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ABSTRACT

Zhu, Hengyu. M.S., Purdue University, December, 2014. Studying the rate and
mechanism of dissolution of metals in molten aluminum alloy A380. Major Professor:
Qingyou Han.
Shot sleeve is a very easily worn out part in a high-pressure die-casting machine due to
serious dissolution of the area underneath the pouring hole. It is because during a normal
pouring process, the high temperature molten aluminum will impact and dissolve that
area of the shot sleeve by complex chemical and physical process. Rotation experiment
was carried out to H13 and four kinds of refractory metal samples. SEM and EDS
pictures were taken in order to investigate the microstructure and the dissolution
mechanism of these materials. This suggests a high strength niobium is an ideal material
for that area of a shot sleeve. Comparison among the tested samples were conducted to
suggest a better material than H13 for shot sleeve. The result shows that niobium is the
best dissolution resistance material in all the tested materials. Titanium is the worst one in
all the refractory materials though, it is still 9 times better than H13. A three-stage
dissolution theory is proposed including reaction, washout and diffusion stage. The
washout and diffusion stage are when the weight loss occurred significantly. This study
gives reference and indication for improving shot tooling as well as a way to understand
the dissolution process of metals in molten aluminum. Future study is suggested to be
performed in a real die-casting environment.
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CHAPTER 1. INTRODUCTION

High pressure die casting (HDPC) is a more and more important manufacturing
method in metal casting industry, the product of which nowadays dominates a huge
proportion of the whole metal casting market for automotive industry. The most
outstanding advantages of which are that its processing period is short, which provides a
high productivity, high dimensional accuracy of the products. Among the two categories
of HPDC, which are hot chamber die casting and cold chamber die casting, cold chamber
die casting is a better casting method with aluminum alloys so it is being used more
frequently. However, the high production cost, which is mainly due to the expensive
equipment and molds, is a big factor prohibiting its growth in the casting industry. “A
typically velocity of the in-gate is 40-60 m/s for aluminum alloys. The shot sleeve is a
very vulnerable and expansive part in the whole HPDC system. The high velocity and
high temperature molten metal will consume the shot sleeve gradually, which eventually
results in failure of the shot sleeve. To get the best washout resistant material for shot
sleeve can help improving the HPDC system’s life and reducing the production cost
efficiently.” (Chen, Z.W., Jahedi, M.Z. 1999, p 303)
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1.1

Definition

HDPC – HPDC, which also called die casting, is a metal casting process that is
characterized by pushing molten metal into a mold cavity at a high pressure. The
part cavity is created using two hardened tool steel dies, which have been machined
into the shape of the casting part. The material of the mold is usually H13
nowadays. HPDC works similarly to a plastic injection in terms of the process.
Most die castings are made from non-ferrous metals, specifically zinc, copper,
aluminum, magnesium, lead, pewter and tin based alloys. Depending on the type of
metal being cast, a hot- or cold-chamber machine is used. (Schrader, George F.;
Elshennawy, Ahmad K. and Doyle, Lawrence E. 2000)
Refractory metal - Most definitions of the term 'refractory metals' list the extraordinarily
high melting point as a key requirement for inclusion. By one definition, a melting
point above 4,000 °F (2,200 °C) is necessary to qualify. The five elements niobium
, molybdenum, tantalum, tungsten and rhenium are included in this definitions,
while the wider definition, including all elements with a melting point above
2,123 K (1,850 °C), includes a varying number of nine additional elements,
titanium, vanadium, chromium, zirconium, hafnium, ruthenium, osmium and
iridium. Transuranium elements (those above uranium, which are all unstable and
not found naturally on earth) and technetium (melting point 2430 K or 2157 °C) are
never considered to be part of the refractory metals. (M. Keddam, 1995).
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1.2

Research question

Question: What are the mechanism and the rate of dissolution of H13, niobium
alloy, anviloy 1150, Molybdenum and Titanium alloy by molten aluminum?

1.3

Assumptions

The assumptions of this research are:
1. The air pressure is not changing during the experiment.
2. The molten liquid contains no impurities.
3. The temperature measured is the real temperature of the samples.
4. Rotation speed is stable and unchanged for each time.
5. The solubility of the materials in the molten A380 is small during the experiment.
6. The temperature is constant during the experiment.
7. Samples on each side share the same velocity.
8. All the residual on the surface of the samples could be cleaned by using NaOH.
9. NaOH doesn’t react with the sample itself.
10. The weight measurements are accurate.
11. Vortex fields are the same to both samples for each experiment.

1.4

Limitations

The limitations of this research are:
1. This study is limited to the stability of the rotation speed of the machine.
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2. This study is limited to the amount of liquid that could be contained in the
crucible.
3. This study is limited by the accuracy of the measurements of the thermocouple.
4. This study is limited by the accuracy of the measurement of the digital balance.
5. This study is limited by the size of the crucible.

1.5

Delimitation

The delimitations of this research are:
1. This research does not provide the dissolution condition for other materials.
2. This research does not study the dissolution under a longer time such as several
hours.
3. This research does not consider other factors that may come in to effect in
industry production such as shot sleeve bending.

1.6

Summary

Research experiment is a method to simulate the possible result of the certain
research topic or object under real life conditions. But it can hardly be exactly reproduce
the real condition, hence they can be useful and yet not very accurate.
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CHAPTER 2. LITERATURE REVIEW

In this section the related researches and literatures will be reviewed, which mainly
describes the current environment of the die casting industry and how does dissolution
influence the die-casting industry. The review of the dissolution phenomenon itself
including the definition of dissolution, the possible area that it will occurs, its general
mechanism and the popular methods of dissolution evaluation.

2.1

High-pressure die-casting
2.1.1

Casting industry

“Metal casting which usually performed in a foundry, is a producing method to make
metal products from molten metal. Metal casting is one of the most historical
manufacturing methods which is both easy to perform and have high control ability of the
final product. (Degarmo, Black, Kohser and Ronald, 2003) “To perform the process,
several kinds of casting method could be used base on the property and ability of the
design product as well as the structure of it. Several most popular way of casting
processes nowadays are: sand casting, lost-foam casting, investment casting, ceramic
mold casting, high pressure die casting, V-process casting and Billet (ingot) casting.
Sand casting is the oldest way of metal casting. Although the performing process may
be slightly different from one place to another, generally it contains eight main steps in
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Industry production.” (bradwellfoundry.com) Mold making, melting, pouring, shakeout,
degating, heat treating, surface cleaning and finishing.
In the mold making step, a pattern will be made into the shape of the wanted
structure. A single piece or solid pattern will usually be made when the design is not very
complex. Design with complex structure will be made into two parts, named split
patterns. A split pattern contains a top or upperpart, named cope, and a bottom or lower
part which is called drag. Hollow areas will be created by cores, but some complex
hollow shapes are impossible to achieve. So before making the pattern discussion will be
necessary anytime (Flemings 1974). Usually cores will be inserted in both solid and split
patterns in order to complete the shape of the final product. Parting line is where the
upper part of the mold cope and the bottom part drag separates.
It is good to taper the edges when making a die. That is because when taping it, the
edge be removed while not harming the die itself. But there are some situations that the
pattern cannot be remove without damaging the die. (Beeley, 2001)The pattern is made
out of wax, wood, plastic or metal. The molds are constructed by several different
processes dependent upon the type of foundry, metal to be poured, quantity of parts to be
produced, size of the casting and complexity of the casting

2.1.2

Differences between HPDC and traditional sand casting

High-pressure die casting (HPDC) is a more and more important way of metal
casting in current casting industry. It has a lot of differences from other kinds of casting.
As a whole, high pressure-die casting use an injecting tube, which called shot sleeve to
shoot the molten metal into the metal mold.
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There are two major kinds of high-pressure die-casting. One is hot chamber diecasting and the other is cold chamber die-casting. During the hot chamber die-casting, the
chamber containing molten aluminum alloy which will be used to make the product will
be immersed in hot liquid to keep the alloy in good flowing ability state. The advantage
of which is that it has a fast cycle times which means that it could produce approximately
15 shots in a minute. But the bad side is that it only limited to cast metal with no reaction
with steel. Lead magnesium and tin are some commonly used materials with hot chamber
die-casting.
Cold chamber die casting usually uses aluminum and copper. Those alloys cannot
be used in hot chamber die-casting because they all have respectively high melting
temperature or have fairly strong reaction with steel. Cold chamber die casting has its
shot chamber not being immersed in hot liquid, so the chamber usually have a higher life
time and also the cost of production will be lower because there is no need to provide
energy for keeping the chamber at high temperatures. However, one obvious
disadvantage of cold chamber die-casting is that the cycle time is longer because of the
molten metal need to travel from the furnace to the cold chamber before injecting into the
mold.

