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In the production process of coining dies various obstacles are encountered. Due to the
complexity of the process and the system, many of the underlying problems remain

unidentified just to repeat themselves at a later stage.

The project was done to provide the client with a better understanding of the major factors
that influence the development process. If the source of a problem can be identified and is
understood a course of action can be determined that will prevent the problem from

reoccurring.

The project focus was on the behaviour of the die and coin material during the deformation
and heat treatment processes. The behaviour of the material was explained from a

theoretical point of view and methods to control this behaviour were discussed.

A design protocol was established, which will enable the developer to achieve improved
results during the development process. The main objective of the protocol is to improve

consistency in the results that are obtained during the development process.
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The degree of success with which coining dies are manufactured greatly influences the
total development time and therefore the total success of a project. In the production
process of the coining dies, various obstacles are often encountered. These obstacles retard

the project and adversely affect the profit margin of the company.

There are no scientific models in place by which these dies can be developed.
Consequently the development and production process is done on a trial and error basis.
Due to the complexity of the process and the system many of the underlying problems

remain unidentified just to repeat themselves at a later stage.

The major factors determining the success of a project, from the perspective of the
development department, is the total project time, the quality of the product (i.e. the dies

and the final coins) and die life.

The purpose of the project was to analyse the development process in detail and to develop
a design protocol, which will guide the developer during development. The design
protocol will suggest a procedure to follow when developing dies. The design protocol will

assist the die developer in locating the source of certain problems systematically.

The project was done to provide the client with a better understanding of the major factors

that influence the development process. If the source of a problem can be identified and is
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understood the proper action could be determined and employed to prevent the problem
from reoccurring. This project will serve as the basis for further development efforts in
this field.

During the course of the study emphasis was put on the development and production of the
high speed coining dies. The major factors that influence the development process were
identified and development tests were done to establish the influence of each of these
factors. The development process was broken down into components and each component

was evaluated separately.

The test focus was on the behaviour of the die and coin material during the deformation
and heat treatment processes. For each test a significant amount of test data was collected.
The results of the tests were analysed and evaluated. The behaviour of the material was
explained from a theoretical point of view and methods to control this behaviour were

discussed. The test results were generalized to apply to all development projects.

The source of many of the problems that are encountered during the development and
production process were identified and quantified with the test results. On the basis of
these results the design protocol was established. Many of the problems encountered are
process control related. Solutions to improve the process control are discussed in the

report.

The design protocol will enable the developer to achieve improved results during the
development process. The design protocol can also be used as a tool to establish the cause
and recourse for certain development and production problems. The main objective of the
protocol is to improve consistency in the results that are obtained during the development

process.

The design protocol will enable the developer to implement a faster and more efficient
development process, while avoiding problem areas, thereby reducing the total project time

and increasing product quality and profit margins.
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A successful development effort and a short project time are crucial if the S.A Mint is to
succeed in the competitive international industry of coin manufacturing. Scientific
knowledge in the process will be an asset to the company and will guide the company in

deciding where further development efforts are necessary.

The degree of success with which coining dies are made, greatly influences the total
development time and therefore the total success of a project. In the production process of
the coining dies various obstacles are often encountered. These obstacles retard the project

and adversely affect the profit margin of the company.

There are no scientific models in place by which these dies can be developed.
Consequently the development and production process is done on a trial and error basis.
Due to the complexity of the process and the system, many of the underlying problems

remain unidentified just to repeat themselves at a later stage.

A detailed functional analysis was done on the entire development and production process.
This was necessary to identify the problem areas, to get an overall picture of the process,

and to determine all the factors that play a role in each process. The inter-relationship of
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PROLOGUE 2

the different activities was also established. A report was compiled and delivered to the
Mint. The report indicated certain problem areas, which need to receive attention. The

functional analysis report will not be included in this report.

The purpose of the project was to analyse the development process in detail and to develop
a design protocol, which will guide the developer during development. The design
protocol will suggest a procedure to follow when developing dies. The design protocol will

assist the die developer in locating the source of certain problems systematically.

The project was done to provide the client with a better understanding of the major factors
that influence the development process. If the source of a problem can be identified and is
understood the course of action can be determined that will prevent the problem from
reoccurring. This project will serve as the basis for further development efforts in this
field. The test focus was on the behaviour of the die and coin material during deformation

and heat treatment processes.

In Chapter 1 the material that was used for the project will be analysed. Chapter 2 and 3
will deal with the design of the coin and the production of the blanks. All the development
tests that were done on the production of the master punch are discussed in Chapter 4.
Chapter 5 contains the results of the coining tests and the design protocol that was

developed is discussed in Chapter 6.

A project overview is included in Figure 1 to show what was done during the project and

to show how the structure of the report was compiled.
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INTRODUCTION

This section will provide an overview of the die development process. The details of the

die development process will be discussed in the relevant sections of the report.

The procedure for the development and production of the coining dies can differ vastly
from project to project. If a new coin must be produced the development process will
follow all the possible steps in producing a coining die, from the design of the artwork

right through to the manufacturing of the coining dies.

Certain clients will provide the master punch to ensure that the quality of the coins is the
same as their current coins. The coining dies are then made from the master punch that
was provided. Other clients will only provide samples of the coin. When a picture or
sample of the coin is provided, for the contract, all the development steps must be

followed. The different phases of the development process will now be discussed.

1. The first step is to obtain the desired design from the client. The design may be in the
form of a sample coin, a drawing or a picture. The design is discussed with the client
to establish the client’s requirements. These requirements include aspects like the

depth of the design, the level of detail of the design and the size of the design.
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CHAPTER 1

MATERIAL SELECTION

1.1 Introduction

Due to the complexity of the die development process it was decided from the onset of the
project to eliminate as many variables as possible, for each test. This will make it easier to
control the remaining variables and to correctly identify the mechanisms that control the
behaviour of the material. The type of material that is used for the dies and the blanks is

the first variable to be eliminated.

It was decided to use one specific material for all the dies (i.e. the matrix, the master punch
and the coining dies), and one material for the blanks. Once the design protocol has been
established, the Mint can according to this protocol also test other materials and evaluate

the performance of each material individually.

The selection and material analysis of the tool steel that will be used for the dies will be
discussed first. After which the selection and material analysis of the blank material will

be discussed.
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MATERIAL SELECTION 13

1.2 Dies

1.2.1 INTRODUCTION

Once the decision was made to use only one material for all the dies it was necessary to
select the material. There are many variables within a material but these variables will be

controlled where possible during the development tests.

The material currently used by the S.A Mint for most of the dies is Thyrodur 2363 Tool
Steel (Commonly referred to as Two-Three-Six-Three). The manufacturer is Thyssen.
The material specifications are given in Appendix A. This is an AISI A2 (DIN 1.2363)
type tool steel. The properties of this cold work tool steel include high dimensional
stability during heat treatment; good wear resistance, high compressive strength and
medium machinability. The machinability of the material is about 85% if compared to the

baseline W group of tool steels, which are, rated at 100%.

It was decided that it would be beneficial to the Mint if the same material was used for the
development project as was for their dies. A thorough material analysis was done on the
2363 Tool Steel to establish if this material was suitable for the specific application. Once
the material has been characterized by means of the material analysis a conclusion can be
reached on the suitability of the material for the specific application. A decision will then

be made whether to use the material for the project or to select another material.
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MATERIAL SELECTION 14

1.2.2 MATERIAL ANALYSIS (2363)

The purpose of the material analysis was to:
®  Check the specifications of the manufacturer.
= Determine the composition of the material
»  Check the distribution of the elements in the material.
= Check for internal defects in the material.
= Check the microstructure of the material
= Check the hardness of the material
=  Check the dynamic response of the material during deformation.

= Determine whether the quality of the steel is high enough for the application.

The material analysis forms a very important part of the project. The results of the
material analysis will help to explain the behaviour of the material during the die

development and production processes.

A batch of the Thyrodur 2363 Tool Steel was acquired and held in bond exclusively for the
project. The decision was taken that only material from this batch would be used for the
project if the material was approved. By using material from one batch the material
composition and property variables are reduced. The material specification lies within a
certain bandwidth but there may be small differences in the composition of the material
between batches. The properties of the material can also change due to differences in the
cooling rate of the material during solidification or due to small changes in the annealing
process. It is therefore advantageous to use material from the same batch throughout the

project.
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MATERIAL SELECTION 16

The first method that was used is the XRF or X-Ray Fluorescence method. The
second method was a combustion process where only the Carbon and Sulphur
content were determined (LECO). The third method is the OES method. This is an
Emission Spectroscopy method used to test for all the main elements. Trace

elements were not tested for.

It can be seen from the results of Table 1.1 that the composition of the material is
within the typical values of 2363 Tool Steels. The results agree with the

specifications given by the manufacturer (See Appendix A).

1.2.2.2 Chemical Element Distribution
The chemical element distribution was tested through the width of the material.
This was done to determine the distribution of the major chemical elements in the
material. It is important that the distribution be even through the width of the
material. This analysis reveals important information about the homogeneity of the
material. If for example there has been diffusion of carbon to the outer part of the

material it will be revealed by this test.

