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Abstract

Abstract

Throughout the world, almost every machine that moves requires the use o f bolts in 

one form or another. Bolts, or Fasteners, are made in bolt making machines by a process 

of cold forming. At a particular stage in the bolt making process a Trim Die is used to form 

the familiar hexagonal head on the bolt.

Hi-Life Tools based in Shannon together with the parent company SPS 

Technologies in the USA are the largest supplier of Trim Dies in the Western World. 

Customers of Hi-Life Tools reported erratic tool life compared to that achieved using 

competitors Trim Dies.

The objective of this study was to reduce the likelihood of Trim Die failure by 

establishing an ‘Optimum’ Trim Die profile. To that end the investigations performed in 

this project had to provide a better understanding o f the trimming process than was 

currently available. A combination o f finite element techniques, experimental testing and 

evaluation was undertaken to assist the design process in achieving the ‘optimum’ Trim 

Die profile. An analysis o f failed Trim Dies enabled the prediction of the most likely 

failure mechanism. The Trim Die fracture was induced by fatigue, which originated at 

surface defects on the coating, and assisted by hard carbide particle segregation inherent 

within the trim die material.

The Trim Die failure investigation, coupled with the theoretical finite element 

analysis established the ‘Optimum’ Trim Die profile and a new and previously 

unconsidered profile developed by the author, which both significantly reduced the 

‘critical’ stress component thought to promote Trim Die failure.
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P ari /. Introduction

Part I 

1 Introduction

Throughout the world, almost every machine that moves from aircraft, trains to 

automobiles requires the use o f bolts in one form or another. Bolts, or Fasteners, are made 

in bolt making machines by a process o f cold forging. Bolt making machines are fed coiled 

bar stock at one end and produce threaded bolts at the other. At a particular stage in the 

bolt making process a Trim Die is used to form the hexagonal head on the bolt. Figure 1-1 

below illustrates a standard trim die showing the internal hexagonal hole.

Figure 1-1: Standard Trim  Die Showing Hexagonal Internal Hole

In the last few decades, the mass production o f components by cold forging has 

increased dramatically. Cold forging has various advantages including little loss of 

material, improved strength, geometrically precise components and high production rates. 

A standard boltmaking machine can produce up to 5,500 bolts per hour. However 

considerable difficulties can be encountered due to the high stresses induced within the 

tooling because o f the very large forming loads [1], Reducing the stress level in cold 

forging tooling by modifications in the design has he greatest influence on tool life [1,2].



P art I: Introduction

Hi Life Tools based in Shannon, which is a division o f the parent company SPS 

Technologies, located in Philadelphia, USA, is the largest supplier o f Trim Dies in the 

Western World. Customers o f Hi-Life Tools reported erratic tool life compared to that 

achieved using competitors Trim Dies. Life times ranging from 40,000 to 180,000 trimmed 

bolts has been reported. Figure 1-2 below shows a Scanning Electron Microscope (SEM) 

image o f a failed trim die showing characteristic comer chipping.

L* SE l EHT- 2 0 .0  f t '  HD- 21 mm flftG- X 5 8 .3  PHOTO- 83>0 
TOO uro I- - - - - - - - - - - - - - - - - - - - - - - - - - - - - - 1

Figure 1-2: Comer Chipping on Trim Die

Because o f this, in 1994 Hi-Life Tools in conjunction with Materials Ireland, T.C.D. 

initiated a project to examine the influence o f comer geometry on the stresses within a cold 

forging trim die. The initial work carried out in 1994 produced good results [3], but at that 

time the Finite Element Analysis (FEA) packages were insufficiently developed and could 

not therefore provide a complete analysis. It is from this point that the research work for 

this project commenced. The work conducted in 1994 was used as a foundation to expand 

upon and obtain a complete understanding o f the trimming process. With the recent 

advances in software development and more powerful computers, the FEA package 

DEFORM can now model the entire deformation of the trimming process while 

simultaneously predicting all the necessary stress components in both the trim die and 

workpiece.

The objectives for the work undertaken for this project are given in Section 2.6 on 

page 50.

2



Part II: Literature Review

Part II 

2 Literature Review and Introduction to Trimming 

2.1 Introduction To Trimming

This Section introduces the manufacturing process known as Trimming. The 

fundamentals of Trimming along with a description o f the process required to manufacture 

the Trim Die will be explained. Finally the die coating process and heat treatment cycle 

will be discussed. Unfortunately there is very little literature available related to the 

trimming process, which makes this project somewhat unique. The trimming process is 

similar to the Broaching process, whereby a hexagonal shaped hole is formed within the 

head o f the bolt to receive a hex key, however literature in the area o f Broaching is also 

very scarce. Extensive research has been conducted in the area o f Extrusion, combining 

finite element techniques and failure analysis to obtain a greater understanding of the 

process, which enables the design of an improved die profile. Section 2.5.9 on page 47 lists 

the research conducted in this area and also highlights why their method o f approach could 

not be used in this body of work. To the author’s knowledge, no other research has 

combined elastoplastic finite element analysis and experimental testing to determine the 

most likely mechanisms leading to failure and to derive an optimised die profile for this 

particular cold forging process. The following section provides a description o f a trimming 

process and the trim die manufacture.

2.1.1 Fundamentals Of Trimming

Figure 2-1 on the following page shows a schematic representation o f a four-station 

bolt-making machine. Most cold-bolt making machines used in production are fed with 

coiled wire stock. The bolt material analysed in this project was a medium carbon, low 

alloy steel having the designation SPS 0.9 and a jdeld stress of 680MPa. With reference to 

figure 2-1, the stock is fed into the machine by feed rolls to the cut-off station. The end of 

the wire stock butts against a wire stop or stock gage (not shown), which determines the 

length o f the blank. The cut-off station essentially acts as a guillotine to shear off a

3



Part II: Literature Review

predetermined blank length. A transfer mechanism, having ‘fingers’ in front o f  each die, 

enables the blank to be transferred from one station to the next. The transfer mechanism 

has been removed from the drawing for clarity.

Once the blank has been cut to the correct length, the transfer mechanism brings the 

blank to the Coining Station. The coining punch has been sectioned to show the profile 

inside the die. Coining (or Bulbing) punches are used before the Heading Station because 

they enable heading o f  a length o f  wire o f  up to six times the diameter o f  the blank material 

in only two strokes. The transfer mechanism ‘picks up’ the workpiece material and places 

it at the penultimate Heading Station. At the Heading station the die produces a preform 

known in the industry as the ‘cheesehead’.

Wire Stock In

Cut Off 
Staion

Knockout Pin
‘Cheesehead

Trim Die
Coining
Station

Heading
Station

Excess
Material

Finished Bolt Trimming Station

Figure 2-1: Schem atic O f A Four-Station Bolt M aking M achine

Finally the cheesehead preform is transferred to the trimming station. The trim die, 

illustrated by the golden colour to represent the titanium carbide outer coating, is forced 

onto the workpiece preform. Due to the hexagonal internal hole within the trim die, the 

standard hexagonal head is formed.

4



Part II: Literature Review

The excess material is still connected to the base o f the bolt head. The trim die remains in 

this position, which allows a Knockout Pin to drive the bolt through the centre of the die 

thereby shearing of the excess material in the process. The finished bolt passes through the 

trim die where it is collected and orientated for the application o f threads using a thread 

rolling process.

As mentioned in the introduction, the bolt making operation is a cold forming 

process, which induces high stresses within the tooling. In Section 4.5.4 on page 190, a 

failure analysis of the trim die is presented. Results from this analysis highlighted that the 

manufacturing process used to produce trim dies was responsible for some undesirable 

flaws. Therefore the following section will detail how the trim die is manufactured from 

the initial billet to the finished coated and heat treated component.

5



Part H: Literature Review

2.2 Trim Die Manufacture 

2.2.1 Rotary Swaging

Rotary swaging is a process for reducing the cross-sectional area or changing the 

shape o f  bars, tubes or wires by repeated radial blows with two or more dies [2]. Swaging 

can produce straight and compound tapers, contours on the inside diameter o f  tubing and 

change round bars to square or other shapes.

The trim die is made from the high-speed steel AISl M2, the material characteristics 

o f  which are outlined in Appendix A on page 230. The M2 material is supplied to the 

factory floor in tubular form, with the internal hole being circular. As mentioned in the 

previous section, the trim die requires a hexagonal internal hole, to form the head on the 

bolt, see figure 2-1 on the previous page. Rotary Swaging is used to change the initial 

circular hole into a tapered hexagonal shape. The taper on the internal hexagonal hole is 

known as the ‘Rake Angle’, and its effects on the stress distribution within the trim die are 

discussed later in Section 4.1.5 on page 136. To form an internal shape in Rotary Swaging 

a mandrel is used. Swaging over a mandrel can produce a wide variety o f  internal shapes 

from ovals to the spirals used in gun barrels. Before the tubular M2 stock is swaged, it is 

induction heated to below 700°c, in order to reduce its yield stress and therefore the 

necessary swaging loads. Figure 2-2 shows the induction heating process applied to the M2 

tubular stock.

Induction

M2 Tubular 
Stock

Figure 2-2: Induction Heating O f Tubular M2 Stocic

6



Part II: Literature Review

Once the material has been raised to its swaging temperature, the tubular stock is 

placed onto the tapered hexagonal mandrel and both the M2 workpiece and the mandrel are 

placed into the four-jaw Rotary Swaging machine shown in figure 2-3 below.

Jaws Of Swaging Machine

Hexagonal Mandrel

Figure 2-3: Heated Tubular M2 Stock on Tapered Hexagonal Mandrel

With respect to figure 2-3 above, the gap between the circular internal hole in the 

stock material and the hexagonal mandrel is clearly visible. The four jaws o f the Rotary 

Swaging machine have been highlighted with the use o f  white lines.

Figure 2-4 on the following page shows the Tubular M2 stock swaged onto the 

hexagonal mandrel. Notice that the gap highlighted in figure 2-3 above has been removed 

due to the swaging action.

Although the swaging operation forms the internal hexagonal hole, the outside 

profile may not be perfectly circular. Therefore the mandrel and M2 material are then 

transferred to a CNC Lathe, for a machining operation, which produces the near finished 

trim, die geometry shown in figure 2-5.

In figure 2-5, the geometry o f the die before and after the CNC lathe operation is 

illustrated.

7
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M2 Material

Mandrel

Figure 2-4: Tubular Stock Swaged Onto Hexagonal Stock

Figure 2-5: Trim Die Geometry Pre and Post CNC Lathe Operation.

The final machining operation is to grind the ‘Petals’ and comer radius onto the
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2.2.2 Grinding

Figure 2-6 below shows the petals being ground onto the trim die. The grinding 

process produces a rough surface finish on the petals and the land surface. This rough 

finish is shown in figure 2-7.

Figure 2-6: G rinding o f  the Petal A ngles onto the Trim  Die

Petal Surface Land Surface

Sharp Corners

Figure 2-7: Rough Surface Finish after G rinding on the Petal and Land Surfaces
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Figure 2-7 also highlighted that after the grinding process, the corners o f the 

internal hexagonal hole have a sharp edge. To improve the rough surface finish on the land 

surface and petal angles, and to generate the required comer radius, an abrasive wheel is 

used. This process is known on the factory floor as ‘edge preparation’. The wheel has 

abrasive strands, which make contact with the surface o f the trim die. The trim die is 

rotated about its own centre causing the comer profile to be formed. Figure 2-8 below 

shows the abrasive wheel and the direction o f rotation o f the trim die.

Rotation of Trim Die
Abrasive Wheel

Figure 2-8: Edge Preparation of the Trim Die using an Abrasive Wheel

Improved Surface 
Quality Corner Radius

Figure 2-9: Improved Surface Finish and Formation o f Comer Geometry
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Figure 2-9 on the previous page shows the trim die surface after the ‘edge preparation’. 

The comer profile generated by the abrasive wheel is also visible.

Figure 2-10 below shows the trim die geometry before and after the grinding o f the 

petals and the ‘edge preparation’.

Before

Figure 2-10: Trim Die Geom etry Pre and Post Edge Preparation

The trim die profile shown above on the right now requires a hard surface coating.

1 1
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2.2.3 Coating Application

Once the machining o f the trim die shape is complete, a coating is applied to the 

surface using a process known as Chemical Vapour Deposition (CVD). An outline o f the 

CVD coating process is given in Appendix B on page 231 and will not be detailed here.

2.2.4 Heat Treatment Cycle

Once the trim die has been coated it requires a Heat Treatment cycle. The heat 

treatment o f tool steels is as important as the selection o f the grade itself [4, 5]. Heat 

treatment can be applied to steel not only to harden it but also to improve its strength, 

toughness or ductility [6].

As mentioned in Section 2.2.1, and outlined in Appendix A, the trim die 

investigated in the project was made from AISI M2, High Speed Steel (HSS). The heat 

treatment cycle applied to the trim die consists of three main processes:

1) Austenitizing

2) Quenching

3) Tempering

2.2.4.1 Austenitizing

When a piece of steel, containing sufficient carbon, is cooled rapidly from above its

upper critical temperature it becomes considerably harder than if it were allowed to cool

slowly. In soft annealed tool steel, most o f the alloying elements are bound up with carbon

as carbides. When a steel is heated for hardening, the basic idea is to dissolve the carbides

to such a degree that the matrix acquires an alloying content that gives the hardening

effect, but without becoming coarse grained and brittle. Note that the carbides are partially

dissolved. This means that the matrix becomes alloyed with carbon and carbide-forming

elements. When the HSS is heated to the austenitizing temperature, the carbides are

partially dissolved, and the matrix is changed from ferrite to austenite. This change o f the
12
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matrix material from ferrite to austenite changes the atomic lattice from a Body-Centred 

Cubic (BCC) to a Face-Centred Cubic (FCC) structure. This change in the lattice ‘makes 

room’ for atoms of carbon and alloying elements. The carbon and alloying elements from 

the carbides are dissolved in the matrix.

At Hi-Life Tools, the application o f the austenitizing temperature used is divided 

into two stages. The first in known as ‘Preheat’, where the trim die is elevated to 870°c and 

held there for 60 minutes (soak time). At this Preheat temperature, austenite begins to 

form. The second stage ‘High-heat’ increases this temperature to 1120°c for a soak time of 

75 minutes. The Preheat stage is used to minimise thermal shock on the die [4, 5]. A 

vacuum furnace is used to prevent oxidisation of the coated trim die surface.

2.2.4.2 Quenching

Once the trim dies have reached the austenitizing temperature for the 

predetermined ‘soak’ time, the final quenching part o f the hardening process is started.

If steel is quenched sufficiently fast, the carbon atoms do not have time to 

reposition themselves to allow the reformation of ferrite from austenite. Instead they are 

held in positions where there is insufficient space and as a result high microstresses are 

caused within the structure o f the steel, which causes increased hardness. The hard 

material structure produced by quenching is known as Martensite. Thus, martensite can be 

viewed as a forced solution of carbon in ferrite. This ‘forcing’ of the carbon atoms into the 

ferrite BCC lattice causes distortion [7]. It has been stated that the presence of any carbon 

in excess o f 0.02% will frustrate the formation o f a simple BCC structure when steel is 

quenched from the austenite phase [6]. The degree o f distortion is proportional to the 

overall carbon content. Consequently as carbon content increases so does hardness. The 

quenching medium used at Hi-Life Tools is Nitrogen pressurised between 3.5 to 6 bar. The 

combination o f the Austenitizing and Quenching processes is commonly known as 

Hardening.

13
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When a steel is hardened, the matrix is not completely converted into martensite. 

Some austenite is always left and is called “Retained Austenite”. Therefore after 

quenching, the steel has a microstructure consisting of martensite, retained austenite and 

carbides.

After quenching, HSS usually possess high residual stresses [4] that can easily cause 

distortion and cracking. Reheating the steel can prevent cracking, and it is good practice to 

commence this reheating before the steel cools to 65°c.

This reheating after hardening is called Tempering. Tool steels should always be 

double tempered because the first tempering process causes much of the retained austenite 

to transform to hard martensite and this may lead to the introduction of internal micro

stresses. This effect is typical in HSS and is known as ‘secondary hardening’. It is for this 

reason that three tempers are advised for HSS components [7]. In Hi-life Tools, the 

temperature used for each of the three tempers is 560°c with a soak time of 150 minutes 

each.

Figure 2-11 below schematically representation of the trim die manufacturing process 

and the subsequent process temperatures.

Trim Die Manufacturing Process

1200
Machining

o 800 
Q

Quenching

m I

Time

Figure 2-11: Temperatures Induced During The Trim Die Manufacturing Process
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2.3 Coating Technology

2.3.1 Introduction

Generally, coating technology can be divided into the three following categories:

1) Hard Facing Coating Technologies

2) Liquid Phase Coating Technologies

3) Coating Deposition From The Vapour Phase

Hard facing coating technologies can be divided into three types namely, thermal 

spraying, welding and cladding. The important point to note about hard facing coating 

technologies is that they deposit relatively thick layers of material of the order o f 0.1 to 

5mm. Spray coatings can be used on precision components to build up worn parts, and this 

requires subsequent machining to obtain finished dimensions.

Electroplating and anodising are the best known examples of liquid phase coating 

technologies. Anodising is mainly used for corrosion resistance and aesthetic appearance. 

It has been stated that the electroplating industry in America is worth several billion dollars 

[8 ].

Vapour deposition processes can be divided into two principal types [9]:

• Chemical Vapour Deposition (CVD)

• Physical Vapour Deposition (PVD)

A detailed description o f the CVD and PVD coating techniques is discussed in 

Appendix B on page 231, however the main advantages and disadvantages between the 

two processes will now be presented.

15
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2 .3.2 Advantages and Disadvantages of CVD and PVD

Chemical Vapour Deposition (CVD):

Advantages:

• Complex geometries such as tubes and blind holes can be coated

• Better adhesion between the coating and substrate than PVD

• PVD coatings are limited in thickness due to the high compressive 

stresses inherent in the coating process. Typical coating layers in PVD 

approximately 3)0.m, whereas CVD can deposit coatings up to 10|j,m.

