produced in this process can be large,
such as engine blocks, transmission housings, or quite small with tight tolerances such as
a part that is 12 in. (305 mm) with a 0.0015 in. (0.04 mm) tolerance (Bauer 1960). These
parts are often used within complex machines and are a factor in the final cost of the
machines.

The process is continually being made more efficient and profitable through the
selection and use of materials in the die casting dies. The type and grade of steel used for
the die is important, because it is the material that is coming into contact with the
aluminum and also provides the structural support for the dic casting die. Salt bath
nitriding is a surface treatment that has shown an improvement in the service life of die
casting dies as a result of improved wear resistance, heat resistance, hardness, corrosion
resistance, and safety against fracture (Schmauser 1985). Through the use of better
materials at the interface between the dic casting dies and the aluminum alloys it is
possible to increase the useful life of the dies and therefore the profitability of the
process.

Making aluminum die cast parts is done by injecting molten aluminum into a
cavity that has a shape that is opposite the shape the aluminum is desired to have. The
aluminum is then rapidly cooled giving the solidified aluminum the shape of the die
cavity. Normally the die-casting die is designed to produce more than one part in one
cycle and there are many areas within the dies that are under a higher stress than other
areas within the die, due to complex shapes and the flow characteristics of aluminum as it
is injected into the die. Once the aluminum is within the die cavity it is rapidly cooled
until the aluminum becomes solid; at which time the aluminum parts are removed and
cooled further.

Die casting dies are expected to last an extended period of time; typically a
campaign will contain more than 100,000 shots with 2,500 shots per day. The die casting

dies are subjected to severe conditions including flow velocities of 40 meters per second



and die temperature gradients of 1000 Celsius per centimeter (Venkatesan 1995). While
these conditions are necessary for high production rates they also highly limit the types of
materials that can be used in the die casting dies. H13 tool steel is the primary material
that is used and it is prone to failure in three main ways, which are erosion, corrosion, and
thermal fatigue (Aharonov 1999).

The first mode of failure is erosion also known as washout. This mode of failure
is when the die material is removed from the surfaces within the die cavity. Washout is
caused by the physical impingement of the incoming aluminum forced against the
surfaces of the die, as the alloy is injected into the die. The dies tend to have complex
shapes such as ribs, cores, pins, and corners, which causes the dies to lose the necessary
tolerances for the parts being produced. The dies then have to be repaired, which is time
consuming and is very expensive.

The second mode of failure is soldering of aluminum to the die surface, which is
followed by corrosion. This mode of failure is caused by a physical bond between the die
surface and the aluminum and is followed by chemical interactions and cavitation of the
die casting surface. The adherence of the aluminum causes defects in the parts produced
and the die casting operation must be shut down in order to repair the die.

The third and main mode of failure for die casting dies is thermal fatigue or heat
checking. This is caused by the thermal gradients that are induced in the dies when the
die goes through the heating and cooling cycle for producing each part. The large
thermal gradients cause the die surface to go through a high compressive stress during
heating and a tensile stress upon cooling. This situation leads to cracks, which lower
surface quality of the parts and ultimately cause the die to fail.

The promise of increased productivity, die life, and ultimately the increased
profitability of the die casting process have induced much research in the areas of
coatings and surface treatments. Coatings are increasingly being used to reduce die
failures. There is still little information on why certain coatings succeed and others do not
(Balasubramaniam 1997). The coatings being investigated include physical vapor
deposition (PVD), chemical vapor deposition (CVD), plasma enhanced chemical vapor
deposition (PECVD), and thermal spray. Surface treatments include carburizing,

nitriding, cold working, as well as some others that are not mentioned. The use of



coatings is continuing to grow, as well as the knowledge gained from trial and error,
slowly the science is being developed which will help to develop a coating system and
architecture that will be capable of substantially increasing the life of aluminum die

casting dies.

2.2 Wettability

Wettability is a term used to describe whether or not the atoms within a liquid and
a solid have an affinity for each other. The atoms within the solid and within the liquid
that are in contact with each other are either attracted to each other or repelled from each
other. If the atoms in the liquid are attracted to the atoms in the solid the liquid will wet
the solid, and a film (or reaction layer) will form on the surface of the solid. If the atoms
are repelled from each other, the liquid will form a droplet on the surface of the solid.
The droplet will have an area of contact with the solid and will form an angle of contact
with the solid. This contact angle can be used to determine the wettability and the

interfacial energy between the solid and liquid (Devereux, 1983).

2.2.1 Surface Tension

For a liquid, the higher the surface tension the greater the attractive forces are
between the molecules within the liquid. Intermolecular forces change at the interface
where a liquid is in contact with a solid (Devereux 1983). The forces can go up or down
depending on how much attraction or repulsion that exist between the molecules at the
interface when the solid and the liquid come into contact. This change can cause the
liquid to spread out (attraction) on the solid lowering the surface energy, or the liquid
may have a higher surface energy if it creates a shape allowing the least amount of
surface in contact with the solid as is possible (repulsion).

The atoms within a liquid experience forces between the other atoms in the liquid
and also with the atoms in the solid. There are also interactions between atoms in the gas
that is surrounding the solid-liquid interface. The intermolecular forces that the atoms

within the liquid experience, when atoms of the same kind surround them, is much



different from the atoms that are at the surface of the liquid. The atoms that are at the
surface have only molecules to the sides and below them: this causes an inward attractive
force on the atoms. In order for more surface area to be made energy must be added to
the system. The liquid wili have the smallest possible surface area in order to be at the
lowest possible energy, and is why liquid droplets will have a spherical shape. The
spherical shape is the lowest possible area for a given volume, and thus has the lowest
surface energy for a given amount of material.

The physico-chemical properties of a solid can directly affect the ability of a
liquid to “wet” the surface of the solid. If the solid is not wettable with a liquid it is said
to be hydrophobic. This phenomenon is of great importance for separation techniques
used in the minerals processing field, for flotation (Wills 1997). The process of flotation
depends upon the difference in surface activities of the different solid particles that are to
be separated and the interfacial energy that exists with air bubbles. The better the
adhesion of the bubble to the surface of the particle compared to the other materials in the
slurry, the easier it will be to separate the different materials. The force required to break
the interface of the particle-air interface is called the work of adhesion, and is very
similar to the surface tension or interfacial energy. Much of the research done with
wettability was done for the minerals industry and a considerable amount of knowledge,

which can be applied to other fields, has been gained.

2.2.2 The Young Equation and The Work of Adhesion

The Young equation is a force balance in which surface tensions are considered
force vectors that are in equilibrium with each other. The normal model of this system is
one where the solid is immersed in a liquid and an air bubble is attached to the solid, an
example can be seen in Figure 2.1.1. The angle that the bubble makes with the solid is an
indication of the amount of energy that exists between each of the phases. The contact
angle (0) relates the surface tensions of the different phases (solid, liquid, and gas) by the

Young Equation.

Vg Cosg:}’sg —Vsi



The angle is always measured from the solid through the liquid to the gas, as can
be seen in Figure 2.1. The Young equation is a force balance between the three vectors.
This force balance is used to find the amount of wetting that will occur between the solid
and air, or similarly with the liquid and solid of interest. The wettability of a surface by a
liquid is of great interest for many different systems since it is an indication of the

amount of surface energy that exists between the solid and the liquid.

G Vlg
L
-—— 0
-
Vsg } Ysi
S S
Figure 2.1:  Three phase contact showing vectors, surface tensions, and contact angle

(Devereux 1983)

When a liquid comes into contact with a solid, the interface between the two
materials experiences a change in the interfacial free energy associated with it, which is

also the work gained, and is given by the equation;

- adzysl_(ysg+ylg)

when combined with the Young equation it becomes the familiar Young-Dupre equation:
(Shimbo 1989)

cos6’=%—l
ylg

where W, =¥ (1+cos6)



Many of the values for the liquid gas surface tensions have been studied and are listed in
tables, which makes it possible to calculate the work of adhesion for many different

liquid solid systems: once the contact angle has been measured.

2.2.3 Sessile Drop Experiment

A sessile drop experiment allows one to measure the contact angle that a liquid makes
with a solid in a relatively simple manner and it can be used for both reactive and
chemically inert systems. These experiments can be done at a wide variety of
temperatures and also with a wide variety of systems, varying the solid, liquid, and

gaseous atmospheres. Using this type of experiment, it is possible to determine the

surface energy of a liquid and gas Y, and the angle that forms is an indication of the

surface energy between the liquid and the solid ¥y,s; because of the Young equation.

Vst =;ng+}/lgCOS9

where the experimental setup is with a liquid in contact with a solid and it is surrounded

with a gas, as can be seen in figure 2.2.