The distribution of the elements is a factor, which influences the response of the
material to deformation. The results of the test are shown in Table 1.2. The
distance column refers to the location of the sample point from the side of the billet.
The results of Table 1.2 are presented graphically in Figures 1.1 to 1.13. A graph

was plotted for each element that was tested for in Table 1.2.
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MATERIAL SELECTION 22

1.2.2.5 Hardness Test
The purpose of the test was to determine the hardness of the batch tool steel
material that was obtained for the project. The hardness of the billets was
measured to verify the specifications given by the manufacturer and to check the
distribution of hardness between the billets. The hardness of the billets greatly
affects the hobbing process and must therefore be well documented. Currently the

hardness is not checked on incoming material.

The hardness of the billets is one of the variables that need to be kept constant at
this stage and it is therefore important that the hardness distribution between the
billets be small. Inconsistent results will be obtained during the deformation
processes if the hardness of the billets varies greatly from batch to batch. This is an
unacceptable situation, which can be avoided by ensuring a small hardness
distribution. This is applicable to all incoming and custom produced material.
Furthermore it is desirable for the material to be as soft as possible. This makes
hobbing easier and reduces the stress on the driving die. The procedure that was
followed to measure the hardness of the billets and the results of the test will now

be discussed.

The tool steel batch consisted of five 40 mm diameter billets and sixteen 50 mm
diameter billets. The hardness of every billet will be tested. Normally hardness
tests of this kind would be done on the outer surface of the material. This can

however be inaccurate since the surface conditions are not ideal. The surface of the
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MATERIAL SELECTION 27

1.2.3 TENSILE TESTS (2363 Tool Steel)

The tensile tests were done to evaluate the elastic and plastic deformation response of the
material. The material will undergo elastic and plastic deformation during the hobbing
processes. During the coining process the dies will mostly deform elastically but plastic
deformation will also occur to some extent. It is therefore imperative to know the
deformation characteristics of the material in order to evaluate the response of the material

during these processes.

To evaluate the elastic and plastic deformation characteristics of the material tensile tests
were done on the material by ISCOR. The candidate made eight specimens for the tensile
tests. The first three specimens were made in the longitudinal (casting) direction of the
material. The Specimens were made according to the ASTM ES8 specification. Figure 1.19
shows the details of the tensile samples. The results of these three specimens are detailed
in the first tensile test report in Appendix B. All the tensile tests were done according to

the ASTM specification.

The next five specimens were made according to the British Standard for Small Tensile
Samples. (See figure 1.20(a)). This specification is designed for the use of small samples
in ordinary chucks. Figure 1.20(b) shows the setup of the small samples in an ordinary
chuck. Three of the five specimens were made in the transverse direction and the other
two in the longitudinal direction. This was done to evaluate the difference in response of

the material in the transverse and longitudinal directions. This was necessary because
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MATERIAL SELECTION 28

significant amounts of deformation occur in both directions during the hobbing process. It
would be inaccurate to only assume response characteristics from the longitudinal

direction.

The diameter of the billet was the size constraint on the specimens and thus necessitating
the use of the small samples. The large samples were made to use as a reference to
compare to the small longitudinal samples. The results from the small samples appear in
the second tensile test report in Appendix B. The reader is referred to these reports to view

the stress-strain plots for the specimens.

. |
G — Gauge Length 62.5+0.1 mm
D — Diameter 125+ 0.2 mm
R — Radius of fillet, min 10 mm
A — Length of reduced section, min 75 mm

FIGURE 1.19 Round Tensile Samples (ASTM ES8 Spec.)
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0.402 0.253
0.378 0.252
1k
0.894 - ‘

All dimensions in inches

(a)

1. Steel rod to fit in normal chuck

t2. Stoel sleeve X2 |

(b)

- - 3. Tensile sample

FIGURE 1.20 (a) British Standard small tensile sample. (b) Setup of small tensile in

an ordinary chuck.

The longitudinal specimens revealed a fracture surface common to many tensile specimens
(i.e. the cup-cone fracture appearance). The transverse specimens also produced a cup-
cone fracture surface but the appearance and failure mechanisms are different. Figure 1.21
shows the fracture surface appearance of a longitudinal sample. Two distinct regions can

be identified. The region in the middle of the sample (a) is called the fibrous zone. This
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MATERIAL SELECTION 32

longitudinal direction the fibers will be broken. The results of the tensile tests prove this
point. The yield strength and maximum percentage strain is lower for the transverse

samples.

Therefore it can be said that the material has a lower strength and it can deform less in the
transverse direction. This information can be used to identify the cause of die or punch
failure during the production processes. If excessive strain is induced on the die or punch
in the transverse direction microvoids can form. These voids can then grow during heat
treatment and working processes and ultimately cause die failure. When a stress
concentration is present at the top edge of the punch a crack can initiate at this site and then

propagate along these flow lines. This point will be discussed in detail in Section 4.9.

1.2.4 CONCLUSION

The results of the material analysis revealed that the material is in good condition. This
will be the only tool steel used for this project. Information is readily available on other
tool steels and the S.A Mint can easily make an informed decision if a desire arises to
change to a different tool steel. It was mentioned previously that the S.A Mint does not do
a hardness test on the incoming material. Considering the importance of the hardness it is
recommended that a baseline be established by doing a hardness test in addition to the

material analysis. What the baseline should be will be discussed later.
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MATERIAL SELECTION 33

1.3 Blanks

1.3.1 INTRODUCTION

The next step was to select a material for the blanks that will be used during the project. It
was decided to use one of the materials currently used by the S.A Mint. This decision was
taken to ensure that there would be material available for the project. It would also be
beneficial for the Mint if a material were selected that they use for their blanks.
Development and testing can then be done on the material and the results will be
applicable to the blanks of the Mint. Only one material will be used for the blanks for the
duration of the project. It was decided to opt for the material that causes the most
problems during coining. It would not be very instructive to choose a material that coin

easily.

There are three types of material that the Mint uses for most of their contracts. They are,
Steel, Cupro-Nickel (Cu75Ni25) and Bronze (CuZn4.5Sn0.5). It was decided to use steel
for the project since steel is the hardest of the three materials. Steel will work harden faster
and coin more difficult than Cupro-Nickel or Bronze. It will be easier to spot coining
defects and more problems will occur during the coining process if the blanks are relatively
hard. Cost was also a consideration and since steel is the cheapest of the three materials it
made sense to use it for the project. Once the material was chosen, it was necessary to

analyse the material to determine its physical properties.



UNIVERSITEIT VAN PRETORIA
UNIVERSITY OF PRETORIA
Qe YUNIBESITHI YA PRETORIA




UNIVERSITEIT VAN PRETORIA
UNIVERSITY OF PRETORIA
YUNIBESITHI YA PRETORIA

<

MATERIAL SELECTION 35

1.3.3 TENSILE TESTS

Tensile tests were also done on the material. The results of these tests will provide very
useful information about the coinability of the blanks since they are deformed plastically to

a great extent during the coining process.

Six specimens were made according to the ASTM specifications. Three specimens were
annealed and the other three were kept in the original state. It was necessary to anneal
some of the samples because the blanks that are coined, are in the annealed state and we
are interested in the deformation characteristics of the material during coining. It is also
necessary to check the condition of the incoming material. The average hardness of the

annealed samples was 98 H,.

The results of these tests are included in Appendix B. It is seen from the results of the
tensile test that the annealed samples have lower yield strength and a higher percentage

strain.

Oyhard = 272 MPa, E€max hard = 36 %

The lower yield strength and higher percentage strain of the annealed samples implies
improved coinability of the material. The annealing process and the effect of hardness on

the coinability of the blanks will be discussed during the coining tests in Chapter 5.
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CHAPTER 2

COIN DESIGN

|

2.1 Introduction

The selection of a coin design is a critical element of the project. The visual inspection of
the coins forms an important part of the evaluation of the coining process. It was
necessary to select an appropriate coin design that would be used throughout the duration
of the project for the dies and the coins. One design will be used and the results obtained
during the tests will be generalized. After the design protocol has been established the
results can be used to develop any circulation coin regardless of the design details and the
size of the coin. Various circulation coins were evaluated and a list was created of all the
important attributes that are common to most circulation coins. Many different designs

were considered and evaluated according to the list.

A finite element analysis will be done on the deformation of the blank during the coining
process. The University of Pretoria will do the analysis in conjunction with this project.
Due to the close cooperation between the two projects certain design decisions were taken

with the finite element model in mind.
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The major factors considered during the selection process were:
1. The design must be a good representation of actual circulation coins in terms of
design size and depth.
2. The design must be symmetrical. This was a research decision. The decision was
made to simplify the finite element model and to help identify coining defects.
This decision will be discussed in the next paragraph.
3. The coin should have a design in the centre and lettering on the outside. This is

synonymous with most circulation coins.

All the designs were evaluated according to these basic criteria. The design that is selected
must be able to provide the researcher with ample information about the development and

coining processes.