Disadvantages:

• Due to the high temperatures required to apply the coating, 

approximately 1000°c, the substrate material has been changed and 

requires subsequent heat treatment. As will be shown in Section 4.5.4.3 

on page 208, this heat treatment cycles causes damage onto the coating 

surface.

• Because o f a mismatch between the coefficients of thermal expansion 

between the coating and the substrate, tensile residual stresses are 

induced within the coating layer. These tensile residual stresses have a 

detrimental effect on the fatigue limit o f a material as will be outlined in 

Section 2.3.4.2 on page 19.

• Lower Deposition rate in comparison to PVD.

• Substrate must be able to withstand the high process temperatures.

• Process tends to ‘blunt’ sharp comers.

• Due to the large grained microstructure o f the CVD coatings, the surface 

is generally rougher than PVD.

• If coating tungsten carbide insert with a layer o f TiN, carbon atoms are 

‘pulled’ from the substrate tungsten leaving behind a brittle ‘eta-phase’.

16
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Physical Vapour Deposition (PVD):

Advantages:

• Due to the relatively low process temperatures (550°c), no additional 

heat treatment o f the substrate is required.

• The bombardment o f the coating atoms onto the substrate induces 

compressive residual stresses, which can be a disadvantage because it 

limits the coating thickness. It will be outlined however in Section 

2.3.4.2 on page 19, that compressive residual stresses play an important 

role in delaying of crack initiation.

• The PVD process allows a sharp edge to be retained.

Disadvantages:

• PVD process is a ‘line of sight’ technique. For this reason tubes and 

blind holes with a depth to width ratio greater than one cannot be 

coated. Also because o f the ‘line of sight’ process, complex shapes have 

to be manipulated in front o f the vapour source to get good all round 

coverage.

Obviously the above description becomes a little blurred, as some of the 

disadvantages of the CVD process are advantages of the PVD process and vice versa. The 

significance o f the above points become more apparent when the fatigue endurance o f a 

coated steel component is considered, as will be outlined in Section 2.3.4 on page 18.

2.3.3 Trim Die Coatings

As previously mentioned in Section 2.2.3 on page 12, once the trim dies have been 

machined to the correct dimensions, a CVD coating is applied to the surface of the tool. 

This coating typically consists of three layers, which are:

1. Titanium Carbide (TiC). Thickness 3-4|j.m.

2. Titanium Carbon Nitride (Ti (CN)). Thickness l-1.5)am.
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Figure 2-12 below shows an image taken with a light microscope o f the M2 

substrate and the triple coatings on the trim die surface.

M2 Substrate

Figure 2-12: Triple C oating on the M2 Substrate

2.3.4 Coatings and Fatigue Endurance

A surface coating is often applied on cold working dies to improve its wear 

characteristics. However, the application of a coating can be detrimental in terms o f its 

fatigue resistance [10, 11, 12]. For example, when coating tungsten carbide, carbon atoms 

are ‘pulled’ from the substrate to combine with the titanium on the first layer to make TiC. 

The absence o f carbon atoms in the tungsten carbide substrate produces a brittle layer 

commonly known as the ‘eta-phase’ [13]. To overcome this problem, when coating 

tungsten carbide tools, the atmosphere is ‘spiked’ with an excess o f hydrogen gas. This 

problem however does not arise when coating steels, in fact the ‘pulling’ o f carbon atoms 

from the steel will actually soften the substrate and thereby increase its toughness. It has 

been stated by other researchers [12] that the various mechanisms by which ceramic 

coatings can effect the fatigue behaviour have yet to be documented in a systematic way. 

Very little information is available about the effect o f a coating film on the fatigue
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behaviour o f metals [14], Some results on the area o f fatigue and coatings seem to be 

contradictory [10], stating that coatings improve the fatigue characteristics. However a 

closer examination o f some of the research work available reveals the probable reason why 

these improved fatigue results were obtained.

2.3.4.1 Contradictory Results

Research conducted by R. Ebara et al in 1987 [15] investigated the coating of steam 

turbine blades using an Ion-Plating PVD process. The turbine blades were made from 

martensitic stainless steel. Rotational bending fatigue tests revealed that a test specimen 

coated with a Cr-TiN layer produced a higher fatigue endurance limit. The term ‘Fatigue 

Endurance’ is explained in Section 2.4.3.3 on page 31, but it is sufficient to say at this 

stage that a specimen with a superior fatigue endurance limit is capable o f withstanding a 

higher cyclic stress before failure occurs. Therefore the research by R. Ebara et al 

concludes that a coating improves the components fatigue resistance.

R. Murakami et al [12] conducted research on TiN coated steel fatigue specimens. 

As in the previous research mentioned above [15], the coating was deposited using ion- 

plating technology, which is a form of PVD coating. This research [12] also stated that the 

fatigue life o f the component was greater once the coating was applied.

Unfortunately, research work considering the fatigue endurance o f steels coated by 

CVD techniques [10, 11, 14, 16] produced contradictory results to work done by R. Ebara 

et al [15] and R. Murakami et al [12], stating the fatigue endurance was reduced by the 

application of a coating. Considering the residual stresses within the coating layer helps to 

understand how these contradictory results were obtained.

2.3.4.2 Residual Stresses

A closer examination the research conducted by R. Ebara et al [15] and R. 

Murakami et al [12] reveal that the method used to deposit the coating was Ion-plating, 

which is a PVD technique. As outlined in the advantages and disadvantages o f CVD and 

PVD techniques, the Physical Vapour Deposition (PVD) process, imparts a compressive



Part II: Literature Review

residual stress on the surface o f the coating, while the CVD process tends to create tensile 

residual stresses due to a mismatch o f the coefficients of thermal expansion between the 

coatings and the steel substrate [8, 16, 17],

Figure 2-13 and 2-14 below show the residual stress distributions generated by a 

PVD and CVD coating process respectively [16].

PVD Coating (2-6 |im)

Depth (pm]

Coating Substrate

Figure 2-13: Residual Stress Distribution in Coating and Substrate Caused by a PVD Coating Process

CVD Coating (5-10 |o,m)

Depth [pm]

Coating Substrate

Figure 2-14: Residual Stress Distribution in Coating and Substrate Caused by a CVD Coating Process

Comparing figures 2-13 and 2-14 clearly indicate that the PVD process induces

compressive residual stresses within the coating, while the CVD process induces tensile
20
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residual stresses. It has been stated that compressive residual stresses at the external 

surfaces generally enhance fatigue life, while tensile stresses are detrimental [18],

Therefore as Ion-plating technology generates compressive residual stresses within 

the coating, this could cause the improvements in the fatigue endurance o f the PVD coated 

specimens.

2.3.4.3 Fatigue Tests

In Section 4.5.4 on page 190 it will be outlined why the fatigue properties of the trim 

die material M2 along with the triple coating were required in an effort to clarify the 

situation in relation to coatings and fatigue.

M. Geiger et al [10] conducted research on CVD and PVD coated AISI M2 

specimens. The results from these fatigue tests proved that a CVD coating lowered the 

fatigue endurance o f the M2 substrate. Unfortunately, the results from that research could 

not be used in this project because:

• Once the CVD coating was applied, the material characteristics of the 

M2 substrate changed due to the high coating temperatures. A heat 

treatment cycle was not conducted on the fatigue specimens to return 

the substrate to its original conditions. As outlined in Section 2.2.4 on 

page 12, the Hi-Life Tools trim dies are heat treated after the CVD 

coating, therefore to obtain as accurate results as possible the coated 

fatigue specimens require a heat treatment.

• The tests only considered a single layer on TiN on an M2 substrate.

• Due to the close collaboration between Hi-Life Tools and Materials 

Ireland, TCD, it was possible to manufacture fatigue specimens using 

exactly the same machines and conditions as the actual trim die 

themselves.
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A. Kocanda [19] conducted fatigue tests on AISI M2, however the results from these 

tests could not be used either because:

• The fatigue tests were conducted at the elevated temperatures o f 350°c, 500°c and 

650°c.

• The effect o f coating was not considered

• The hardness of the M2 fatigue specimens was not given

2.3.4.4 Corrosion

It is generally understood that corrosion on the surface o f a material can cause stress 

concentrations, which lead to a reduction in fatigue endurance [20].

Research into the effect o f coatings and corrosion [14, 15, 20, 21] has proposed the 

mechanism of decrease in corrosion fatigue strength. It has been stated that corrosion pits 

are likely to form on the substrate metal due to saline solution penetrating throughout the 

flaws in the coating [14], The corrosion fatigue life for a coated tool is shorter than that of 

an uncoated tool because the coating is electrochemically nobler than the substrate, making 

the coating cathodic and the substrate anodic in a corrosion cell [21]. These corrosion pits 

act as initiation sites for fatigue cracks to propagate and will generally reduce the fatigue 

endurance o f a component [15, 20].

2.3.4.5 Fatigue Crack Arrest

A keynote paper by F. Klocke et al [16] stated that a number o f layers in a coating

are thought to provide a barrier against crack propagation. However it was not clarified if

the coatings were deposited by the PVD or CVD method. The method of deposition 

becomes important because of the differences in coating temperature. As previously 

mentioned, a PVD coating is deposited at around 550°C where as the CVD process 

operates at around 1000°C. Therefore in a CVD coating the interface between the coating 

layers become diffused and ‘blend’ together. Section 4.5.4.3 on page 208 considers the 

crack arrest properties o f the triple layered trim die.
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2.4 Failure Mechanisms in Cold Forging Dies

Extensive research has shown that the reduction in tool costs and reduction in the 

down times of expensive machine are o f major importance for the cold forging industry [1, 

22 - 28], The improvement and prediction o f tool fracture behaviour represents one of the 

major objectives for the economical application o f cold forging technology [22], Tooling 

costs contribute significantly to the overall cost o f a cold forged component [27]. In the 

case o f cold extrusion, the total cost of die production is approximately 5-15% of the 

overall production cost [24],

The author conducted an extensive research for literature related to trim die failure, 

but unfortunately it did not prove successful. Numerous studies in bulk forming operations 

[1, 22, 24 - 32] have been conducted and have shown that the die life is mainly influenced 

by the following three failure mechanisms:

• Wear

• Plastic Deformation

• Fracture

2.4.1 Wear

It has been stated that thermal load and contact time with hot metal, during the 

deformation process, makes wear the most frequent reason for failure in warm and hot 

forging [1], Typical failure rates for tools in cold extrusion, for example, are 80% failure 

by fracture but only 20% of tool replacement is due to wear [25,27].

In terms o f tool steels, such as AISI M2, there are four basic mechanisms of wear:

• Abrasion

• Adhesion

• Corrosion

• Contact fatigue
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As wear is predominately a failure mechanism in warm and hot forging, only a 

brief outline of the four wear mechanisms will be given.

An important point to note is that although wear is the dominant mechanism of 

failure in warm and hot forging, it always takes place even in cold forging despite the high 

hardness o f  the tools or the application of coatings [25].

2.4.1.1 Abrasion

Abrasive wear, as defined by ASTM [33], is due to hard particles or hard 

protuberances that are forced together and move along a solid surface. Wear, in turn, is 

defined as damage to a solid surface that generally involves progressive loss of material 

and is due to relative motion between surfaces and a contacting substance. The cost of 

abrasion is high and has been estimated as ranging from 1 to 4% of the gross national 

product o f  an industrialised nation [9].

Several mechanisms have been proposed to explain how material is removed from a 

surface during abrasion. These mechanisms include fracture and fatigue. Because o f the 

complexity o f abrasion, no one mechanism completely accounts for all the loss.

A tool steel with a large volume fraction of large hard carbides will have reduced 

wear characteristics [9]. During abrasion the large carbides can be tom from the steel 

matrix and will increase wear on the tool steel by adding abrasive carbide particles to the 

wear debris.

2.4.1.2 Adhesion

Adhesion wear between tool steel and workpiece can result when direct contact 

occurs because of lubricant breakdown, high pressures, or process design. This type of 

wear arises as a result o f cold welding o f microscopic asperities between the tool and the 

workpiece.

2.4.1.3 Corrosion Wear

Corrosion wear is not a major cause o f wear in tool steel, but it can become a most 

important mechanism at high temperatures.
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2.4.1.4 Contact Fatigue Wear

Repeated sliding or rolling of one component over another, leads to spalling or 

microcracking and causes contact fatigue wear. This type o f wear often manifests itself as 

cutting or punch edge chipping. Figure 2-15 below shows the surface of a tool steel punch, 

AISI D2, used to cut austenitic stainless steel [9], The white arrow indicates the direction 

o f material sliding. It has been stated that the cracks shown in figure 2-15 are primarily 

caused by friction force. Spalling begins to accelerate the wear after a certain number of 

cuts. Finally, one of the transverse cracks initiates a large-scale fracture o f the punch edge, 

instantly ending tool life.

Figure 2-15: Cracks in an AISI D2 Punch, Transverse to the Direction o f Material Sliding [9]

Numerous studies have shown that the application o f a coating onto a die, whose 

life is controlled by wear, can produce dramatic improvements in output [1,9, 25, 32]. One 

study in particular [9] compared the life of three press forming dies, each made from a hot- 

work tool steel AISI H29, but having different surface treatments. Figure 2-16 plots the 

results from the tests. With reference to figure 2-16, the obvious improvement in die life
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when coated with titanium nitride in comparison to the chromium and uncoated dies is 

clear.

Surface Treatment Vs. Parts Produced
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Figure 2-16: Improvements in Die Life in Press Forging by Coating Application [9]

2.4.2 Plastic Deformation

Plastic deformation, also known as overloading, mushrooming or indentation, 

occurs when a process exceeds the yield strength o f steel, typically defined as the point 

where 0.2% plastic strain has taken place. Although fewer die failures can be ascribed to 

overloading, an overloading die wears rapidly and may break prematurely [2]. Overload 

fracture can be avoided by using modem techniques o f stress and strain evaluations such as 

the Finite Element Method (FEM) [25].

2.4.3 Fracture

Fracture is defined as the complete separation of a material that occurs when a 

crack reaches a critical size and reduces the strength below that required to carry the 

service load. The final fracture is usually abrupt, but it is generally preceded by a cracking
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process that occurs slowly over the service life from various growth mechanisms such as 

fatigue, stress-corrosion cracking, creep and hydrogen-induced cracking.

Initial approaches to understand fracture involved a recognition that the toughness 

of a material was associated with its ability to absorb energy. The area under the stress- 

strain curve is taken as a measure of the energy required to rupture one unit volume of the 

material in question. Therefore materials, which have a good combination of strength and 

ductility, should therefore exhibit good toughness. For materials that do not contain flaws 

and are only loaded in uniaxial tension, then this approach is sufficient. However, in many 

engineering applications a notch is present on a component and impact loads are applied in 

service. The Charpy Test accounts for both of these effects and is widely used to compare 

the relative behaviour o f materials under impact loads in the presence of a notch. The 

Charpy test is simple and widely used [20].

Charpy tests were conducted by the author on the trim die material M2 having the 

exact heat treatment as outlined in the previous Section 2.2.4, and compared with AISI 

1045 which is known to exhibit a ductile fracture pattern due to its ductility. The two 

different fractured surfaces are shown in figure 2-17 below.

Figure 2-17: Brittle and Ductile Fracture o f  AISI M2 and AISI 1045

With reference to figure 2-17, the harder and less ductile AISI M2 material is 

shown on the left, while the fractured surface o f the more ductile AISI 1045, is shown on 

the right. The surfaces shown above clearly indicate the plastic deformation associated 

with ductile fracture o f the AISI 1045. From these Charpy tests, it was established that due
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to the high hardness o f the M2 (59-62HRc) there is a reduction in the toughness. The 

energy absorbed in causing fracture of the AISI M2 and AISI 1045 was 32 Joules and 64 

Joules respectively.

Based on the appearance of the fractured surface, fracture modes can be classified 

into the following three general categories:

• Ductile Fracture (Dimple Rupture)

• Brittle Fracture (Cleavage)

• Fatigue

2.4.3.1 Ductile Fracture

Ductile fracture can often be easily recognised from a macroscopic examination of 

the surfaces of a failed specimen due to the significant amount o f contraction that occurs 

before failure [34]. Figure 2-18 below shows the contraction associated with the ductile 

fracture o f AISI 1045.

Contraction

Figure 2-18: Ductile Fracture of AISI 1045

On a microscopic scale most structural materials fails by a process known as 

Micro void Coalescence [20]. Another term used to describe this mode of failure is
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‘dimpled rupture’. While it is a ductile micromechanism, the presence of Microvoid 

Coalescence on a fracture surface does not guarantee that the fracture absorbed a 

significant amount of energy. It has been stated that there are a number o f situations where 

dimpled rupture is observed for embrittled materials [20],

The sequence of fracture is: void initiation, void growth and finally void 

coalescence. Figure 2-19 below illustrates the three stages o f micro void coalescence.

).«(
Initiation Growth

Figure 2-19: The Three Stages o f  Microvoid Coalescence in Ductile Fracture [2]

Void initiation occurs at second phase particles or inclusions [2]. Voids are initiated 

because hard particles do not deform to the same extent as the softer matrix material 

surrounding them. This causes the matrix material to deform more than normal, which in 

turn produces more strain hardening, thus creating a higher stress in the matrix near a 

particle. When the stress becomes sufficiently large the interface between the particle and 

matrix may separate, or the particle may crack [34].

The second stage of ducfile fracture is void growth, which is a strain-controlled 

process. Voids elongate as they grow, and the ligaments o f matrix material between the 

voids become thin. Therefore, the final stage of ductile fracture is hole coalescence through 

the separation o f the ligaments, which links the growing voids.

2.4.3.2 Brittle Fracture

A truly brittle fracture is caused by cleavage. Cleavage takes place by the separation 

of atomic bonds along well-defined crystal planes [34]. Because steels are polycrystalline 

materials, with grains randomly orientated with respect to each other, the cleavage 

propagation has to change direction as it crosses a grain boundary. Most steels contain

Coalescence
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particles, precipitates, carbides or other imperfections that further complicate the fracture 

path.