2.1.3

Process of HPDC

Although the process could be slightly different from one foundry to another because
of the machine, material of other issue, high pressure die casting usually contains four
steps: preparation of die, filling, ejection and polishing. (Degarmo, 1980)
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2.1.4

Tooling materials in HPDC(die, shot sleeve, part)

For a high-pressure die-casting machine service, life of the parts influences the
production therefore the profit very seriously. Once a key part fails and results in the
machine stop running, there will be a downtime for the production, which is usually more
costly than the value of the failed part itself. As a result, the material of the key part is a
very important topic to consider, which, ideally, needs to be with excellent performance
as well as low cost. Shot sleeve, which is a metal cylinder that is used to hold the molten
aluminum alloy and the place where a plunger squeezes the aluminum alloy into the die
cavity, is one of the most easiest part to present failure in a high-pressure die-casting
machine, due to its high frequency contacting the molten aluminum flows at high
temperature with high velocity and wear damage by the plunger. A picture of a shot
sleeve is shown in Fig 2.1 and Fig 2.2 are the schematics of a shot sleeve and a cold
chamber die casting machine.

Figure 2.1 The schematic of a shot sleeve
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Figure 2.2 Cold chamber die casting schematic

Due to its high strength and low relatively cost, H13 is the most popular traditional
steel that is used to make shot sleeves. However, although there are a lot of different
kinds of coating that can make H13 last longer than it used to be, it is still found to have
low soldering resistance and dissolution resistance comparing to some newly investigated
material such as niobium alloy, molybdenum, anviloy and titanium alloy. (Song, J.,
DenOuden, T., Han,Q., 2011)

2.1.5

Advantages and disadvantages of HPDC

High pressure die casting can produce parts with very high surface finish quality and
dimensional accuracy due to its high pressure way of performing the production which is
entirely different from sand casting. (Brevick, Mount-Campbell, Clark and Carroll 2004)
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1) High dimensional accuracy. Although the accuracy depends on specifically what
the material is using, it could typically reach 0.005mm for the first inch and 0.002
for the every inch added up.
2) Smooth cast surface.
3) Thin walls could be produced.
4) Cast-in inserts are possible.
5) Secondary machining operations are reduced or eliminated.
6) Very short production cycle and high productivity.
7) Low fluidity metals could be cast.
However, apart from the benefits brought by high pressure die casting, there are some
draw backs with this process method as well. (Avedesian, Baker and Hugh, 1999)
1) High capital cost.
2) Limit casting weight and size.
3) Short die life.

2.2

Dissolution phenomenon in HPDC
2.2.1

Introduction

“Dissolution in high-pressure die casting is a general description of mass loss of
metal on tooling structure such as shot sleeve, die and cores. Usually dissolution is a
combination result of several kinds of phenomenon including corrosive, erosion,
chemical reaction. Erosion usually associates with molten metal in relatively high
velocity that results in mass loss in metal dies during the filling procedure. Nowadays
there are three kinds of erosion be put on the table by researchers, liquid impingement
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erosion, solid particle erosion and cavitation erosion. In the process of liquid
impingement erosion, many little pits will formed on the eroded surface and eventually
the pits are connected to each other to form larger cavities which will cause the failure of
the die. Solid particle erosion refers to the situation that solidified particles impact the die
surface during filling and cause mass loss. Cavitation erosion is related to the fact that the
bubbles which formed during the filling process collapse because of the fluctuate
pressure current in the casting bulk in filling procedure.”( Schrader, George, Elshennawy,
Ahmad, Doyle and Lawrenc, 2000,p 661)
Corrosive refers to the formation of intermetallic layers which will finally directly
or indirectly result in dissolution of the die surface directly and the formation of
intermetallic layer consumes the base metal which in this case is the metal die. (Flemings,
1974) Also the intermetallic layer is always more brittle than the base metal, the
formation of the intermetallic turns the relatively tougher die surface into a more
vulnerable material which could easily be washed away by molten liquid current. (Lorenz,
Staikov, Schindler, Wiesbeck and Electrochem, 2014)

2.2.2

Possible area

As mentioned before, erosion and corrosive are two major causes of the
dissolution phenomenon. Erosion is because of molten metal in relatively high velocity
contact and result in mass loss in metal dies during the filling procedure (Flemings, 1974).
Wherever the die material encounters the liquid at high velocity, dissolution can easily
occur. Usually, in a high pressure die casting system, the shot sleeve and the gate will
have the highest velocity liquid (Cocks, 1986). That is because in the shot sleeve, the
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molten liquid will be squeezed and then injected into the gating system and finally into
the die. And on the other hand, since the gate will usually have the smallest cross area in
the whole gating system, the velocity of molten metal passing the gate will also be very
high causing huge damage on the die after certain die casting cycles. Besides that, areas
with the highest possibility of corrosive damage is also vulnerable areas against
dissolution. (Campbell, 1995)

2.3

Pervious research

A lot of research related to the dissolution rate and mechanism about some kind of
metal materials have been conducted by other researchers. “identified the following
variables that affect erosive wear in die casting dies: injection pressure, die temperature,
metal temperature, and die design. According to his work, mechanical erosion,
commonly known as washout, is primarily due to the impingement of solidified metal in
the casting metal on the die surfaces under high velocity. It has been claimed that the
degree of erosion is mostly a function of the gating and casting techniques as well as the
die material.”( R. Shivpuri, 1995,p148). Actually just a few years before one concept
was brought in by Maim and Tidlund (1970) that following factors that will affect the die
erosion: temperature of the casting metal, composition of the casting metal, design of the
die, and surface treatment of the die, Barton (1965) categorized erosion into three types:
gate erosion, washout, and cavitation jet erosion. The gate erosion occurs because of the
repeated abrasion and regeneration of the oxide film. This takes place in the gate area
with high gate velocity (Skoff, J.V. 1981). The washout effect is due to the molten metal
stream impinging directly on the cavity surface at a short distance from the gate and is

13
highly localized along the line of the gate. Cavitation jet erosion is due to gas bubbles
being carried along in a stream of molten metal. When these bubbles collapse (implode),
they produce a local jet with high velocity and pressure, which damages the die surface.
Brunton (1970) also mentioned the cavitation effect of the bubble. From his experiment
with air bubbles in water, he found that the damage caused by a bubble collapsing near a
surface is similar to that produced by a high velocity impact of jets and droplets (D.
Cocks, 1986). Velocity is a key factor in cavitation erosion. Based on the reported die
casting literature, the possible erosive mechanisms involved in die casting process can be
classified as: solid particle impingement, slurry (liquid and solid) erosion, and cavitation
erosion.

2.4

General research method of dissolution
2.4.1

Diecasting test

2.4.1.1 Design of test die
A testing procedure must be developed that accelerates the surface loss due to
erosive phenomena to evaluate die erosive wear adequately. Ideally a test should be
designed on an actual test die in an actual diecasting environment. However, the risk of
damaging a costly and complex die, and the cost of interrupting production makes this
approach unfeasible (Shivpuri, Venkatesan, and Chu, 1995). Consequently, one
objective was to design a simple laboratory scale test which is near the actual production
situation and can get the result in a reasonable period of time.
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2.4.1.2 Design of the pin
Die pins are conventionally cylindrical with round cross section (Saxena, Mndi,
Pmsad and Jha, 1993). However in the accelerated test design, the areas of the test pins
inside the cavity were given a pyramidal shape with the edges of the pyramid facing the
molten aluminum jet. The reasons for this are: (a) a sharp edge would erode much faster
than a round edge, and (b) it is much easier to measure a sharp edge than a round surface.
Fig 2.3 is a alyout of a test metal pin.