2.2 Design Selection

The selected design was adopted from a similar design that was used by the MECCANO
Research Centre for an experimental analysis for the design of new coins [1]. The selected
design and a description of the various components of the design are shown in Figure 2.1.
A detailed drawing of the design is given in Appendix C. The design that was selected is a
good representation of actual circulation coin designs. The depth of the design and the

lettering will be varied according to the test objectives.



(Oﬁ ‘g

IVERSITEIT VAN PRETORIA
IVERSITY OF PRETORIA
NIBESITHI YA PRETORIA
COIN DESIGN 38
[ a) Main Desi I
(b) T T ( ) en
SRR
T Pl 0 e N *
o NS (b) Lettering
/; Y Pl SaN
Gy AN N .
/L N SNV \\\ (¢) Landing
. . \
=/ Voo
l‘ | lijj r\J, \L/' = 4 * B —
=g (a) | = i) (d) Symmetry axis I
We T\ al=y AR
\ == P (f/ = / /,/ NN K> @\\\
. ™y / / > ¢ A
WA N NSy /] & Vo, B
\\\_\\ \9) N S \”»u/ 0 v ~ \<\\/ / // } I {{ 2:2‘\ - . ‘E—] I.
N \\/>‘ SR S 3 {?\“\\(\;3 S / \\\ =) \ / & ]
N LN / . Yos < > s
NN \5/ = g Nl Coin & &/\*_5/\ «{f\”‘/‘i’
AN [ 5t 0 NG Ny
(c il _ & g O
R NI
e

FIGURE 2.1 Coin design

A complicated design was selected so that coining defects can more readily be detected.
The same design will be used for the obverse (front) and reverse (back) of the coin. The
orientation of the design on the obverse relative to the reverse of the coin will be the same.
This promotes material starvation, especially in the centre of the design. The design is
symmetrical about eight axes and the coin is also symmetrical about the horizontal plane. It
is therefore only necessary to model the top half of one-sixteenth of the coin in the finite

element model. This translates to a dramatic reduction in computational time and cost.

There are other significant advantages in using a symmetrical design when it comes to the
visual inspection of the coin. Coining defects can be explained more easily when a
symmetrical design is used. The radial and axial flow of material should be exactly the
same for all sixteen segments and therefore if some of the segments appear to coin
unsatisfactory a coining pattern can be established and the problem can be pinpointed with

greater ease. The problem could then be attributed to misalignment of the press, for
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example. The segments can also be compared with one another to see if a certain coining
defect repeats itself in all the segments. The problem could then be related to the coin
design or to defects on the dies. A lot of sharp edges were included in the design. This
will help to identify the problem areas in the hobbing and coining processes. An extremely
high force is necessary to produce a perfect sharp edge in the coining or hobbing processes.
The radii of the lettering and the design will therefore be evaluated after coinage. These
radii will be compared to the coining force. The minimum force necessary can then be

determined by evaluating the radii.

A cutter with an included angle of 25° will be used to
engrave the design and the lettering. This means that the

design and lettering will slope at an angle of 12.5° from top

to bottom relative to the vertical axis. See Figure 2.2.

FIGURE 2.2 Cutter angle

The test coin was further complicated by the fact that a “full” design was used. The design
of normal circulation coins has peaks and troughs, which makes it easier to coin since the
competition for material is lower. The “full” design on both sides of the coin will promote
material starvation in the centre of the coin. The main design and the lettering will have a
constant height. This makes it easier to measure the coins and the dies. Details concerning
the evaluation of the design during hobbing and coining will be discussed in the relevant

sections.
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CHAPTER 3

BLANK DESIGN

3.1 Introduction

Blanks are pieces of steel that has been formed to accommodate the design on the coining
dies. A blank is basically a coin without a picture. It was previously discussed that steel
will be used as the core material for the blanks. The size and shape of the blanks must now
be determined. Due to resource constraints it was decided to use RSA 50c blanks for the
project. The RSA 50c is the largest denomination with a steel core in the RSA coin series.
Since the RSA 50c blanks will be used, there is no need to manufacture special tooling for
the production and coining of the blanks. It also simplifies the manufacturing process
since this is a familiar denomination and the order can easily be requested through the

system.

3.2 Blank Production

A new collar will be made because the test coin will not have a serrated edge like the RSA
50c. The size of the coin was developed according to the current development guidelines.
Normally the blank size will be developed from the coin specifications but in this instance
the blank size is fixed and the final coin size is a variable. The procedure that was

followed to obtain the die neck size and the collar size will now be discussed.
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Sizes 1 through 6 were obtained from the RSA 50c specification (Appendix D).

e Blanking

1) Thickness of Blanks

size: 1.575 = 20 pm
min: 1.555 mm
max: 1.595 mm

2) Diameter of Blanks
size: 21.740 £ 50 pm

min: 21.690 mm
max; 21.790 mm

e Rimming
3) Thickness (Rimmed)
The thickness of the rimmed blanks is included in the specification for information
purposes only, i.e the blanks will not be rejected if they fall outside this specification.

The rimming process is described hereafter and shown in Figure 3.1.

size: 1.960 + 100 um
min; 1.860 mm
max: 2.060 mm

4) Diameter (Rimmed)

size: 21.490 + 50 pm
min: 21.440 mm
max: 21.540 mm

e Plating

S) Thickness (Plated)
Once again the plated thickness of the blanks are given for information only.
size: 2.050 + 100 pm

min; 1.950 mm
max;: 2.150 mm
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CHAPTER 4

DEVELOPMENT TESTS

4,1 Introduction

This chapter will cover the development tests that were done regarding the production of
the master punch and coining dies. The test objectives will be discussed for each test as

well as the procedure that was followed in conducting the tests.

The procedure that was followed, during this project to produce the coining dies is
summarized below. The reader is referred to Section A. Die development, for a complete

discussion about the die development process.

1. Generate computer model.

2. Machine matrix on CNC Engraver.

3. Machine relief into matrix.

4. Harden matrix.

5. Hob matrix on die blank to produce master punch.
6. Machine master to specifications.

7. Harden master.

8. Hob master on die blank to produce coining dies.
9. Machine coining dies to specification.

10. Harden coining dies.
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There are various factors affecting the accuracy and quality of the dies and punches that
are produced during this process. During the development tests these factors, which affect
the accuracy and quality of the dies, will be identified and isolated. The effect of these

factors will be quantified and discussed.

The major concern during the development process is the dimensional stability of the dies.
The problem that faces the developer is that he often knows what the coining dies should

look like but he has difficulty producing the coining dies according to his requirements.

To improve coinage a slight dome of about 50 microns is created on the coining dies. This
dome ensures that the blanks start coining in the centre and coining then progress coining
radially outward. The effect of the dome is that the force required to sufficiently coin the
blanks is reduced. This improves die life. It is very important to determine the correct
dome size. If the dome is too small, the centre design f.vill not coin satisfactorily. If the
dome is too large, the lettering on the outside of the design will not coin satisfactorily.
Once the ideal dome size has been determined it must be reproduced on the »coining dies.
The way in which this is done, is by modeling a dome on a computer or by placing the

rubber mould on a dome plate before the ureol is cast.

The problem lies therein that the dome does not reproduce accurately due to the
dimensional change that occurs during the manufacturing process. These and other

dimensional stability problems will receive attention during the development tests.
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4.2 Test1: Introduction to Development Tests

The purpose of the initial test was first and foremost to establish a detailed test protocol for
the project tests. This was seen as a trial of the tests to come. The test was also used, as a
guideline for what Test 2 should entail. The test was done to familiarize the candidate with

the development process and the equipment that is used in the process.

It was decided that for this project no machine punch would be made. The process will
start with the modeling of the design on computer. A matrix will then be engraved on the
CNC engraving machine. This eliminates the process of creating a machine punch on the
reduction machines. This saves a lot of time since the reduction from the ureol to the
machine punch can take weeks. It is also more accurate to model the design on the
computer and changes can easily be made if necessary. The use of the CNC engraver to
create the matrix is gaining more popularity due to the significant reduction in
development time and effort. New computer hardware and software technologies make

this a very attractive means of creating the matrix.

The test procedure for test 1 was as follows.
1. The selected design was modeled on the computer (Appendix C).
2. A matrix was engraved and sent for heat treatment.
3. A master punch was hobbed from the hardened matrix.
4. The master punch was measured and then sent for heat treatment.

5. The master punch was again measured after heat treatment.
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From the results of Test 1 it became evident that the measuring procedure is extremely
important and that the dies and punches must be measured with an accuracy of a few
microns. The candidate was not familiar with the measuring equipment and accurate
results could not be guaranteed. It was necessary to establish a measuring procedure that
would be followed every time something was measured. This had to be done before test 2

could commence.

The hobbing press had to be calibrated since a lot of work will be done on the press and the
applied force is an important factor in all the tests. A calibration certificate for the digital

readout gauge on the press was not available.

The main complications encountered during the process are the dimensional instability of
the dies during the heat treatment process and the elastic recovery of the material during

the forming process. These problems will be addressed in the subsequent tests.