An interesting paradox concerning brittle fracture is that cleavage fracture occurs in 

materials that exhibit little or no capacity for plastic deformation as well as materials that 

exhibit significant plastic deformation [20], The mechanism of cleavage fracture in brittle 

materials has already been outlined as the separation o f atomic bonds, however the 

separation in materials, which exhibit significant plastic deformation, has perplexed and 

fascinated researchers for decades [20], It has been stated that in steels, cleavage fracture is 

hard to explain because the crack tip stress is below the theoretical fracture stress [20], The 

most common explanation for this is that carbides fracture ahead o f the crack tip, 

producing sharp crack stresses equal to the theoretical fracture stress.

The changes o f orientation between grains and the various imperfection (carbides, 

particles) produce markings on the surface that are characteristically associated with 

cleavage. These characteristic features are shown in figures 2-20 [34].

c l e a v a g e  P L A N E S

F E A T H E R  M A R K I N G S

F R A C T U R E
D IR E C T IO N

G R A I N  O R  S U B G R A I N  
TWI ST  B O U N D A R Y

C L E A V A G E  S T E P S  FORMI NG  
Rl  V ER  PA T T E R N S

C LE A V A G E  PL ANES

F R A C T U R E
DI RECTION

G R A I N  OR S U B G R A I N  
TILT B O U N D A R Y

Figure 2-20: Characteristic Features Associated With Brittle Cleavage Fracture [34]
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2.4.3.3 Fatigue

Engineers have long known that alternating stresses of relatively small magnitudes 

can cause fracture in a metallic structure that is capable o f carrying a much greater static 

load. Fatigue cracking is the common failure mode that ends the service life o f cold forging 

tooling [31], It has been stated that in cold work applications fatigue might appear as fine 

chipping at the cutting edge [35]. Despite the huge volume of research which has been 

conducted in this area and the many hundreds o f papers and reports published each year on 

the problem of fatigue life prediction, fatigue induced fracture remains the principle 

limitation on the life prediction of components, especially components such as aircraft, 

vehicles, medical devices and machine tools [36].

Sir William Fairbaim carried out some o f the earliest quantitative research into 

metal fatigue in 1861. He found that raising and lowering a 3 tonne mass onto a wrought 

iron girder some 3 million times would cause it to break, while it required a static load of 

almost 12 tonne to cause rupture. Ten years later, August Wohler continued work in this 

area and developed the fatigue-testing machine, which bears his name. The testing method 

adopted by A. Wohler is the stress-life or safe-life philosophy and is the oldest approach to 

understanding fatigue [20]. The stress-life or S-N approach is in principle one of a safe- 

life, infinite-life regime. It is generally categorised as “high cycle fatigue” methodology, 

with most considerations based on maintaining elastic behaviour in the sample. The phrase 

“infinite-life” is related to the asymptotic behaviour o f steels, many of which display a 

fatigue limit or “endurance” limit at a high number of cycles, typically above 1 million. 

Most other materials do not exhibit this response; but instead display a continuously 

decreasing stress-life response even at a great number o f cycles (1 million to 100 million). 

Figure 2-21 below shows a typical S-N curve for steel and non-ferrous alloys.

Non-Ferrous 
Alloys & Some 

Steels
Steel (A

8
If
Sn »  m X  m. L m m

t
fatigue iimltC^) cnduroncc

limit

Na of Stress Cydct (N)Na of Stress Cycics (N)

Figure 2-21: S-N Curves For Steel And Non-Ferrous Alloys [6]
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In accordance with ASTM standard E 468-90 [37], the most typical formats for 

data presentation of S-N curves are to plot the log number o f cycles to failure versus either 

stress amplitude, maximum stress or stress range.

Factors, which affect fatigue life, may be grouped into the following categories [18]:

• Microstructure

• Processing techniques

• Environmental factors

• Geometry

Effect of Microstructure

Grain structure, average grain size and microstructural flaws all have a strong 

influence on fatigue life. At ambient temperatures, a material with a large grain size will 

exhibit a lower fatigue limit compared to one with a smaller grain size. However, if  cycled 

at high temperatures, the reverse in observed.

Effect of Processing Techniques

Processing techniques such as forging, rolling and extrusion produce directional 

properties in materials due to grain orientation. Heat treatment, case hardening, cold and 

hot working, surface coating, plating can all influence residual stresses [18]. As previously 

stated in Section 2.3.4.2 on page 19, compressive residual stresses at external surfaces 

generally enhance fatigue life, while tensile residual stresses are detrimental. Processes 

such as shot peening, cold rolling and static preloading are employed to induce 

compressive residual stresses.

Environmental Factors

A corrosive environment causes degradation o f the material, the most common 

visible effect being pitting or surface roughness (etching). These notch-like regions act as 

stress raisers and are generally the sites o f crack nucleation.
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Effect of Geometry

Surface finish has a significant influence on crack initiation [18]. Geometric 

discontinuities in a component such as holes, notches and joints are sources o f stress 

concentrations and are often the sites of crack initiation.

Fatigue failure is a multi-stage process. It begins with the initiation o f cracks, and 

with continued cyclic loading the cracks propagate, finally leading to the rupture of the 

component [18].

There are three modes of loading generally considered in the analysis of fracture 

and fatigue, called:

• Mode I ‘opening mode’

• Mode II ‘sliding mode’

• Mode III ‘tearing mode’.

Figure 2-22 below illustrates the basic differences between each mode.

mode f
O P E N I N G  MODE

fAODE n 
SLI DI NG m O D E

moE ill 
T E A R I N G  MODE

Figure 2-22: The Three Modes O f Loading [34]

Fatigue crack growth during uniaxial cyclic deformation, i.e. Mode I in figure 2-22, 

occurs by initiation of a microcrack that propagates on a plane close to that for the 

maximum shear. This is termed a ‘Stage F fatigue crack [20]. The length o f the stage I
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crack depends on the material and the loading amplitude, but is generally o f the order o f 3 

to 4 grain sizes [18], As the crack extends, it rotates from the plane of maximum shear to 

the plane normal to the maximum principal stress and is then termed a ‘Stage IF fatigue 

crack.

Fatigue o f uncracked metals is traditionally divided into low-cycle and high-cycle 

fatigue; the transition is usually associated with about 10,000 cycles to failure.

Fatigue fractures generated during stage II fatigue may exhibit crack marks known 

as fatigue ‘striations’, which are a visual record o f the position of the fatigue crack front 

during crack propagation through the material. It is unclear why sometimes fatigue 

striations do not appear [20], but it has attracted considerable investigation. However the 

absence o f fatigue striations does not mean that the basic mechanism by which the crack 

advanced has changed. A lack o f striations on a fatigue fracture surface may be due to their 

having been obscured by ‘crack-closure’ induced rubbing of the fractured surfaces.

2.4.4 Summary
From the confluence of aspects influencing tool life, it is clear that there is no 

general recipe for increasing tool life and tool quality [14], From numerous investigations 

in the area of bulk forming operations, it has been established that the die life is mainly 

constrained by wear, plastic deformation and fracture.

Section 2.4.1 on page 23 outlined the four mechanisms of tool wear and detailed 

other research work which suggests that wear was the most frequent mechanism o f failure 

in warm and hot forging. Section 2.4.2 on page 26, outlined how failure due to plastic 

deformation can be avoided by using finite element techniques to estimate the magnitudes 

o f stress and strain within the tooling.

Finally, Section 2.4.3 on page 26, explained that the appearance of the fractured 

surface could be used to identify three modes of fracture: ductile rupture, brittle fracture 

and fatigue. The whole area o f fracture is so vast that only a brief outline o f these three 

modes was given.

Fatigue is a complicated process, which is affected by a number of factors. The 

complexity of the fatigue process is compounded by the fact that some of the factors 

mentioned in this Section are interrelated and cannot be easily isolated for a quantitative 

evaluation. This is partly why there is such a vast literature on the subject o f fatigue.
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2.5 Finite Element Method 

2.5.1 Introduction

The history of metal forming is based on a highly empirical form of technology. In 

times past the trial and error methods used in industry were frequently better than the 

available analytical methods. This was mainly due to the fact that computers were slow, 

expensive, and cumbersome to use. An experienced die designer could usually solve a 

production problem faster, with a higher confidence level than that possible using any 

other available form of analysis [38],

The application of Finite Element Methods (FEM) to metal forming during the 

1970’s and early 1980’s provided a new perspective on metal forming practices. One such 

computer package called DEFORM (Design Environment for FORMing) was developed at 

Battelle Columbus Laboratories, USA [39, 40]. The initial work that led to this 

development was sponsored by the US Air Force and derived from the pioneering studies 

on rigid-plastic FEM, conducted by Professor Shiro Kobayashi et al [41] of the university 

o f California Berkeley. When using FEM based programs to analyse engineering 

problems, the complex geometry needs to be divided into a finite number o f simple 

geometric shapes called elements. The collection o f the elements is called a mesh, and the 

procedure of dividing the geometry into elements is known as mesh generation. Before 

1989 mesh generation in DEFORM was done using a Mapping Method. In that mapping 

method, the user would sub-divide the geometry into four-sided patches and assign the 

desired density distribution o f elements. This process was not only time consuming but 

also prone to error, as the mesh density assigned by the user usually required prior 

knowledge of the solution behaviour. To counteract this problem, W. T. Wu et al [42] 

developed, as part o f his doctoral thesis, an Automated Mesh Generation (AMG) module 

that enabled the user to mesh geometric shapes faster, and for the novice, more accurately. 

Due to the large deformation that occurs in bulk forming processes, the FEM mesh would 

degenerate quite frequently during analysis [38]. Many manual remeshes were needed to 

complete a simulation.

Therefore in 1991 automatic Remeshing capabilities were added to DEFORM. With 

the use of automatic remeshing (or adaptive remeshing), during the simulation module
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when the elements become too distorted, the process is ‘paused’ while a new mesh is 

applied to the geometry. An Interpolation module was developed to interpolate the values 

of temperature and strain from the highly deformed “old” mesh onto the newly generated 

mesh. The combined, and automated, use o f modules for automatic mesh generation 

(AMG) and interpolation, was called Automatic Remeshing, and enabled a continuous 

simulation of a forming process without any interface by the user, even if several remeshes 

were required [39, 40]. This is one of the major advantages that DEFORM has over some 

o f its rivals.

Prior to using FE to model an engineering application, it is most important that the 

modelling techniques and boundary conditions used are defined as accurately as possible. 

The most assured method of verifying the FE results is by direct comparison with 

experimental results. Once the predictions from the FE results have been shown to 

correlate with the experimental data, the FE technique can be used to its full potential.

Extensive references on the use o f the finite element method in metal forming can be 

found in [43, 44 -  54].

2.5.2 DEFORM

DEFORM employs 4-noded isoparametric quadrilateral elements, which were used 

to model the trimming process.

DEFORM essentially consists o f three modules:

2.5.2.1 Pre-Processor

The following parameters are generally required in the pre-processor:

• Geometry of parts to be modelled

• Material properties

• Load conditions -  magnitude -  how they are applied etc.

• Boundary conditions

• Type o f analysis to be performed

The geometry o f each component to be modelled is usually constructed within the 

pre-processor, however for complex geometries external packages such as AutoCAD and 

Mechanical Desktop are utilised.
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2.5.2.2 The Simulation Engine

The actual FEM based analysis is carried out in this portion o f DEFORM. The 

basic equations of equilibrium, constitutive relations and boundary conditions are 

converted to non-linear algebraic equations by utilising the FEM discretisation procedure 

as outlined in [41], The user does not have any access to this simulation module except the 

possibility o f selecting one o f the two available solution techniques for the solution of 

simultaneous equations, namely, the direct iteration method or the conventional Newton- 

Raphson method. All the input and output data are stored in binary form and are accessed 

by the user through the post-processor.

2.5.2.3 postprocessor

The post-processor is used to display the results of the simulation in graphical or 

alphanumeric form. Available graphic representations include:

• FE Mesh

• Contour plots of stress and strain, strain-rate and temperature distributions

• Velocity vectors

• Load-stroke curves

Within the FE package, the material behaviour o f the components to be tested can 

be considered as one of the following:

• Elastic

• Elastoplastic

• Ideal Plastic

In the case of the trimming operation, analysed for this project, the workpiece 

material was considered as plastic whilst the trim die was considered elastoplastic. To 

understand and explain the difference between these three concepts, the basics of FEA will 

have to be discussed.
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In the numerical analysis, the elastic strains were calculated using the following 

expression [41]

<Ji \ - 2 u
crm . (2 . 1)

Where u = Poisson’s ratio, Se = Elastic strain tensor, cr^ is the deviatoric stress, G is the

shear modulus, E is Young’s modulus and am is the hydrostatic pressure given by [41]

 (2 .2)
or, + 0 - 2 + 0 - 3

For the plastic portion o f the simulation, the basic formulae and conditions to be satisfied 

are expressed as:

Equilibrium conditions
ScTii
 ^  =  0
Sxj .(2.3)

Strain rate deformation £ij =
Sv- Sv i 
— -  +  — -  
Sxj Sx-

.(2.4)

The constitution relation used by the DEFORM code for metal forming is given by [41]

2cr
.<2.5)

Where:

cr .(2 .6)

.(2.7)
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Boundary conditions c  n y  =  F ,  on Sf  (2.8)

And ^  i ~  ^  i on Sf

Where ajj, and Vj are the stress, strain rate and velocity components on the boundary.

F, is the force applied to the surface Sf. The deviatoric stress components, cr,̂ ., are defined 

by

a i j = a y - S i j ( J m   (2.9)

Where 6jj is the kronecker delta and is equal to 1 when i = j  and 0 if j

In the equations given above, the flow stress ct , is the factor modified to allow the 

software to model various materials. The flow stress can be modelled using various 

functions, which relate the flow-stress to strain, strain rate and the temperature o f the 

material ct = f { E , s , T ) .  However, for this project the necessary stress and strain data for 

the heat-treated trim die material M2 was obtained experimentally by the author and 

entered directly into the F.E. code, Section 3.2.1 on page 71 will outline this experimental 

procedure. This allowed for an accurate representation o f the flow behaviour o f the 

material during the trimming process.

The solution to the equations given above can be obtained by minimising the 

internal energy o f the system [41]. This is obtained using a variational equation and is 

expressed as:

SO  =  jd^SsdV + + jF'^Sv^dS = 0 ................ (2 .10)
V V S f

Where V and Sf are the volume and surface of the workpiece respectively, Fj represents the 

surface traction applied to the surface Sf and is the volumetric strain rate. The first 

term o f the equation represents the potential energy of the system and contains both the 

elastic and plastic contribution o f the deforming body. The second term represents the 

strain energy of the system, where Q is a large positive constant to penalise volume
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change. The final term represents the external work done on the system, in this case both 

the normal and frictional components over the surface of the body are incorporated into the 

model. Equation 2.10 is converted to a non-linear algebraic form by utilising the FEM 

discretisation procedure. DEFORM uses the Rayleight-Ritz technique to minimise the 

energy of the system with respect to the elemental variables

=  0  =  T .................. (2.11)

Or generally represented as:

k (s , t I u} = {f }  (2.12)

Where K represents the stiffness matrix and is dependent on the strain, strain rate 

and temperature of the system, {u} is a vector representing the elemental velocity and {F} 

is a vector of the nodal forces. Equation 2.12 is solved in terms of velocity using both the 

Direct and Newton-Raphson techniques. The utilisation of these two techniques ensures 

that fast and accurate convergence is obtained. This is because the Direct method is more 

efficient at initially converging the solution while the Newton-Raphson method is more 

suitable for converging the analysis when the solution approaches the final value. Once 

the elemental velocities are obtained, the effective strain rate is calculated from a 

derivative of the velocity components or more explicitly for equation 2.2.

For a small time step, the strain can be evaluated by an explicit integral with the 

assumption of no internal effects. The explicit integral requires that for a small interval of 

time the velocity and strain rate changes are small, hence the strain at time t+At can be 

evaluated as, [41],

e, + i,  = e, + £ , M  ................(2.13)

Where St is the strain at time t, 8t+At is the strain at time t+At and £, is the strain rate

at time t. A similar approach is used with respect to updating displacements using velocity 

values.

Once the strain and strain rate are obtained, the effective and deviatoric stresses can 

be obtained from equations 2.1 to 2.9.
40



Part II: Literature Review

2.5.4 Friction and Contact Modelling 

2.5.4.1 Friction

Friction conditions at the die-material interface greatly influence metal flow, 

formation of surface and internal defects, stresses acting on the dies, and load and energy 

requirements. Numerous studies on the modelling o f friction in metal forming processes 

have been prepared [55 - 62]. There are three basic types o f lubrication governing the 

frictional conditions in metal forming [63, 64],

1. Dry conditions, in which no lubricant is present at the interface, however 

the oxide layers present on the die and workpiece materials may act as a 

‘separating’ layer. In this case friction is high, and such a situation is 

desirable in only a few forming operations, such as hot rolling o f plates and 

slabs and the nonlubricated extrusion o f aluminium alloys.

2. ‘Hydrodynamic’ lubrication exists when a thick layer of lubricant is present 

between the dies and the workpiece. In this case the friction conditions are 

governed by the viscosity of the lubricant and by the relative velocity 

between the die and the workpiece. The viscosities o f most lubricants 

decrease rapidly with increasing temperature. Consequently, in most 

practical high speed forming operations, such as strip rolling and wire 

drawing, the hydrodynamic conditions exist only within a certain regime of 

velocities, where the interface temperatures are relatively low [64].

3. ‘Boundary’ lubrication is the most widely encountered situation in metal 

forming. Increases in temperature at the interface and the relatively high 

forming pressures do not usually allow the formation o f a hydrodynamic 

lubrication regime. However Boundary lubrication, on the other hand, does 

not lend itself to reliable analysis. As a result, most o f the knowledge on 

metal forming lubrication is empirical.