L Tig
G
(o2
il .
Ysg ¥s1
S

Figure 2.2:  Three phase contact showing vectors, surface tensions, and contact angle

Under ideal conditions, the best way to do a sessile drop experiment is to place a

liquid droplet in contact with a horizontal flat substrate and allow the liquid and solid to
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come to a state of equilibrium, and is the best time to make a contact angle measurement.
The state of equilibrium can occur with time for a system that is chemically inert, without
impurities, the right size droplet is used, and the substrate is smooth. In this type of
situation the liquid will spread out onto the solid increasing the solid liquid interface until
the advance of the liquid is no longer energetically favorable (Eustathopoulos 1999).

The interface between the three phases is not at equilibrium in reactive systems, and
so the analysis done with the Young equation can only be considered accurate for a given
moment in time. The interfacial energies of the three phases will change with a chemical
interaction that will occur between most systems. Along with this change in interfacial
energies will be a change in the contact angle between the phases. The chemical
interactions of the phases will cause an exchange of atoms in many cases, and a reaction
layer will form at the interfaces of the three phases.

The interaction layer will become larger (spread) as time progresses. The
diffusion of atoms from one phase into another is a time dependent process, and will be
dependent upon the type of interactions that occur between the elements. The rate of
diffusion will decrease from a gas to a liquid to a solid; which is the system in which the
wetting of a solid by a liquid in a gaseous atmosphere is being considered. The rate of
diffusion will depend upon the system and conditions (temperature, pressure etc), and
will always be dependent on the slowest reaction or the slowest diffusion of atoms to feed

a reaction, and is known as the rate limiting factor.

/’ louid aluminum alloy

4 \ reaction layer (which causes spreading) /’ _— e

substrate

Figure 2.3:  Sessile drop showing an exaggerated reaction layer and the spreading
action caused by the changing free energy.
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2.3 Thermodynamic Considerations

A lowering of the overall energy of the system drives chemical reactions; the
study of the energy associated with the reactions is called thermodynamics. Which of the
reactions that are likely to occur can be determined through thermodynamics. It is not
possible to determine how quickly a reaction will occur by thermodynamics but it is
possible to determine under what conditions the reaction can occur. At high
temperatures, which this research is centered around, chemical reactions occur more
readily. The higher reaction rate is due to the higher mobility of atoms at high
temperatures, and the intrinsic relationship between temperature and entropy.

In order to determine if a reaction, such as aA + bB = c¢C + dD, is likely to occur
the second law of thermodynamics must be invoked. The conditions under which most
high temperature oxidation occurs has a constant pressure and temperature, and so the

equation can be written as:

G'=H'-TS'

Where H’ is the enthalpy of the system (the heat within the system), and S’ is the entropy

of the system (the randomness of the system).

When: AG' <0 a spontaneous reaction is expected
AG =0 the system is at equilibrium
AG' >0 the reaction is thermodynamically impossible

The equation for AG' , the change in energy for the reaction aA + bB =cC +dD, is:

c d
a--d
AG'=AG? + RTIn| ==—2 _
aa . ab Van’t Hoff isotherm
A B
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Where AG® is the free energy change when all of the species are present in their standard
states, and a is the thermodynamic activity (which describes the deviation from

the standard state for a given species).

_ P

a.
0
Pi

1

p; is the partial pressure of a gaseous species, and pi’ is the partial pressure of the quantity
corresponding to it’s standard state.

Expressing the activity in this form requires the approximation that the species
(solid, liquid, gas) will behave in an ideal manner at relatively low pressures
(atmospheric) and higher temperatures. The standard free energy change for the system

is expressed as:
AGY = cAGE + dAGY - aAGY — bAGS

Where AG; is the standard free energy of formation for a given species.

The reaction of a pure metal and pure diatomic oxygen to form the metal oxide
has a standard free energy that can be obtained from the Ellingham diagram, which can
be seen in Figure 2.3.1. For a pure solid the activity coefficient is equal to 1 and the
activity of the gasses can be approximated by their partial pressures: and liquids and

solids by their mole fractions. The equation for free energy:

' o aé 'a?)
AG = AG” +RT} ——= )
a®-at which reduces to
A B

AG’ =RTInp,,
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When the system is considered to be at equilibrium then AG' is equal to 0. The
standard free energy of a system can be used to predict what reaction products and the
conditions under which the products are stable. When the partial pressure of the oxygen
along with the temperature of the system is known one can determine whether a metal
will favor its pure form or whether it will react with other elements to lower its energy
state. For most metals the most stable form is not pure and it wants to react with the
oxygen, and it will be found in nature as an oxide. Using this diagram it is possible to
determine the conditions that are necessary for the reaction to move in the opposite

direction for example equilibrium partial pressure of oxygen for the reaction:

2M+ 0, =2MO

mda AG’=RTInp,,

and Ay =1=ay,

For example, the temperature is chosen, a vertical line is drawn through the line
representing the reaction of interest, from the ‘0’ on the left side, and the partial pressure
of the oxygen that is necessary for the reaction to want to occur is known for that given
temperature. So for titamium at 400°C a partial pressure of oxygen below 1038
atmospheres is necessary for the titanium to remain in its pure form. Any pressure above
this amount will cause the titanium to react with oxygen to form TiO,. Knowing how to
use the thermodynamics, it is possible to predict the reaction direction and possibly

control the reaction itself.
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2.4 Kinetic Considerations

There are three kinetic laws that govern the oxidation rates of many of the
common metals and alloys. These laws are linear, parabolic, and logarithmic. The rate
laws are a measurement of weight gain as a function of time. Weight gain measurements
must be interpreted carefully. The oxides do not always form continuous adherent scales,
some oxides continually spall off of the surface of the metal and some vaporize or form a
liquid phase.

The parabolic rate law of oxidation is proportional to the square of the film

thickness.

Where x is the thickness of the film, t is time, and k; is the parabolic rate constant.
Assuming the film is adherent and compact and that the migration of ions through the

oxide layer is the rate controlling step in the oxidation process, then Fick’s first law can

be used. Which is

Where D is ionic diffusivity, C is a constant, and Ac is the constant concentration

difference across the oxide thickness. Then k P CDAc and is proportional to the

diffusivity of the rate controlling species for an electronically conducting oxide surface.
The weight gain of a sample can be substituted for x if the values for k; and C are
changed then a plot of W2 as a function of time, t, will be linear if the parabolic rate law
is obeyed. The parabolic rate law is the standard for the analysis of high temperature
oxidation kinetics where the diffusion of ions through relatively thick films is the rate

controlling step in the reaction.
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2.5 High Temperature Reactions

High temperature corrosion is a form of deterioration to which most metals,
subjected to the correct atrnosphere, are vulnerable. Many technical applications depend
upon the stability of engineered alloys and pure metals. The degradation of the material
will lead to an eventual need to replace the piece or part. The cost involved in the
degradation of these metals can be of great importance to any company that is dependent
upon these materials. There is therefore a large amount of interest in the control of the
mechanisms by which the oxidation process is occurring.

In order for any chemical interaction to occur there are three things that are
necessary. First there must be elements in contact with each other and second there must
be a driving force for the reaction, in order for it to occur spontaneously. In order for the
reaction to continue, there must be a supply of fresh elements that feed the reaction and
this is the third and probably the most important mechanism for the degradation process.

For the control of any process that occurs on a spontaneous basis
thermodynamics, which is the study of the driving force for the process, must be

“considered. For many types of reactions there is a lowering of energy that causes heat to
be released (Devereux 1983) . For the other reactions energy is required, heat must be
given, and the overall energy of the system is increased. The increase in energy will
make the system unstable and it will want to go back to a lower energy state. A reaction
will spontaneously occur, which will make the elements go back to the original state.

For any type of chemical reaction to continue the mobility of the atoms that feed
the reaction and, or the mobility of the product from the reaction, can be the most
important factor in controlling the speed of the process. For this reason kinetics is also an
important tool in understanding the oxidation process. The movement of atoms and
molecules is the only way for reactions to continue.

The reaction product can grow in two main ways. The first way is when the film
forms a continuous layer of oxidation product that is relatively stable and adheres well to
the metal. The metal is protected from further oxidation by the reaction product and the
oxidation process becomes slower. The other way is when the oxidation product does not
adhere well to the base material. The oxidation process will proceed at a higher rate

when it does not have the oxidation product as a barrier between the oxidizing
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environment and the material being oxidized. This type of deterioration causes a loss of
mass or structural integrity of a piece or part and is therefore the less desirable of the two
main types of high temperature corrosion.