Figure 2.3 A layout of a test metal pin

2.4.1.3 An example of the result and discussion
The weight loss of the pins was the primary measurement for erosion in this study.
After a selected number of shots (measurement interval), the die was dissembled and the
pins extracted. After being cleaned with KOH solution, the pins were weighed
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individually. The dies were then reassembled, and production continued until the next
measurement interval was reached. The change in weight of the different pins (weight
loss) for the different stages of the pilot test is shown in Fig 2.4.

Figure 2.4 The relation of number of shots vs the loss weight
After 600 shots, the measured weight loss for pins 1, 2, 3, and 4 was adequately large
to conclude that the H13 pin had eroded. Furthermore, as expected, the weight losses of
the front-row pins (1 to 4) were much larger than those of the rear row pins (5 and 6). Pin
2 had the highest weight loss, and this location was used as the control pin location in
subsequent trials. (Chu, Cheng and Shivpuri, 1992)
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2.4.2

Rotation test

2.4.2.1 Test set up
Rotation test simulates the process the molten aluminum flow hits the inner
surface of the shot sleeve. Fig 2.5 shows a schematic view of a normal test apparatus.
“The medium used for testing the samples was a slurry of 40 wt. % sand (size: 150-1l0~50) in a solution of water containing acid and hydrochloric acid. The composition of
the solution (1000 cm -~ water+0.5 cm ~ concentrated HCI +0.4 cm –H., SO4)
conformed to that of mine water. Metallogrphically polished disc shaped specimens
having 20 mm diameter and 6 mm thickness were usually used for a rotation experiment.
The speed of rotation of the samples in the slurry was 900 rpm. The experimental
parameters, whose effects on the wear behavior of the samples were studied, included the
radial distance (RD: 55-75 mm), the angle of inclination of the samples (0. 45-90 °) with
respect to the direction of rotation in the slurry and the distance traversed (DT: 126--254
km)”. (Mondal, Das and Prasad, 1988, p2)
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Figure 2.5 A schematic of a rotation test device

2.4.3

Accelerate test

Accelerate test was proposed for using shorter time to simulate long time
operation die casting condition. This can help the researcher to see the result of
dissolution faster as well as investigate the tested sample sooner by spending less time on
the actual experiment itself. Figure 2.6 illustrates the accelerate test apparatus. This is
designed for carrying out soldering experiments.
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Figure 2.6 A schematic of the ultrasonic accelerate test. “1: ultrasonic generator; 2:
controller for electric furnace; 3: melt temperature indicator; 4: pneumatically operated
device; 5: air inlet; 6: transducer; 7: booster; 8: horn; 9: core pin; 10: furnace
As shown in the picture the whole experimental setup including an ultrasonic generator, a
controller for the furnace, a thermometer for the melt temperature, a high pressure
cooling air, a transducer, an ultrasonic horn and some other supporting parts.” (Han, Q.,
Xu, H., Ried, P. P. and Olson, P. 2010, p297)

2.5

Summary

Some related works done early have been examined. The rotation test is a very
convenient as well as accurate testing method to perform in a laboratory scale. The
rotation test method will be used in this research to simulation the dissolution
phenomenon in real die casting.
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CHAPTER 3. METHODOLOGY

The whole and complete experiment method will be covered in this chapter
including the material and dimension of the samples, the testing conditions and procedure
and the analyzing method.

3.1

Research Framework

This research is a quantitative research. The questions are whether there is a
relation between rotating time, flow velocity, temperature, sample material and
dissolution rate and what the dissolution mechanism is. To answer these questions, a true
experiment need to be done, the result of which need to be processed statistically and
analyzed. The tested samples needs to be analyzed using optical microscope, SEM, and
DES in order to understand the mechanism such as the formation and the washout of the
interlayers that caused by dissolution phenomenon.

3.2

Test coupon

The sample were cut from several rods of the certain materials into small round
disk-like pieces. A hole was drilled on each sample in order to attach the sample to the
rotation rod body, which rotates in liquid aluminum A380. The sample materials include
Niobium, Molybdenum, Tungsten, Titanium and H13 steel. The aluminum alloy A380
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was provided by Chrysler in Kokomo, IN, USA. The chemical compositions of the A380
alloy were list in table 3.1.
Table 3.1 A380 chemical composition
Element
s!
wt%!

Al!
Balanc
e!

Si!

Fe!

Cu!

Mn!

Mg!

Ni!

Zn!

Sn!

Trac
e!

7.5=9.5!

1!

3=4!

0.5!

0.3!

0.5!

2.9!

0.35!

0.5!

A schematic sample and a real sample are shown in Fig 3.1 and Fig 3.2.

Figure 3.1 A schematic of an experimental sample
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Figure 3.2 A picture of the actual experimental sample
The chemical compositions of each material are shown in tables 3.2-3.6.
Table 3.2 The chemical composition of H13
element
wt%
C
0.32-0.45

Fe
balance
Ni
0.3

Cr
4.75-5.50
Cu
0.25

Mo
1.10-1.75
Mn
0.20-0.50

Si
0.80-1.20
P
0.03

V
0.80-1.20
S
0.03

Fe
0.005
W
0.03

Mo
0.005
Zr
0.80-1.2

Table 3.3 The chemical composition of niobium alloy
element
wt%
Ni
0.005

Nb
balance
N
0.03

C
0.01
O
0.015

Hf
0.01
Si
0.005

H
0.002
Ta
0.1

Table 3.4 The chemical composition of titanium alloy
element
wt%

Al
6

Fe
0.25

O
0.2

Ti
balance

V
4
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Table 3.5 The chemical composition of anviloy
element
wt%

W
balance

Fe
0.2

Ni
0.4

Mo
0.4

Table 3.6 The chemical composition of Molybdenum
element
wt%
!!
!!

Mo
99.9
S
<0.003

K
<7e-04
Cu
<1e-04

3.3

AL
<5e-04
Cr
<1e-04

SI
<0.005
Na
<1e-04

Fe
<0.004
W
<0.002

Testing Method

The schematic of a rotation test used in this study is shown in Fig 3.3. Fig 3.4 is a
picture of the actual experiment set up.

Figure 3.3 A schematic of the rotation test setup
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Figure 3.4 The actual experiment setup
In the schematic, 1 is the rotating body rod attached to a motor, 2 are the samples
attached on the bottom of the rotating body rod, 3 is the crucible containing molten
aluminum, and 4 is the frame that holding the motor, rod and samples.
During the experiment, the motor make the rotating rod and the samples rotate in
the molten liquid for a certain time. After each set of the experiment, the sample was
disassembled from the rotating body. Since molten aluminum will attach onto the
samples, they need to be removed using a dissolve solvent to clean the surface after each
experiment. Also, because after each experiment, a certain amount of the sample will
dissolve into the molten aluminum, changing the bulk composition of the alloy will
certainly change the dissolution rate of the sample, fresh A380 aluminum was used in
each of the experiment. Table 3.7-3.9 list the entire experimental plan in this study.
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Table 3.7 Experiment plan for H13 steel for one temperature
No.
1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30

temperature(⁰C)
600

625

650

675

700

Time (min)
10
10
10
20
20
20
10
10
10
20
20
20
10
10
10
20
20
20
10
10
10
20
20
20
10
10
10
20
20
20

V(m/s)
0
0.61
2.13
0
0.61
2.13
0
0.61
2.13
0
0.61
2.13
0
0.61
2.13
0
0.61
2.13
0
0.61
2.13
0
0.61
2.13
0
0.61
2.13
0
0.61
2.13
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Table 3.8 The experiment plan for Nb, Mo, W and Ti
No.

speed(m/s)

temperature(⁰C)

time(mins)

1
2
3
4
5
6

0
0
0.61
0.61
2.13
2.13

650
650
650
650
650
650

10
20
10
20
10
20

Table 3.9 The experiment plan for Nb, Mo, W Ti and H13 that not been put into a Sodium
hydroxide solution
No.

speed(m/s)

temperature(⁰C)

time(min)

material

1
2
3
4
5

2.13
2.13
2.13
2.13
2.13

650
650
650
650
650

10
10
10
10
10

Niobium alloy
Molybdenum
Anviloy 1150
Titanium alloy
H13

3.4

The selection of the experiment value

The main consideration of the selection of the experimental value is the condition
of the actual industry production for a normal die-casting in the Chrysler plant in
Kokomo.
The experimental temperature range was from 600⁰C to 700⁰C, a little wider than
the actual die casting condition which should be around 650C. This is for the purpose to
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obtain data covering the entire range of temperature range during die casting operation
for A380 alloy.
The maximum rotation line speed was 2.13m/s which was about the rate of the
molten metal flow hits the inner surface of the shot sleeve as it is been pour down into the
pouring hole. The longest experiment time was 20 minutes. This was selected to see an
obvious effect of dissolution on the samples.