In most forming applications, the lubricity of a lubricant is the single most significant 

factor since it directly determines the interface friction. Lack o f lubrication promotes wear 

and shortens the life o f the die [65]. In order to evaluate the performance of various 

lubricants, and to be able to predict forming pressures, it is necessary to express the
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interface friction quantitatively in terms o f a friction factor or coefficient. The friction 

shear stress fs , is most commonly expressed as:

fs = W  ................ (2.14)

Where (p) is the compressive stress normal to the interface, and (fj.) is the coefficient of 

friction, or as:

fs = mk ................ (2.15)

Where (k) is the shear strength o f the deforming material and (m) is the friction factor, 

having a range of 0 < m < 1.

It has been recommended [41] that equation 2.15 adequately represents the friction 

conditions in most bulk forming processes, while equation 2.14 is more commonly used to 

represent friction in sheet metal forming processes. The reason for this is that the 

compressive normal stress at the interface in sheet metal forming is generally much smaller 

in magnitude compared to that in a bulk deformation processes. For various forming 

conditions, the values for the friction factor (m) varies as follows [66]:

• m = 0.08 -  0.1. Cold forming of steels, aluminium alloys and copper, using 

conventional phosphate-soap lubricants or oil.

• m = 0.2 -  0.4. Hot forming of steels, copper and aluminium alloys with graphite 

based lubricants.

• m = 0.1 -  0.3. Hot forming of titanium and high temperature alloys with glass 

lubricants.

• m = 0.7 -  1.0. When no lubricants are used. For example in hot rolling o f plates 

or slabs in nonlubricated extrusion o f aluminium alloys.

2.5.4.2 Contact Modelling

The trimming process induces complex contact conditions simultaneously between 

trim die, top tool and workpiece. When a node from one deformable object contacts the 

surface o f another deformable object, a relationship between the two objects must be 

established to keep the objects from penetrating each other. This relationship is referred to 

as a master-slave or slave-master relationship. When two objects are contacting each other,

the contact nodes move with the master surface as long as the two objects are in contact.
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The slave nodes are considered to be in contact with the master object as long as the nodal 

forces indicate a compressive state. When a slave node develops a tensile force, the node is 

considered to have separated from the master object.

The slave object should be the softer o f the two materials and should have the finer 

mesh. In the case o f two objects consisting o f the same material, either can be the slave 

although the object expected to elastically deform the most should be defined as the slave. 

Setting a No-Contact relation between two objects causes the objects to be invisible and 

allows them to pass through each other [66].

Figure 2-26 below shows a screen snapshot taken from the pre-processor of 

DEFORM highlighting the inter object interface relationships.

Inter0bjectlnterfa.e •

in Inter Object Interface

Work Piece 

Trim Die

Friction model FRCFAC

Friction FRCFAC i O . 1

Separation Criteria SEPRES 0 Default 1

Separation Density SEPDEN 10

Define Inter Object
Contact
Relationships

Define Inter Object
Frictional
Relationships

Figure 2-26: Screen Snapshot From DEFORM Showing Inter Object Interface Relationships
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With reference to figure 2-26, the workpiece is selected in the ‘Object 1’ column, 

while the trim die is selected in the ‘Object 2 ’ column. By selecting the ‘Slave-Master’ 

option, the workpiece becomes the ‘Slave’ to the ‘M aster’ trim die. The next step is to 

define the friction model and coefficient. As previously outlined in Section 2.5.4.1 on page 

41, it has been recommended that the ‘Shear’ friction model adequately represents the 

friction conditions in most bulk forming processes [41]. The friction factor (m) used for all 

the FE models simulated in this project was 0.1 as recommended for cold forming o f  steels 

[41,66],

2 .5 . 5  The Yield Criteria

A yield criterion is a law that determines the stress level at which plastic 

deformation begins.

For isotropic materials, plastic yielding can be expressed as being dependent on the 

magnitude o f the principal stresses. Therefore the yield stress can be expressed as:

) =  C o n st  (2.16)

The yield stress has been shown to be strongly dependent on the deviatoric stress 

tensor and to a lesser degree on the hydrostatic or mean stress, as shown previously in 

equation 2.9. Since the principal deviatoric stress components are not independent

( (T] + ct2  + < 73 = 0 ), then the yield criteria can be written as [41]

f { J l , J l )  = Const  (2.17)

Where

2̂ =-(^i 0-2+0-20-3+0-30-J)  (2.18)

I I (

J 3 = 0-i0 -20-3 (2.19)
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2 .5.6 Two Criteria

The two simplest criteria, which have been extensively used for the analysis o f 

metal deformation, are the Tresca criterion and the Von Mises (or Hueber-Mises) criterion.

2.5.6.1 Tresca Yield Criterion (1864)

This states that yielding begins when the maximum shear stress reaches a critical 

value. It states that yielding begins when [41]

a i - 0 3  = 2 k  (2 .2 0 )

When a i > G2 > 0 3

2.5.6.2 Von Mises Yield Criterion (1913)

The Von Mises criterion states that yielding will occur when the J2 component 

reaches a critical value, but that the J3 component is not critical. This flow rule is also 

known as the J2 flow rule. Modifying equation 2.18 and rewriting gives

Or

Or

J l  =(cr^ - o - y f  +(a^ +(cT, + 4 r ^ y + r y ,+ r l j= 6 k ^   (2.23)

Where k is a parameter dependant on the material properties and is obtained from a 

simple tensile or compression test.

( 2  2 2 ^
I I t

(T I "t" CT2  ^  ^ 3 . (2 .21 )

J l  -(<^1  “ <^2 )^  + (o "2  +(<^3 - 6 ^ ^ .(2 .22)

45



For DEFORM, the interpretation of k is given below as:

Part II: Literature Review

, _  1
(Yield stress in Shear)  (2.24)

Therefore yielding occurs when the stress in the object reaches the yield stress of 

the material obtained from a tensile test and is expressed mathematically as

= J ( ( ^ x - ^ y f  + ( (^ y  +(o-z ~ ^ x f  + 4 ^ ^   (2.25)

2.5.7 Flow Rule

The material flow rule used with the Von Mises yield criteria is the Prandtl-Reuss 

flow equation. This equation describes how the individual stress/strain components 

develop after yielding has occurred. The general form of this equation is [41]

■ P _  I ,  S g  ■ 5 f  .■

^ij  -  h — /  = — X  (A ssum m gf= g) .................(2.26)
ij U

dSij — h  5 f   -------------------5A, ('■) 9 7 \

 ̂ S a  5<j ................ij ij

Where h and g are scalar functions o f the invariant o f the deviatoric stress, f  is the 

yield function and g(aij) is called the plastic potential (where d>̂  or A is a positive 

proportionality constant, being equal to h f  or h5f), which determines the amount o f plastic 

straining. Hence the flow equation is a function o f the yield stress and when expressed in a 

rate form becomes;

. P
 (2.28)

Since

So}i
=  (T,ij  (2.29)
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Equation 2.28 can be rewritten and expressed in terms o f the plastic strain and the 

deviatoric stress components to give

( J v cr,

• P
7 xy y y z y.zx

I t , 2r, .(2.30)
' X  ^ y  ^ z  ^ " x y  ^ “ y z  ^ ' • z x

Combining the elastic strain rate components and the plastic strain rate components

P Eaccording to = £•, + , gives the Prandtl-Reuss equation for elasto-plastic solids, as:

=(J: jA + ----
IJ u  2 G

( \ - 2 v
cr,m .(2.31)

2.5.8 Hardening Rule

The hardening rule used in DEFORM is the bilinear isotropic hardening rule. This 

rule assumes that the yield stress expands uniformly in all directions, [41], based on the 

amount o f plastic work done on the material. The material stress/strain data for the FE 

simulations consisted o f six linear segments. The bilinear isotropic hardening rule implies 

that if  the load is reversed, the material will not yield on subsequent loading until the 

maximum applied stress exceeds the induced stress/residual stress from the previous step 

and the yield stress o f the material in the opposite loading direction, [41],

2.5.9 Die Profile Optimisation

Computer-optimisation o f engineering designs is a powerful emerging technology. 

Currently, technical designs are based on the intuition and the experience of design 

engineers. In the future, computer optimisation will assist in the search for optimal 

technical solutions [29].

Established FE packages such as ANSYS have design optimisation algorithms built 

into the pre-processor module o f the programme. Unfortunately, as will be outlined in 

Section 3.1.3.2 on page 60, ANSYS was unable to simulate the large-scale deformation 

associated with the trimming process analysed in this project. However a short description 

o f the optimisation module within ANSYS is helpful as it shows the power of computer-
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optimisation techniques, provided that the process to be simulated can be simplified to a 

sufficient level. For example to calculate the ‘optimum design’, the ANSYS program 

performs a series o f analysis-evaluation-modification cycles [67], This basically means 

that an analysis o f the initial design is performed, the results are calculated and evaluated 

against user specified design criteria, and the design is modified if necessary. This process 

is repeated until all specified criteria are met. The ANSYS theory manual [67] states that 

the term ‘optimum design’ is one that meets all specified requirements but with minimum 

expense o f certain factors such as weight, surface area, volume or stress.

Design optimisation can be used to optimise dimensions such as thickness, shape 

fillet radii, placement of supports and natural frequency. Any ANSYS item that can be 

expressed in terms o f a parameter known as a Design Variable (DV), can be subject to 

optimisation. Upper and lower limits are specified on design variables to act as 

‘constraints’ and to prevent impractical geometries.

Design variables (DV) are usually geometric parameters such as length, thickness 

or diameter. They are restricted to positive numbers. Figure 2-27 below show some of the 

possible DV’s for the optimisation of a connecting rod profile.

Figure 2-27: Possible Design Variables (DV) in a Connecting Rod Profile [67]

An extensive literature review into the area o f die profile optimisation techniques 

has found numerous successful methods [22, 23, 24, 25, 27, 30 & 32]. However all the 

research work to date, known to the author, primarily considers the profile optimisation of 

extrusion dies. Due to a feature o f the extrusion process, a simplification to the FE models 

enables optimisation procedure to be performed on the die profile. This simplification can 

be made because once the extrusion process is running, the problem can be considered as
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having steady state Figure 2-28 below illustrates the concept o f steady flow during 

the extrusion process.

Figure 2-28: Steady State Flow o f  Material During Extrusion Process [41]

Because the extrusion process essentially has a steady flow of material, the velocity 

field remains unchanged. Therefore a major simplification can be made in the FE model, 

by assuming a constant internal pressure to represent the extruded material.

The trimming process investigated in this project however is an example o f ‘non

steady flow’ meaning that the velocity field changes continuously with time as in the case 

of upset forging illustrated in figure 2-29 below.

To the authors knowledge therefore, no commercial FE package, capable of 

simulation the large plastic deformation inherent in the trimming process, is available for 

die profile optimisation. For this reason, the trim die profile optimisation procedure 

conducted in this thesis followed a more ‘manual’ approach, as detailed in Section 4.1 on 

page 79.

'  4-   ̂ /

I

METAL\  M e t a l  f l o w  p a t h

Figure 2-29: Non-Steady State Flow o f Material During Upset Forging [41]
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2.6 Objectives of the Thesis

The objective o f the work presented in this thesis is to reduce the Ukelihood o f trim 

die failure by establishing an ‘optimum’ trim die profile, and to improve the quality of the 

finished product. To that end the investigation performed in this project has to determine 

the following:

• A better understanding of the complete trimming process and the stress 

distribution within the trim dies.

• The influence o f the various trim die profile parameters on the stress 

magnitudes and distributions within the tooling.

• An optimisation o f the trim die profile and investigate the possibility of 

interaction between parameters.

• The most likely mechanisms of trim die failure.

• The theoretical ‘critical’ stress component, most likely to induce failure within 

the trim die.

• An ‘Optimum’ trim die profile which would induce:

o The lowest level of the ‘critical’ stress component, hence reducing 

the likelihood of failure.

I o The lowest level o f Effective stress within the trim die geometry.

i
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Part III. 

3 Work Programme

This section highlights, in chronological order, the sequence o f events, v^hich took 

place during the development of the new trim die profile. An explanation o f the iterative 

process and the main conclusions, where necessary, are discussed. The main body of 

results will not be presented in this section, see Part IV on page 79 for an in dept analysis.

3.1 Finite Element Models 

3.1.1 Introduction

The fundamentals o f the forging/trimming process were explained in Section 2.1.1. 

The first attempt to simulate this forging process was carried out in 1994 [3], see figure 3- 

1. This research in 1994 made certain assumptions relating to the trim die, workpiece and 

top tool profile, which will now be explained in this section. An extensive literature 

research into the trim die forging process concluded that no other research work had been 

attempted in respect o f this particular manufacturing process. For that reason no theoretical 

structure o f research was in place to guide the path for the design process to follow. Due to 

this fact, the design process became an iterative procedure. With the introduction o f a new 

finite element package called DEFORM, the results from tests carried out previously in 

1994 were used as a starting point, see figure 3-1. Modifications to the trim die profile and 

top tool configuration was the first area o f investigation in this research programme and is 

therefore designated Phase 1 within this thesis. The conclusions from these Phase 1 tests 

steered the design procedure in the next tests, and so on. Hence inducing an iterative 

design procedure, see the theoretical path in the flow chart illustrated in figure 3-1.
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The culmination of the finite element simulations enabled the selection of a trim die 

profile that sustained a significantly reduced level of effective and tensile radial stresses 

within the trim die during the forging process. The results obtained from these simulations 

are detailed in Part IV.

The FEA package DEFORM allows the user to analyse various stress and strain 

components such as radial, axial, mean, shear, hoop and effective. At the time when the 

Phase 1 models were being simulated, the exact failure mechanism was not yet understood. 

Experimental testing and investigation was conducted in tandem with the theoretical FEA 

simulations, this is illustrated by the flow chart shown in figure 3-1 on the following page. 

The question remained however, which stress component was the dominant factor leading 

to the failure o f the trim die. The final result was already known; cracks within the trim die 

causing chipping and failure, see section 1.1. During crack propagation plastic deformation 

is necessary, even in a material on the whole, which remains elastic, localised yielding 

occurs. Plastic deformation is related to slip, in the grain structure, which is dependent on 

shearing action. Von-Mises yield criterion is also based on this concept of shear. It has 

been shown that any complex stress system can be regarded as a combination of 

hydrostatic stress and a function of the difference of principle stresses, i.e. shear stress, and 

therefore a yield criterion such as von-Mises, which is based on the principle o f stress 

difference, or shear stress would seem to be most logical.

The values DEFORM produces for effective stress are obtained using Von-Mises yield 

criterion. For this reason it was concluded that the die geometry that produced the lowest 

amount of effective stress, will increase the life of the trim die. Fatigue tests and surface 

topography of the trim die coating highlighted a more important stress component within 

the trim die, that o f radial stress. The reason for considering radial stresses, their location 

and the subsequent results are discussed in part IV.
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Work Programme

Theoretical ModellingExperimental Testing

Used 1994 research as 
foundation

FEA Validation 
• Forging Load Tests

Phase 4:
3-D Analysis

Phase 2:
Interaction Between 
Variables From Phase 1

Phase 3:
The Final Trim Die 
Profile

Material Characterisation:
• Compression Tests
• Ring Compression 

Tests

Failure Investigation:
• Misfeed Failure
• Non-Misfeed Failure
• The Affect of Coatings
• Fatigue Testing

Phase 1: Author’s Own 
Work:
Modified Profile of:
• Comer Geometry

o Fillet 
o Compound

• Trim Die
• Workpiece
• Top Tool

Figure 3-1: Schematic Flow Chart Representing the Work Programme
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3.1.2 Basic Assumptions made in 1994

When simulating a complex operation, such as the trimming process, assumptions are 

necessary to simplify the problem, while maintaining good confidence in the results. The 

forging process investigated in this project is inherently a three-dimensional (3D) problem 

due to the internal hexagonal hole within the trim die, see figure 3-2. The earlier research 

carried out in 1994 [3] made certain assumptions. The main assumption related to the 

approach o f representing the ‘real world’ three dimensional (3D) trim die to a theoretical 

two dimensional (2D) model. The method used to do this was classified the ‘worst case 

scenario’ and will now be discussed.

3.1.2.1 Worst Case Scenario

If using a 2D model can make a reasonably accurate representation o f the 3D 

component, the modelling process becomes simpler, and more importantly, the solution 

times are reduced significantly. A 3D simulation can be one and a half orders o f magnitude 

more demanding than a comparable 2D problem [68].

Hexagonal 

Internal Hole

Trim Die

Workpiece

Figure 3-2: Trim  Die and W orkpiece show ing internal hexagonal hole

Considering the ‘Worst Case Scenario’ enabled the construction o f a 2D model, which 

would represent the 3D model. The ‘worst case scenario’ considers a plane, through the
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trim die, wliere the greatest amount o f stress is experienced during the forging process. The 

selection o f this plane was made possible by considering where the greatest amount of 

workpiece material would have to be trimmed. Figure 3-3, illustrates a plan view showing 

the outline o f the trim die in green and the outline on the workpiece shown as a black 

dashed circle.

MA X

V

MI N

Figure 3-3: Plan View o f  Trim Die (green) and Woricpiece (Black dashed circle)

The first plane considered was plane A-A, which goes through the comer o f the 

trim die. During the forging operation, the amount o f material, which would need to be 

trimmed, is at a minimum at this location, see figure 3-3. If plane B-B were considered, 

through the centre o f the flats o f the hexagon, the maximum amount o f material would 

need to be trimmed. This plane, B-B, was deemed the ‘worst case scenario’ and a section 

taken through the workpiece, trim die and top tool along this plane represents the location 

where the greatest amount o f stress is experienced. Both experimental and theoretical tests 

have verified that it is on this plane, that the greatest amount o f stress arises. The location
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o f trim die failure due to chipping, see Section 4.5.4 on page 215, and by the high stress 

pattern produced in the 3D modelling on the centre o f the flats o f the hexagon, see Section 

4.4 on page 177.

Figure 3-4, shows the section through the trim die representing the ‘worst case 

scenario’ plane B-B. All the models simulated in this analysis are based on plane B-B. The 

trim die profile (shown by black outline in figure 3-4) is obtained from this section.

