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PREFACE

This book has grown largely out of lectures given for a continuing
education seminar titled ‘“Advanced Die Casting Processes’ pre-
sented at the University of Wisconsin-Milwaukee. It is intended
for use as a supplement to such a course and as a reference to
practicing process engineers, product engineers, and component
designers. The content of this book focuses on presenting the con-
cepts behind advanced die casting technologies, specifically vac-
uum die casting, squeeze casting, and semi-solid metalworking.
Moreover, several sections within the book are dedicated to ex-
amining case studies that illustrate the practical nature of these
processes.

The book is divided into five distinct sections. The initial two
chapters of the book are intended to present the basic concepts
related to die casting processes and the flow of molten metal. The
second portion of the book examines each of the high integrity
casting process along with case studies. Three chapters are dedi-
cated to product design as applied to high integrity die casting
processes as well as two chapters focusing on quality and defects.
An understanding of the defects and their causes can aid in their
avoidance. The final chapter of the book deals with future ad-
vances under development.

Included with this book is a compact disk containing Microsoft
PowerPoint presentations for each chapter. These presentations
can be used for training and teaching purposes, or select slides
can be extracted from the presentation for use in engineering pro-
posals, customer education seminars, or marketing presentations.
To assist the presenter, detailed speaker notes are available for

XV



Xvi PREFACE

each chapter slide. To view the chapter notes for any given slide,
one must right click the computer mouse and select ‘“‘speaker
notes” while running the slide show.

The author wishes to express his gratitude to several colleagues
who provided figures, supporting data, and encouragement that
made the publication of this book possible. Specifically, the author
wishes to thank Joseph Benedyk, Henry Bakemeyer of Die Cast-
ing Design and Consulting, John Jorstad of Formcast, Robert
Tracy of Foundarex Corporation, Paul Mikkola of Hitchner Man-
ufacturing, Robert Wolfe of Madison-Kipp Corporation, Craig
Nelson of IdraPrince, Rath DasGupta of SPX Contech, Charles
Van Schilt of Thixocast, Steve LeBeau of Thixomat, Michael Les-
siter of the American Foundry Society, and Matsuru Adachi of
Ube Machinery.



FIGURES AND TABLES

Figure 1.1
Figure 1.2
Figure 1.3

Figure 1.4
Figure 2.1

Figure 2.2
Figure 2.3
Figure 2.4
Figure 2.5

Figure 2.6

Figure 2.7
Figure 2.8

Figure 2.9

Diagrams filed with Doehler’s patent for a
production die casting machine. 4

Graphical illustration of a hot-chamber die casting
machine. 6

Graphical illustration of a cold-chamber die
casting machine. 7

Casting cycle for cold-chamber die casting. 8
Comparison of (a) laminar flow and (b) turbulent
flow. 14

llustration of the experiment demonstrating the
difference between (a) laminar flow and (b)
turbulent flow. 15

Graphical illustration of planar flow. 16
Graphical illustration showing the progression of a
die cavity filling with a planar metal front. 17
Graphical illustration showing nonplanar flow.

17

Graphical illustration showing the progression of a
die cavity filling with a nonplanar metal front.

18

Graphical illustration showing the progression of
nonplanar fill. 18

[lustration showing atomized flow typical in
conventional die casting. 19

Graphical illustration of die fill with atomized
metal flow in conventional die casting. 20

Xvii



xviii

Figure 2.10

Figure 3.1

Figure 3.2

Figure 3.3

Figure 3.4
Figure 3.5

Figure 3.6

Figure 3.7

Figure 3.8
Figure 3.9

Figure 3.10

Figure 3.11
Figure 3.12
Figure 3.13
Figure 3.14

Figure 3.15

FIGURES AND TABLES

Short shots of identical castings illustrating the
difference between (a) planar filling and (b)
nonplanar filling. 21

Graphical illustration showing the progression of a
die cavity filling with (a) improper vacuum valve
placement and (b) proper vacuum valve
placement. 33

Graphical progression showing liquid metal wave
cresting and gas entrapment in the shot sleeve: (a)
pour hole open; (b) pour hole closed; (c¢) wave
cresting; (d) gases trapped. 34

Example operating curve for a vacuum pump.

35

[llustration of a rotary vane vacuum pump. 36
Examples of portable vacuum systems for use in
vacuum die casting. 37

Schematic of a corrugated chill-block-type vacuum
shut-off valve. 38

Experimental test data showing the pressure lag
when using a corrugated chill-block shut-off valve
(1200 cm? volume with 0.4 cm? X section). 39
Example of a mechanical vacuum shut-off valve.
40

Example of a hydraulic vacuum shut-off valve.