Due to the irregular deformation that was observed, it was decided that the heat treatment
and the hobbing processes should be separated for the next test. The effect of the heat
treatment process can then be quantified properly without the additional effects of plastic

deformation.

No formal results were documented for test 1 due to the lack of reliability of the results.
The test protocol for the subsequent tests has been generated as an output. All problems

regarding the test protocol have been sorted out.



UNIVERSITEIT VAN PRETORIA
UNIVERSITY OF PRETORIA
W VUNIBESITHI YA PRETORIA




UNIVERSITEIT VAN PRETORIA
UNIVERSITY OF PRETORIA
W YUNIBESITHI YA PRETORIA




UNIVERSITEIT VAN PRETORIA
UNIVERSITY OF PRETORIA
W YUNIBESITHI YA PRETORIA




UNIVERSITEIT VAN PRETORIA
UNIVERSITY OF PRETORIA
W VUNIBESITHI YA PRETORIA




UNIVERSITEIT VAN PRETORIA
UNIVERSITY OF PRETORIA
W YUNIBESITHI YA PRETORIA




UNIVERSITEIT VAN PRETORIA
UNIVERSITY OF PRETORIA
W YUNIBESITHI YA PRETORIA




UNIVERSITEIT VAN PRETORIA
UNIVERSITY OF PRETORIA
W YUNIBESITHI YA PRETORIA




UNIVERSITEIT VAN PRETORIA
UNIVERSITY OF PRETORIA
W YUNIBESITHI YA PRETORIA




UNIVERSITY OF PRETORIA
YUNIBESITHI YA PRETORIA

&
W UNIVERSITEIT VAN PRETORIA
el

DEVELOPMENT TESTS 61

2. For the qualification a 50 mm steel slip gauge was measured.

3. Calibrate LHM.

4. Prepare to take measurements. Slide object on measuring table to remove air between
the object and the measuring table.

5. Zero stylus on the measuring table surface.

6. Cover digital readout so that the candidate cannot observe the readings.

7. Take 5 consecutive measurements.

8. Repeat twice.

9. Switch LHM off and stand up.

10. Repeat steps 3 to 9, five times.

443 RESULTS

The results of the qualification are given in Appendix E. The results obtained were very
encouraging. The average range that was achieved is 1.4 microns. The measurements lie
in a very narrow band close to the actual size of the slip gauge. The total test accuracy is
smaller than a micron. It is evident that the candidate is conversant with the equipment

and the process. Reliable results can be guaranteed.

4.44 CONCLUSION
A chart was developed according to which all dies will be measured. This chart indicates
the positions where the die should be measured to obtain sufficient information about the

die. The chart is shown below in Figure 4.7
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FIGURE 4.7  Die Measuring Chart

This chart will be used in future when measuring a die. Every die that is made for a test is
given a clear reference point. This reference point indicates where to start the measuring

procedure. The dies are placed in the metrology room to stabilize, 4 hours prior to the

measuring procedure.

A Tolerance was calculated for the accuracy with which a measurement can be taken. The
surface of the dies is uneven and the exact location of the measuring points is difficult to
determine. Therefore, three measurements will be taken on each location and an average

will be calculated. Considering all factors the accuracy tolerance of all the measurements

taken on the LHM will be + 4 microns.
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4.5 Heat Treatment

All the dies and punches are heat treated before they are used as a hob in the hobbing and
coining operations. The dies and punches are hardened to increase the strength of the
material. An increase in hardness implies an increase in the yield strength of the material

but also a decrease in the ductility of the material.

A sophisticated heat treatment furnace is used at the S.A Mint. The furnace temperature
and holding times are controlled electronically to ensure accurate repeatability of the
process. The material is heat treated in a nitrogen rich atmosphere to reduce the diffusion
of carbon to the surface of the material. The furnace is shown in Figure 4.8(a). The
material is heated slowly to above the austenitic temperature (970°C). This is done in three
steps. The material is allowed to stabilize at each temperature before it is heated further,
this ensures homogenous transformation to the austenite condition. The material is held at
970°C for 60 minutes before it is air quenched in an inert gas atmosphere using nitrogen.
The nitrogen enters the back of the furnace, it is circulated through the furnace and exits at

the top of the furnace.

Air quenching provides higher dimensional stability of the material during cooling and
reduces the risk of cracking the dies. This is partly due to the reduction in thermal stresses
that are induced on the die during cooling. The material is air quenched to produce a
martensite structure. The martensite microstructure is extremely hard and the strength
increases. The material also becomes more brittle. The quenching rate controls the
hardness of the material. A faster quenching rate produces a harder material. This is

mainly due to the increase in dislocation density of the martensite structure.
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4.6 Test2: Heat Treatment

4.6.1 PURPOSE

The purpose of the test was to quantify the shape change of the dies due to the heat
treatment process. It was seen in Test 1 that the dies experience a shape change during
heat treatment. Test 2 will concentrate on the effect of heat treatment alone, no plastic
deformation will be induced on the dies. The shape change during heat treatment of a die,
which has experienced plastic deformation, will be tested at a later stage. Since no plastic
deformation will be induced on the dies, any shape change that occurs is entirely due to the

phase transformation of the microstructure during heat treatment.

4.6.2 PROCEDURE

Two dies were made for the test, using Thyrodur 2363 billets with a diameter of 50 mm.
The dies were turned on a lathe at a high speed to improve the surface finish. Liberal use
was made of coolant to prevent the dies from work hardening. A landing was cut into the
dies, 170 microns deep and 1mm wide (See Figure. 4.9). This was done to observe the
relative stability of different planes under heat treatment. The dimensional stability of the
landing relative to the design surface was also measured. Figure 4.9 (a) shows a computer
model of the dies that were used for Test 2. Figure 4.9 (b) shows the measuring points on
the dies. The dies were measured at four points on the circumference of the landing and
four points on the design. The measurements were taken from the base of the design using
the Linear Height Meter. After the two dies were measured they were sent for heat
treatment to be hardened to a hardness of 60 HR.. A hardness test was done on the two

dies and the values were documented.
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From Figure 4.10 to 4.13 it can be seen that the dies expand a certain amount during heat
treatment. Die no.l expanded with an average of about 14 microns while Die no.2
expanded with an average of about 22 microns. A certain amount of shape change is
expected due to the transformation of the microstructure. It is important to note that the
landing depth (Figure 4.14 and 4.15) did not change significantly during the heat treatment

process.

4.6.4 CONCLUSION
It is desired that the landing depth remain constant. Although a small variance in depth of
a few microns is expected due to the heat treatment process it should be noted that the

small differences in depth are within the accuracy tolerance of the measuring procedure.

The shape change of the dies was relatively stable but more data is needed before a

conclusion can be reached. It was decided that Test 3 would be similar to Test 2.
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4.7 Test3: Heat Treatment

4.7.1 PURPOSE

The objective of Test 3 was the same as for Test 2, i.e. to determine the effect of heat
treatment on the dimensional stability of the dies, without inducing plastic deformation on
the dies prior to heat treatment. The same procedure was followed as for Test 2, except for
a few minor changes that were made to the test protocol. These changes will be discussed

shortly.

It was seen from the results of Test 2 that the dies experience a certain amount of shape
change during the heat treatment process. It would be instructive to obtain more test data
about this deformation. Once more data has been collected, a conclusion can be reached

about the shape change of the dies during the heat treatment process.

472 PROCEDURE
Three dies were made for Test 3. The dies were turned on a lathe, with a landing but

without a design. The landing is about 170 microns deep and 1 mm wide (See Figure
4.16(a)). Die 3.3 was also offset with about 25 microns to see if the skew plane would be
maintained through the heat treatment process. The measuring points were increased from
8 to 16 so that more data can be obtained during the test. The layout of the measuring
points is shown in Figure 4.16 (b). In addition to the 16 measuring points on the surface of
the die, the diameter of the dies was also measured. The diameter was measured at the top,
in the middle and at the bottom of the dies. Two measurements were taken perpendicular

to each other at each of the three locations. Figure 4.17 shows the diametrical measurement
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Summary of results:
Die 3.1 Length: + 22 microns
Diameter: + 6 microns
Die 3.2 Length: - 12 microns
Diameter: - 18 microns
Die 3.3 Length: + 29 microns
Diameter: + 12 microns

There are two main causes of dimensional change during heat treatment. The one is
thermal stresses, which occur as a result of the contraction of the material during cooling.
The other main cause is transformation stresses, which occur as a result of the martensite

formation.

Thermal stresses occur because the outer layer of the object cools more quickly and
contract. The inner, softer parts try to assume a spherical shape during this process. This
is the shape to which they offer the least resistance during deformation. Therefore any
body tries to assume the spherical shape during rapid cooling. The more drastic the

cooling rate, the greater are the changes due to thermal contraction.