Figure 3-4: Worst Case Scenario section througii the flats o f the Trim Die

3.1.2.2 Axisymmetric FEA Models

The profile o f the trim die, workpiece and top tool could now be entered into the FEA 

package. Figure 3-5, illustrates the profiles o f the trim die, workpiece and top tool used in 

the initial tests in ’94. The FEA models were considered as being axisymmetric. The centre 

line used as the point o f rotation is shown in figure 3-5. Obviously, this assumption 

converts the hexagonal hole within the centre o f the trim die to a circular one. The only 

way to overcome this is to model the entire process in 3D, but as already mentioned this is
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very time consuming. Figure 3-6 illustrates a 3D representation of the trim die profile, 

taken from figure 3-5, and rotated about the centre line. This is the shape that the FEA 

package assumes to be pushing into the workpiece, not one with a hexagonal hole. The 

experimental validation, detailed in section 3.2.4 on page 75, had to take this circular trim 

die into consideration.

Centre Line

Top Tool

Workpiece

Figure 3-5: Initial Profile of Top Tool and Workpiece used in the FEA simulations
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Figure 3-6: 3D representation o f  the 2D axisym m etric FEA model

3.1.2.3 Trim Die Profile

The trim die profile illustrated in figure 3-4 was further divided into two basic 

categories. These categories were called ‘Fillet’ and ‘Compound’ radii. The detail o f  a 

0.1mm Fillet trim die profile is illustrated in figure 3-7.

Land

R 0.1mm

Rake Surface

Figure 3-7: C om er Detail o f  a 0.1mm Fillet Trim  Die Profile

The fillet radius o f  0.1mm blends the top surface, known as the Land, and inner 

surface o f  the die, known as the rake. In the initial tests in ‘94 four fillet models were 

constructed with a blend radius ranging fi-om 0.1mm to 0.4mm in steps o f  0.1mm. The
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second category, Compound, is illustrated in figure 3-8, showing a 0.1mm compound trim 

die profile.

R 1.14mm

R 0.1mm

Figure 3-8: Comer Detail o f a 0 .1mm Compound Trim Die Profile

This category of die gets its name from the fact that the comer radius is composed 

of two radii, which are compounded together. The larger radius of 1.14mm, known as the 

Averbach Radius after its inventor, was held constant while the blend radius was varied to 

the following values 0.07, 0.1, 0.145, 0.2 and 0.25mm. Using these assumptions as a 

foundation, the initial FEA models were simulated in ’94, and conclusions made as to the 

optimum comer profile [3]. But as seen in the next section, there were major limitations in 

the available software at that time to simulate such a forging process.

3.1.3 Initial Models
As explained in the introduction o f the chapter, the earlier tests carried out in 1994 

were used as a foundation to build upon. The flow chart in figure 3-1, illustrates this point. 

As mentioned previously, the investigation carried out in ’94 utilised finite element 

analysis to study the effect comer geometry had on the induced stresses within the trim die. 

As mentioned in section 3.1.2.1, the ‘worst case scenario’ was adopted to make a two 

dimensional representation out of an inherently three-dimensional one. This 2D profile was 

further broken up into two basic categories and classified as Fillet and Compound. A total 

o f nine models were constructed, four ‘Fillet’ and five ‘Compound’. The finite element 

packages used to simulate the trimming process were F0RM2D and ANSYS 5.0. Both of 

these packages had advantages and disadvantages.
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3.1.3.1 FORM 2D V 2.1

F0RM 2D is a P.C. based program developed in Russia, capable of simulating the very 

large amount o f plastic deformation that occurs during a bulk forging process. 

Unfortunately, F0RM2D at that time was only capable of providing details of stress or 

strain distributions within the workpiece, but not within the tooling. Figure 3-9 shows a 

captured image taken from the earlier F0RM2D work carried out in 1994. Effective strain 

contour lines within the workpiece are shown, but note no strain values within the trim die.

r U N C T I O N

1 1 mu m

RAD. = 0,20nim

Figure 3-9: Image taken from FORM 2D showing effective strain in the workpiece [3]
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3.1.3.2 ANSYS5.0

The FEA software ANSYS 5.0 on the other hand was capable o f simultaneously 

calculating the stresses in both workpiece and trim die. Figure 3-10 illustrates a close-up 

view of the contact between the trim die and workpiece. The stress distribution within both 

the trim die and workpiece are displayed.

AHSYS 5.0 
JUL 21 1994 
12:03:15 
PLOT NO. 1 
NODAL SOLUTION 
STEP=1 
SUB =13 
TIME=0.02 
SEQV (AVG)
DMX -0.02 
SMN »0.562a<3 
SMX ^1906 
^  0.S6244
B  212.271 
K  423.979 
g g  635.686 
B  647.396 
^  1059

1271 
1483 
1694 
1906

Figure 3-10: EflFective Stress Contours in workpiece and trim die [3]

Unfortunately due to the large amount o f plastic deformation occurring within the 

workpiece during the trimming, ANSYS was not capable o f simulating the entire forging 

process. Figure 3-10 shows the maximum penetration (or stroke) o f the trim into the 

workpiece that was possible to simulate at that time. The maximum penetration in the ‘94 

ANSYS tests [22] was only 0.02mm when in fact the necessary penetration, or stroke of 

the trim die should be 3mm.

Although the amount o f penetration into the workpiece was small, 

conclusions where made as to the optimum comer geometry [3]. It was obvious that until 

prediction o f stresses in both the workpiece and trim die could be provided, throughout the 

entire forging process, a lot o f unanswered questions would remain.
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3.1.4 Phase 1: Updating the Initial Models

With the introduction o f the elastoplastic finite element package, DEFORM, the tests 

carried out in 1994 were used as a foundation, from which a more advanced research 

programme was initiated. This was the starting point o f the author’s research program and 

hence designated Phase 1, see figure 3-1.

As mentioned in section 2.5.2 on page 36, DEFORM can simulate large plastic 

deformations due to its adaptive remeshing capabilities, while simultaneously calculating 

the necessary stress components in both workpiece and trim die. For this reason, all the 

finite element models presented in this report were simulated using DEFORM.

3.1.4.1 Modifications to the Top Tool Profile

By studying component drawings o f the tooling used in industry, it became clear that 

the top tool used in the initial models did not accurately represent the actual configuration 

used in industry. Figure 3-11, illustrates the old and new top tool configuration.

Relief
Angle

Figure 3-11: Old and New Top Tool Configurations
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With reference to figure 3-11, the main difference between the old and new top tool 

configuration was the addition o f a relief angle. The initial models did not have this relief 

angle and as a consequence, at the end of the trim die stroke, it caused a considerable 

amount o f the workpiece material to become trapped, between the trim die and top tool, 

see figure 3-12.

TOP TOOL
TRIM DIE

WORKPIECE

Figure 3-12: Trapped workpiece material at the end o f  the trim die stroke with the old top tool.

The new top tool allows the trimmed workpiece material to flow into the relief angle. 

Figure 3-13 illustrates this point.

WORKPIECETOP TOOL

TRIM DIE

Figure 3-13: New Top Tool Configuration allowing the trimmed material to flow into the relief angle
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3.1.4.2 Modifications to the workpiece Profile

To model the trimming process effectively, it was necessary to obtain an accurate 

measurement o f the workpiece profile. To do this a series TM 300 Mitutoyo toolmakers 

microscope was used, see figure 3-14. To increase the edge definition when taking the 

measurements, the workpiece was machined in half using a Bridgeport milling machine, 

see figure 3-15.

Figure 3-14: Mitutoyo Tool M akers Microscope Figure 3-15: M illed W orkpiece for edge definition

The old and new workpiece configurations are shown in figure 3-16.

Figure 3-16: O ld and New W orkpiece (W P) Profiles
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3.1.4.3 Modifications to the Trim Die Profile

The initial tests performed in ’94 only considered the variation of the comer radius [3], 

However the comer radius on the trim die is only one of a number of profile features 

whose influence was not yet known, therefore it was decided to increase the scope of the 

investigation to study the influence o f modifying additional parameters o f the trim die 

profile.

The trim die profile was divided into four main features, corner radius, land width, 

petal and rake angle, see figure 3-17.

Land Width

Comer Radius Petal Angle

Rake Angle

Figure 3-17: The Four main Features O f a Trim Die Profile

At this stage o f the project, the role each feature played during the forging process was 

unclear. Each feature of the trim die profile had a range o f possible values, see table 3-1.

FEATURE VARIATION

CORNER

RADIUS

FILLET 0.1, 0.2, 0.3 and 0.4mm

COMPOUND 0.1, 0.15, 0.2 and 0.25mm

LAND WIDTH 0.2, 0.4, 0.6, 0.8, 1.0 and 1.5 mm

PETAL ANGLE 20°, 25°, 30°, 35°, 40° and 45°

RAKE ANGLE 1°, 1.5°, 2°, 2.5° and 3°

Table 3-1: Range o f  Variation for each Profile Feature

65



Part 111; Work Programme

The addition o f these new variables caused a problem because the possible number o f trim 

die combinations then rose from 9 to 1620, see figure 3-18.

Trim Die

CompoundFillet

Rake Angle (Degrees) 
1.0,1.5, 2.0, 2.5 and 3.0

Petal Angle (Degrees) 
20,25, 30, 35, 40 and 45

Rake Angle (Degrees) 
1.0,1.5, 2.0,2.5 and 3.0

Petal Angle (Degrees) 
20, 25, 30, 35,40 and 45

Land Width (mm)
0 .2 ,0 .4 ,0 .6 ,0 .8 ,1 .0  and 1.5 mm

Land Width (mm)
0.2, 0.4, 0.6, 0.8, 1.0 and 1.5 mm

Comer Radius (mm) 
0.1, 0.2, 0.3 and 0.4

Comer Radius (mm) 
0.07,0 .1 ,0 .15,0 .2  and 0.25

Figure 3-18: Flow Chart Showing All Possible 1080 Trim Die variations

Obviously running 1620 PEA simulations would not be practical due to 

computational constraints. Therefore in an attempt to reduce this large number of 

simulations a new approach called " one-factor-at-a-time ’ was implemented.

This method consists o f selecting a starting point for each factor, then successively 

varying each factor over its range while the other factors were held constant. With this one- 

factor-at-a-time method, twenty four trim die profile combinations were constmcted. 

Graphs of effective stress versus stroke enabled the prediction of the ‘near’ optimum 

values for the land width, petal and rake angle.

Phase 1 provided a more in depth understanding of the forging process and gave an 

insight as to the influence each feature of the trim die profile had on the induced stresses.

Unfortunately there is a major disadvantage of the “one-factor-at-a-time” strategy 

and this is that it fails to consider any possible interaction between factors [69]. This issue 

o f interaction needed further investigation and is discussed in Phase 2.
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3.1.4.4 Material Input Data

Before an accurate model could be constructed, various material input data was 

necessary. To obtain this data compression tests where carried out on the M2 trim die 

material, to ascertain its flow stress properties, see Section 4.5.1 on page 184 for the results 

from these tests. The use o f compression tests to obtain stress / strain data is the preferred 

method in FEA, and is favoured over tensile testing because it enables a greater level of 

strain to be subjected onto the test piece. Ring compression tests where also conducted to 

determine a coefficient of friction between the workpiece and trim die, see section 4.5.2 on 

page 185 for the results.

3.1.4.5 Boundary Conditions

Once the material data had been collected, and the geometric profiles o f the 

workpiece, trim die and top tool had been entered into the FEA package DEFORM, 

boundary conditions needed closer examination.

As with all finite element simulations, the correct boundary conditions are essential in 

order to obtain accurate results. For all the models simulated within this thesis, the 

parameters listed in table 3-2 were maintained:

Object Name Material Object Type Element No.
Remeshing

Criteria
Velocity

Trim M2 Elastoplastic 5,000 — 3 mm/second

Workpiece SPS 0.9 Plastic 3,000 Every 5 Steps —

Top Tool — Rigid — — —

Table 3-2: Input parameters Held During All FEA Simulations

Rigid objects are modelled as non-deformable bodies. No boundary conditions are 

necessary for rigid objects. The workpiece was considered as a plastic object. The 

boundary conditions are illustrated in figure 3-19. The left hand boundary of the workpiece 

profile, see figure 3-19, was constrained to have zero velocity in the direction of the x-axis. 

This boundary lies on the centre line o f the axisymmetric model. The boundary conditions 

for the trim die are shown in figure 3-20.
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Zero Velocity In the X-Axis

Workpiece

Y Axis

X Axis

Figure 3-19: Workpiece Boundary Conditions

With Reference to figure 3-20, the right hand side o f the trim die is constrained to have 

zero velocity in the direction of the x-axis.

Zero Velocity in the X-Axis

Y Axis

X Axis 
 ►

Trim Die

M MJVl M M

Figure 3-20: Trim Die Boundary Conditions

In DEFORM, in order to move a non-rigid object, it is necessary to specify 

movement boundary condition. These boundary conditions were applied to the base o f the 

trim die, as shown in figure 3-20, and caused the trim die to move in the positive direction 

o f the y-axis at a velocity o f 3mm/sec to simulate the tool movement during the trimming 

operation.
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3.1.5 Phase 2: Interaction

As mentioned in Section 3.1.4.3 on page 65, a ‘one-factor-at-a-time’ analysis does not 

account for interaction between parameters. The correct approach to dealing with several 

potentially interactive parameters is to conduct a factorial analysis [69]. Factorial analysis 

is an analytical strategy in which parameters are varied together instead of one at a time. A 

‘two by two’ (2 ) factorial analysis was conducted, where two parameters are varied at two 

levels to analyse their influence. The two levels chosen were the extreme o f those values 

listed in table 3-1,and are shown in table 3-3 below.

Parameter VARIATION

FILLET CORNER RADIUS 0.1 and 0.4mm

LAND WIDTH 0.2 and 1.5mm

PETAL ANGLE 20° and 45°

RAKE ANGLE l °a nd3°

Table 3-3: Levels taken for two by two Factorial Analysis

A total o f 24 models where constructed which enabled the comer radius to be 

compared against land width, petal and rake angle. The land width against petal and rake 

angle. And finally the petal angle against rake angle. These variations are listed in table 3-4 

below.

Parameter AGAINST

CORNER RADIUS

LAND WIDTH 

PETAL ANGLE 

RAKE ANGLE

LAND WIDTH
PETAL ANGLE 

RAKE ANGLE

PETAL ANGLE RAKE ANGLE

Table 3-4 Comparisons for Two by Two Factorial Analysis

Once the models had been simulated, the maximum effective stress values occurring at

the end o f the trim die stroke were recorded and used to plot graphs comparing parameters
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as listed in table 3-4. From these graphs the effect o f interaction between each feature was 

evident. By combining the conclusions from phase 1 and 2, the possible number o f trim die 

profile combinations was reduced from 1620 to 9. Now that the optimum values for land 

width, petal and rake angle had been developed, these conclusions were combined to 

construct new models, which were simulated in phase 3.

3.1.6 Phase 3: The Final Trim Die Profile

To recall, Phase 1 was the author’s first attempt to completely simulate the trimming 

process. The comer radius was altered between two categories, fillet and compound. The 

values of land width, petal and rake angle were varied one at a time. Phase 1 provided 

conclusions as to the effect o f comer radius, land width, petal and rake angle. Phase 2 

considered what interaction, if  any, existed between the parameters analysed in phase 1.

In the Phase 3 analysis, two trim die profiles were modelled and compared. The 

first trim die profile, designated ‘Optimum’, was based on the conclusions deduced from 

Phase 1 and 2. During the course of the analysis in the Phase 1 and 2 tests, it was obvious 

that the land width had a large influence on the induced effective stress and tensile radial 

stresses within the trim die. For this reason, the second trim die analysed in Phase 3 was a 

new and previously unconsidered trim die profile, designated a ‘Reverse Compound’. This 

new Reverse Compound trim die profile had the land width region replaced by a generous 

blend radius. The Phase 3 tests compared the ‘Optimum’ and ‘Reverse Compound’ trim 

die profiles. In conclusion, both models induced very low tensile radial stresses along the 

top surface of the trim die, hence improving its failure resistance. Also the new, and 

previously unconsidered, Reverse Compound trim die induced an effective stress 

approximately 15% lower than the ‘Optimum’ trim die.
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3.1.7 Phase 4: 3D Analysis

The FE models simulated in Phases 1, 2 and 3, were considered as axisymmetric by 

utilising the ‘worst case scenario’ as outlined in Section 3.1.2.1 on page 53. This 

assumption assumes that the trim die has a circular internal hole as illustrated in figure 3-6 

on page 57. Obviously, the only way to represent the hexagonal internal hole is by using 

3D analysis. Phase 4, outlines the 3D models, the difficulties with running such a complex 

forging sequence, and the initial results.

3.2 Experimental Tests 

3.2.1 Compression Tests

The accuracy of FEA simulations of metal flow, and o f forming process in general, 

is largely governed by the accuracy with which the actual material flow stress under 

forming conditions can be modelled. A major problem encountered in the use o f finite 

element analysis o f metal forming processes is the determination o f correct values for the 

material flow stress. In Part 3 o f this thesis, relating to the work programme, table 3-2 on 

page 66, explains that the trim die was modelled as elastoplastic. Considering the trim die 

as elastoplastic allows for plastic deformation within the tooling if  the stress levels are 

sufficiently high. Obviously, if  the trim die deforms plastically, failure would have 

occurred in the real component. DEFORM requires stress/strain data for any material in 

order to simulate its elastoplastic properties. With this in mind compression tests where 

conducted to ascertain the stress/strain data for the trim die material, AISI M2.

12mm

Figure 3-21: Dimensions o f the M2 specimen for the compression tests
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The tests where conducted in accordance with the ASTM standard E 9 -  89a^' 

“compression testing of metallic materials at room temperature” [70]. A L/D ratio 

(length/diameter) o f 1.5 was employed for the test samples, see figure 3-21 on the previous 

page. The compression tests were conducted on an ESfSTRON 1196 universal testing 

machine. The specimens were compressed between two hardened anvils with PTFE tape 

attached between the test specimen and the hardened anvils to ensure homogeneous 

deformation. The movement o f the crosshead and the subsequent increase in load on the 

Instron was controlled with the aid of Instron series 9 software. A micrometer, accurate to 

0.01mm, was used to measure the reduction in height of the specimen. The reduction in 

height and subsequent load are used to calculate the stress/strain data, see Section 4.5.1 on 

page 184 for compression test results.