3.5

Response and independent variable

Response variable is the variable that used to show what the response of the
testing subject is when under a set condition, which is also the base of the later analysis
of the mechanism of the phenomenon. In this study, the mass loss of the sample will be a
major response variable. Another response variable is the SEM picture of some of the
after-experiment samples in order to better analysis the phenomenon. Response variable,
the mass loss will be collect after cleaning process of the sample after the experiment due
to the residual on the sample which will lower the accuracy of the measured result and
eventually cause doubt on the rigorousness and the credibility of the whole study. The
cleaning process, nevertheless, is not perfect, a small amount of inaccuracy may still exist
in the measured result although it won’t be big enough to cast doubt on the study.
Independent variable is that variable that set by the research to determine an
experiment condition for the subject. In this study, the independent variables are:
experiment temperature, rotating speed, rotating time and sample material. H13 will be
the major experiment material since it is the most widely used material of shot sleeve in
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die-casting machine nowadays.Titanium alloy, molybdenum, anviloy 1150 and niobium
alloy will also be involved in this study.

3.6

Operation condition

The experiment will be hold under a firm control in order to keep the independent
variables constant throughout the whole experiment. A 2.5kg molten aluminum alloy
A380 was put into a crucible in a furnace and it was melt and kept closely around the set
temperature during each experiment. Fresh aluminum was used in every experiment to
prevent the influence of the solubility of the experimental material in the aluminum alloy.
A picture of the furnace is shown in Fig 3.5.

Figure 3.5 The furnace
Before putting the aluminum into the furnace, an anti-stick spray was applied to
the surface of the crucible in order to make the aluminum easier to be taken out then the
experiment is done. The Fig 3.6 shows the spray used in this research.
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Figure 3.6 A aluminum isolating spray
A motor attached on a steel stand was the equipment to generate the movement of
the experiment samples, and a niobium bar is attached to the end to the motor bar with
another horizontal niobium bar attached to its bottom. The sample(s) will be held at the
end of the bottom piece niobium bar with a bolt and nut. The niobium bar was stick into
the molten aluminum during the experiment. Two pieces of asbestos temperature
isolating sheet, which can not only keep the temperature in the furnace from going out,
prevent the motor above getting too hot but also stop the molten aluminum from spitting
out during the rapid rotation of the niobium bar. A steel block piece is attached near the
horizontal niobium rotation bar in order to stop the liquid from creating a vortex, which
will decrease the actual impact speed and momentum between the liquid and the sample.
The block piece was designed not having any possibility contacting the rotation parts on
the device. An assembly picture of the main experiment device is shown in Fig 3.7.
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Figure 3.7An assembly picture of the main experiment device
A steel container was placed near the experiment device to collect unwanted
molten aluminum such the surface aluminum oxide before the experiment when needed.
Fig 3.8 is a picture shows how it look like during an actual experiment. The liquid may
spit but the chance is actually pretty low even with a rotation line speed of 2.13m/s,
which with this equipment equals a 730 rpm.
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Figure 3.8 A scene of an ongoing experiment
A tachometer was used throughout the whole experiment to make sure the
rotation speed was constant. The tachometer is shown in Fig 3.9. Temperature is easy to
fluctuate during the experiment, especially when conducting the experiments for 20
minutes. To keep the temperature from changing too much, a thermometer, which is
shown in Fig 3.10, was used to check the temperature every 2 minutes. Adjustment of the
furnace temperature was made when needed.
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Figure 3.9 The tachometer

Figure 3.10 The thermometer
Also there are some other tools used in the experiment with the function such as
attaching the sample to the niobium bar, pre-cleaning the surface of the sample after the
experiment and cleaning the molten aluminum.
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3.7

Data Collection

As mentioned above, certain kinds of materials of rods will be the raw material of
the samples. And the samples will be rotating for certain times under certain rotating
speeds and temperature. The main data resource will be:
Material
Rotating speed/ flow velocity
Rotating time
Temperature
Mass loss
After every experiment, the samples were put into a Sodium hydroxide solution
(NaOH) liquid to dissolve the aluminum residual on the sample surface. A precise
electronic balance was used to measure the weight of the samples which with a 0.001g
accuracy. SEM pictures were taken by a XL-40 SEM(scanning electron microscopy)
machine which is shown in Fig 3.11, for microstructure analysis. Also couple EDS
pictures are taken by the EDS(energy dispersive spectrometry) machine.
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Figure 3.11 The XL-40 SEM machine

3.8

Data Analysis

The data will be analyzed statistically with charts and diagrams to show the
correlation between input parameters and the mass loss. Besides, multiple SEM and EDS
pictures were taken from several samples under different experimental conditions, which
will be analyzed to generate the dissolution mechanism. The mechanism analysis part
will be the more important part in this research.

3.9

Chapter Summary

This chapter covers the key processes and analysis method of the research. Detail
experiment plans are shown. This experiment can be replicated by other researchers who
stick to the operation condition described in this chapter.
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CHAPTER 4. RESULT AND DISCUSSION

In this chapter the result of the experiment will be present, the rate of dissolution
will be calculated and the mechanism will be discussed. The rate calculation is simpler
but the mechanism is complicated. There could be some phenomenon affecting the
dissolution other than liquid impingement, such as air bubbles, corrosive and soldering. A
possible theory of dissolution mechanism is presented in this chapter.

4.1

Optical pictures of the H13 sample

Optical pictures of the samples for the comparison of several different conditions
were taken to show the trend of dissolution severity. From the appearance of the samples
after experiment, it shows that no matter the increase in the experiment time, rotation line
speed or temperature, the dissolution volume will increase. At a same temperature, the
increase of the rotation speed seems to have more serious influence on the result.

4.1.1 The influence of temperature
In this study, temperature is a very important factor. With the increase of
temperature, the energy requirement of breaking down the molecular chain will be much
lower, which means that dissolution will be much easier to occur and to keep working.
Also the increase
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of temperature could lead to the ability for more complicated chemical reactions and
faster diffusion, which are also enhancing the dissolution process.
Fig 4.1 shows the optical result comparison of the samples under different
temperature (600°C, 645°C, 650°C, 675°C and 700°C). The other independent variables
were kept the same with rotation line speed 2.13m/s, rotation time 20 minutes and
material H13. Sodium hydroxide liquid was used to react and clean away the aluminum
residual on the surface of the samples after the experiments.

Figure 4.1 H13 samples for different temperatures
From the picture it is obvious that with a higher temperature the height is in a
decreasing order, which shown in the picture is from the left to the on the right. Although
the dissolution surface is complicated, since the original height is the same, the final
height can give a sense of the dissolution volume. This means that with higher
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temperature, the sample was dissolved more severely. This can also be confirmed by the
experiment data in the later discussion.