The prediction of which alloys and thin films will corrode compared to which will
not corrode in a specific environment is very difficult. New alloys and thin films are
used in conditions that have not been investigated and there is no way of knowing how
well they will perform. The interaction of specific compounds with the atmosphere
surrounding the piece or part is unpredictable. For this reason many tests must be done
before any new material can be put into a specific application. Without running tests it 1s
difficult to know how well it will perform. For many systems it is possible to simulate

the conditions that the metal will be subjected to.

2.5.1 Oxidation Reactions:

High temperature corrosion is a form of deterioration that most metals, subjected
the right conditions, will undergo. There must be a lowering of energy for the system in
order for the elements to react. The reactions will continue if there is a supply of fresh
elements that can come into contact with each other. Knowing which of the steps is the
slowest step for the particular reaction can control the rates at which the reactions occur.
Preventing the reaction from occurring is not always possible but controlling the speed at
which the reaction occurs is often good enough for the time the material is in service.

There are many reactions that occur spontaneously, the only reaction that will be
described here will involve oxygen and a pure metal. Other reactions will be mentioned
in later sections but will resemble the following reactions. The first and most simple is

when diatomic oxygen gas interacts with a pure metal:
M+ 0O, > MO,. or more generally:

xM + 172 (yO3) - M,O,.
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The oxygen required for the reaction can be supplied in other ways than as pure
oxygen gas. For instance the oxygen can be supplied by water or it can be supplied by

carbon dioxide which take the form of the following reactions:

xM + yH,0 —» M, 0y + yH;

As long as oxygen is attracted more to the metal than it is to itself, the hydrogen,
or the carbon, it will dissociate and form a new compound with the metal.

This process cannot happen in one step most of the time. The oxidation process
happens in multiple steps. First, oxygen will adsorb to the surface of the metal either by
itself or within a compound, which will then dissociate to form atomic oxygen. Nexta
chemical reaction will occur between the metal and the oxygen. The product from the
reaction will form a continuous surface layer, which could adhere well to the surface, or
it may have defects, or low adhesion to the surface, and fall away. Ifit forms a layer that
adheres well to the surface the product will become a barrier to the continuation of the
process. If the product from the reaction does not adhere well to the surface the reaction

will continue with no barrier to the oxidation process will be present.
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2.6 Physical Vapor Deposition

Physical vapor deposition is a process used to produce coatings that offer a wide
variety of uses and applications. The interface between the material and the phase it is in
contact with is of great importance in the performance of the material. The coatings are
applied to bulk materials so that one can obtain properties that are not present in the bulk
material alone. The bulk material is often selected for structural reasons and coatings
offer the opportunity to change the appearance, thermal, electrical, magnetic, mechanical,
or chemical properties of the surface (Smith 1995).

The use of coatings to protect a bulk material is not new but PVD is a relatively
new method used to produce coatings. PVD coatings can be applied in a very precise
manner due to the way in which the coatings are applied. The process is done in a high
vacuum using very pure materials for the source of the coatings. By controlling the
contaminants, as well as having the ability to control the amount of energy that is put into
the system, it is possible to produce coatings that have very good adherence to the bulk
material and properties that are desirable for specific applications (Vossen 1978).

Many coatings are being investigated for use in the aluminum die casting
industry. The ability to increase the useful life of a component that is within the die
casting die allows for the die casting die to run longer without maintenance, making the
process more profitable. The parts that are being coated presently are small and of
relatively simple geometries (Chellapilia 1997). As the coatings are improved and the
ability to coat more of the surfaces that come into contact with molten aluminum is
increased, the time the dies can stay in operation and the efficiency of the process will

continue to 1Mprove.
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2.6.1 Application of Coatings

Controlling film deposition process parameters influence the properties of the thin
film coating system; namely the adherence, performance and appearance of the coating.
There are many different techniques that are used to coat a material. Each of the
processes has advantages and disadvantages.

The main considerations are:
- Generation of the plasma
- Ion bombardment energy
(process, bias, power, substrate-target distance, etc.)

- Pressure

The heat and energy of the incoming particles along with the surface conditions
will affect the growth and the final structure of the film. These energy controlling
parameters change for the different coating processes, and there is an optimal set of
process parameters for each coating substrate combination (Maissel 1983).

The interface that exists between the bulk material and the coating is of great
importance. The ways in which the atoms stick to the surface determine whether the
coating will adhere. There is a sticking coefficient that is used to quantify the probability
of an atom or an element to attach to the surface. Incoming particles do many different
things as they collide with the surface of the growing film. Some of the things they will
do include adhering to the surface, bouncing back, or penetrating the surface of the film
or substrate, Each of these possibilities has a different effect upon the residual stress
within the coating and the final microstructure of the coating.

If the energy of the incoming particles is at the right level the particles will adhere
to the bulk material and a very even coating across the surface of the bulk material will
occur. The atoms will not adhere to the substrate most of the time due to a distribution of
energies for the incoming particles. This distribution will have a range in which most of
the atoms have a similar energy and a small percentage of the atoms will have much
higher or much lower energies than the majority of the incoming particles {Smith 1995).
The particles with low energy will simply bounce off the surface; some of them will
collide with incoming particles and lower their energy. The high energy particles will

also bounce off of the surface on occasion but these particles will impart more energy to
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the surface and could change the properties or temperature of the growing film. It is also
possible for the incoming particles to penetrate the surface of the material. The
penetration of the atoms cpuld have beneficial or detrimental effects. These atoms will
change the arrangements of the atoms within the lattice and change the amount of
residual stress within a few atom diameters from the final location where the atoms come
to rest. Ofien this penetration is useful for adhesion and a general grading of the interface
between the film and the bulk material will occur. A graded structure is used to decrease
the overall energy that exists at the interface between the two materials, which is often
caused by the lattice mismatch for the crystal systems.

Each of the materials will have a nano crystal structure or an amorphous type of
structure, which is when there is a lack of periodicity for the atoms. As the temperature
changes, the film and the bulk material should expand or contract about the same amount.
The mismatch is thermal expansion of the two materials is a very common problem in
film deposition. The deposition process occurs at an elevated temperature of about 250°
C, when the system cools if the coefficients of thermal expansion are not the same the
film will not remain attached to the bulk material (Maissel 1983).

The type and amount of defects that exist within the lattice is also of great
importance to the amount of energy that exists within the coating system. Vacancies
within the lattice system are sometimes desirable, if they cause the desired level of
residual stress within the lattice they can improve certain properties. Most of the time
defects are not desirable in a coating system. Many times a defect is the location where
the thin film is most vulnerable to failure.

The stress that is incorporated in a film during deposition can be controlled in a
number of ways. Some of these include limiting the thickness of the film, using energetic
particle bombardment during deposition to maintain a zero stress condition. Periodically
alternating the bombardment conditions, to form layers with alternately tensile and
compressive stresses that will offset each other. By deliberately generating a dense
columnar morphology stress cannot be transmitted through the bulk of the material.
Periodically adding alloying or reacting materials (reactive sputtering) or the mixing of

layers within the film can also reduce the stress level.
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The deposition process can be designed for each system of coating and bulk
material combinations. The stress induced during the deposition can vary widely and
some of the uses for the material may require a specific type and amount of stress. This

stress must always be within a range in order for the film to remain attached.

2.6.2 Residual Stress

Stress retained within a thin film is of great importance in the performance and
stability of the coating. The adherence of the film is the most important of the properties
that a film possesses. The stresses are generally either tensile or compressive in nature.
If the stresses are too high in either of the cases the film will not adhere well to the
substrate. A good film will generally have a compressive residual stress.

The surface of any material has a higher energy associated with it than the inner
bulk of the material. This higher energy is due to the lack of surrounding atoms to bond
with. There is also a mismatch for the number of bonds between a film and the bulk
material which causes a residual high energy state. The system will try and find a way to
lower the energy and at high temperatures the diffusion of atoms becomes likely,
especially if there are large numbers of grain boundaries, and properties of the film will
change. The interface between the two materials will be the main influencing factor as to
how well the film adheres to the bulk material, and the microstructure of the film along
with the type and amount of defects will be the main factors in the overall performance of
a coating.

The stress or energy of a thin film is intrinsic in the properties of the coating;
through proper control of the deposition parameters it is possible to create a thin film
with acceptable performance parameters. The deposition is controlled by three main
factors, which are substrate surface condition, reactivity of the arriving material, and
energy input (Smith 1995). The energy input can have a profound effect upon the
properties of the film through both the composition and structure of the film. Substrate
temperature during deposition and the thermal coefficient of expansion mismatch
between the film and the substrate can cause the residual stress in the film to exceed the

vield strength of the material the film is comprised of, and the film will fail.
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2.6.3 Film Free Surface

The properties of the free surface are often what one is attempting to change or
enhance when coating a bulk material. The properties could be oxidation resistance,
wear resistance, or appearance, as well as electrical properties. The free surface of any
solid is a place of increased stress, or energy, this is due to the phase interface. The
atoms within a solid that are in contact with atoms in another phase are at a higher energy
than the atoms within the bulk of the material. This increased energy will cause reactions
that will help to lower the total energy of the system.