3.2.2 Ring Compression Tests

Lubricity, as defined by the friction factor (m), is most commonly measured using the 

Ring Compression Test [41]. However due to an unforeseen difficulty in conducting the 

ring compression tests, spurious results were obtained. The ring compression test 

procedure is detailed in Appendix C on page 234, while an explanation o f the spurious 

results obtained are outlined in Section 4.5.2 on page 185.

3.2.3 Fatigue Tests

Four point bending tests where conducted to ascertain the fatigue limit of the trim 

die material. As detailed earlier in Section 2.3.4 on page 18, coatings can have a 

detrimental effect in relation to the fatigue properties o f dies. A standard trim die leaves the 

factory with a three-layer coating consisting o f titanium carbide, titanium carbonitride and 

titanium nitride, see Section 2.3.3 on page 17, it was therefore necessary to conduct fatigue 

tests on coated and uncoated specimens to study the effect that coatings had on the fatigue 

properties of AISI M2. The fatigue specimens where machined from round stock using a
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Bridgeport milling machine. The finished dimensions o f the fatigue specimen had a 

rectangular cross section o f 10 x 20mm and a length o f 135mm.

The dimensions o f the fatigue test pieces following milling were oversize by 

0.5mm on each surface and the finished dimensions were obtained by grinding. Due to the 

thermal loading on the specimen during the machining process, stress relieving was 

necessary. The grinding parameters applied to the specimen were identical to those used on 

the trim die surface. The coating, heat treatment and tempering cycle as detailed in Section 

2.2 on page 6, was then applied to the specimens so that they matched as closely as 

possible the actual trim dies. As mentioned in Section 2.4.3.3 on page 31, fatigue results 

can be presented using the stress-life or S-N approach.

Figure 3-22 shows the four-point bending test rig, with a coated M2 specimen in 

position. The four-point bending test rig was then placed into a series 8801 INSTRON 

Universal Testing Machine, which is rated to ± lOOKN. With respect to figure 3-22 below, 

it can be seen that the test rig is comprised o f two parts. The top part o f the rig is connected 

to the load cell o f the INSTRON, while the bottom part is attached to the hydraulic ram, 

which induces the cyclic displacement.

Hardened 
Dowel Pins

Connected To 
Load Cell

Coated M2 
Specimen

Connected To 
Hydraulic Ram

Vee-Groove

Figure 3-22: Initial Four Point Fatigue Bending Rig
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The hardened dowel pins were glued into the vee-grooves to prevent sliding during 

the test. However after numerous fatigue tests the cleaning off o f the excess glue caused 

the dimensions o f the machined vee-grooves to change. The change in the vee-groove 

dimensions resulted in a misalignment o f the dowel pins and caused the top and bottom 

halves o f the test rig to rotate independently. This independent rotation caused multiaxial 

stress states within the test sample and rendered the results useless

To counteract this problem a new fatigue testing rig was designed. Figure 3-23 

below shows the new test rig in operation. Figure 3-23 illustrates that due to the addition of 

two guide rods on either side o f the specimen, no rotation between the top and bottom part 

o f the test rig can take place. Now that the rig had been produced, the fatigue testing began. 

For all the tests conducted in this project, the frequency o f loading was held constant at 10 

hertz, while the stress ratio (R), which is given by the ratio o f the minimum stress to the 

maximum stress, was held at 0.1. The results from these fatigue tests are detailed in 

Section 4.5.4.4 on page 215.

Guide Rods

Specimen

Hydraulic Ram

Figure 3-23: New Four Point Fatigue Bending Rig 
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3.2.4 Experimental Validation 

3.2.4.1 Forging Load Tests

As with all finite element analysis, experimental validation is useful if not essential. 

The trimming process is o f no exception. Due to diflFiculties o f obtaining access to the 

trimming machines on the factory floor, it was decided to reproduce the forging operation 

within the college laboratory.

Trim Die Holder

Workpiece

Workpiece Holder

Base o f INSTRON
LVDT

Figure 3-24: Test rig for the experimental measurement of load and stroke

Figure 3-24 shows the main features o f the test rig, constructed by the author for these 

tests. The test rig was designed to fit into a series 1196 INSTRON universal testing 

machine. The workpiece holder was bolted to the base o f the Instron while the trim die 

holder screwed into the moveable crosshead. The workpiece, known as the ‘cheese head’, 

due to its shape (see figure 3-25) was positioned into the workpiece holder. The crosshead
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o f the Instron was instructed to move downwards at constant velocity for a predetermined 

stroke, at which point a limit switch was triggered, which stopped the machine. The Instron 

was capable o f measuring the necessary load to forge the head on the fastener, along with 

the displacement o f the crosshead.

Figure 3-25: W orkpiece (Cheese Head) dim ensions (m m )

The initial load versus displacement (or stroke) graphs did not replicate the 

theoretical curves obtained from FEA very well. These graphs are displayed in Section 

4.5.3 on page 187. After much deliberation, it was discovered that the discrepancy between 

the experimental and the FEA/theoretical load/stroke curves was caused by deflection of 

the crosshead. The Instron did not account for this deflection. To overcome this, a Linear- 

Variable Differential Transformer (LVDT) was utilised. The principal operation o f an 

LVDT is essentially two small transformers sharing the same magnetic core. As the core 

moves the output o f one increases while the other decreases. The 'out o f balance' current is 

a measure o f the core position and therefore displacement. This device was then mounted 

directly onto the trim die holder.

Once the displacement/stroke had been corrected, a very good correlation was 

obtained between experimental and theoretical forging loads. This knowledge was used as 

a ‘foundation’ to anchor the FEA stress results.

76



Part III: Work Programme

3.2.5 Failure Investigation

As mentioned in the objectives o f this thesis, the main reason for discarding a trim 

die on the factory floor is cracking or chipping. For this reason, a failure investigation was 

carried out in an effort to understand the main factors influencing die failure.

Firstly the M2 trim die material was sectioned and mounted for analysis using both 

Light and Scanning Electron microscopy. Due to the high hardness o f the trim die material, 

60-62HRc, a Metaserv cut-off machine, with an abrasive wheel attached, was used to cut 

the trim die into more manageable pieces. Unfortunately this process induces high 

temperatures within the material. These high temperatures could alter the configuration of 

the cut surface, therefore an additional cutting process was necessary to remove this 

possible heat affected zone. A Labcut, series 1010, mounted with a diamond coated cutting 

wheel was used to remove the heat-affected zone. Once the specimen was cut to a suitable 

size it was mounted. The mounting material was ‘EPO-Mount’ and it is basically a hot 

mounting epoxy resin. The epoxy resin was used in preference to a conductive phenolic 

mounting resin as the epoxy gives better edge retention. This edge retention becomes more 

important when high magnification images are required o f the coating along the edge of 

the specimen. Finally, the mounted M2 was polished using a ‘Jean Wirtz’ Phoenix 4000 

polishing machine. The recommended abrasive paper, rotational speed, pressure and 

direction o f rotation where specified in the Buehler dialog reference manual [71]. Some of 

the mounted samples were etched to expose the carbides within the M2 microstructure. 

The etchant most widely used for tool steel is 2 to 5% nital. High-speed steels require a 5% 

concentration [72]. The etching is performed by immersion. Etching times are difficult to 

generalise, because of the wide range o f tool steel compositions and because heat treatment 

can markedly alter etch response [72]. For this reason, the final etching time of one minute 

was obtained by trial and error.

The failed trim dies could be divided up into two categories. The first category was 

a collection of trim dies, that had failed due to a ‘misfeed’. When the bolt making machine 

is running at full speed, if  a situation arises where there is no workpiece present, the 

momentum of the ram which drives the trim die, causes the trim die and top tool to make 

contact. The footprint of the top tool is hexagonal, therefore when the two collide, a 

hexagonal impression (called a witness mark) remains on the land surface of the trim die. 

Failed trim dies, which had this witness mark, were sectioned, mounted, polished and 

etched as previously detailed. With the use o f a scanning electron microscope (SEM) and a
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light microscope, the crack detail was clearly visible. The cracks obtained from these dies 

are detailed in Section 4.5.4.1 on page 191. A finite element model, which simulated the 

occurrence of a misfeed, highlighted the mechanism for the formation of the cracks 

observed in the trim dies, see page 193.

The second category o f failed trim dies had failed due to the occurrence of severe 

chipping on the centre of the flats of the hexagon within the trim die, but no witness mark 

was evident. Again these failed trim dies were prepared in the same manner as the trim 

dies in the first category, and the crack patterns obtained using the same microscopy 

techniques outlined previously. The crack patterns produced fi'om this second category 

were very different from the first. It was from these crack patterns in the second category, 

that led to the conclusion that fatigue loading was having an effect on the life of the trim 

die. See Section 4.5.4.2 on page 194, for details from the failure investigation.

3.2.6 Surface Topography
As outlined in Section 2.2.4 on page 12, the heat treatment cycle is applied to the trim 

dies after the coating is applied. To investigate any possible effect that the heat treatment 

cycle might have on the surface topography of the coatings, a trim die was coated and 

sectioned in half One half o f the trim die received the heat treatment cycle, while the other 

half did not. Using an SEM, large differences in the surface composition were recorded 

along with severe surface cracking on the post heat treatment trim die. Details o f the 

images taken are listed in Section 4.5.4.3 on page 208. Both halves o f the trim die were 

then placed into a series 100 Zygo white light profilometer. The Zygo machine uses phase 

shift interferometer to measure surface roughness. This machine is capable of accurately 

measuring surface profiles. The results from these tests provided evidence of the severe 

changes within the coating after the heat treatment cycle. These changes can be attributed 

to either the effects o f residual stress that arise due to a thermal mismatch between the 

substrate and the coating or by the rapid quenching, see Section 4.5.4.3 page 208.

The investigation into the adverse effects of the use o f coatings, indicated that it is 

possible to have cracks present along the surface of the coating before the trim die forges 

its first fastener. These cracks have been seen to propagate through the coating and into the 

substrate, see Section 4.5.4.3 on page 208. If these coating cracks are present, they tend to 

remain ‘dormant’ unless subjected to a threshold level of tensile stress. It is for this reason 

that the maximum tensile radial stress component is also considered within FEA results. 

Section 4 on page 79.
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Part IV. 

4 Finite Element and Experimental results

This chapter will explain in detail the results obtained from the various ‘Phases’ of the 

work programme outlined in the previous chapter. A flow chart o f this work programme 

was given in section 3.1.1 on page 51.

4.1 Phase 1: Updating The Initial Models
The research carried out in 1994 [3] was used as a foundation to build upon. The 

profile of the workpiece and top tool, for the current work presented in this thesis were 

modified to accurately represent the actual profiles used in industry, see Sections 3.1.4.1 

and 3.1.4.2 on pages 62 and 64 respectively.

In Phase 1, FEA models were constructed and analysed to study what effect of:

• Fillet comer geometry

• Compound comer geometry

• Land Width

• Petal Angle

• Rake Angle

For each set of FEA models listed above, a strategy called ‘one-factor-at-a-time’ 

was implemented [69]. As the name suggests, only one factor or parameter, was varied at 

any one time, while the others remained constant, hi the case o f the first set of FEA 

models, used to study the effect of ‘Fillet’ corner geometry, only the comer radius was 

altered while the land width, petal and rake angle remained constant. Table 4-1, lists the 

values of the fillet comer radii used along with those for the fixed parameters.

All the FEA models simulated for this thesis were triggered to stop once a critical 

distance between the trim die and top tool had been reached. Figure 4-1 shows the 

configuration of the trim die, workpiece and top tool at the start o f the simulation. ‘Ref 1’ 

refers to a user defined location on the trim die profile, while ‘Ref 2’ corresponds to a point 

on the top tool profile. Once the material properties, boundary and movement conditions 

were applied to the objects as outlined in section 3.1.4, DEFORM was instmcted to end the 

simulation when the distance between Ref 1 and Ref 2 reached a value o f 0.25mm in the y- 

axis. Due to a feature of the trim die profile, varying the comer radius had an effect on how
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far the trim die travelled. As a result, trim dies with smaller corner radii needed to travel 

further than the trim dies with larger comer radii to achieve a final stopping distance of 

0.25mm. This can be seen in the following Sections 4.1.1 and 4.1.2 when the effective 

stress results are plotted against the trim die stroke. This effect is explained in greater detail 

in Appendix D on page 238.

Workpiece 0.25mm

Workpiece

Figure 4-1: FEA Model showing Ref 2 and Ref 3 Figure 4-2: Final Stopping Distance = 0.25mm

From an analysis o f the graphs of effective stress versus trim die stroke, it became 

apparent that there were three distinct areas to the curve. Figure 4-3 illustrates a typical 

max effective stress versus trim die stroke graph, showing the three areas o f interest. The 

stresses highlighted in figure 4-3 are induced within the trim die during the trimming 

operation.

Typical Effective Stress v's Trim Die Stroke 
Graph

2.5
Area 3Area 12.0

a.
O
(/)
0)
i :  1.0
V)
i t
Uj 0 5

Area 2

0.0
2.5 3.00.5 1.0 1.5 2.00.0

stroke (mm)

Figure 4-3: Three Main Areas O f Interest Within The Trim Die Stroke
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Area 1, 2 and 3 relate to trim die strokes o f 0.3, 1.0 and 3.0 mm respectively. The 

maximum effective stress and maximum tensile radial stress at each of these three trim die 

strokes will now be presented.

4.1.1 The Effect of Fillet Comer Geometry

As mentioned in section 3.1.2.3, the comer region of the trim die profile was divided 

into two categories ‘Fillet’ and ‘Compound’. This section will now detail the FEA results 

obtained from trim dies having a ‘Fillet’ comer geometry.

Table 4-1, lists the variation in fillet comer radii simulated along with the fixed values 

of land width, petal and rake angles.

Parameter Value

Comer Radius (‘Fillet’) 0.1, 0.2, 0.3, 0.4mm

Land Width 1.5mm (Fixed)

Petal Angle 45° (Fixed)

Rake Angle 3° (Fixed)

Table 4-1: Variation in ‘F illet’ C om er Radii for the Phase 1 analysis

4.1.1.1 Effective Stress Within The Trim Die

Area 1: Trim Die Stroke = 0.3min

Figure 4-4 illustrates a graph o f effective stress, measured in Giga Pascals (GPa), 

versus trim die stroke, measured in millimetres. The range of trim die stroke is displayed 

on the x-axis of the graph, which has been modified to ‘zoom-in’ on the first area of 

interest, Area 1 see figure 4-3. The trim die with the smallest ‘Fillet’ comer radius of 

0.1mm, shown in black, induced the greatest level of effective stress at this point.

The results presented in table 4-2 show the effect o f increasing the fillet comer 

radius on the induced effective stress at Area 1. At this stroke o f 0.3mm, increasing the 

radius from 0.1mm to 0.4mm causes a decrease in the level o f effective stress from 1.996 

GPa to 1.634GPa, which is a reduction o f 17%. Because there is a linear relationship 

between the induced effective stresses and the value o f the comer radius, only the 0.1mm 

and 0.4mm ‘Fillet’ FEA models are shown in figures 4-5 and 4-6 respectively. The

81



Part IV: Finite Element and Experimental Results: Phase I 

maximum effective stress induced within the trim die is highlighted at the bottom of each 

figure.

Phase 1: The Effect of Fillet Corner Radius

2.50

Area Number 1
2.00

re
O 1.50
(/)
(/)
0)

M 1.00 
UJ

 Comer Radius = 0.1mm

 Comer Radius = 0.2mm

 Corner Radius = 0.3mm

 Corner Radius = 0.4mm

0.50

0.00
0.00 0.30 0.60 0.90

Stroke (mm)

Figure 4-4: Effective Stress vs. Stroi^e for all 4 Fillet models, stroke range 0-0.9 mm

‘Fillet’ Comer Radii (mm) Induced Effective Stress (GPa)

0.1 1.996

0.2 1.754

0.3 1.652

0.4 1.634

Table 4-2: The Effect o f Increasing the ‘Fillet’ Corner Radius at a Stroke of 0.3mm

The area in contact between the workpiece and trim die is illustrated in figures 4.5- 

4.6 by a yellow line around the die comer. Comparing figure 4-5 with figures 4.6, which 

corresponds to a 0.1mm and the 0.4mm fillet comer radius, the change in contact area 

between the trim die and workpiece is observed. At the onset o f yielding of the workpiece 

material, the amount o f contact between the trim die and workpiece is directly proportional 

to the corner radius. When the comer radius is small, so too is the area o f contact. For this 

reason, reducing the comer radius, reduces the contact area thereby causing an increase in 

the induced stress within the trim die, hence producing the results displayed in table 4-2. 

Once this stroke o f 0.3mm is passed, all four models show a reduction in the level o f stress.
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This initial high level of stress at a stroke of 0.3mm corresponds to the workpiece material 

yielding and starting to flow plastically.

Figure 4-4 and table 4-2 plot the maximum effective stress values. Where these 

stresses act and how they are distributed is important. With reference to figures 4-5 to 4-6, 

the locations o f the maximum values listed in table 4-2 are highlighted by the small square 

symbol. In all four models at this stroke, the location o f the maximum effective stress is 

within the body o f the trim die and not along the contact surface between the trim die and 

workpiece.

Figure 4-4 and table 4-2 show that the 0.1mm trim die (black line) induced the 

highest level o f effective stress at this stroke o f 0.3mm. With reference to figures 4-5 to 4- 

6, the areas over which the high stresses are distributed are highlighted. Figure 4-5 

illustrates that these high stress levels are distributed over a smaller area than the 0.4mm 

comer radius model, figure 4-6.

While having a small comer radius makes the trim die more efficient in shearing 

the workpiece material compared to the larger radius, there is a smaller area of contact 

between the workpiece and trim die, and subsequently higher stresses are induced within 

the trim die. Reducing the comer radius also weakens the trim die, just as in the case o f a 

cutting tool.