During the heat treatment process the steel is subject to various heating and cooling stages,
during these stages the steel undergoes a series of structural transformations.
Transformation stresses are created because the various structural phases possess different

densities and hence differing values of specific volume.
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Martensite has a greater specific volume than austenite therefore during cooling, the steel
will experience a volumetric expansion due to the transformation of austenite to
martensite. After cooling, the steel will contain a certain amount of retained austenite. If
the retained austenite content is sufficiently high, a volumetric reduction will take place.
The hardening temperature can control the amount of retained austenite in the steel. The
volume of the object decreases with an increase in hardening temperature, this being due to
the increased amount of retained austenite. The volume of the object decreases further

during tempering when the martensite decomposes to form ferrite and cementite.

It is very difficult to calculate theoretical values for the shape change of tool steels during
heat treatment. Theoretical calculations based on the specific volumes of the different
structural phases are based on knowledge of the amount of each individual constituent
present in the steel after hardening. These calculations also do not allow for dimensional
changes due to thermal stresses or for the anisotropy of the steel. It is necessary to rely on

empirical values obtain for different tool steels [1].

It was decided to calculate the percentage change in length and diameter of the dies to see
if the deformation falls within typical dimensional change specifications given by
manufacturers [2,3] for similar materials. The results are given in Table 4.9. The
percentage change in length and diameter fall within typical specifications of
manufacturers and therefore does not present a problem. It is however important to

evaluate the relative stability of the surface planes as was discussed during Test 2.
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4.7.4 CONCLUSION

The shape change of the dies during heat treatment has now been properly quantified. A
certain amount of change in diameter and length of the die can be expected during the heat
treatment process (min: -0.04%, max: + 0.04%). The change in length does not present a
problem since the dimensional changes are uniform across the entire die and this will not
affect the coining or hobbing processes. It might be instructive to note the change in
diameter when calculating die neck and collar sizes when very fine tolerances are required.
The amount of shape change is however very small and can, for the most part, be regarded

as insignificant.

The relative stability of the landing height, the landing surface and the design surface was
also evaluated and the results showed very little dimensional distortion during the heat

treatment process.

The importance of accurately controlling the heat treatment process cannot be
overemphasized. Note that the hardness of Die 3.2 was merely 1 HR, softer than the other
two dies, however Die 3.2 experienced a volumetric contraction and the other two dies

experienced a volumetric expansion.

The results of Test 2 and 3 can be used as a guideline for the shape changes that occur as a
direct result of the heat treatment process. This will make it easier to identify the different
components of distortion in subsequent tests when plastic deformation will be induced on

the dies and punches.
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4.8 Test4: Hobbing

4.8.1 PURPOSE
Test 4 will concentrate on the production of the master punches. The test will primarily
focus on the factors that affect the accuracy and the quality of the master punches and

ultimately the coining dies. The main test objectives were:

1. Evaluate the shape change of the master punches.
During the production process, the master punch undergoes several unwanted shape

changes. The major factors contributing to these shape changes are:

a) Elastic recovery of the material when the applied force is removed during
the hobbing process.
b) Transformation stresses during heat treatment.

c) Thermal stresses during heat treatment.

d) Residual stress relieving during heat treatment.

Test 4 will concentrate on the combined effect of the heat treatment and
deformation processes involved. The shape change attributed to the heat treatment
process alone has been properly quantified in the previous tests. The shape change
of the master punch due to residual stress relieving combined with the
transformation of the microstructure and the cooling stresses during the heat

treatment process must now be evaluated and quantified.
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2. Determine optimum cone angle for the selected design.
Die blanks, which are conical shaped at the one end are used to hob the master
punch from the matrix and to hob the coining dies from the master punch.
Currently a cone angle of thirty degrees is used when the die blanks are
manufactured. The cone angle is measured from the horizontal plane downward as
shown in Figure 4.28. Different cone angles will be tested and evaluated. The
results will be used to specify the cone angle, which produces the best results for

the selected design.

\
Cone <mgle /

FIGURE 4.28 Cone angle

3. Evaluate the effect of die blank hardness on hobbing force.
Three die blanks will be annealed prior to hobbing. The effect of the reduced

hardness on the hobbing force will be evaluated.

These were the three main objectives of the test. The procedure that was followed in

conducting the test is shown below.
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4.8.2 PROCEDURE
1. Generate computer model
A three-dimensional computer model must be generated of the design that will be
used for the test. The two-dimensional design has already been established. It was
now necessary to select the depth of the landing, the lettering and the design. A
dome height had to be selected as well. The detail of the design was modeled
relatively deep. By doing this, coining and hobbing defects are more likely to
occur than with a shallow design. It will be easier to detect and evaluate the
coining and hobbing defects if a deep design is used. A deep design will provide
the analyst with more visual information about the process. The selected depths of

the detail are as follows:

Design: 140 microns
Lettering: 115 microns
Landing: 160 microns

The next step was to select a dome size for the model. The dome spans the entire
surface of the coining die. The dome height is specified as the vertical distance
from the edge of the design surface to the centre of the projected design surface.
The dome height was calculated in the following manner for the matrix. First the
design height was added to reference point number 45 (See Figure 4.7), which is in
the centre of the matrix. The average design surface height was then subtracted
from this value to give the dome height (See Figure 4.29). A dome size of 40

microns was selected for the model.
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| (2) Design
Depth

(3) De:igin :turface (1) Centre Height Landing
g Heif;ht

Dome Height = (1) + (2) - (3)

2. Manufacture Matrix

a.) Prepare matrix blank
The matrix blank is a round billet of length 50 mm. Both sides of the billet are
ground to ensure that the surfaces are parallel.

b.) Cut matrix on CNC engraver.
The matrix is fixed to the Engraver bed and the detail is engraved on the matrix.

¢.) Machine relief into Matrix (See Figure 4.30(a)).
The matrix is removed from the engraver and a relief is machined into the matrix.
The hobbing force that is required to produce the master punch is reduced if the
access material is removed from the outer edge of the matrix.

d.) Remove cutter lines with grinding stone (By hand).
The engraver generates cutting lines on the cutting surface. These lines must be

removed before the master punch is produced. The lines are removed with a small
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grinding stone by one of the diesinkers. This is often done before and after
hardening. The amount of grinding was limited for this test to maintain
dimensional accuracy of the matrix. The cutter lines can also provide valuable
information regarding the reproducibility of fine detail during the hobbing process.
e.) Measure Matrix
The matrix was measured according to the Die Measuring Chart (Figure 4.7). The
procedure discussed in Section 4.4 was followed during the measuring procedure.
See Appendix F for the results.
f.) Heat-treat Matrix.
The matrix was hardened according to the process discussed in Section 4.5.
g.) Measure Matrix again.
The matrix was measured again after heat treatment to evaluate the shape change of

the matrix during heat treatment. The results are given in Appendix F.

3. Manufacture die blanks with different cone angles.
Various die blanks were prepared with different cone angles. The cone angles range
from 20 to 40 degrees with 5-degree intervals. Two die blanks of each cone angle were
prepared. 8 Die blanks were prepared for the 30° series. These blanks will be used to
hob master punches. The die blanks were numbered according to the cone angle,
followed by a serial number. For example, die blank 25.2 has a cone angle of 25° and
is the second die blank in the 25° series. These die blanks will go through the different
hobbing and heat treatment procedures. The dimensional changes of the punches will
be monitored through every step. The punches are placed in a collar during the

hobbing process to restrict the radial flow of material. This forces the material to flow
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The trendline that was fitted through the data for the soft punches clearly indicate that the
amount of elastic recovery decrease with increasing cone angle (Figure 4.36). The
punches with a large cone angle are subjected to more plastic deformation to fill the
design. Particles that would have been under elastic strain are deformed past the yield

point into the plastic zone. The result is less elastic recovery during hobbing.

During heat treatment the dome experience a further shape change. The punch undergoes
a shape change due to transformation stresses and thermal stresses that are created during
the heat treatment process (Ref. Section 4.7). Thermal stresses that cause the punch to
contract are more pronounced in the center due to the temperature gradient present in the
punch. These stresses cause the dome of the punch to shrink. This can clearly be seen in
Figure 4.36 for the punches with a small cone angle. Note that the trendline that was fitted

through the data of the hardened punches has a positive gradient.

The shrinking of the dome is counteracted by residual stress relieving. Residual stresses
are set up in the punch during the hobbing process. Residual stresses are caused by an
increase in the dislocation density of the material during plastic deformation. The
dislocation density is reduced during heat treatment due to the phase transformation of the
material to austenite, resulting in an increase in dome size. As was mentioned previously,
the punches with a large cone angle endure more plastic deformation during hobbing
therefore residual stress relieving increases with an increase in cone angle. At some point
the shape change due to residual stress relieving exceeds the shape change due to thermal
and transformation stresses. The net effect is that the dome rises during heat treatment.

This point is evident from the results of the punches with a cone angle of 35° and higher.
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It is also instructive to examine the dome height results of punch 30.4. The maximum
hobbing force for punch 30.4 was 20 tons higher than the rest. The amount of elastic
recovery was less for this punch than for the other punches with the same cone angle. The
higher hobbing force induced more plastic deformation on the punch. Particles that were
on the edge of plasticity at 180 tons were now deformed plastically, resulting in less elastic
recovery. For the same reason the dislocation density increased and more residual stress
relieving occurred during heat treatment. Caution should be taken when hobbing with a
high hobbing force. An increased hobbing force could result in the premature failure of the

punches.