One of the ways to determine the residual stress or surface tension of a solid is
through the Young equation and the amount of wetting that occurs for a liquid in contact
with a solid. The Young equation is Ysy = 715 + Yiv cOs 0, it relates the surface tension of
three phases which are in contact. By measuring the contact a liquid makes with a solid it
is possible to determine the amount of surface energy that that the film exhibits. A high
surface tension exists between the liquid and solid if the liquid is non-wetting with the

solid, which is shown when there is a high angle 6.

ye Solid

Figure 2.4:  Three phase contact showing three phases, surface energy
vectors, and contact angle

Often it is not desirable for the solid phase to react with the phases it is in contact
with, and is often the reason that a coating is applied to a bulk material. In the
application of a coating that will be contacted by a liquid, a high contact angle is an
indication that the two phases will not react. If the contact angle is equal to or less than
ninety degrees the surface said to be wetting and the two phases are compatible and are
likely to react with each other. If the angle is greater than ninety degrees the solid is not



wetting with the liquid and the surface tension of the liquid is greater than the surface

tension of the solid.
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3. Experimental Development

This research is directed toward the aluminum die casting industry and has the
goal of finding a working layer coating, which is a good barrier to molten aluminum.
The objective of these experiments is to determine which surface treatments and coatings,
out of a selected set of coatings, has the largest interfacial energy and is the best barrier to
selected molten aluminum alloys. A set of coatings applied using PVD techniques were
tested using a sessile drop experiment. The sessile drop experiment has the advantage of
allowing one to use the Young equation to help determine which of the surface treatments
has a high surface energy with molten aluminum. At the same time the liquid aluminum
can be left in contact with the coating for an extended period of time in order to

determine which of the coatings is a good barrier to the molten aluminum.

3.1 Basis For Experiment

One of the main modes of failure of high performance H13 tool steel is known as
soldering. Die soldering occurs in a series of steps, physiochemical adherence of the
aluminum, pitting corrosion, diffusion, and silicon segregation. Soldering tends to occur
in two main ways, impingement soldering and deposition soldering. Impingement
soldering occurs in areas that experience high metal velocities, often in the vicinity of the
entrance to the die cavity. Deposition soldering occurs in areas of low metal velocity
(Shankar 1997, Cheng 1993). The sessile drop experiment used for this research is
most like deposition soldering,.

In both types of soldering the same influences are in effect. The aluminum and
the iron have a high affinity and will react to form intermetallic compounds such as
Fe,Als, Fe;Al, and FeAl;. In the presence of alloying elements, which are prevalent in
most modern aluminum alloys, other intermetallic compounds will form as well (Shankar
1997). The molten aluminum is highly alloy able and the aluminum droplet will absorb a
large amount of elements until it reaches a saturation point. If the coating is a good
barrier to the aluminum it will not be able to absorb as much iron from the substrate as a
coating that is not a good barrier to the aluminum. The further the aluminum is able to

penetrate the substrate the less likely it is a good working layer film.
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3.2 Coatings and Surface Treatments Compared

The coatings chosen for this research were chosen due to their use in the die
casting industry and some.coatings were chosen that are theoretically non-wetting with
molten aluminum. The coatings that were chosen from a theoretical standpoint were
created in the ACSEL PVD laboratory. The companies that successfully produce the
coatings on a commercial basis applied the rest of the coatings. To compare whether
coating techniques have an effect upon the performance of a coating CIN was applied by
two different companies. A complete list of the coatings selected for this evaluation can

be seen in Table 3.1.

Table 3.1: Coatings chosen for the evaluation and comparison as a good working layer
film for molten aluminum

Cr3Si Cr-C CrC;
Cr-N Ti-Al-N Ti-C-B
Ti-C-B-N Ti-B-N Ti-N
Ti-By Ti-Cr Ti-Zr-Ni
Ni-Al Ni-Al-N Cr(CO)s
Mo-Si-C-N Ni-Fe B-N
Zr-N Mo-N Mo-Zr-N

All of the coatings were applied to the same fully characterized H13 tool steel.
The steel substrates were cleaned before application of the coatings but no polishing was
done. In a normal coating process often the substrate will be prepared with a polishing
step. The polishing step was avoided due to the polishing practices of the die casting
companies, and to make sure that all of the samples have the same roughness. The

roughness of the surface of the samples, have an effect upon the wetting nature of the



aluminum and could influence the perceived interfacial energy between the coating and

the aluminum.
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3.3 Type of Experiment Used and Considerations

The system that is being worked with is complex in many ways, and it is desirable
to simplify the number of variables as much as possible while maintaining the usefulness
of the experiment. The experiments must be run in a self consistent manner, and is done
so that trends become apparent which can be compared and related to the interactions that
control the performance of the coatings. A preliminary experimental matrix was formed
to find a set of conditions such that the aluminum was wetting upon H13 tool steel. H13
tool steel is the main material used for aluminum die casting: and the goal of this research
is to find a coating system which is capable of prolonging the life of this material.

The sessile drop experiment, which was used to compare the films, was done in
an oxygen depleted atmosphere at 770° C, and was done because it was found that the
aluminum would spread and react more with H13 tool steel under these conditions than at
lower temperatures, and with higher oxygen levels; which can be seen in Figure 3.1. The
iron and the aluminum as well as many of the alloying elements used for both alloys have
a high affinity for oxygen and so using a consistent method for controlling the amount of
oxygen was necessary, and was done using a mechanical pump and high purity argon to '

displace much of the oxygen.
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Figure 3.1:  Graph of 360 Al on H13 tool steel and CrC, at 800°C, in argon and air.
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The size of the aluminum droplet is a factor in the amount of spreading of the
droplet due to gravity and the reaction layer. A number of tests were performed in order
to determine a droplet size_that was wetting and would spread upon the H13 tool steel.
The surface roughness of the solid is also a contributing factor to the amount of
spreading. The roughness will have an effect upon the contact angle due to the amount of
surface contact between the liquid aluminum and the surface of interest. For this reason a
set of H13 tool steel samples were fully characterized and used as the substrates for all of
the coatings and as the raw steel the coatings and surface treatments were compared to.

Due to the high reactivity of the system being worked with, the contact angle
often changes over time for the coatings being compared due to the changing surface
energy for the reaction layer. For this reason the contact angle measurement is only
accurate for a given moment in time. All of the samples were kept in contact with the
aluminum for the same short amount of time before a measurement was made. The
aluminum was left in contact with each of the coatings for a total of six hours and
allowed to cool in the furnace, and was done in order leave the aluminum in contact with
each of the surfaces for an extended period of time; in order to compare which of the
coatings and surface treatments was the best barrier to the corrosive action of the
aluminum.

After the samples were removed from the furnace the aluminum droplet was
removed using an instron machine to measure the amount of force required to separate
the two surfaces, and was done in order to compare the soldering strength of the samples,
the lower the strength of the bond between the two materials the better. The size of the
indentation left by the aluminum was then measured to determine the amount of coating

and H13 tool steel that the aluminum was able to absorb while it was in a liquid state.
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4. Experimental Procedure

Four aluminum cast alloys chosen for these experiments were 360, 380, 383, and
390. All of these alloys are very common in the die casting industry. All of the alloys
are high in silicon content as well as other alloying elements and the H13 tool steel is also
a highly alloyed metal, as can be seen in table 4.1. The aluminum was cut into 4 inch
blocks (~ 6 mm), which was of an intermediate size that was large enough for good
measurement of the contact angle, and small enough that the spreading of the aluminum

over the surface of the sample was not too great.

Table 4.1 Alloying elements of H13 tool steel and the aluminum cast alloys
used in this study (all amounts are in percent by weight)

H13 - 0.39 C: 0.37 Mn: 0.013 P: < 0.001 S: 1.08 Si: 5.03 Cr: 1.46 M0: 0.95 V

360 - 9.0 to 10.5 Si: 2.0 Fe max: 0.6 Cu max: 0.5 Ni max: 0.5 Zn max:
0.4 to 0.6 Mg: 0.35 Mn max: 0.15 Sn: 0.25 others

380 — 7.5 t0 9.5 Si: 2.0 Fe max: 3.0 t0 4.0 Cu: 0.5 Ni max: 3.0 Zn max:
0.1 Mg max: 0.5 Mn max: 0.35 Sn: 0.5 others

383 -9.5t0 11.5 Si: 1.3 Fe max: 2.0 t0 3.0 Cu: 0.3 Ni max: 3.0 Zn max:
0.1 Mg max: 0.5 Mn max: 0.15 Sn: 0.5 others

390 - 16.0 to 18.0 Si: 1.3 Fe max: 4.0 to 5.0 Cu max: 0.2 Ti max: (.65 Mg:
0.1 Mn max: 0.1 other

Each of the candidate surface coatings were applied using physical vapor
deposition techniques between 3-5 um thick onto the same fully characterized H13 tool
steel. A carbo-nitriding surface treatment was also applied to the steel to be compared
with the other coatings as it is currently used in commercial aluminum die casting
operations. The coatings were all compared to the raw H13 tool steel as well as the
carbo-nitrided surfaces that are commonly used in commercial applications.