By considering figure 4-4 and table 4-2 it could be concluded that increasing the 

comer radius to 0.5mm or 0.6mm might further reduce the induced effective stresses 

within the trim die. However, when the comer radius is increased to a value greater than 

0.4mm the finished quality of the bolt head is reduced, as it tends to produce a bur under 

the shoulder o f the bolt. For some applications the addition o f a bur would not have any 

real consequences, however in high precision applications, tight quality control prevents 

this type o f defect and therefore limits the maximum possible comer radius to 0.4mm.

The yield stress of the trim die material M2 is 2.5GPa. Figure 4-4 clearly shows 

that the smaller the comer radius, the closer the induced stresses approach this yield stress 

value. On this basis the 0.4mm comer radius trim die was considered as being the 

optimum, for Area 1, because it induced the lowest maximum effective stress and it 

distributed these stresses over the greatest area in comparison to the other three models.
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Figure 4-5: Effective Stress in the 0.1 mm ‘ Fillet’ Trim Die at 0.3 mm Stroke
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Figure 4-6: Effective Stress in the 0.4 mm ‘ Fillet’ Trim Die at 0.3 mm Stroke
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Area 2: Trim Die Stroke = l.Omiii

Figure 4-7 shows the effective stress results for the four models at a stroke of 

1.0mm. The range o f stroke displayed on the x-axis o f 0.5 to 1.5mm allows the trends 

leading up to, and following the 1.0mm mark to be visualised.

Phase 1: The Effect of Fillet Corner Radius

2.00
 Comer Radius = 0.1mm
 Comer Radius = 0.2mm
 Comer Radius = 0.3mm
 Comer Radius = 0.4mm

Area Number 2
1.75
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O
M
« 1.50

(0
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1.25

1.00
1.500.75 1.00 1.250.50

Stroke (mm)

Figure 4-7: EflFective Stress vs. Stroke for all 4 Fillet models. Stroke Range 0.5 to 1.5mm

Figures 4-9 to 4-12 show the four models at a stroke o f 1.0mm. As previously 

mentioned, once the workpiece material yields, the stress levels in all four models reduce. 

With reference to figure 4-7, when the stroke reaches Area 2 (a value o f 1.0mm), the stress 

levels start to rise again. This rise in the level o f  induced effective stress can be explained 

by considering the velocity o f the workpiece material during the deformation process. 

Figure 4-8 illustrates the velocity plot o f the workpiece material at a trim die stroke of 

0.3mm. During the deformation process, the workpiece material has two possible paths to 

follow. The yellow arrow in figure 4-8 defines the first path. The material, which follows 

this path, becomes the ‘flash’ or trimmed material. The blue vertical arrow in figure 4-8 

defines the second path. Eventually the workpiece material following the path o f the blue 

arrow makes contact with the top tool see figure 4-8. Figure 4-9 to 4-12 show that this 

contact o f workpiece and top tool has taken place at a stroke o f 1.0mm. The induced 

stresses start to increase fi'om this point onwards because the workpiece material following 

the blue arrow is restricted fi’om flowing upwards, and this causes greater resistance to the 

deformation within the workpiece.
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Figure 4-8: W orkpiece M aterial Velocity Plot, show ing the two Possible Paths.

With reference to figure 4-7 and table 4-3 below is it evident that altering the 

corner radius at Area 2, has a small effect on the induced stresses. Table 4-2, indicated that 

altering the comer radius at Area 1 caused a decrease in the stress level o f over 17 %, table 

4-3 below shows that this change in effective stress is down to approximately 9%.

‘Fillet’ Comer Radii (mm) Induced Effective Stress (GPa)

0.1 1.22

0.2 1.16

0.3 1.11

0.4 1.21

Table 4-3: The Effect o f  Increasing the ‘Fillet’ C orner Radius at a Stroke o f  1.0 mm

The black, red and blue lines displayed in figure 4-7, corresponding to fillet comer 

radii o f 0.1, 0.2 and 0.3mm all show a drop in the level o f stress as the comer radius is 

increased. The green line, representing a corner radius o f 0.4mm, does not follow this 

trend. With reference to table 4-3, the model having a 0.4mm comer radius induced the
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second highest level o f effective stress at this stroke of 1.0mm. This increase in stress can 

be explained by considering the effects o f friction between the workpiece and trim die.

The area o f contact between the workpiece and trim die for the 0.1 and 0.4mm fillet 

corner radii models are shown in figures 4-9 and 4-12 by a yellow line. The 0.4mm fillet 

radius model has a greater area o f contact, compare figures 4-9 and 4-12, which causes the 

load to be distributed over a greater area and should therefore induce a lower value of 

stress within the trim die. However, due to the very large forging loads required in this 

process, the frictional effects over this larger area o f contact cause an increase in forging 

load.

At this stage o f the forging process, increasing the comer radius, which increases 

the area of contact, has two main effects. On one hand, increasing the area o f contact 

reduces the level o f induced stress as the loads are distributed over a greater area. 

However, increasing the area of contact increases the influence o f the frictional effects, 

which causes an increase in the stress level within the trim die.

Furthermore, altering the ‘fillet’ comer radius changes the distribution of the 

stresses within the trim die. Figure 4-9 illustrates the relatively small area over which the 

highest stress levels are distributed for this stroke. Again the location of the maximum 

stress occurs within the body o f the trim die. As the comer radius increases, the area over 

which the stresses act also increases. Figure 4-12 shows the stress pattem when the comer 

radius o f 0.4mm is simulated. Comparing figure 4-12 and 4-9 illustrate this change in the 

stress distribution area.

With reference to figure 4-7 and table 4-3, the trim die which induced the lowest 

level of effective stress, at a stroke of 1.0mm, had a 0.3mm comer radius.
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Figure 4-9: Effective Stress in the 0.1 mm ‘Fillet’ Trim Die at 1.0 mm Stroke
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Figure 4-10: Effective Stress in the 0.2 mm ‘Fillet’ Trim Die at 1.0 mm Stroke
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Figure 4-11: Effective Stress in the 0.3 mm ‘ F ille t’ Trim  Die at 1.0 mm Stroke
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Figure 4-12: Effective Stress in the 0.4 mm ‘ F ille t’ Trim  Die at 1.0 mm Stroke
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Area 3: Trim Die Stroke = 3.0mm

Figure 4-13 shows the effective stress versus stroke for the four ‘Fillet’ comer radii 

trim dies.

2.50

Phase 1: The Effect of Fillet Corner Radius

Area Number 3

»= 2.00 LU

------ Comer Radius = 0.1mm

------ Comer Radius = 0.2mm

------ Comer Radius = 0.3mm
------ Comer Radius = 0.4mm

300 3.04
Stroke (mm)

3.25

Figure 4-13: Effective Stress vs. Stroke for all 4 Fillet models. Stroke Range 2.75 to 3.25 mm

As mentioned at the start o f this chapter in section 4.1, page 79, due to a feature o f 

the trim die profile, varying the corner radius had an effect on how far the trim die 

travelled during the process. This effect is explained in greater detail in Appendix D on 

page 238, but its consequences can be seen in figure 4-13. The black line, which represents 

the 0.1mm corner radius, recorded the greatest amount o f trim die stroke o f 3.04mm, while 

the largest comer radius o f 0.4mm recorded a stroke o f 2.92mm this represents a change o f 

almost 4%. The variations in the induced effective stress at the end o f the trim die stroke 

for each o f the four models displayed in figure 4-13 are listed in table 4-4 below

‘Fillet’ Comer Radii (mm) Induced Effective Stress (GPa)

0.1 2.5041

0.2 2.4078

0.3 2.2953

0.4 2.2041

Table 4-4: The Effect o f Increasing the ‘Fillet’ Corner Radius at the Final Stroke
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With reference to table 4-4, increasing the comer radius from 0.1mm to 0.4mm at 

the end o f the stroke, causes a decrease o f 12% from 2.5041GPa to 2.2041GPa in the level 

o f effective stress within the trim die. The yield stress for the trim die material, M2, is 

2.5GPa. Referring to table 4-4, the 0.1mm fillet radius model has surpassed the yield stress 

of M2, while the 0.2mm fillet model is dangerously close. The stress level within the trim 

die cannot exceed the yield stress of the material during the forging operation, therefore the 

use of a trim die with a 0.1mm fillet radius would be unacceptable. The decrease in 

effective stress, at the end of the trim die stroke, can be attributed to a change in the aspect 

ratio.

The influences o f flash thickness and flash width on forging pressure are 

reasonably well understood from a qualitative viewpoint [2]. Figure 4-14 shows a typical 

forging operation with a stationary bottom die, moveable top die and workpiece material 

shown hatched in between. The initial position is shown on the left and final position on 

right. The direction o f the moveable top die is illustrated in the intermediate position. As 

the die moves downwards, the excess material is forced into the ‘Flash’ area. With 

reference to figure 4-14, it has been documented that the forging pressure increases with 

decreasing flash thickness (h) and with increasing flash land width (L). This increase in 

forging pressure is caused by a combination of reducing the gap, increasing the frictional 

forces, and decreasing the metal temperatures at the flash gap [2]. The forging operation 

depicted in figure 4-14 is very similar to the trimming process simulated in this thesis. In 

relation to figure 4-16, the flash thickness (h) and the flash land (L) are illustrated. As 

previously mentioned, the stopping criterion for all the FEA models was a critical distance 

between the top o f the trim die surface and the top tool. Therefore the final stopping 

distance o f 0.25mm was used as the (h) value. The only variable is the flash land, or in the 

case of this thesis, the length of the flat surface on the top of the trim die, known as the 

land width, see figure 3-17, page 65 for additional details. This land width value was held

^Flash  I 
/  width Flash (h) 

th ickness
Die

m otion
Flash

Initial Position Intermediate Position Final Position

Figure 4-14: Aspect Ratio Between Flash Width and Flash Thickness
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constant at 1.5 mm for all the models used to investigate the effect o f ‘Fillet’ corner 

geometry, see table 4-1. However, as the comer radius increases from 0.1mm to 0.4mm, 

this effectively reduces the land width from ‘X ’ to ‘Y’. This is illustrated in figure 4-15.

Top Tool

X
w

^  w

\  \ \  \  \

0. Imm Fillet Corner Radius

0.4mm Fillet Corner Radius

Trim Die

0.25mm (h)

Figure 4-15: Close-up Detail o f  Trim Die and Top Tool at the Final Stopping Distance o f  0.25mm

Figure 4-15 depicts the location o f the trim die and top tool at the end o f the stroke 

are illustrated in figure 4-15. The black line represents the trim die having a 0.4mm fillet 

corner profile, while the red line represents the 0.1mm fillet comer profile. The dimensions 

of the top tool remain unchanged in all the models simulated in this thesis. As already 

mentioned, the final stopping distance o f 0.25mm also remained constant for all the 

models. For these models the aspect ratio is defined as a ratio o f the land width (L) to the 

flash thickness (h). Therefore with respect to figure 4-14, the aspect ratio is the value o f (L) 

divided by the value o f (h). The larger this aspect ratio, the higher the forging pressure 

required.

The aspect ratio for the 0.1mm fillet radius trim die shown in figure 4-15 is given

as the land width (X) divided by the flash thickness (h). With reference to figure 4-15, the

0.4mm fillet trim die model is going have a smaller aspect ratio than the 0.1mm fillet trim

die model. The 0.1mm fillet model has a greater length, (X), for the parallel surfaces
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between the trim die and top tool, while the 0.4mm fillet model has a value of (Y). Hence 

the 0.4mm ‘Fillet’ trim die produces a smaller aspect ratio at the end of the trim die stroke 

and because o f this, the forging load required to cause this level of deformation, and 

therefore stress, is reduced.

Table 4-5 below plots comer radii against the corresponding aspect ratios and 

induced effective stresses.

Fillet Comer Radius Aspect Ratio = L / h Induced Effective Stress (GPa)

0.1 0.7438/0.25 = 2.9752 2.5041

0.2 0.6412/0.25 = 2.5648 2.4078

0.3 0.5385 /0.25 = 2.154 2.2953

0.4 0.4359/0.25 = 1.7436 2.2041

Table 4-5: Change in Aspect Ratio With Comer Radius and Subsequent Change in Effective Stres

For all the FEA models simulated within this thesis, the final stopping distance (or 

flash thickness) was held constant at the industrial norm of 0.25mm. An investigation into 

the possibility o f altering this flash thickness is detailed in Appendix E on page 240. With 

regard to table 4-5 above, the flash thickness (h) is held at 0.25mm while the land width 

(L) reduces as the comer radius is increased. As previously explained, increasing the 

comer radius effectively reduces the land width. Reducing the land width reduces the 

aspect ratio, which causes a reduction in the magnitude o f the effective stresses within the 

trim die.
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Title : Phase 1: M6 0.1mm Fillet
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Figure 4-16: Effective Stress in the 0.1 mm ‘ F ille t’ Trim  Die at the Final Stroke
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Figure 4-17: Effective Stress in the 0.2 mm ‘ F ille t’ Trim  Die at the Final Stroke
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Figure 4-18: Effective Stress in the 0.3 mm ‘ F ille t’ Trim  Die at the Final Stroke
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Figure 4-19: Effective Stress in the 0.4 mm T ille t ’ Trim  Die at the Final Stroke
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4.1.1.2 Maximum Tensile Radial Stresses:

The investigation into the adverse effects o f the use o f coatings, indicated that it is 

possible to have cracks present along the surface of the coating before the trim die forges 

its first fastener. These cracks have been seen to propagate through the coating and into the 

substrate and will be discussed in greater detail in Section 4.5.4 on page 190. If these 

coating cracks are present, they tend to remain ‘dormant’ unless subjected to a threshold 

level o f tensile stress. It is for this reason that the maximum tensile radial stress component 

is now considered. Section 4.5.4 on page 190 details the analysis carried out on failed trim 

dies.

The location o f crack initiation was along the top surface of the trim die, known as 

the ‘Land Surface’. Figures 4-20 to 4-23 illustrate the radial stresses within the trim die at 

strokes o f 0.125, 0.25, 0.5 and 0.75 mm respectively. In each o f these graphs, a triangle 

and square symbol are visible. The triangle represents the location o f the maximum 

compressive radial stress, while the square locates the maximum tensile radial stress. As 

the trim die progresses into the workpiece, the location o f this maximum tensile radial 

stress moves out along the land surface until it reaches the petal surface, see figure 4-23.

It was found that for each o f the ‘Fillet’ comer geometry models simulated in this 

section, once the trim die stroke exceeded 0.75mm, the location o f the maximum tensile 

radial stress moved onto the petal surface. None of the failed trim dies analysed in section 

4.10 indicated failure on this petal surface, only on the land surface. The maximum tensile 

radial stress in each o f the models simulated, up to a stroke o f 0.75mm, was recorded. This 

confirmed that the location o f the maximum tensile radial stress was always along the land 

surface. These maximum tensile radial stress values are plotted against the ‘Fillet’ corner 

radius as shown in figure 4-24. The effect o f altering the comer radius from 0.1mm to 

0.4mm is tabulated in table 4-6 below.

‘Fillet’ Comer Radii (mm)

Maximum Tensile Radial Stress 

(MPa)

0.1 530.3

0.2 295

0.3 157

0.4 86

Table 4-6: Fillet Comer Radius Versus the Max Tensile Radial Stress
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With reference to table 4-6, increasing the corner radius from 0.1mm to 0.4mm 

reduces the maximum tensile radial stress from 530.3 MPa to 86 MPa, which is 

approximately a six-fold reduction.
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Figure 4-20: Location of Max Tensile Radial Stress at a Stroke of 0.1 mm
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Figure 4-21: Location of Max Tensile Radial Stress at a Stroke of 0.25 mm
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Figure 4-22: Location of Max Tensile Radial Stress at a Stroke of 1.0 mm
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Figure 4-23: Location o f Max Tensile Radial Stress at a Stroke o f 1.5 mm
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Figure 4-24: Maximum Tensile Radial Stress Versus ‘ F ille t’ Corner Radius
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4.1.1.3 Summary

In section 4.1.1, four FEA models were constructed having a ‘Fillet’ corner geometry. 

The remaining parts of the trim die profile, i.e. the ‘Land Width’, ‘Petal’ and ‘Rake Angle’ 

were held constant at the values listed in table 4-1 on page 81. The trim die stroke was 

divided into three areas to enable closer examination. These three areas corresponded to a 

trim die stroke o f 0.3, 1.0 and 3.0mm. At each o f these areas 1, 2 and 3, the effective stress 

results were plotted against trim die stroke, and the distribution of these stresses within the 

trim die were analysed.

Area Number Trim Die Stroke 

(mm)

Optimum Fillet Comer 

Radius (mm)

Lowest Induced Effective 

Stress (GPa)

1 0.3 0.4 1.634

2 1.0 0.3 1.11

3 3.0 0.4 2.204

Table 4-7: Optimum Fillet Comer Radius

Table 4-7 illustrates that at Area 1, which relates to a trim die stroke of 0.3mm, the 

optimum fillet comer radius was 0.4mm. This ‘fillet’ comer radius induced an effective 

stress value o f 1.634 GPa within the trim die. At Area 2 (1.0mm stroke) the optimum fillet 

radius was 0.3mm, while at Area 3 (3.0mm stroke) the 0.4mm fillet radius model again 

induced the lowest effective stress value.

The effective stress values listed in table 4-7 are the lowest levels between all four 

‘fillet’ models at areas 1, 2 and 3. At Area 3, which relates to a stroke of 3.0mm, the 

0.4mm comer radius model caused the lowest induced stress level o f 2.204 GPa. The 

levels of stress at Area 3 are of a higher magnitude than Areas 1 or 2. This high level of 

stress at Area 3 is due to the workpiece material becoming trapped between the trim die 

and top tool. Obviously the model, which induces the lowest level o f stress at this Area 3, 

is very important in the selection of the optimum geometry. But selection of an optimum 

trim die geometry based on the maximum values induced is not sufficient. The ‘fillet’ trim 

die, which satisfied the following three criteria, was deemed ‘optimum’.