To reduce the amount of elastic recovery a relief was cut into the body of punch 30.3. The
relief zone allows more material to deform plastically. The result was a drastic reduction
in the amount of elastic recovery after hobbing. However there was still a shape change
during heat treatment and the dome shrunk with 11 microns. Therefore a relief zone does

not guarantee a constant dome height during the manufacturing process.

The quality of the master punch is ultimately dictated by the amount of detail that was
transferred from the matrix during the hobbing process. The approval of the master
punches is subject to a visual inspection under 10 times magnification. Pictures were taken
of the master punches after hobbing to evaluate the amount of detail transferred during the
hobbing process from the matrix. These pictures are shown in Figure 4.38. The critical
areas are highlighted in Figure 4.37. These areas will be evaluated for all the punches. All

edges should be sharp and well defined.
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Upon inspection it was observed that all eight symmetrical sections of the design were
identical. Therefore only one of the sections will be viewed. The sharpness of the detail
increased with an increase in cone angle. When the matrix was manufactured the milling
marks that was produced by the engraver cutter was not totally removed. The presence of

these milling marks on some of the punches is a sign of high detail transference.

From Figure 4.38 it is evident that for this design the die blanks with a cone angle of 35° to
40° produced the best results regarding detail. The results obtained with cone angles of
20° to 25° produced results that are not acceptable. The results of punch 30.3 and 30.5
were also not acceptable. It is therefore evident that hobbing in a collar that restricts radial
flow produces better results. Although the relief zone in punch 30.3 caused less elastic
relaxation, the transference of detail was below standard and therefore no more test will be

done on die blank relief zones.

Die blank 30.6 was annealed prior to hobbing. The hardness of the die blank after
annealing was 92.8 HRy, compared to the average hardness of 94.7 HR,, of the normal die
blanks. When compared to the master punch that was hobbed at 200 tons, with the same
cone angle, it can be seen from Figure 4.38 that the soft die blank displays significant
improvements in detail transfer at a hobbing load of 150 tons. This is a dramatic 25%
reduction in hobbing force. The milling marks on the design and in the centre of the

lettering are clearly visible on the softer punch.
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There are two significant advantages for annealing the die blanks prior to hobbing. The
first is that a smaller distribution in bardness can be ensured between the die blanks. This
will improve consistency during hobbing. The other reason is that the required hobbing
force can be reduced dramatically. The reduction in hobbing force will limit the amount of
plastic deformation induced on the matrix and will allow for improved detail transference

during hobbing.

4.8.4 CONCLUSION

During the hobbing and heat treatment processes the material undergoes various shape
changes. It is not possible to avoid these shape changes altogether. The small percentage
change in length and diameter that occurs during heat treatment is of little importance and

does not present a problem during the production and development processes.

The amount of elastic recovery does present a problem as far as calculating the dome size
is concerned. It was shown that the amount of elastic recovery could be controlled by
increasing the hobbing force, by varying the cone angle or by introducing a relief zone in
the body of the master punch. However it was also shown that a relief zone does not solve

the problem.

The shape change of the dome during heat treatment is relatively small for cone angles of
30° and higher but it can be accounted for and with proper development it can be

predicted.
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The fact that there is a significant amount of shape change during the hobbing and heat
treatment processes does not present a problem in itself. The problem lies therein that the
shape change is often not consistent, and this presents a problem in accurately producing a
coining die with a specified dome height. The key factor is consistency. If one can
maintain consistency the developer can allow for these shape changes that occur. The
solution to the problem is therefore to improve consistency in every aspect of the

development process.

There is no specific hobbing force, die blank cone angle, dome height or any other
characteristic that will produce the best results for all the projects. It is therefore
imperative that significant amounts of data be obtained for all development projects.
Successful development efforts rely on empirical data obtained from previous successful

projects. This greatly improves consistency in all aspects. A few of the major aspects will

be highlighted.

»  The hobbing force.

* Die blank diameter.

* Die blank hardness.

= Matrix hardness.

* Dome height.

= Cone angle.

= Heat treatment temperatures,

*  Machining practice
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A change in any one of these factors can greatly affect consistency. With an extensive
database in hand repeatability is easier to achieve and inconsistencies can be explained and

properly managed.

Because hardness greatly affects the hobbing process, the raw material that is used during
development should have a uniform hardness. The hardness should be measured on all
raw materials to ensure uniformity. If the bandwidth of the hardness results is large an
extra annealing process should be considered. The amount of elastic recovery will depend
on the initial hardness of the punch and it is therefore extremely important that all the
punches have the same hardness prior to hobbing. The results also showed that an extra
annealing process will reduce the required hobbing force and will improve the quality of

the master punch detail.

The heat treatment process should be modified to ensure homogeneous heating and cooling
of all punches and dies. Dies should not be packed close together during heat treatment
because this can adversely affect the cooling rate of the dies, resulting in differences in

hardness. Recommendations regarding heat treatment will be given in the design protocol.

If consistency can be maintained significant improvements will be achieved during the
development process. Note that a shape change of about 0.02 % can present a problem
during the development process. It is impossible to maintain such accurate results if the

hardness of the raw material, for example had a hardness deviation of 3 %.
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4.9 Stress Concentrations

4.9.1 INTRODUCTION

Stress concentrations are present where there is a discontinuity or an abrupt change in the
geometry of the material. High localized stresses are caused in the vicinity of the stress
concentration. These high localized stresses can cause the dies and punches to fail

prematurely. The severity of the stress concentrations should be reduced to increase die

life.

49.2 STRESS CONCENTRATION CONSIDERATIONS

When a force is applied the maximum stress at the stress concentration can be 3 to 5 times
higher than the nominal stress present in the rest of the die. This will cause the die to fail
at a force much lower than expected. This high localized stress is raised even further at

one edge of the die because the coining dies are never perfectly parallel during coining.

Die life can be improved by removing or by reducing stress concentrations present in the
die. Tt is not always possible to remove a stress concentration and therefore this discussion

will concentrate on the reduction of the stress concentrations and the effect thereof,

After hobbing the master punch is set up in the lathe and the punch is turned to the drawing
specifications shown in Appendix C. The body of the punch is also turned so that it is
concentric with the design. The master punch is removed from the lathe and locating slots
are machined into the punch. These slots can be seen in Figure 4.39. The purpose of the

slots is to locate the master punch on the coining dies when they are manufactured.
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CHAPTERSS

HIGH SPEED COINING

5.1 Introduction

The final stage of the coin production process is the coining of the blanks. To properly
evaluate the quality of the coining dies and the blanks, it is necessary to coin the blanks
with the dies. The coining of the blanks is done on high speed coining presses, capable of
producing coins at a rate of 750 per minute. The actual deformation of the blank to

produce a coin occurs in less than 15 milliseconds at this coining rate.

The coining tests will concentrate on evaluating the behaviour of the coining dies and the
blanks during the coining process. The effect of blank hardness on coining results and the
annealing process will receive attention in this section. The test procedure for all the
coining tests was the same. The design depths of the coining dies differed for each test
according to the test objectives. The coining dies were manufactured according to current
specifications. A drawing of the coining die is included in Appendix C. The same collar

was used for all the tests.
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5.2 Test5: 1% Coining Test

5.2.1 PURPOSE

The purpose of Test 5 was to evaluate the progressive coining of the blanks. It is easier to
identify the cause of a specific coining defect, as well as to visualize how the material
flows during coining when a progressive coining test is done. The dome size can for
example then be altered to control the flow of the material. The detail depths can also be

modified to prevent a specific coining defect.

5.2.2 PROCEDURE

The coining test was done by gradually increasing the coining force from zero to the test
maximum. Samples were taken during the test, starting at 10 kN and at subsequent 10 kN
intervals. The coining tests were done on a Grabener high-speed coining press. The same

press was used throughout the coining tests, to ensure consistency.

The detail specifications for the first set of coining dies were as follows:

Design depth: 80 microns
Lettering depth: 70 microns
Landing depth: 160 microns
Dome height: 60 microns

The detail depths, are average depths for coins with a diameter of about 20 mm.
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Normally the depth of the landing is slightly more than the depth of the design. This
ensures that the coin will not spin if it is rotated on a flat surface. If the coin spins it means
that the centre of the design is higher than the landing. For this test the landing depth was
much greater than the design depth. Normally the landing is one of the critical areas in the
design. Coining defects often occur in the landing because the landing is on the outer edge

of the design. To encourage these defects the landing was modeled relatively deep.

523 RESULTS

The results of the coining test are shown in Figure 5.1. The obverse and reverse of the coin
revealed similar coining patterns. At 10 kN coining force the coins show that the dies were
not perfectly parallel during coining since the detail start to coin on the right hand side but
not on the left. The error is relatively small in this case but care should be taken in this
regard to ensure that the dies are parallel during the production process. Premature die
failure can occur due to the misalignment of the dies and due to a subsequent stress

concentration that is present on the one side of the dies.