41

Experimental test data showing the pressure
response in using a dynamic vacuum shut-off
valve (1200 cm?® volume with 1.6 cm? valve X
section). 41

Components manufactured using vacuum die
casting. 43

Automotive B post manufactured using vacuum
die casting. 44

Transmission cover manufactured using vacuum
die casting. 45

Vacuum die cast engine component mounting
bracket. 46

Marine engine using a vacuum die cast lower
motor mounting bracket. 47



Figure 3.16

Figure 3.17

Figure 3.18
Figure 4.1
Figure 4.2
Figure 4.3

Figure 4.4

Figure 4.5
Figure 4.6
Figure 4.7

Figure 4.8
Figure 4.9

Figure 4.10
Table 5.1
Figure 5.1

Figure 5.2

Figure 5.3

FIGURES AND TABLES xix

Impact properties obtained from test samples;
process comparison: +-in. impact samples
machined from casting. 48

Actual impact properties obtained for the vacuum
die cast marine engine lower motor mounting
brackets: heat treatment benefit. 48

Marine engine lower motor mounting bracket
manufactured using vacuum die casting. 49
Schematic of the squeeze forming process. 52
Comparisons of casting pressures to gate
velocities for numerous die casting processes.

53

Microstructural comparisons between conventional
die casting and squeeze casting. 54

Graphical illustration showing the progression of a
die cavity filling with (a) atomized filling and ()
a planar metal front. 55

Comparisons of conventional die casting and
squeeze casting. 57

Components manufactured using the squeeze
casting process. 59

Steering knuckle manufactured using the squeeze
casting process. 60

Squeeze cast valve housing. 62

Steering column housing produced using the
squeeze casting process. 63

Porsche Boxter engine block produced using the
squeeze casting process. 64

Freezing ranges for common die cast aluminum
alloys. 68

Aluminum billet in the semi-solid state. 68
Comparisons of casting pressures and gate
velocities for numerous die casting processes.

69

Process comparison between (a) direct semi-solid
metalworking, (b) indirect semi-solid
metalworking, and (c) conventional casting
processes. 72



XX FIGURES AND TABLES

Figure 5.4

Figure 5.5

Figure 5.6
Figure 5.7

Figure 5.8

Figure 5.9

Figure 5.10

Figure 5.11
Figure 5.12
Figure 5.13
Figure 5.14

Figure 5.15

Figure 5.16

Figure 5.17
Figure 5.18

Figure 5.19

Microstructure of an aluminum component
produced with a direct semi-solid metalworking
process. 73

Microstructure of an aluminum component
produced with an indirect semi-solid metalworking
process. 74

Graphical representation of a typical indirect semi-
solid metalworking manufacturing cell. 75
Continuously cast semi-solid metalworking
feedstock. 76

Anatomy of a continuously cast semi-solid
metalworking billet (a) before heating and (b)
after heating. 77

Plunger tip and die design for capturing the
dendritic case of a continuously cast semi-solid
metalworking billet. 78

Anatomy of an extruded semi-solid metalworking
billet (a) before heating and (b) after heating.

78

Schematic of Thixomolding® machine use in
direct semi-solid metalworking. 79

Graphical representation of a typical
manufacturing cell. 80

Schematic of the metal injection screw used in
Thixomolding®. 81

Die design for capturing the frozen screw plug.
81

Multiple microstructures may be obtained by
varying the percent solid during metal injection
when using the Thixomolding® process. 82
Comparisons between conventional die casting,
semi-solid metalworking, and squeeze casting.

83

Automotive components manufactured using semi-
solid metalworking processes. 85

Components manufactured using semi-solid
metalworking processes. 85

Fuel rails manufactured using semi-solid
metalworking (bottom) and brazing (top). 86



Figure 5.20

Figure 5.21
Figure 5.22
Figure 5.23
Figure 5.24
Figure 5.25
Figure 5.26
Figure 5.27

Figure 5.28

Figure 5.29

Figure 5.30

Figure 5.31
Figure 6.1
Figure 6.2

Figure 6.3

Figure 6.4

Figure 6.5

FIGURES AND TABLES xxi

Fuel rail for use on 2.0-liter and 2.2-liter engines
manufactured using an indirect semi-solid
metalworking process. 87

Control arm manufactured using an indirect semi-
solid metalworking processes. 88

Outboard motor swivel bracket manufactured
using semi-solid metalworking. 89

Automotive idler housing manufactured using an
indirect semi-solid metalworking process. 90
Magnesium die casting shipments in the United
States, 1990-2001. 92

Magnesium components manufactured using semi-
solid metalworking processes. 93

Magnesium automotive seat frame manufactured
using semi-solid metalworking. 94

Wireless telephone face plates manufactured in
magnesium using semi-solid metalworking. 95
Magnesium LCD projector case manufactured in
three sections using semi-solid metalworking.