4.1.2 The influence of rotation line speed
Aside from the temperature, rotation obviously enhance the dissolution process
which is due to that it causes many activities besides soldering and other reaction
between the substrate material and the molten aluminum that will dissolve the sample
heavily, such as impingement, wash out and air bubble collapse. Fig 4.2 shows the optical
picture of the samples with increasing rotation speed. There are some plural of wear on
each sample surface but all of them are still holding a round shape.

Figure 4.2 H13 samples of rotation line speed

From the horizontal view of the samples it can be seen that the height of the
sample is one less than the other from the left to the right, which shows that with higher
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rotation line speed, the dissolution volume increases. The sample at 700°C is dissolved
much than the other two samples.

4.1.3

The influence of rotation time

Rotation time is another independent variable investigated in this study. Fig 4.3
show the sample of H13 when doing the experiment at 600°C and 700°C for 10 and 20
minutes. It is not very obvious for the 600°C comparison. But for the 700°C samples, the
sample for 20 minutes shows much larger and severe dissolved area than the 10 minutes
sample which can also be shown from the height between the two samples.

Figure 4.3 H13 samples of rotation time

4.2.4 The result of different materials
Since from the long-time experience people realize refractory materials could
perform much better than tool steel like H13 in terms of dissolution resistant ability, it is
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not very surprising to see the dissolution of the other materials is less than that of the H13,
which is shown below in Fig 4.4. Niobium alloy on the right end statically has the least
amount of dissolution while the H13 has the highest dissolution volume on the left end.
Actually, there isn’t an obvious difference among titanium alloy, anviloy, molybdenum
and niobium alloy. The height difference only becomes obvious when comparing H13 to
the other samples This confirms that titanium alloy, anviloy , molybdenum and niobium
alloy are all obviously better than H13 when comparing the dissolution resistant ability.

Figure 4.4 The samples of different materials
The difference among different materials could be result from the different
chemical composition and property. The dissolution mechanism theory drown from the
result will be discussed later in this study.
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4.1.4

The data of H13

H13 is a very popular tool steel material used for shot sleeve currently in the
industry, however it is relatively easier to be dissolved in the molten aluminum when
compared to some other materials like Anvoily or niobium alloy. The experiment result
of the H13 is list in the table 4.1. Temperature means the experiment temperature, it was
maintain within a range of ±5°C to ensure the accuracy.
Table 4.1 The experiment result of H13
Temperature

Time

Line speed

before

after

difference

Mass loss%

600

10

0

6.622

6.618

0.004

0.06%

10

0.61

6.784

6.782

0.002

0.03%

10

2.13

5.963

5.96

0.003

0.05%

20

0

6.844

6.843

0.001

0.01%

20

0.61

6.429

6.422

0.007

0.11%

20

2.13

7.079

7.06

0.019

0.27%

10

0

5.848

5.841

0.007

0.12%

10

0.61

6.491

6.477

0.014

0.22%

10

2.13

6.713

6.701

0.012

0.18%

20

0

4.845

4.823

0.022

0.45%

20

0.61

6.32

6.318

0.002

0.03%

20

2.13

8.167

8.067

0.1

1.22%

10

0

7.719

7.613

0.106

1.37%

10

0.61

9.202

8.696

0.506

5.50%

10

2.13

7.374

6.69

0.684

9.28%

20

0

8.854

8.727

0.127

1.43%

20

0.61

8.194

7.249

0.945

11.53%

20

2.13

7.624

6.172

1.452

19.05%

10

0

8.832

8.667

0.165

1.87%

10

0.61

7.627

7.216

0.411

5.39%

10

2.13

6.209

5.469

0.74

11.92%

20

0

8.957

8.772

0.185

2.07%

20

0.61

9.331

8.093

1.238

13.27%

20

2.13

6.4

5.029

1.371

21.42%

10

0

6.657

6.242

0.415

6.23%

10

0.61

3.703

2.821

0.882

23.82%

10

2.13

6.398

4.457

1.941

30.34%

625

650

675

700
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20

0

6.15

5.774

0.376

6.11%

20

0.61

8.722

6.201

2.521

28.90%

20

2.13

10.528

6.443

4.085

38.80%

!

From the table it is obvious that with the increase of the temperature the mass loss
percentage increase as well. The same happens to the increase of rotation line speed and
the rotation time.

4.1.5

Comparison of temperature

Temperature is a very important factor in the dissolution process of the metals in
molten aluminum, which is confirmed by the experiment result. The general trend is that
the higher temperature the more dissolution there will be on the sample. This
phenomenon is due to many causes such as the decrease of the power of the molecular
bonding, faster reaction rate, faster diffusion rate and the reaction type between the metal
and liquid aluminum.

Mass loss%

Rotation line speed =2.13m/s
45.00%
40.00%
35.00%
30.00%
25.00%
20.00%
15.00%
10.00%
5.00%
0.00%

600
625
650
675
700
10

20
Rotation time(minutes)
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Figure 4.5 Comparison of temperature
Fig 4.5 shows the difference of dissolution amount under different temperature. It
is obvious that the higher temperature, the more sever dissolution was on the sample.
With the highest temperature 700°C, about 30% mass was lost on the sample with 10
minutes’ experiment time and about 40% mass was lost on the sample with 20 minutes’
experiment. With the lowest temperature 600°C there are near no mass loss on the sample
with the 10 minutes experiment and slightly more but still insignificant amount of mass
loss on the sample with the 20 minutes experiment. The same happens to the experiment
of 625°C, the result of these two set of experiment are very close but when the
temperature was raised to the next level which is 650°C the increase of mass loss
percentage increase significantly to about 10% with 10 minutes experiment and about 20%
with 20 minutes experiment.
For the experiment at the temperature of 675°C, the mass loss percentage is very
close to that at the 650°C which is about 10% with the 10 minutes experiment and 20%
with the 20 minutes experiment. However, for the experiment at 700°C, the dissolution
mass loss increased dramatically from about 10% to about 30% with the rotation line
speed of 2.13m/s and 10 minutes experiment time, and from about 20% to about 40%
with the rotation line speed of 2.13m/s and 20 minutes experiment time.
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Figure 4.6 Fe-Al phase diagram
The solubility of Fe in the molten aluminum alloy could be one of the reasons
why the dissolution rate increases rapidly with higher temperature. Fe and Al which are
the two main element in the sample (H13) and the liquid (Aluminum A380). From the
Fe-Al phase diagram in Fig 4.6, it can be seen from the liquid phase line that the
solubility of Fe increase rapidly from the eutectic temperature. It means that more
substrate material could be dissolved into the liquid with higher temperature. Also with
the occurrence of the liquid phase there will be more small particles near the sample
surface, which enhances the impingement process.
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4.1.6

Rotating line speed

The rotation line speed was calculated by the dimension of the bottom piece
niobium bar and the rotation rpm, which could be easily checked and adjusted. For the
rotation line speed of 0.61m/s, the rotation rpm is 220, for 2.13m/s, it is 730. Fig 4.7
shows the experimental result of the H13 when the rotation time was 10 minutes. It
shows that with the increase of the rotation line speed, which is from left to right in the
chart, the amount of dissolution increase as well.

Rota*on$*me=10min$
35.00%!
30.00%!

Mass$loss%$

25.00%!
600!

20.00%!

625!
15.00%!

650!
675!

10.00%!

700!

5.00%!
0.00%!
0!

0.61!

2.13!

Rota*on$line$speed$(m/s)$

Figure 4.7 H13 result at different rotating line speed for 10 min
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From the result when the temperature is at 600°C and 650°C, the increase of the
rotation speed have little lift of the dissolution volume, the mass loss percentage were
close to 0 no matter with a 0 rotation speed or 2.13m/s. When the temperature are 650°C
and 675°C, there is significant increase of the dissolution volume with the increase of
rotation speed, and they are pretty close to each other, the weight loss started from about
1% and 2% with 0 rotation speed to about 5% (4% increase) with 0.61m/s rotation line
speed and to finally 10% and 11% (5% increase) with 2.13m/s rotation line speed. For the
700°C experiment, it shows the same trend. Without rotation at all, the weight loss was
about 6% mass lost; with the rotation line speed of 0.61 m/s, the weight loss was about 24%
on the sample(18% increase with the rotation line speed of 2.13 m/s the sample lost about
30% weight (6% increase).
This tells the story that without liquid impacting the sample, there will only be a
very small amount of dissolution, and the impact, which was caused by the rotation in the
dissolution process.
Soldering is a very common cause of mass loss in die-casting industry. In this
experiment, soldering could be a very important cause of mass loss when rotation speed
is 0.
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Rota*on$*me=$20min$
45.00%!
40.00%!
35.00%!