The surface of the aluminum and the surface of the sample were cleaned using
isopropyl alcohol. The samples were then loaded into a tube furnace two at a time (side
be side) to lower the overall number of tests that were necessary. The samples were

leveled in order to equalize the gravitational forces on both sides of the tube. The tube
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furnace that was used was 3 feet (0.91 m) long and 2.4 inches (60 mm) in diameter. The
furnace was evacuated using a mechanical pump to 60 mTorr and then back filled with
high purity argon. This was done three times and then the argon was allowed to flow at
2.6 standard cubic feet per hour (= 1 m?/hr) for the duration of the experiment.

The furnace was started and it took thirty minutes to reach the melting
temperature of aluminum. Just before this time a video recorder was started to ensure the
actual melting of the aluminum block was recorded. The furnace would continue to
increase in temperature until it reached 770°C. The furnace would maintain this
temperature for six hours and then the furnace would be shut off, as would the flow of
argon gas. The samples would be allowed to cool back to room temperature and the
samples would be removed from the furnace and another set of samples would be tested.
A schematic and a picture of the experimental setup can be seen in figures 4.1 and 4.2

respectively. Figure 4.3 shows a picture of the samples when they are in the chamber.

Video Camera -

Pressure Gauge
Tube Furnace —
D/ \:_-—_B:—b Flow Meter

Ultra High
Punty Argon

Television and VCR

Mechanical
Pump

Figure 4.1:  Schematic of the equipment used for the sessile drop experiments.



Figure 4.2:

Figure 4.3:

Picture of the equipment used for the sessile drop experiments.

Pictures of the samples in the furnace at five minutes and four hours
H13 tool steel is on the left and CrN is on the right

with 360 aluminum cast alloy on both
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5. Experimental Results

5.1 Wettability and Surface Spreading

The contact angle measurements, as well as the measurements for the spreading
of the aluminum droplet, was recorded using a video recorder that was placed at one end
of the tube furnace, which had a window. The recording was done onto VHS videotapes,
which were capable of recording a little more than six hours each. The tapes were then
taken to an image analysis computer, which was able to make all of the measurements
with a £5 degree range of variance.

To make the contact angle measurements two distances would be used to
determine the angle through algebra. The first distance is at a point in the center of the
droplet. The other distance that must be known is the length of the interface between the
molten aluminum and the solid surface. These distances are labeled “A” and “B”
respectively and can be seen in figure 5.1.

The measurements were done five minutes after the aluminum melted for each of
the samples. This time was allotted for the liquid aluminum to come to a state of
equilibrium with the solid. As the aluminum alloy reacts with the solid surface a reaction
layer will occur and there will be a change in the interfacial energy of the two phases.
The initial measurement “B” was then used along with the final distance of “B” to
determine the amount of spreading of the aluminum droplet. All of the measurements are
relative for each of the samples due to the variances in camera position, and the specific

system that is being worked with.

Distance= A
o e/
Distance= B
Figure 5.1:  Sessile drop showing the two distance measurements that were used to

determine the contact angle 0.
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5.1.1 Wettability

All of the coatings and surface treatments are compared using H13 tool steel as
the baseline. It was found that most of the coatings and surface treatments had a higher
contact angle and thus a higher interfacial energy than the H13 tool steel. The initial
contact angle and the final contact angle can change in both directions or stay the same.
The less wetting the surface is with the aluminum alloy the higher the angle. Depending
on the reactions that occur, between all of the alloying elements that exist within the
system that is involved, the shape of the droplet changes over the duration of the
experiment.

Some of the systems have a droplet that remains very much the same shape
throughout the experiment, and shows very little interaction between the aluminum alloy
and the surface it is in contact with: and it would seem gravity seems to have very little
effect as well. Some of the samples showed very little increase in contact area between
the aluminum droplet and the solid surface but the contact angle increases throughout the
experiment. This increase is due to gravity and does not necessarily mean that the
interfacial energy between the two phases is increasing.

For the majority of the coating and alloy combinations the interfacial area
between the aluminum droplet and the surface increased. This increase normally caused
the angle 9 to decrease, making the surface more wetting over the duration of the
experiment. This increase in surface area is due to the chemical driving force as well as
the gravitational driving force. In the case of the NiAl and NiAIN coatings the
combination of the two driving forces caused the aluminum droplet to completely lose
shape and spread completely over the surface of the sample.

When the interfacial area between the aluminum droplet and the coating or
surface treatment decreases the driving force due to gravity is less than the chemical
driving force for the reactions between the two phases. This contraction of the droplet
often caused the angle 0 to increase, which does mean the interfacial energy of the two
phases increases over the time the experiment was conducted. Due to the high level of
corrosive action of molten aluminum, and the high level of alloying elements that can be

absorbed by aluminum, it is ideal when the aluminum droplet is non-wetting with the
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solid surface when it melts, and after it has been in contact with the solid for an extended

period of time.

Table 5.1: Contact angles of melted aluminum cast alloys (360,380,383,390)
on H13 tool steel and selected coatings.

Coating or| 360 Al 360 Al 380 Al 380 Al 383 Al 383 Al 390 Al 390 Al
Surface |Beginning Finishing |Beginning Finishing |Beginning Finishing |Beginning Finishing
Treatment |Ang. (deg) Ang. (deg)|Ang. (deg) Ang. (deg)|Ang. (deg) Ang. (deg)| Ang. (deg) Ang. (deg)
Hi3 93 <90 114 101 106 <90 108 125
CrN(P) 99 123 109 117 94 121 94 126
CrN (IB) 118 122 117 112 112 110 118 124
CrC 94 98 i16 117 %94 94 117 114
TiAIN 105 109 107 i1l 111 105 104 116
ZrN 99 105 112 118 106 117 107 111
MoZrN 112 111 101 107 105 i12 110 112
MoNx 116 107 108 103 102 102 101 111
ALO; 91 107 114 115 105 111
TiN-TiCN 99 103 116 118 114 113 107 114
Cr;Si 117 106 109 118 107 <90
Dynablue 112 107 98 110 110 105 108 103
TiB,-TiC 109 119 107 115 107 113
TiBCN 98 110 118 117 108 125
MoSi,-SiC 98 123 107 115 107 113
NiAl <90 <90 <90 <80 <90 <90
NiAIN < 90 <90 <90 <90 <90 <90
H13 98 <90 107 94 101 <90
H13 96 <90 106 94 102 < 90
383 Al 383 Al 383 Al 383 Al
ALO; 113 109 113 108 114 109 114 109

As can be seen in Table 5.1, there are some coatings or surface treatments that do

not have values, and is due to the lack of samples necessary to conduct the experiments.

At the bottom of the table there are repeated experiments that were conducted to verify

the results and to ensure consistency. The variance or rang of error is t 5 degrees for the

image analysis done on the computer, and is known due to the measurements having been

done by more than one person and some of them done on more than one occasion.

The Al;0; was produced at a different time for the repeated experiments, so other

influences (such as hardness, adhesion, defect amount due to contaminants etc.) may

have had an effect upon the repeatability of the values.
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5.1.2 Surface Spreading

The amount of spreading of the aluminum droplet, with each of the surface
treatments and coatings, is an indication of the amount of chemical driving force for the
aluminum alloy to react with the solid surface. If the liquid spreads upon the surface of
the solid it is likely due to gravity and the chemical reaction layer between the two
materials. If the alloy does not spread, it does not have a way to lower the energy of the
system by reacting with the surface it is in contact with and the gravitational pull upon
the liquid is not enough to make the liquid spread. If the aluminum droplet decreases its
surface area, then the elements within the aluminum alloy droplet are more attracted to
one another than the elements within the solid. For this system the lowest energy state
for the system is when the liquid has the least amount of contact arca with the solid, and

is the type of material is likely to be a good working layer for a die casting diec material.



on H13 tool steel and selected coatings.