The criteria for approving a coin through visual inspection are a rather vague subject. The
evaluation of the detail often depends on the requirements of the client. There is no
formal specification by which the detail is evaluated. The S.A Mint has a very high visual
quality standard. Evaluating the process capabilities through previous products has set this
standard. To complicate matters this quality standard is continually rising because of
increasing competitiveness across the world. A visual inspection involves a check for the
following defects: Water stains, Material deviations, Colour, Oil stains, Coining defects,

Die cracks and scratch marks.
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cause serious problems during coining. If a hard blank is coined, the dies could fail due to
the increased force required to coin the blank. To prevent such a difference, the blanks
should be distributed evenly in the annealing furnace. The distribution of the blanks on the
annealing furnace belt is not done properly. More distribution of the blanks on the belt is
required. Foreign blanks should be prevented from entering the system and the coining
press should be thoroughly cleaned if there is a denomination coining change as these

blanks can cause serious damaged to the coining dies.

The progressive coining of the blanks was evaluated and it was seen that a coining force of
50 kN and higher produced coins with acceptable sharpness. Small improvements can be
seen in the sharpness of the lettering and design edges for coining forces higher than

50 kN. The presence of milling marks on the coin is a sign of high quality detail transfer.

5.2.4 CONCLUSION

The sharpness of the detail is greatly influenced by the sharpness of the coalescence
between different planes. The coining force is directly related to the sharpness of the
detail. Due to the increasing standard in visual sharpness it is necessary to discover and
investigate new ways to lower the coining force required to produce a certain amount of

detail on the coin.

The coining force should also be kept as low as possible to prevent plastic deformation of
the coining dies. Excessive coining forces can permanently deform the dies or it could
cause the dies to crack. Lower coining forces will drastically increase die life. The most
significant method of reducing the coining force and increasing die life is by reducing the

hardness of the blanks. This aspect will receive attention during tests 6 and 7.
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5.3 Test6: 2" Coining Test

53.1 PURPOSE
The purpose of Test 6 was to evaluate the progressive coining of the blanks with coining
dies that has a deep design. Soft blanks will be tested and the results will be compared to

the results of the normal blanks.

53.2 PROCEDURE
The procedure for conducting the test was similar to the procedure followed during Test 5.

The detail specifications for the coining dies were as follows:

Design depth: 105 microns
Lettering depth: 135 microns
Landing depth: 185 microns
Dome height: 40 microns

The detail depths are very deep for a coin of this size. The landing was once again
modeled relatively deep. More coining defects will be observed during this test because

much more plastic flow of the blank is necessary to fill the coining die cavities.

5.3.3 RESULTS

The results obtained during the coining test are shown in Figure 5.2. The coining force
that was applied is shown in the upper left hand corner of each picture. The coining dies
were laser marked in the centre of the design during the manufacturing process. These
markings can be seen on the coins, that were struck with a coining force of 60 kN and

higher. This is a sign of high detail transfer.
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At a coining load of 20 kN a wave is formed by material that flows from the outer edge of
the design to the centre. This wave is created because there is not enough material in the
centre of the blank to fill the die cavities. An increase in the sharpness of the design and
lettering can be seen for increasing loads. The plastic deformation of the blank causes the
dislocation density of the material to increase rapidly. The dislocation mobility decrease
significantly and further plastic deformation becomes increasingly more difficult. The
increased resistance to plastic deformation is called strain hardening. The yield strength of
the blank increases dramatically and a further increase in the coining force can then cause
the dies to fail. Due to strain hardening the wave that was created stops and the material

starvation in the centre of the design cannot be completely removed, even at a coining load

of 100 kN.

The hardness of the blanks was between 100 H, and 105 H,. A separate batch of blanks
was annealed at a higher temperature to a hardness of 90 H,. The softer blanks produced
significant improvements in the sharpness of the design. At a coining load of 80 kN there
was no sign of material starvation in the centre of the design and the sharpness of the
design and the lettering is much better compared with the normal blanks coined at a load of

100 kN.

5.3.4 CONCLUSION

Increasing the dome height can reduce the material starvation that was observed in the
centre of the design. This will be done during Test 7. It is important to note that a
decrease of 10 H, in the hardness of the blanks produced much better results. Due to the
amount of strain hardening that occurred in the normal blanks excessive coining force will

not improve the quality of the coins but will only lead to die failure.



UNIVERSITY OF PRETORIA
YUNIBESITHI YA PRETORIA

&
W UNIVERSITEIT VAN PRETORIA
el

HIGH SPEED COINING 124

5.4 Test7: 3" Coining Test

54.1 PURPOSE
The purpose of Test 7 was the same as Test 6. A few modifications were made to the
coining dies for this test. Normal blanks as well as soft blanks were used during this

coining test.

54.2 PROCEDURE
The procedure for conducting the test was similar to the procedure described for Test 5.

The detail specifications for the coining dies were as follows:

Design depth: 100 microns
Lettering depth: 130 microns
Landing depth: 145 microns
Dome height: 90 microns

The landing height was decreased by 40 microns and the dome height was increase by 50
microns for this test. The increase in dome height will promote the coining of the design in
the centre of the coin thereby reducing the amount of material starvation. Because the
landing depth was reduced, slightly more material will be available to fill the remaining

detail cavities. The same blanks were used for this test as was for Test 6.

5.4.3 RESULTS
The results obtained during the coining test are shown in Figure 5.3. The coining force

that was applied is shown in the upper left hand corner of each picture.
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During the final rolling of the steel sheets the hardness of the material increased from 100
H, to above 200 H, due to strain hardening. The amount of strain hardening that occurs,

depends on the percentage reduction in thickness during the rolling process.

The coinability of the blanks is highly dependant on the hardness of the blanks prior to
coining. Significant improvements can be obtained during coining by reducing the
hardness of the blanks as was seen during the coining tests. This can be done in several
ways. One method of reducing the hardness of the blank is by increasing the temperature
of the annealing process. This can only be done to a certain extent since the plating layer
forms bubbles if the annealing temperature is too high. The furnace belt speed can also be

decreased, thereby increasing the annealing time.

Alternatively the blank material can thoroughly be annealed after final rolling and before
blanking or after blanking and before plating. By annealing the material before blanking
the amount of wear on the rim block and marking ring is reduced. During rimming the
hardness of the edge will increase due to strain hardening. This hardening will prevent

creep between the collar and the die during coining.

The minimum hardness of the blanks is limited by the grain size of the blank material. A
large grain size will cause the surface finish of the blank to look like an orange peel.
During the annealing process the metal structure will go through a series of changes
namely, (1) recovery, (2) recrystallization and (3) grain growth. During cold working a lot

of the strain energy is stored in the material in the form of dislocations. During annealing
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the dislocations are allowed to rearrange themselves in lower energy configurations and
thereby the residual stresses are released. The recovery phase is followed by a
recrystallization phase where new, strain free grains are nucleated and begin to grow in the
metal structure. These new grains continue to grow until the entire structure is replaced by

a recrystallized structure.

The amount of recrystallization that takes place depends on the annealing temperature and
duration. During the annealing process the strength and hardness of the material is

decreased while the ductility and therefore coinability of the metal is increased.

From the work of Petch [1] and Hall [2], the yield strength of a polycrystalline material
could be given by,

" ~1/2
o,=0,+kd

where o, = yield strength of polycrystalline sample.
o, = overall resistance of lattice to dislocation movement.

= “locking parameter” which measures relative hardening contribution of

grain boundaries.

d = grain size.

It is clear that the strength of the material is proportional to dislocation density and
inversely proportional to grain size. The grain boundaries act as barriers to the movement

of dislocations and a structure with a small grain size effectively has more barriers [3,4].
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5.4.4 CONCLUSION

During the coining tests it was seen that for a blank hardness of 90 H, the grain size was
sufficiently low, not to have any noticeable affect on the surface finish. Further research is
recommended to determine the minimum hardness of the blanks that will still provided an

acceptable surface finish.

Valuable information was obtained during the coining tests. The use of progressive
coining tests, as described in this chapter, are recommended for all development projects.
Information was obtained by means of this test method that would otherwise not have been
possible. It is easy to see which part of the design starts to coin first and which areas have
difficulty in coining properly. Modifications can now be made to the design to improve

the coinability of the blanks.
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5.5 Calibration of High Speed Coining Press

5.5.1 INTRODUCTION

The coining presses that are in use at the S.A Mint gives a digital readout of the applied
force during coining. These presses should be calibrated to ensure that all the presses give
the same readout for a certain applied force. The coining force necessary to produce coins
for a specific denomination can then be compared to the results obtained through previous
coining operations. By calibrating the presses a baseline is established and deviations in

the coining force can easily be detected.

Ideally the coining presses should be calibrated to give an accurate reading of the coining
force. The manufacturer of the coining press should do the calibration or the task should
be outsourced to a company with the required capabilities. This may prove to be difficult
and expensive, therefore an alternative procedure will be suggested whereby the coining

presses can be calibrated.