Mas$loss%$

30.00%!
600!

25.00%!

625!

20.00%!

650!

15.00%!

675!
700!

10.00%!
5.00%!
0.00%!
0!

0.61!

2.13!

Rota*on$line$speed$(m/s)$

Figure 4.8 H13 result at different rotating line speed for 20 min
Fig 4.8 shows the result of H13 when the rotation time was 20 minutes. It can be
seen that the dissolution trend are very close to that of the 10 minutes experiment, but it is
just more sever.
The same that when the temperature are 600°C and 625°C, there is very little
mass lost in the experiment.
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4.1.7

Rotation time

Rotation time is also a very important influence of dissolution volume in this
study. Since the dissolution mechanism of metal in die-casting production is complicated,
with extra rotation time there may be more sever and quicker reaction and surface
damage on the already damaged surface. In the real die-casting production, the machines
need to work non-stop for months, this is a very big challenge on the long time durance
of the tooling material. Coating is a more and more popular way to keep the base material
from being damaged by the aluminum lately, but after the coating being washed out, the
base metal still needs to take the job.

Rota*on$line$speed$=$0$
6.23%! 6.42%!

Mass$loss%$

8.00%!

600!

6.00%!

1.37%!

1.43%!

4.00%!

625!
650!

2.00%!

675!

0.00%!
10!

20!

700!

Rota*on$*me(minutes)$

Figure 4.9 H13 result of different rotation time when the speed is 0
Soldering is the main cause of mass loss when there is no impact between the
sample and the molten liquid. Fig 4.9 shows the mass loss percentage when the rotation
line speed is 0. There are very little dissolution when the experiment temperature is
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600°C and 625°C, the highest mass loss percentage was about 0.5% when the experiment
time is 20 minutes at 625°C.

Rota*on$line$speed$=0.61m/s$
23.82%!

28.90%!

Mass$loss%$

30.00%!
5.50%!

20.00%!
10.00%!

0.03%!

0.00%!
10!

11.53%!

0.11%!
20!

700!
675!
650!
625!
600!

600!
625!
650!
675!
700!

Rota*on$*me(minutes)$

Figure 4.10 H13 result of different rotation time when the speed is 0.61m/s
Fig 4.10 shows the result of the dissolution experiment when the rotation line
speed is 0.61m/s. With rotation in the experiment, the aluminum liquid impact the sample
and cause impingement, wash out and air bubble collapse and a serial of dissolution
enhancing activities besides soldering. These activities result in more severe damage of
the sample in this experiment. Fig 4.11 shows the result of the dissolution experiment
when the rotation line speed is 2.13m/s. When the temperature were 600°C and 625°C,
there are just a little dissolution (which has the highest mass loss percentage on about
1%). When the temperature raise to 650°C and 575°C, the mass loss increase rapidly to
about 9% and 12% respectively when the experiment time was 10 minutes, and to about
18% and 21% when the experiment time was 20 minutes. When the temperature hits
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700°C, the dissolution rate became much more sever. It has about 30% mass loss
percentage on the sample in the 10 minutes experiment and about 40% mass loss
percentage in 20 minutes one. It is about two times of the dissolution amount when doing
the experiment at 650°C and 675°C under the same condition.

Rota*on$line$speed$=2.13m/s$
30.34%!

Mass$loss%$

40.00%!
30.00%!

9.28%!

19.05%!

20.00%!
10.00%!

0.05%!

0.00%!
10!

38.80%!

0.27%!

700!
675!
650!
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600!

20!

600!
625!
650!
675!
700!

Rota*on$*me(minutes)$

Figure 4.11 H13 result of different rotation time when the speed is 2.13m/s
From the chart above it is obvious that the higher temperature aluminum the more
dissolution there will be on the sample H13. When the temperature is 600°C there will be
very little dissolution on the sample even with a long time experiment. When the
temperature is 650°C and 675°C the sample will be dissolved in the aluminum to a
certain extend. When the temperature is 700°C, the dissolution will be much more severe
than all the lower temperatures.
As a popular used material to make shot sleeves in die-casting machine, H13’s
performance is evaluated statically based on the actual industry production
condition(2.13m/s is about the speed the aluminum impacting the shot sleeve inner wall
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during the pouring process). Based on the statically analysis, the recommend is that the
temperature should be kept below 675°C during the pouring procedure.

4.1.8

The result of different materials

Besides H13, couple other available alloy are also evaluated in this study
including niobium alloy, molybdenum, Anviloy (tungsten) and Titanium alloy.
Considering of being able to compare with the H13’s performance as well as the practical
guidance use of the industry, the experiment condition of these materials is set at the
temperature of 650°C, 10 minutes’ experiment and rotation line speed of 2.13m/s. The
result of all the materials under this experiment condition is list in the table 4.2.
Table 4.2 The result of different materials
C=650°C

t=20min

v=2.13

difference

Mass loss%

Nb

10.44

10.422

0.018

0.17%

Mo

10.325

10.304

0.021

0.20%

W

24.333

24.174

0.159

0.65%

Ti

4.376

4.283

0.093

2.13%

H13

7.624

6.172

1.452

19.05%

Fig 4.12 is a chart plot the data in the table 4.2. Nb is short for niobium alloy, Mo
is short for molybdenum, W is short for anviloy 1150, Ti is short for titanium alloy.
Under the same experimental condition, Nb is the best dissolution resistant material, Ti is
the worst. Mo is slightly worse than Nb but obviously better than W. And W is much
better than Ti. Statically, Niobium is about 12 times less dissolved than Titanium did.
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Figure 4.4 A chart of the result of different materials
The difference of the dissolution volume among different materials is because of
the metallurgical property difference of the different metal. It can be partly explained
from the phase diagram.
21.00%!

H13,!19.05%!

18.00%!
Mass$loss$%$
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Figure 4.12 A comparison between Ti and H13
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Fig. 4.13 shows the comparison of the dissolution resistant ability between
Titanium and H13. While Titanium performed the worse than tungsten, molybdenum and
niobium, it is about 9 times better than H13. The reason why this will happen is going to
be discussed in the later content shortly.
It is because that usually the refractory metals have very little solubility at the
temperature around 650°C, the dissolution rate is much lower than usual tool steels,
which makes it an ideal candidate for making the shot sleeve liners in order to prevent or
slow down the dissolution process under the pouring hold. Also the peritectic reaction
with aluminum at the peritectic temperature helps slowing down the dissolution.
Fig 4.13 shows the Al- Nb binary phase diagram, Fig 4.14 shows the Al- Mo
binary phase diagram, Fig 4.15 shows the Al-W binary phase diagram, Fig 4.16 shows
the Al-Ti binary phase diagram. All of them are very similar in shape with a steep slope
of the liquid phase line at around 650°C when comparing with the Al-Fe binary phase
diagram in Fig 4.6, which shows that those four refractory materials are much less
soluble in molten aluminum.
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Figure 4.13 Al-Nb binary phase diagram
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Figure 4.14 Al-Mo binary phase diagram
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Figure 4.15 Al-W binary phase diagram
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Figure 4.16 Al-Ti binary phase diagram
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However, different from the other three refractory materials, Titanium has slightly
bigger solubility at temperature below 650°C (shown in Fig 4.16 close to the aluminum
end under the peritectic point), which could be one of the reasons why it has more
dissolution volume than the other three samples under the same experiment condition.
In summary, there are two main reasons to explain why refractory metals have less
dissolution in molten aluminum in this experiment. One is that they are much less soluble
in the aluminum liquid at the temperature of 650°C, by this when it reach the maximum
solubility the liquid won’t be able to hold more metal element in a solution form. The
second reason is that at a slight higher temperature at about 665°C, the metal will have a
peritectic reaction with the molten aluminum which forms an(multiply) intermetallic
layer(s). The intermetallic layer(s) will acts like a barrier stop or slow down the continue
reaction. Although diffusion would not be stop by the layer, the activation energy for
diffusion in refractory metals are the highest in the periodic table, which makes the
peritectic reaction extremely slow, which is also mentioned in R. Donahue et al’s
research(2014).