96

Hand-held video camera housing produced using a
magnesium semi-solid metalworking process.

98

Compact laptop personal computer case
manufactured using semi-solid metalworking in
lightweight magnesium. 99

Power hand tool housing produced in magnesium
using semi-solid metalworking. 100

Die cavity surface temperature over a single
processing cycle. 102

Die surface cross section illustrating heat-checking
formation and progression. 103

Die surface cross section illustrating
microstructural weaknesses in a welded die
surface. 104

Shot sleeve and tool design for use with closed
die powder lubricant application. 107
Processing cycle for closed die powder lubricant
application. 108



xxii
Figure 7.1

Figure 7.2
Figure 7.3

Figure 7.4
Figure 7.5

Figure 7.6

Figure 7.7

Figure 8.1
Figure 8.2

Figure 8.3
Figure 9.1
Figure 9.2
Figure 9.3

Figure 9.4

Figure 9.5

Figure 9.6

Figure 9.7

Figure 10.1

Figure 10.2

FIGURES AND TABLES

Production fuel rails Z-1 (top) and Z-2 (bottom).
114

Diagram of Z-1 fuel rail design. 116
Shrinkage porosity found in the regulator pocket
of the Z-1 fuel rail. 117

Diagram of Z-2 fuel rail design. 118

Z-2 end-flange evolution: (a) initial asymmetric
design; (b) symmetric design; (c) symmetric
webbed design. 120

Shrinkage porosity and contaminant vein oxide
inclusions found in the second flange design of
Z-2 fuel rail. 120

Shrinkage porosity found in the body of a
production Z-2 fuel rail. 122

Component integration analysis flow chart.
Four-cylinder fuel rail produced by brazing a
fabricated assembly. 129

Four-cylinder fuel rail produced using the semi-
solid metalworking process. 130

Control factors and potential problems in the
product development cycle. 132

Project cost lever illustrating returns as a function
of when an investment is made. 133

Computer simulation of die filling during metal
injection. 135

Computer simulation illustrating areas in the die
cavity prone to solidification shrinkage porosity.
136

Computer simulation showing variation in residual
stress that forms during solidification and cooling.
137

Computer simulation showing component
distortion (exaggerated) during cooling. 138
Qualitative illustration grouping the number of
organizations to the effectiveness of their
simulation efforts. 139

Dart board comparison of (a¢) common-cause
variation and (b) special-cause variation. 146
Dart board comparison showing a reduction in
common-cause variation from (a) to (b). 147

128



Figure 10.3
Figure 10.4

Figure 10.5

Table 10.1

Figure 10.6

Figure 10.7

Figure 10.8

Figure 11.1

Figure 11.2
Figure 11.3
Figure 12.1

Figure 12.2

Figure 12.3
Figure SQI

Figure S1

Figure SQ2

Figure S2

FIGURES AND TABLES xxiii

Example x chart commonly used for SPC. 149
Process data curve for die surface temperature
over one cycle. 151

Thirty discrete process data curves for die surface
temperature over one cycle (equal number of
elements for each cycle). 152

Calculation of upper and lower control limits for
element 0.0. 153

Process average curve, upper control limit curve,
and lower control limit curve for die surface
temperature over one cycle. 154

Process average curve, upper control limit curve,
and lower control limit curve for die surface
temperature during die lubricant spray. 154
Process data curve exhibiting an ‘‘out-of-control”
condition (cycle exhibits special-cause variation).
155

Contaminant veins form as (a) a clean planar fill
front collects contaminants and (b) the metal
progresses through the die cavity. 163
Characteristic features prone to contaminant vein
formation. 164

Graphical illustration showing the effects of phase
separation in semi-solid metalworking. 166
Four-step process for producing a semi-solid
slurry on demand. 172

Motor cycle sprocket die cast using an SiC
particulate reinforced aluminum matrix composite.
174

Hollow (a) aluminum automotive suspension arm
and (b) resin-bonded sand core. 177

Three different types of metal flow behavior.

181

Illustration of (a) atomized metal flow, (b)
nonplanar metal flow, and (c) planar metal flow.
182

[lustration of metal behavior in three processes
requiring vacuum valve placement. 183
[lustrations showing optimum vacuum valve
placement for three metal flow patterns. 184