55.2 PROCEDURE

It is not crucial that the coining presses give a very accurate reading of the applied force.
What is of utmost importance is that all the presses give the same reading for a specific
applied force even though it may not represent the actual applied force. A simplified
procedure was developed that will enable the S.A Mint to do the calibration. The

procedure is outlined below.
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IMPORTANT: All tolerances on the specifications of the tooling and the material
that will be used during the calibration test should be very tight to

ensure accurate results during the calibration.

1. Choose blanks
To simplify the process, any existing blank design can be used. A blank design
must be chosen and specified for the test. The hardness of the blanks should be
specified and one should ensure that all the blanks have the same hardness. This
blank design must be used for all subsequent calibrations once it has been chosen.
2. Choose design
A coining die design must be selected for the calibration procedure. An
exaggerated profile of the suggested die design is shown in Figure 5.4. Any design
that has a clear reference point can be used for the calibration. The detail
dimensions of the die should be chosen such that the reference point starts coining
at a force of about 60 or 70 kN. The evaluation criteria of the calibration coins

should be clearly stated.

FIGURE 5.4 Calibration Die Design
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3. Specify tooling sizes
This includes the diameter of the collar and the die neck.
4. Manufacture tooling
The hardness of the dies should be specified and checked. The material that will be

used for the calibration dies should be specified.

A reference press is chosen and the calibration dies are used to coin the blanks at a
specified speed. The coining force is gradually increased from zero. A soon as the
reference mark start to coin, the applied force is noted and the coining operation is stopped.
The calibration dies are then inserted into the second press and the same procedure is
followed. As soon as the reference mark starts to coin the reading on the press is noted and
must be adjusted to give the same reading as the reference press. This process continues

until all the presses have been calibrated.

All the presses will now give the same reading for a certain applied force. This calibration
should be done frequently to ensure consistency in the coining loads. If this is done it will
be easier to determine the cause for coining force difference for a specific denomination.
If, for example, one press coins at a higher load than the other presses a possible cause

could be attributed to misalignment of the dies or to blank hardness differences.
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CHAPTER 6

DESIGN PROTOCOL

6.1 Introduction

The tests that were conducted during the project revealed valuable information about the
development and production process. The results and the recommendations for each test
have already been discussed in the previous sections. A new design protocol will now be
established using the information that was gathered during the tests. The protocol will not
contain all the development and production details and it does not replace current
development procedures. It should be regarded as an overview of the development
process, which concentrates on certain critical development issues. Where
recommendations are given the reader is referred to the relevant section in the report for a

detail discussion regarding the rationale behind the recommendation.

The purpose of the design protocol is to enable the developer to achieve improved results
during the development process. The design protocol can also be used as a tool to
establish the cause and recourse for certain development problems. The main objective of
the protocol is to improve consistency in the results that are obtained during the

development process.
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The design protocol will be presented in the form of a checklist and will span from the
acquisition of the die and blank material to the final production of the coins. The protocol
will be broken down into several sections. The heading of each section will refer to the

chapter containing the relevant research material.

6.2 Design Protocol

L Material Analysis CHAPTER 1

1. Tool Steel

e Composition Analysis

e Chemical Element distribution

e Microstructure

¢ Nondestructive Testing

e Hardness Test (Ref. Par.1.2.2.5)
The hardness should be checked on all incoming material, especially the
tool steel. The initial hardness of the tool steel greatly affects its behaviour
during the deformation and heat treatment processes. An even hardness

distribution is essential for consistent results.

2. Blank Material
e Composition Analysis
e Hardness Test
The hardness of the blank material should be tested to ensure that the

hardness is within the specifications.
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II. Coin Design CHAPTER 2
1. CNC Engraver

The development time is reduced dramatically if the design can be engraved
on the CNC engraver. Therefore the CNC engraver software and hardware

should continuously be upgraded to enhance its capabilities.

III. Blank Design CHAPTER 3

1.

Development of blanks

The blanks should be redeveloped for all denominations where coining
problems occur, to ensure that all specifications are correct.

Development of rimming profile.

Future development should be done on the rimming profile to improve
coining results. The rimming profile has a significant effect on material

flow during coining.

IV. Development of Master Punch CHAPTER 4

Manufacturing of die blanks (Ref: par. 4.8)

Manufacture die blanks with cone angle.

Currently a cone angle of 30° is used for all the die blanks. For this project
a cone angle of 35° yielded the best results regarding transfer of detail and
dimensional stability. The optimal cone angle should be determined for

each project by varying the cone angle and recording the results.
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o Heat-treat die blanks.
The die blanks should be annealed prior to hobbing. There are two main
reasons for this. The first is to ensure an even hardness distribution between
the die blanks. This will lead to greater consistency during the hobbing
process. The second is to reduce the required hobbing force and to increase
the amount of detail transfer. The decrease in hobbing force will reduce the
amount of plastic deformation to the matrix during hobbing.

e Specify manufacturing process.
The diameter and length of the die blanks should be specified with a close
tolerance. This will improve consistency during the hobbing and heat
treatment processes. The machining procedure should be specified and
should remain constant.

e Collect data
Data should be collected for all projects regarding the optimal die blank

cone angle and hardness. This will improve repeatability.

2. Hobbing (Ref. par. 4.8)
» Hobbing alignment
Ensure that centre of matrix is in-line with die blank point during hobbing.
The die blank point must make contact with the centre of the matrix.
e Record required hobbing force and maintain that force for all subsequent
hobbing processes for that specific denomination.

¢ Consistency of utmost importance.
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3.

Machine master punch.

Machine master punch according to specifications.

Specify concentricity of design relative to the body of the design.

Keep machining practice constant.

Modify shape and dimensions of master punch slots. (Ref: par.4.9)
The new slot dimensions should be specified to ensure consistency in the

manufacturing process.

Heat treatment

Ensure that correct temperatures are used according to the specifications.
Avoid heat-treating objects with large size differences in one process.
Distribute dies evenly in furnace.

The packing of the dies and punches in the furnace has a significant effect
on the dimensional stability of the dies. If the dies are packed close
together the dies in the middle will experience a different cooling rate, and
therefore dimensional change, than those on the outside. Ensure that the
dies are spaced at equal distances apart in all directions. A template can be
manufactured to ensure repeatability in the spacing distances.

Attempt to heat-treat an equal number of dies.

This will not always be possible but note that the amount of material in the
furnace also has an effect on the cooling rate of the dies. Dummy dies can
be used to make up numbers during heat treatment. These dies can be used
repeatedly. The dummy dies can also be used to ensure that every die has

an adjacent die on every side.
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V.

Record dome size
The shape change of the dome size during hobbing and heat treatment will
vary for every denomination. The shape change should be recorded and can

then be used as an input for future development.

Coining CHAPTER 5

Blanks (Ref: par.5.1-5.4)

Heat-treat blanks.

The blanks should be annealed to reduce the hardness of the blanks. Softer
blanks significantly improve coining results. The coining force is reduced
and the detail transfer is superior to that of harder blanks. The relative
importance of the dome height is also reduced if the coining force is
reduced.

Check hardness of blanks to establish hardness distribution.

Coining dies

Stress concentration (Ref. par.4.9)

The stress concentration present at the bottom of the die neck should be
reduced by introducing a minimum fillet radius of 5 mm at this location.
Alignment of dies

The coining dies should be aligned as parallel as possible, to reduce the high
localized stresses that are set up at the edge of the die due to the skew

alignment of the dies.
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3. Calibration of coining presses. (Ref: par. 5.5)
e The coining presses should be calibrated to ensure that all the presses give
the same reading for a specific applied force.

» Consistency in coining forces should be maintained.

At the end of the day a complete data sheet must be developed for all the denominations.
When a specific denomination is produced, this data sheet can be obtained and used to

produce repeatable results in the development and production processes.

6.3 Conclusion

The objectives of the project have been met successfully. The design protocol that has
been established will allow the developer to achieve better results during the development

and production of the coining dies.

The design protocol addresses the major contributing factors for successful die
development. The key to successful die development lies in consistency. By improving
consistency on all aspects of the development process, fewer problems will be encountered
and less iteration will be required to achieve the desired results. Less iterations translates

into a reduction in development time and a significant reduction in development cost.

The project concentrated on the development and production of the coining dies. Attention
was given to the coining blanks but further development of the blanks is necessary since

these two products are so closely related.
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Further development efforts should concentrate on the reduction of the required coining
force. Many of the problems that occur are problems that arise due to unnecessary high
coining forces. Development of the blanks is one of the most significant ways to reduce

the required coining force.

The Four Cartesian Rules:
e Never accept anything as true if you do not have objective evidence of its being so.

e Reduce each complex problem into separate parts, as many as are feasible and

necessary to obtain a solution to the problem.

e Obtain a solution through ordered sequence of logical steps, ascending from simple

to complex, from small to large.

e Make complete enumerations throughout, so as not to overlook anything.

If you do this, there can be nothing too remote to be reached, or too well hidden to

be discovered.

René Descartes (1596-1650)
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