4.2

SEM and EDS for different materials

Using a SEM machine the sample can be enlarged thousands or even tens of
thousands time so the structure can be seen clearly for a deeper investigation. All the
samples (including Nb, Mo, W, Ti, H13) are being tested at 650°C with a rotation line
speed of 2.13m/s for 10minutes. They were cooled down and not being put into a Sodium
hydroxide solution liquid, cut in half and polished for a higher definition picture. All the
samples have intermetallic layer(s) between the aluminum and the substrate material with
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a curvy boundary. A wash out mechanism is drawn based on the study of the cross
section structures and the element concentration result.

4.2.1

Result of the titanium alloy

Fig 4.17 and Fig 4.18show the normal magnified appearance of the interface of
the sample and the solidified aluminum. As shown in Fig 34 there are both an
intermetallic layer and some crystal nucleating on the aluminum-rich side of the interface.

Figure 4.17 Ti sample SEM result
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Figure 4.18 Ti sample SEM result area 2
The chemical composition of the intermetallic layer(s) is sampled and shown on
the DES picture in Fig 4.20 and table 4.3. Since it is a square scan, it represents the
average composition of the whole area. Comparing the chemical composition with the
Al-Ti binary diagram in the Fig 33 there could have Ti3Al, TiAl, TiAl2, as well as Ti3Al
in that intermetallic layer. Also the high concentration of silicon shows that it probably
reacted with titanium. With the attached Si-Ti binary phase diagram Fig 11 the possible
product are Ti3Si, Ti5Si4, TiSi, TiSi2.
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Figure 4.19 Si-Ti binary phase diagram

Figure 4.20 Ti EDS result
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Table 4.3 Ti chemical composition detail
Element
Al
Si
Ti
Mn
Fe
Cu

Wt%
11.37
22.19
56.93
0.87
1.43
7.2

At%
16.5
30.92
46.52
0.62
1.01
4.44

The thickness of the intermetallic layer is about 1µm. Once the metal contact the
high-temperature molten aluminum, they will have reaction and forms an intermetallic
layer. This layer will then be the surface of the sample to contact with the molten
aluminum, which is also going to be the layer to be washout in the following experiment
instead of the substrate material. The boundary of the intermetallic layer is curvy which
can be seen in Fig 4.17. This could be explain by that the washout of the molten
aluminum liquid took away some of the intermetallic layer and created the irregular
shape of the boundary.

4.2.2

Result of the niobium alloy

Niobium has the smallest amount of dissolution volume in the comparison
experiment. Two intermetallic layers could be seen clearly at the interface between the
niobium alloy substrate material and the solidified aluminum in Fig 4.21.
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Figure 4.21 Niobium alloy cross section microstructure

Figure 4.22 Main element concentration
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The EDS picture of the same area shows that the outer grain shape elements
contain mainly aluminum and iron, hence they should not be a part of the intermetallic
layer. Instead, they should be crystals nucleating on the aluminum-rich side of the
intermetallic layer.
Main elements’ concentration are shown in Fig 4.22. The layer in the middle
contains some iron, some niobium as well as some aluminum, and small amount of
silicon. The layer on the niobium-rich side of the whole intermetallic layer contains more
niobium, less aluminum, less iron and significantly more silicon. The increase trend of
niobium from the aluminum side to the niobium substrate side and the decrease trend of
aluminum and iron from the aluminum side to the niobium substrate side are due to interdiffusion and chemical reaction of the main elements in both materials. The richness of
silicon in the niobium end intermetallic layer should be because of the silicon was reacted
with niobium as well. The thickness of the whole intermetallic layer is about 1µm.
By comparing the chemical composition in the EDS result and the Nb-Al binary
phase diagram, the phase in the intermetallic layers contains Nb3Al, Nb2Al and NbAl3.
From the Nb-Si binary phase diagram Fig 4.23 it suggests that specially in the inner
intermetallic layer there could have αNb5Si3 and NbSi2.
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Figure 4.23 Nb-Si binary phase diagram

4.2.3

The result of Molybdenum

There are also two intermetallic layer can be seen at the interface of the Mo
sample (Fig 4.24). The crack area should be due to the defect in that area. Just like in the
niobium sample, the boundary of the sample substrate is very curvy. And the outer
intermetallic layer seems fragmented, which should be result from the washout effect of
the molten aluminum liquid flow.
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Figure 4.24 Mo SEM microstructure

Figure 4.25 Mo EDS element composition
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The EDS picture (Fig 4.25) shows that there in the molybdenum–rich side
intermetallic layer the slope of the aluminum concentration is much steeper than that in
the aluminum-rich intermetallic layer. The concentration of molybdenum from the
molybdenum substrate to the aluminum has a small shake in the interface between the
two intermetallic layers. The silicon concentration has much bigger fluctuation. There is
relatively small amount of silicon on the aluminum-rich side intermetallic surface but
there are a high concentration of silicon in the aluminum-rich side intermetallic layer.
The concentration has a small shake in the interface between the two intermetallic layers.
This could be because that the silicon also reacted with Mo. The thickness of the
intermetallic layer is also about 1 µm as shown in Fig 4.24.
By comparing the chemical composition in the EDS result and the Mo-Al binary
phase diagram, the phase in the intermetallic layers contains Al22Mo5, Al17Mo4 and
Al8Mo3, AlMo3. From the Si-Mo binary phase diagram in Fig 4.26 the inner
intermetallic layer may contain Mo3Si, Mo6Si3 and αMoSi2.
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Figure 4.26 Si-Mo binary phase diagram

4.2.4

The result of anviloy 1150

There is only one visible intermetallic layer in the anviloy sample. The substrate
boundary has a fog like shape in Fig 4.27. The aluminum-rich side of the intermetallic
layer boundary shows a very curvy broken shape just like that of the niobium and
molybdenum sample. The thickness of the intermetallic layer is about 4 µm as shown in
the Fig 4.27.
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Figure 4.27 A microstructure of anviloy 1150

Figure 4.28 The EDS composition of anviloy 1150
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In the EDS picture of the anviloy sample (shown in Fig 4.28), it can be seen that
the concentration of the aluminum holds a pretty steady value in the intermetallic layer
but start to drop in the fog-like boundary, also the iron holds a steady amount in the
intermetallic layer and have the same dropping trend in the fog-like boundary. This
shows that the new intermetallic layer is forming in the fog-like boundary. The
concentration of tungsten decreases from the fog-like boundary to the middle of the
intermetallic layer. This should be because the diffusion of tungsten. The intermetallic
layer has very little silicon but there are quite a bit of it at the aluminum-rich side surface
of the intermetallic layer. This should be because silicon does not react with tungsten
easily. But there is a small silicon peak in the fog-like boundary area. It could be the
silicon reacted with tungsten, or it could be just the diffusion of the tungsten atoms. By
comparing the chemical composition in the EDS result and the W-Al binary phase
diagram, the phase in the intermetallic layers contains Al4W. From the Si-W binary
phase diagram( Fig 2.29), it can be seen that if the fog-like layer is a reaction layer of
silicon and tungsten it could contain Si2W and Si3W5.
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Figure 4.29 Si-W binary phase diagram

4.2.5

The result of H13

H13 is currently the most popular used material for shot sleeve. Figures 4.30 and
4.31 shows two cross section of the H13 sample after the experiment. The H13 sample
experienced the same experiment like the refractory material samples did. It shows one
obvious intermetallic layer in the solidified aluminum and H13 substrate interface. In
many others researches of dissolution or soldering phenomenon that have long contact
time (such as 1hour or up to several hundred hours) between H13 and molten aluminum
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alloy there are usually more than one intermetallic layer in the interface. The longer time
the experiment lasts the thicker the intermetallic layer will be. In Sumanth Shankar’s
research there are multiple intermetallic layers in between solidified aluminum and H13
substrate.