Table 5.2: Spreading percent of melted aluminum cast alloys (360,380,383,390)

360 Al 380 Al 383 Al 390 Al
Coating or| Growth  Growth  Growth | Growth
Surface | Percent Percent Percent Percent
Treatment |at Interface at Interface at Interfacejat Interface
H13 6 10.8 13.4 17.8
CrN (P) -11.7 -2.1 9.1 -18.9
CrN (IB) -1.2 2.2 -2.4 13
CrC 6.1 1.1 2.5 14.7
TiAIN 0 0.26 0 0.7
ZrN 3.7 -3.5 -2.5 3.6
MoZrN 6.1 2.2 -3.7 0
MoNx 9 5 0 -4.5
ALO; 1.1 0 4.1 0
TiN-TiCN 13.2 0.93 1.6 0.27
Cr,Si 16.6 0 1.1 19.5
Dynablue 7.5 4.9 1.1 5.1
TiB,-TiC -1.4 0 -3.2 -3.3
TiBCN 2.4 4.8 -8.6
MoSi;-SiC -11.9 0 0.5 2
Nial >100 >100 >100
NiAIN >100 >100 >100
H13 6.5 4.2 19.8
H13 49 13.8 20.6
383 Al 383 Al 383 Al 383 Al
AlLO; 2.8 2.8 3.1 2.9

36
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5.2 Soldering Strength

The aluminum used in a die casting operation is not supposed to stick to the die
material. Ideally the aluminum will take the shape to the die upon cooling and eject
without difficulty from the die, the aluminum will not adhere to the die casting die and
remain in the die. The problem is some aluminum will adhere to the die surface after a
number of die casting shots. This problem is known as soldering and is discussed in
section 3.1.

When aluminum solders to the surface of the die it becomes the surface the
incoming molten aluminum will come into contact with during solidification, instead of
the steel, and it the part will be defective. If the aluminum that was soldered to the steel
remains after ejection, the part will not have the correct shape in the region of contact. If
the aluminum detaches from the surface with the new part, then the part will have an
extra interface in this region that will likely fail leaving a defect in the part. The latter
condition is preferable for many reasons, ignoring the fact that two or more parts are
defective.

When the aluminum that soldered to the surface of the die casting die is removed
by the part following the occurrence of the event, there are advantages. The advantage
that is immediate is the fact that all of the parts produced after the removal of the
aluminum will not be defective. Many of the defective parts from this type of problem
are cosmetic and not structural, which is a good thing unless the surface that is defective
will be visible.

When the aluminum is not easily removed the die casting operation must be
stopped in order to remove the aluminum. If the aluminum is adhered to the steel by
physical adhesion it will be removed more easily than if it is adhered chemically. If the
aluminum remains attached to the surface for a long enough period of time, due to the
corrosive action of aluminum and the high temperature, the physical adhesion will
become chemical adhesion. The aluminum will cause cavitation of the die steel and is
time consuming and expensive to repair.

The amount of force required to separate two materials is related to the strength of
the bond between the two materials. The bond strength that was evaluated in this

investigation was between H13 tool steel and various surface treatments and coatings.
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The lower the force required to remove the aluminum the better the surface is for
aluminum die casting. The parts that are formed in contact with the die surface are more
easily ejected from the die and the aluminum is less likely to solder to the surface. If
soldering does occur there”is a higher probability that the next casting will adhere and
remove the soldered aluminum from the die.

For this investigation an instron mechanical tester was used to measure the
amount of weight required to remove a solidified droplet from the surface of the test
sample. Each of the samples had a droplet that was large enough that it could be pushed
off of the surface by a piece of steel. The substrate for each of the samples was one inch
(24.5 mm) square and one half inch (12.25 mm) thick and a special rig was designed and

built in order to hold it in place. The setup can be seen in Figure 5.2.

Figure 5.2: Setup for the determination of the soldering strength of the atuminum
alloys to the various surface treatments and coatings.

The samples would each be loaded into the clamping device and the aluminum
would be sheared from the sample. The amount of weight required to remove the
aluminum would be recorded. The sample would then be investigated in order to
determine the amount of surface area that was in contact between the two surfaces. The
arca was determined using a copy machine to increase the size by eight hundred percent
and a copy of grid paper was decreased in size by fifty percent and copied onto a view
graph. The number of blocks that covered the area would be counted and then knowing
how many blocks make a centimeter it was possible to determine the size of the area.
Knowing the amount force required when separating the two surfaces, and the area of

contact between them it was possible to determine the bond strength between them.
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As can be seen in Table 5.3, there are a number of values of zero reported, and is
due to the fact that some of the samples would simply come apart as they were removed
from the furnace. Where there are spaces with no values it is due to the lack of necessary
samples to run the experiments. When one looks at the soldering strength of the droplet,
the area is very small and so the strength in Newton’s per meter squared is a very large
number.

There are a number of assumptions that are made; the first is that the aluminum
droplet was removed at the interface between the steel, or the coating, and the aluminum.
The droplet will separate from the substrate at the point that is weakest and this could be
due to weak intermetallics or defects in the region of fracture. Another assumption that
was made is that the surface of contact is smooth, which as can be seen in section 5.3,
and is not always the case. Many of the samples are very rough along the interface of
fracture, which means that the contact area is much larger than one that has a very
smooth surface. For the above stated reason the main thing concentrated upon for this
area of investigation is the force rather than the soldering strength in deciding which

treatments are good candidate working surfaces.



Table 5.3: Force to remove droplet and the soldering strength of aluminum
cast alloys (360, 380, 383, 390) on H13 tool steel and selected coatings.
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360 Al 380 Al 383 Al 390 Al
Soldering Soldering Soldering Soldering
Coating or; Forceto Strength | Forceto Strength | Forceto Strength| Forceto Strength
Surface Remove  Droplet | Remove  Droplet | Remove Droplet | Remove  Droplet
Treatment| Droplet (N) (N/m2) |Droplet (N} (N/m2) |Droplet (N) (N/m2) | Droplet (N) (N/m2)
H13 236 43,703 0 0 42 6,269 489 94,039
CrN (P) 178 247,222 0 0 0 0 396 99,000
CrN (IB) 258 78,181 0 0 10 83,333 98 23,902
CrC 0 0 0 0 49 7,903 36 5,714
TiAIN 0 0 0 0 7 2,058 0 7
ZrN 31 10,625 4 7 859 351,917 89 37,083
MoZrN 0 0 0 0 0 0 10 1,887
MoNx 0 0 0 0 0 0 0 0
AL O, 0 0 0 0 0 0 36 63,158
TiN-TiCN 0 0 6 1,114 0 0 0 0
CrsSi 311 47,498 18 3,473 622 61,002
Dynablue 578 147,017 5 2,719 27 8,631 839 161,616
TiB,-TiC 0 0 0 0 0 0
TiBCN 667 456,623 0 0 222 54,200
MoSi-SiC 222 60,550 111 56,116 222 282,723
H13 286 42,053 36 6,207 423 52,222
H13 252 38,769 51 8,793 457 54,405
383 Al 383 Al 383 Al 383 Al 383 Al 333 Al 383 Al 383 Al
ALO; 7 4,861 27 7,200 15 6,726 4 11,111
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5.3 Surface Analysis

Afiter the aluminum was removed from the substrate the substrate was analyzed
using a mechanical profilometer to evaluate the fracture surface, and was done in order to
determine the depth and roughness of the fracture. The depth of the fracturc was
determined using an average value that the profilometer was able to calculate. The
roughness along with the depth of the various regions makes it difficuit to determine the
overall depth of the crater without using the profilometer to average the value.

For the investigation, one scan was insufficient to ensure the reliability of the
information gathered. If one does two scans within a very short distance of one another
the depths could change significantly for the deepest valleys on the scan, and is why
multiple scans were done and they were done in four directions.

Most of the coatings failed, and the resulting crater that is left when the aluminum
is removed is large and extends much below the depth of the coating, an example of this
type of scan can be seen in Figure 5.3. All of the coatings were applied at three to five
micrometers thick and the average depth of the craters for the coatings that failed was
around on hundred micrometers deep. In most cases the crater edge would have a lip that
had soldered aluminum upon it, and is the outer material in the spreading action of the
droplet. This material is most likely a reaction product and precedes the dissolution of
the coating into the molten aluminum.

Some of the coatings had penetration by the aluminum in some area but not the
entire surface area where the aluminum was in contact with the coating failed. In most
cases where the coating did not fail completely, regions of deposition accompanied the
crater, where aluminum remained soldered to the coating after the bulk aluminum was
removed, an exampie of this type of scan can be seen in Figure 5.4. This type of coating
is not an ideal candidate for the working layer film, even though the coating did not fail
completely.

Some of the samples have no crater to investigate, the coating or surface treatment
was able to withstand the corrosive action of the aluminum and was a good barrier to the
aluminum and it did not penetrate the coating, an example of this type of scan can be seen
in Figure 5.5. All of these coatings had some regions with aluminum soldered to the

surface but the amount of soldered aluminum was minimal, on the order of micrometers,
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and would likely not affect the casting that would be produced with the surface in a die
casting operation. These coatings are likely to be the best working layer films for
aluminum die casting dies.