Figure 4.30 A cross section microstructure of an H13 sample
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Figure 4.31 The EDS composition result of an H13
Different from the refractory metal samples, the H13 substrate boundary is pretty
straight and smooth. But the aluminum-rich side intermetallic layer boundary is in a
broken shape like that of the refractory samples. Another difference is that the
intermetallic layer shows a pretty loose structure. The thickness of the intermetallic layer
in this picture is about 30 µm.
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Table 4.4 The detail element composition result of the intermetallic layer
Element
Al
Si
V
Cr
Mn
Fe
Cu

Wt%
55.53
9.15
1.02
2.56
2.92
23.56
5.26

At%
68.35
10.82
0.67
1.64
1.77
14.01
2.75

The average chemical composition of the intermetallic layer was taken by the EDS
machine and shown in Fig 48 and table 13. There is a good amount of Fe, Al and Si in the
intermetallic layer.

Figure 4.32 A cross section microstructure of a pit site of an H13 sample
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The microstructure of a pit in the H13 and solidified aluminum interface is shown
in Fig 4.32. It shows two visible layers. The aluminum-rich side intermetallic layer is
very loose and have a broken boundary along with some fragments detaching from the
layer. The detachment of the outer intermetallic layer can be suggested to be a main
contributor to the weight loss of the sample. With closer examine the H13-rich side of the
loose intermetallic layer there is a layer pretty tight. The H13-rich side intermetallic layer
has a broken shape structure.

Figure 4.33 The element composition of the cross section
EDS picture of the pit site is shown in Fig 4.33. The broken layer contains very
little amount of aluminum and silicon but mainly iron in chemical composition. Hence
this should be a H13 substrate layer. The mechanism of the formation of this layer needs
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to be further investigated. It is obvious from the EDS picture that there contains a lot
more silicon in the tight layer in the aluminum-rich side intermetallic layer. This means
that the intermetallic layer is forming from the surface of the substrate material.
The silicon peak in the inner intermetallic layer was formed by the reaction between
silicon and iron. The Si-Fe binary phase diagram (Fig 4.34) shows that the possible
reaction products in the possible Si-Fe intermetallic layer are Fe5Si3 and FeSi2.

Figure 4.34 Si-Fe binary phase diagram
The concentration of the H13-rich side of the intermetallic layer is higher than the
outer side and the aluminum concentration at the H13-rich side of the interface is lower
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than that of the aluminum-rich side. This could be attribute to the complex diffusion
mechanism, which is also agreed by some other researcher such as Shih-Hsien Chang.
The thickness of the intermetallic layer in the pit is also about 30 µm.
By comparing the chemical composition in the EDS result in table 4.4 and the FeAl phase diagram Fig 4.6, it can be suggested that the intermetallic layers could contains
FeAl3, Fe2Al5, FeAl2, FeAl and Fe3Al. Also chance are that there are also some Al-FeSi reaction product in the intermetallic layer, as suggested in R. Donahue et al’s
research(2014), they could be Al12Fe6Si5, Al15Fe6Si5, and Al4FeSi.

4.3

Dissolution mechanism

As discussed above of the micro structure with different materials, there shows a
similar process of metal dissolution in molten aluminum. The first stage is reaction stage,
when the metal contacts the molten aluminum, there will be an instant chemical reaction
that forms an intermetallic layer at the interface between the metal substrate and the
molten aluminum. And then washout stage, the intermetallic layer formed by the earlier
reaction will be washed out constantly by the high-speed molten aluminum flow. The
intermetallic layer fragments in the liquid is going to be increase the wash out rate at
some point although it won’t have obvious enhancement of this process. The third stage
is diffusion stage, in the meanwhile the aluminum and silicon atoms are diffusing through
the laminar layer of the molten aluminum as well as the old intermetallic layer into the
substrate to proceed new reaction with the substrate material. The stage two is going to be
happening slight earlier than stage since diffusion needs time. Most of the time they will
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both exist right after the first reaction between the metal and the molten aluminum. Fig
4.35 is a schematic illustrating the three-stage dissolution theory.

Figure 4.35 Three-stage dissolution mechanism
The concentration of the substrate material is shown in Fig 4.36. It represents the
concentration trend of normal dissolution process between metal and molten aluminum.
The concentration of the substrate goes from 100% on the right end metal part drop
sharply to a certain value due to the diffusion jump at the aluminum-rich side of the
substrate material, keeping dropping to the substrate-material-rich side of the
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Figure 4.36 Concentration of the three-stage dissolution mechanism
intermetallic layer, and then drop sharply again to the substrate-material-rich side of the
intermetallic layer to Clb. Clb represents the solubility of the substrate material in the
molten aluminum at a certain temperature. With the thickness of the intermetallic layer δ,
the relation of the concentration and the diffusion coefficient in this case could be
explained as follows:
!=

(!!" −!!" )
!

The !!" is the concentraction of the substrate material at the aluminum-rich side of the
substrate material. More study is needed to further confirm this theory.
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CHAPTER 5. CONCLUSION

5.1

Conclusion

The dissolution rate and mechanism of H13 and four kinds of refractory metals
had been studied in this research. The samples were tested by rotation experiment and the
microstructure of each sample had been studied through the SEM and EDS pictures.
1) The rotation experiment plan in this study can provide reliable indication of the
dissolution condition of metal samples under different experimental conditions.
Fresh aluminum should be used for each experiment in order to eliminate the
influence of the maximum solubility of the substrate material is reach.
2) The dissolution rate of H13 under normal die-casting condition is given. It shows
once the temperature reach 650C the dissolution rate increases obviously from
625C. This shows that die-casting should be done at as low the molten aluminum
temperature as possible in order to extend the life of the shot sleeve. Also, the
result shows that higher impact speed result in more dissolution of the H13. This
suggest that when doing casting, the ladle should be as close to the pouring hole
as possible during the pouring process.
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3) Four kinds of refractory metals were tested and examined in this study. Niobium
came out on top in terms of the dissolution resistance ability. Molybdenum
performed slightly worse than niobium, followed by the anviloy alloy. Titanium
was the worst among the tested refractory metals. But still H13 was about 9 times
worse than titanium.
4) A three-stage metal-molten aluminum dissolution mechanism is proposed in this
study. From the analysis of the microstructure of the samples shows that the
dissolution of those samples should starts from 1) reaction stage that an instant
chemical reaction will occur once the metal contacts the molten aluminum. This
will form an intermetallic layer at the interface. This interface will stop further
reaction but it would not stop the diffusion of the substrate material and the
aluminum. To 2) washout stage that the molten aluminum flow impact and
gradually take away the intermetallic layer that form in the first stage. Then to 3)
diffusion stage that the aluminum and other element in the molten aluminum
diffuse through the laminar layer of the molten aluminum and the old
intermetallic layer into the substrate to react with the substrate material and forms
new intermetallic layer. This is how the substrate material was consumed. Stage 2)
and 3) is going to continue as long as the molten aluminum contacting the metal,
once the first stage happened.
5) Two main causes of the dissolution of metal in molten aluminum are proposed.
One is the continued formation of the intermetallic layer that consume the
substrate material. The other is the washout of the aluminum flow that takes away
the formed intermetallic layer which result in a huge loss of the weight.
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5.2

Future study

This study was finished in a laboratory environment, therefore the experiment
condition is still different from the real industry casting environment. It is suggested that
future study can be done with a real die-casting machine to make the result more suitable
for industry guidance.
Although niobium performed the best in this study, it is relatively too soft to resist the
direct scratch of the plunger in the shot sleeve due to the shot sleeve bend under high
temperature for a long time.
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