The main information that was gathered using this data is the volume of coating
and substrate that was removed when the aluminum was sheared from the surface. The
volume of material removed of an indication of how quickly the aluminum was able to
penetrate the coating or surface treatment. The molten aluminum is capable of absorbing
iron and other alloying elements in the H13 tool steel at the same rate from one sample to
the next. If the volume of material that was absorbed by the aluminum is large, then the
coating failed quickly and the aluminum was able to attack the steel for a longer time

than if the coating was able to withstand the aluminum and not let it penetrate it.

l t { I ! :
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Figure 5.3:  Profilometer scan of sample with a large crater and deposition
surrounding the crater.
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Figure 5.4: Profilometer scan of sample with a crater where the coating failed in
some places and in other places did not fail and deposition
soldering occurred.
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Figure 5.5:  Profilometer scan of sample with deposition in some places along the

interface between the aluminum and the coating with no coating failure.



Table 5.4: Volume removed (mm” from coatings and substrate by molten
aluminum cast alloys (360, 380)

360 Al 380 Al
Fracture Fracture
Surface Fracture Surface Fracture
Coating or{ Average Surface | Volume | Average Surface | Volume
Surface | Depth Area [Removed| Depth Area {Removed
Treatment| (x10-6m) (x10-5 m2)| (mm3) |(x10-6m) (x10-5 m2) (mm3)
H13 70 54 3.78 118 5.8 6.844
CrN (P) 0 0.72 0 0 0 0
CrN (IB) 0 33 0 138 2.9 4.002
CrC 88 5.3 4.664 116 6.3 7.308
TiAIN 128 3.6 4.608 129 4.3 5.547
ZrN 109 4.8 5.232 94 6.6 6.204
MoZrN 82 4.9 4.018 122 4.5 549
MoNx 134 5.6 7.504 136 3.8 5.168
AL O, 0 0 0 0
TiN-TiCN| 82 3.9 3.198 128 5.2 6.656
CrsSi 84 6.6 5.544 0
Dynablue| 154 3.9 6.006 91 2 .82
TiB,-TiC 91 3.66 3.33
TiBCN 182 1.5 2.73
MoSi-SiC{ 112 3.7 4.144
H13 59 6.8 4.01
H13 82 0.5 533
383A1 383 A1 | 383Al1 | 383A1 383 A1 | 383 Al
ALO, 88 1.44 1.26 64 3.75 2.40
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Table 5.5: Volume removed (mm® from coatings and substrate by molten
aluminum cast alloys (383, 390)

383 Al 390 Al
Fracture Fracture
Surface Fracture Surface Fracture
Average Surface | Volume | Average Surface | Volume
Coating | Depth Area [Removed| Depth Area |Removed
or Materialj(x10-6m) (x10-5 m2)| (mm3) |(x10-6m) (x10-5 m2); (mm3
H13 69 6.7 4.623 73 5.2 3.796
CrN (P) 0 0 0 78 4 3.12
CrN (IB) 0 0.12 0 88 4.1 3.608
CrC 82 6.2 5.084 91 6.3 5.733
TiAIN 125 3.4 4.25 169 4.2 7.098
ZrN 55 24 1.32 58 2.4 1.392
MoZrN 63 4.8 3.024 93 5.3 4.929
MoNx 118 7 8.26 116 5.4 6.264
AlLO; 0 0 0 110 0.57 0.627
TiN-TiCN| 92 3.8 3.496 118 5.1 6.018
CrsSi 129 5.1 6.579 105 10 10.5
Dynablue| 167 3.1 5.177 215 5.5 11.825
TiB,-TiC | 142 3.5 497 140 3.2 4.48
TiBCN 152 2.45 3.724 187 0.89 1.6643
MoSi,-SiC| 170 1.98 3.366 182 0.8 1.456
H13 34 5.8 4.87 69 8.1 5.59
H13 77 5.8 4.47 61 8.4 5.12
383 A1 383 A1 | 383 A1 | 383 A1 383 Al | 383 Al
ALO; 73 2.23 1.6 88 0.36 0.31
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Table 5.6: Relative roughness of fracture surface and depth of crater left when molten
aluminum cast alloys (360, 380, 383, 390) were removed form surface

360 Al 380 Al 383 Al 390 Al
(+) Above (+) Above (+) Above (+) Above
{-) Below (-) Below (-) Below (-) Below
Coating or | Relative Fracture | Relative Fracture | Relative Fracture | Relative Fracture
Surface | roughness Surface |roughness Surface | roughmess Surface |roughness Surface
Treatment | of fracture (microns) [Of fracture (microns) |of fracture (microns) | of fracture (microas)
H13 Very -100 Moderate -150 Very -110 Very -110
CrN (P) [Hills & Pitts 60 Smooth 0 Hills & Pitts  -4.5  {Hills & Pitts -1
CrN (IB) [Hills & Pitts - 70 to + 60| Smooth -190  |Hills & Pitts 15 Hills & Pitts  -125
CrC Very -120 Smooth -220 Very -130 Very -150
TiAIN Moderate -190 Moderate -220 Moderate -190 Moderate =200
ZrN Moderate -105 Moderate -180 Pitted -110 Pitted -110
MoZrN Very -85 Moderate -150 Moderate -160 Very -120
MoNx Very -85 Moderate -180 Very 95 Moderate -135
ALO; Smooth 0 Smooth 0 Pitted -90
TiN-TiCN | Moderate -95 Very -210 Moderate -120 Moderate -130
Cr;Si Smooth -135 Smooth -180 Moderate -140
Dynablue Pitted -150 Pitied -17¢ Pitted -145 Pitted -200
TiB,-TiC Very -160 Moderate -200 Very -170
TiBCN [Hills & Pitts 210 Pitted -200 Pitted -215
MoSi,-SiC| Pitted -200 Pitted =210 Pitted =200
H13 Very -120 Very -105 Very -110
H13 Very -115 Very -115 Very -103
383 Al 383 Al 383 Al 383 Al 383 Al 383 Al 383 Al 383 Al
ALO, Pitted 70 Pitted 30 Pitted 45 Pitted 50
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5.4 Discussion, Index of Experimental Resulits,

and Future Work

The experiments conducted were used to find a good working layer film, fora
thin film system, that will be used to increase the life of H13 die steel used for aluminum
die casting dies. The experiments are similar in properties to one of the main modes of
failure for aluminum die casting dies. This mode of failure is called soldering and is
responsible for a considerable amount of the overall down time for a die casting
operation. The prevention of this problem has been the subject of a considerable amount
of research.

The problem of soldering is not a simple one to prevent. This is due to the high
temperatures and pressures developed when molten aluminum is injected into a die, as
well as the high chemical reactivity of all of the materials that are within the system. The
conditions within a die casting die are hard to reproduce in a laboratory setting. For this
reason the influences that surround the performance of the coating or surface of the die
must be projected.

A set of experiments was designed to consider different aspects of the
performance of selected coatings and surface treatments. The areas of consideration were
the surface energy of the interface between the molten aluminum and the solid surface,
the bond strength between the aluminum and coating or surface treatment, and the
amount of dissolution of the solid surface into the molten aluminum.

The higher the energy is between an aluminum alloy and a coating, the less
wetting the alloy is, and the affinity for the two phases is low. The contact angle for the
majority of systems considered was very close and hard to distinguish one from another:
but the spreading action of the aluminum is a close relation to the affinity of the elements
within the systems considered, and was noticeably different from one coating to another.
The spreading was both negative and positive and the coatings that had a negative
spreading had a system of elements that had a lower affinity for one another than the
coatings with a large amount of spreading, which also means that the interfacial energy

between the two materials is high.
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The next area that was explored was related to the strength of the bond between
the two materials. After the aluminum was allowed to cool the aluminum was removed
from the surface of the sample that was being tested. The amount of force that was
required to remove the aluminum was recorded using an instron mechanical tester. The
higher the force required to remove the aluminum the stronger the bond is that exists
between the two materials.

The last area of investigation for this research is related to the ability of the
coatings and surface treatments to act as a barrier to molten aluminum alloys. The
amount of material that was removed, when the aluminum was sheared from the sample,
was an indication of the coatings ability to withstand the corrosive action of the molten
aluminum.

In order to ensure reproducibility a set of 113 tool steel samples were tested more
with the aluminum cast alloys 360, 383, 390. The values can be seen for these three
alloys which were tested two more times, at the bottom of the tables. The variance for
the tool steel is within a range that the index is the same for the different samples. The
390 aluminum alloy is the exception and the index is one point higher than the initial
experiments that were run. The other tests that were done to ensure reproducibility were
done with the alumina coating and the aluminum alloy of 383. The samples reacted in a
very similar fashion and the variance that was found was not significant enough to affect
the index by more than one point.

An index was developed in order to compare all of the surface treatments and
coatings. With so many coatings and alloy combinations it is necessary to correlate all of
the information in order to compare which coatings performed well compared to the other
coatings that were investigated as can be seen in Tables 5.7 and 5.8. To determine which
coatings performed the best with all of the alloys investigated the index totals were
averaged, which can be seen in Table 5.9.

For the work that can be done in the future, the dunk tester that is described in the
next sections will be able to test the coatings in a manner which eliminates the oxidized
layer of aluminum in contact with the surface treatment or coating. For the dunk tester,
when the sample is “dunked” into the aluminum, pure aluminum alloy is in contact with

the surface. The amount of interaction of the aluminum with the various coatings and
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surface treatments is an indication of the wetting and the ability of the samples to
withstand the corrosive action of the aluminum.

[f one were to continue with sessile drop tests in the future, I would recommend
using a different experimental setup that would reduce the amount of oxidation of the
materials that are in the furnace. The amount of oxygen in the chamber affects the
wettability of the aluminum and influences the outcome of the experiments. The amount
of oxidation can be controlled further with the system that was used by adding an oxygen
getter. Another way to reduce the amount of oxidation that is affecting the experiment
would be to redesign the experiment in a way that the aluminum drips from a small hole,
after it melts, and comes into contact with the surface treatment or coating as a liquid. By
not having contact between the sample and the aluminum as it is melting the amount of

oxide that exists between the sample and the molten aluminum would be reduced.



Table 5.7: Index for the interactions of molten aluminum cast alloys
(360, 380) with various surface treatments and coatings.
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Coating 360 Al 380 Al
or Material | Torce Vol Spread  Total | Force Vol Spread  Total
H13 4 3 3 10 1 4 3 3
CrN (P) 3 i 1 5 1 1 1 3
CrN (IB) 4 1 1 6 1 3 1 5
CrC 1 3 3 7 1 5 1 7
TiAIN 1 4 1 6 1 4 3 8
ZrN 2 4 3 9 2 4 3 9
MoZrN 1 3 3 7 1 4 3 8
MoNx | 5 3 9 i 4 3 8
ALO; I 1 1 3
TiN-TiCN 1 3 5 9 2 4 4 10
Cr,Si 4 4 5 13
Dynablue 5 4 4 13 2 2 2 6
TiB,-TiC ] 3 1 5
TiBCN 5 2 2 9
MoSi;-SiC 4 3 1 8
H13 4 3 3 10
H13 4 3 3 10
383 A1 383 A1 383 A1 383 Al | 383 A1 383 A1 383 Al 383 Al
AlLO; 2 2 2 6 2 2 2 6
Force =0 1 Volume Removed =0 1
Force =0- 100 2 Volume Removed = 1-2 2
Force = 100 - 200 3 Volume Removed = 3-4 3
Force = 200 - 400 4 Volume Removed = 5-6 4
Force = > 400 5 Volume Removed =7 and < 5
Spreading % < 1 1
Spreading % = 1-3 2
Spreading % = 4-6 3
Spreading % = 7-9 4
Spreading % = 10 and > 5



Table 5.8: Index for the interactions of molten aluminum cast alloys
(383, 390) with various surface treatments and coatings.
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Table 5.9: Average of the Index for the interactions of molten aluminum cast alloys
(360, 380, 383, 390} with various surface treatments and coatings.

Coating |or Material
H13 10.75
CrN (P) 4.75
CrN (IB) 6.25
CrC 7.5
TiAIN 7
ZrN 8
MoZrN 6.5
MeoNx 7.5
ALO; 4
TiN-TiCN 1.75
Cr;Si 9
Dynablue 10
TiB,-TiC 5
TiBCN 7.7
MoSi»-SiC 7.7




6. Conclusions

The goal of the research was to narrow down a large group of coatings and
surface treatments, that were considered good candidates for use as a working layer to
protect aluminum die casting dies from the corrosive action of molten aluminum, to a
small number of coatings, which could be incorporated into a multi layer thin film
system, that could be used to increase the life of aluminum die casting dies. Die casting
dies fail in three main ways and through the use of coatings and surface treatments it is
possible to decrease down time and increase the productive life of die casting dies and
their components.

It was found that there is likely a coating system for each alloy that is ideal.
When one averages the values that were gained through the experiments that were
conducted it is clear that all of the coatings perform better than raw H13 tool steel, and
the carbo-nitriding (Dynablue) surface treatment is also out performed by all of the
coatings. When looking for a good working layer film that will be used in contact with
more than one alloy, an all around good working layer, the Al,O;3 coating from ACSEL,
Tib, — TiC coating from ACSEL, and the CrN coating from Phygen have performed the

best and would be the best choice.
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7. Development of the Dunk Tester

A good method of determining the durability of various coatings, to be used on
aluminum die casting components, is a test where the coating is held, or rotated, in a
moiten bath of aluminum. By having the samples immersed in the molten aluminum there
is no gas to influence the results of the experiment and this allows the corrosive action of
the aluminum to deteriorate the coatings. Emulating the aluminum die casting process in
the laboratory is not easily accomplished, but it is desirable to predict which coatings are
most likely to perform well for any specific situation and why. The dunk test has many
advantages over other experiments used in the analysis of coatings and surface
treatments, but it still has limitations when one is trying to recreate what is occurring
within an aluminum die casting die.

The aluminum die casting process is one that is very hard on the components that
come into contact with the molten aluminum. The corrosive action of the aluminum and
the thermal cycling that the components are subjected to, along with the high
impingement velocities of the aluminum, are the main reasons die casting dies and
components fail. Finding a coating or surface treatment that can be subjected 1o these
conditions and remain intact for long periods of time, which can be used as a barrier
between the die casting components and the molten aluminum, is very desirable.

If the coatings are tested in a laboratory it is possible to test coatings more quickly
and at a lower price than if the coatings are tested in a die casting operation. The
coatings can be compared with one another in order to learn which coatings or surface
treatments performed the best and why. The information that is gathered can then be
used to make predictions as to which are more likely to perform well in an aluminum die
casting operation.

In order to test the coatings it is desirable to emulate the die casting operation as
much as possible. The pressures that are developed, and the velocity of the aluminum,
are not casily reproduced. It is possible to emulate the thermal gradients that the coatings
and the substrate are subjected to and it is also possible to put the molten aluminum metal
in direct contact with the potential working surface, instead of the oxide layer that forms

on aluminum very rapidly when any oxygen is present.
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7.1 Design Parameters and Goals

It was desired to design and build a multi-functional dunk tester that is capable of
testing coatings in a thermal cycling and corrosive environment that can be done very
consistently from one sample to the next. The dunk tester must be capable of putting a
sample through a series of stations, one of the stations is a molten bath of aluminum, one
station is a spray chamber, which is used to cool and clean the sample, and the system
should have room for expandability.

The dunk tester is used to cause the coatings to fail, and then various techniques
are used to determine which of the coatings withstood the harsh environment with the
least amount of damage. Core pins are one of the small components in a die casting die
which are prone to failure causing the entire operation to shut down, which makes these
parts a good candidate for applying coatings and surface treatments to. Core pins also
have a geometry that is ideal for use in a dunk tester.

Computer control is the best way to ensure consistency between experiments.
The computer is used to control switches, which in turn control motors that are used to
move the sample from one station to another. The initial design can be seen in Figure
7.1. The design offers one the ability to have three stations on the table and two free
standing stations, allowing a total of five stations. If one were to use the machine for
more than one experiment it is not necessary to change the entire setup each time the
experiments are changed.

When one has computer control, experiments can be run the exact same way each
time, and it is possible to make small changes to the experiments very quickly and easily.
An ideal type of computer interface is one where it is possible to use the system without
having to spend much time learning how to use it. A basic desktop computer with a point
and click type of software package was desired for that reason. This type of system is
user friendly and very consistent, along with the flexibility to test coatings in a variety of
experimental conditions.

An industrial robot was chosen to manipulate the samples. A used industrial
robot was purchased that was capable of the speeds and weight requirements and was
versatile enough to complete all of the tasks necessary to accomplish the goals set out

upon. The initial design was designed to be made of servo motors, switches and a
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computer to control it, and can be seen in Figure 7.1. The industrial robot that was
purchased has the same basic design and is capable of more than the initial design

allowed and it was more economical. A picture of the machine can be seen in Figure 7.2.
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Figure 7.1 Schematic of the initial design for the dunk tester.



Figure 7.2 Picture of the dunk tester and the crucible furnace as well as the
control system.
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