1. The FEA model which induced the lowest level o f effective stress within the 

trim die throughout the forging process.
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2 . The FEA model which distributed these stresses over a larger area, hence 

reducing the severity on the trim die.

3. The ‘fillet’ corner radius, which induced the lowest level o f tensile radial 

stress during the forging process.

Therefore in this Section 4.1.1, the ‘fillet’ trim die model, which fulfilled the above 

criteria, had a com er radius o f  0.4mm.

The above statement as to the 0.4mm ‘fillet’ com er radius being ‘optimum’ is only 

relevant to this Phase 1 analysis, as will be shown later, the other parameters o f the trim die 

profile such as ‘Land W idth’, ‘Petal’ and ‘ Rake Angle’ all have an influence on the 

selection o f the ‘optim um ’ profile.
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4.1.2 The Effect of Compound Comer Geometry

As previously mentioned in section 3.1.2.3 page 58, the trim die comer geometry 

was divided into two categories, ‘Fillet’ and ‘Compound’. This section will now detail the 

FEA results obtained from the trim dies having a ‘Compound’ comer geometry. Table 4-8 

below, lists the variation in compound radii simulated along with the fixed values o f land 

width, petal and rake angle, the largest possible Compound comer radius was limited to 

0.25mm due to a feature o f the compound geometry. Figure 4-69 on page 150 clearly 

highlights that a comer radius greater than 0.25mm effectively removes the ‘Averbach’ 

radius to produce a simple ‘Fillet’ trim die geometry.

Parameter Value

Comer Radius (Compound) 0.07, 0.1, 0.15, 0.2 and 0.25 mm

Land Width 1.5mm (Fixed)

Petal Angle 45° (Fixed)

Rake Angle 3° (Fixed)

Table 4-8: Variation in ‘Com pound’ C om er Radii for the Phase 1 analysis

The compound trim die models closely replicated the resuhs from the fillet trim 

dies analysed in the previous Section 4.1.1. At area 3, the largest compound comer radius 

of 0.25mm induced the lowest level of effective stress within the trim die and was 

therefore deemed ‘optimum’.

Table 4-9 on the following page compares the maximum induced effective stresses, 

at area 3, for the fillet and compound models. The simulations which induced yielding 

within the trim die material are highlighted in yellow. Table 4-9 shows that using a fillet, 

or compound, comer radii lower than 0.2mm will cause yielding. The 0.2mm radius fillet 

and compound trim dies, shown in table 4-9, induced an effective stress level of 

2.4078GPa and 2.44IGPa respectively. This corresponds to a difference o f approximately 

1.3%. This suggests that the larger fixed radius in all the compound trim dies of 1.14mm 

(known as the Averbach Radius, see Section 3.1.2.3 on page 58 for greater detail), has no 

effect on magnitude o f effective stresses and might actually cause an increase. This is 

discussed further in the Phase 1 conclusions in Section 4.1.6 on page 148.
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Comer Profile (mm) Induced Effective 

Stress (GPa)Fillet Compound

0.1 2.5041

0.2 2.4078

0.3 2.2953

0.4 2.2041

0.07 2.758

0.1 2.610

0.15 2.558

0.2 2.441

0.25 2.381

Table 4-9: Comparison o f  Effective Stresses for tiie Fillet and Compound Radii Models at Area 3

4.1.2.1 Maximum Tensile Radial Stresses

The maximum tensile radial stresses along the top, or ‘Land’ surface o f all five 

‘Compound’ trim dies, modelled in this section, are listed in table 4-10 below.

‘Compound’ Corner Radii (mm)

Maximum Tensile Radial Stress 

(MPa)

0.07 545.3

0.1 435.5

0.15 323

0.2 252

0.25 170

T able 4-10: Compound Corner Radius Versus the Max Tensile Radial Stress

With reference to table 4-10, increasing the comer radius from 0.07mm to 0.25mm 

reduced the maximum tensile radial stress from 545.3 MPa to 170 MPa, which is 

approximately a 3-fold reduction. These results are plotted in figure 4-25 and clearly 

indicate the large drop in tensile radius stresses achieved by increasing the compound 

comer radius.
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Max Tensile Radial Stress v's Compound 
Corner Radii
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Figure 4-25: Maximum Tensile Radial Stress versus ‘Compound’ Comer Radius

4.1.2.2 Summary

In this Section 4.1.2, five FEA models were constructed having a ‘Compound’ 

comer geometry. The remaining parts of the trim die profile, i.e. the ‘Land Width’, ‘Petal’ 

and ‘Rake Angle’ were held at the values listed in table 4-8 on page 102. As in the 

previous section relating to the ‘Fillet’ corner geometry models, to enable closer 

examination, the trim die stroke was divided into three areas. At each of these areas the 

effective stress results were plotted against the trim die stroke, and the distribution o f these 

stresses within the trim die was analysed. The ‘optimum’ models at each of the three areas 

are listed in table 4-11 below.

Area Number

Trim Die Stroke 

(mm)

Optimum Compound 

Comer Radius 

(mm)

Lowest Induced 

Effective Stress 

(GPa)

1 0.3 0.25 1.671

2 1.0 0.25 1.11

3 3.0 0.25 2.381

Table 4-11: ‘Optimum’ Compound Comer Radii
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With reference to table 4-11, the compound comer radius o f 0.25mm induced the 

lowest levels o f effective stress in all three areas of the trim die stroke. The selection of 

the ‘optimum’ compound comer geometry based on the maximum effective stress alone is 

not sufficient. The ‘compound’ trim die, which satisfied the following three criteria, was 

deemed ‘optimum’:

1. The FEA model which induced the lowest level of effective stress within 

the trim die throughout the forging process.

2. The FEA model which distributed these stresses over a larger area, hence 

reducing the severity on the trim die

3. The ‘Compound’ comer radius, which induced the lowest level of tensile 

radial stress during the forging process.

The ‘compound’ trim die, which met the above criteria for this phase 1 analysis had 

a comer radius o f 0.25mm.
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4.1.3 The Effect of Land Width

Figure 4-26, illustrates the location, on the trim die profile, of the ‘Land Width’. The 

models used to investigate the effect of ‘Fillet’ and ‘Compound’ corner radius, discussed in 

the previous section, all had a fixed land width value o f 1.5mm, see Section 4.1.1, table 4-1 

and table 4-8. The effect of altering the ‘land width’ value was, as yet, unknown. For this 

reason FEA models were constructed where only the land width was altered. Altering only 

‘one-factor-at-a-time’ is a good method for reducing a possible large number of analytical 

combinations, but it does fail however to consider ‘interaction’ between the various profile 

parameters. This issue of ‘interaction’ is detailed in Section 4.2.

/
/

La n d  Width
\
\

\

Trim Die Profile

Figure 4-26: Trim Die Profile showing Location O f the Land Width Parameter.

The values for the ‘land width’ modelled are listed in table 4-12 and refer to the 

dimension ‘X ’ shown in figure 4-26 above. Therefore for this Section, a total o f 6 FEA 

models were simulated.
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Parameter Value

Land Width 0.2, 0.4, 0.6, 0.8, 1.0 and 1.5mm

Comer Radius (‘Fillet’) 0.2mm (Fixed)

Petal Angle 20° (Fixed)

Rake Angle 1° (Fixed)

Table 4-12: Trim Die Profile parameters and their corresponding values

The effective stress results along with the tensile radial stresses within the trim die 

are now presented. As in the earlier sections, the trim die stroke is divided into 3 areas. 

Area 1, 2, and 3 relate to a trim die stroke of 0.3, 1.0 and 3.0mm stroke.

4.1.3.1 Effective Stress Results

Area 1: Trim Die Stroke = 0.3mni

Figure 4-27 illustrates the effective stress plotted against trim die stroke. A total of 

six models were simulated with the ‘land width’ values specified in table 4-12 above. 

Table 4-13 below illustrates that altering the land width value, in Area 1, causes a 

negligible change in the level o f induced effective stress within the trim die. The largest 

difference is between the land width values of 0.2 and 0.8mm, which induced an effective 

stress value o f 1.737GPa and 1.677GPa respectively. This variation corresponds to a 

percentage drop o f only 3.45%.

‘Land Width’ Value (mm) Induced Effective Stress (GPa)

0.2 1.737

0.4 1.71

0.6 1.692

0.8 1.677

1.0 1.707

1.5 1.708

Table 4-13: The Effect o f Increasing the ‘Land Width’ at Area 1: Stroke = 0.3mm
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Phase 1; The Effect of Land Width
2.5

Area Number 1
2.0

1.5

1.0

 Land Width = 0.2mm  Land Width = 0.4mm
 Land Width = 0.6mm  Land Width = 0.8mm

Land Width = 1.0mm  Land Width = 1.5mm
0.5

0.0
0.3 0.6 0.90.0

Stroke (mm)

Figure 4-27: Effective Stress vs. Stroi<e for all 6 Land Width Models, Stroke range 0-0.9mm

The reason for this very small change in the magnitude o f the effective stresses is 

explained due to the fact that all six models simulated had a fixed corner radius o f 0.2mm, 

therefore the area in contact between the trim die and workpiece is approximately the 

same. Basically at this stroke o f 0.3mm the trim die has penetrated into the workpiece by 

the same amount for all six models, and all have the same contact area, hence the similarity 

o f results listed in table 4-13.

In Area 1, relating to a trim die stroke o f 0.3mm, all six models induced similar 

effective stress values. For this reason, it is not necessary to show the shaded effective 

stress plots. Because o f the similarity o f the results it is not possible to determine the 

influence o f the land width on the tool stresses at this level o f deformation.

Area 2: Trim Die Stroke = 1.0mm

Figure 4-28 on the next page illustrates the effective stress results for all six models 

at Area 2. The range o f stroke displayed on the x-axis allows the trends leading up to and 

following the 1.0mm mark to be visualised.
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Phase 1: The Effect of Land Width
2.0

Land Width = 0.4mm Land Width = 0.2mm
 Land Width = 0.6mm  Land Width = 0.8mm

Land Width = 1.0mm  Land Width = 1.5mm1.8

Area Number 2
1.5

1.3

1.0
0.5 0.8 1.0 1.3 1.5

Stroke (mm)

Figure 4-28: Effective Stress vs. Stroice for all 6 Land Width Models. Stroice Range 0.5 to 1.5mm

The maximum effective stress results at this stroke o f 1.0mm are listed in table 4- 

14 below. With reference to figure 4-28 above and table 4-14 below, two distinct groups 

are visible. The black and red lines representing land widths o f 0.2 and 0.4mm 

respectively, both induce very similar high stress levels, while the remaining 4 models 

induce similar, but lower, levels o f stress.

‘Land Width’ Value (mm) Induced Effective Stress (GPa)

0.2 1.195

0.4 1.186

0.6 1.076

0.8 1.042

1.0 1.055

1.5 1.041

Table 4-14: The Effect o f Increasing the ‘Land W idth’ at Area 2: Stroke = LOmm

Figures 4-29 to 4-34, illustrate why there are two distinct groups at this level o f 

stroke at Area 2. The point on the trim die profile where the land width meets the petal 

surface is highlighted in figure 4-55, and is designated the ‘land and petal comer’.

In figures 4-29 and 4-30, the workpiece material is forced to flow over the sharp land 

and petal comer. While in figure 4-31, the workpiece material has just started to flow over
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this comer and hence gives the next largest induced stress, indicated by the blue line in 

figure 4-28. The other three models do not experience this problem due to the larger land 

width values, see figures 4-31 to 4-34, and hence induce lower values of effective stress at 

Area 2.

With reference to figure 4-28, once the trim die has passed this stroke o f 1.0mm, all 

six models show an increase in the effective stress levels. This occurs because from this 

point onwards the workpiece material makes contact with the top tool thereby introducing 

an additional resistance to material flow.

The 0.2 and 0.4mm land width models distribute the effective stresses over a smaller 

area compared to the other four models. The workpiece material flowing over the land and 

petal comer causes this concentration in the stress distribution.

With reference to figure 4-28 and table 4-14, the trim dies having land widths o f 0.6 

to 1.5mm all induced a similar level o f effective stress. Changing the land width value 

from 0.6mm to 1.5mm caused a drop in the effective stress o f 3.25%. With reference to 

table 4-14, the 1.5mm land width model induced the lowest value o f effective stress of 

1.041 GPa, and for that reason was deemed ‘optimum’ at this stage of the deformation 

process.
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Tide : M6 0.4mmF, LW 0.2, PA 20, RA 1, S.D. = 0.25
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Figure 4-29; Effective Stress in the 0.2mm Land Width Trim Die at 1.0mm Stroke
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Figure 4-31: Effective Stress in the 0.6mm Land Width Trim Die at LOmm Stroite
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Figure 4-32: Effective Stress in the 0.8m m  Land W idth Trim Die at 1.0mm Stroke
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Figure 4-33: Effective Stress in the 1.0mm Land Width Trim D ie at 1.0mm Stroke
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Area 3: Trim Die Stroke = 3.0mm

Figure 4-35 below shows the effective stress versus stroke for all six ‘Land Width’ 

FEA models. All six models have travelled exactly the same amount o f trim die stroke, 

3.01mm. The two previous sections which analysed the ‘fillet’ and ‘compound’ corner 

geometries illustrated that in Area 3 there was a variation in the distance travelled by each 

trim die. The reason why all models simulated in this section travelled the same stroke is 

due to the comer geometry o f 0.2mm, being held constant for all six models. Appendix D 

on page 238 provides a detailed explanation for variation in trim die stroke for models with 

varying corner radii.

Phase 1: The Effect of Land Width
2.8

2.5

a
«  2.3
M
M
0)

OT 2.0 
it:
111
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------ Land Width = 0.2
------ Land Width = 0.4
------ Land Width = 0.6
------ Land Width = 0.8

Land Width = 1 
------ Land Width = 1.5

_ , , , . , .

3.25

Figure 4-35: Effective stress vs. Stroke for all 6 Land Width models. Stroke range 2.75 to 3.25

The variations in the level o f induced effective stress at the end of the trim die 

stroke are listed in table 4-15. As the land width is increased from 0.2mm to 0.6mm, the 

level o f effective stress induced increases from 2.158 to 2.501GPa. This increase is caused, 

in part, by the change in the aspect ratio (L/h). The location o f the trim die and top tool at 

the end o f the stroke is illustrated in figure 4-36. A trim die profile with a land width of 

0.2mm is shown in red, while the profile having a land width o f 1.5mm is shown in black. 

As the ‘Land Width’ is increased from 0.2 to 0.6mm, the aspect ratio increases causing 

more material to become trapped and hence tending to increase the forging load and 

subsequent stress within the trim die.
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‘Land Width’ Value (mm) Induced Effective Stress (GPa)

0.2 2.158

0.4 2.464

0.6 2.501

0.8 2.424

1.0 2.367

1.5 2.323

Table 4-15: The Effect o f  Increasing the Land W idth at the Final Value o f  Stroke.

.5 mm

0.8Top Tool

0.6
Relief
Angle

0.4

0.2mm

Trim Die Profile with
Trim Die

0.2mm Land Width
Profile

Trim Die Profile with

1.5 mm Land Width

Figure 4-36; Close-up Detail o f  Trim  Die and Top Tool Showing the Variation in Land Width Values

A further increase in the land width from 0.6 to 1.5mm should increase the induced 

stresses within the trim die, but they actually reduce. The reason why the stress levels drop 

from 2.501 to 2.323GPa is due to the shape o f the top tool. A top tool with no relief angle, 

as in the models simulated in 1994, would cause more material to become trapped when
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the land width was increased from 0.6mm to 1.5mm. The blue dimension ‘X’ in figure 4- 

36 relates to a ‘critical’ value o f the land width. The dimension ‘X’ relates to a value of 

0.64mm, which is the length o f the horizontal surface on the top tool. A trim die profile 

having a land width value equal to ‘X ’, will trap the maximum amount of workpiece 

material between the trim die and top tool. Increasing the land width beyond this ‘critical’ 

value forces the excess workpiece material into the relief angle region provided by the 

geometry of the top tool. Therefore the aspect ratio reaches a maximum at the ‘critical’ 

value for the land width o f 0.64mm. The flow o f the workpiece material into the relief 

angle o f the top tool is illustrated by comparing figures 4-37 and 4-42. In figure 4-42 a 

white arrow illustrates the upward movement o f the trimmed material, caused by the large 

Land Width value o f 1.5mm. The stress levels start to drop within the trim die once a land 

width o f 0.8mm has been reached because o f a strengthening effect produced by the 

increased load bearing area on the trim die. Increasing the land width, increases the amount 

of trim die material, and hence strengthens the tool.

A conclusion based on the levels of induced effective stress would be that the 

0.2mm land width model is ‘optimum’ in this Area number 3.
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Figure 4-37: Effective Stress in the 0.2mm Land Width Trim Die at the Final Stroke
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Figure 4-38: Effective Stress in the 0.4mm Land Width Trim Die at the Final Stroke
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Figure 4-39: Effective Stress in the 0.6m m  Land Width Trim D ie at the Final Stroke
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F igure 4-40: Effective Stress in the 0.8m m  Land Width Trim D ie at the Final Stroke
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Figure 4-41: Effective Stress in the 1.0mm Land Width Trim  Die at the Final Stroke
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Figure 4-42: Effective Stress in the 1.5mni Land Width Trim  Die at the Final Stroke
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4 .1.3.2 Maximum Tensile Radial Stresses:

The maximum tensile radial stresses acting along the top, or ‘Land’ surface of all six 

trim dies modelled in this section are listed in table 4-16 below.

Land Width (mm)

Maximum Tensile Radial Stress 

(MPa)

0.2 37.6

0.4 45.2

0.6 97.7

0.8 156.7

1.0 197.7

1.5 239.3

Table 4-16: Land Width Versus the Max Tensile Radial Stress

With reference to table 4-16, increasing the land width from 0.2 to 1.5mm caused 

the maximum tensile radial stress to rise from 37.6 MPa to 239.3 MPa respectively, an 

increase o f 636%. These results are plotted in figure 4-43, and clearly indicate the large 

increase in the tensile radial stress when the land width is increased.
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Figure 4-43: Phase 1: Maximum Tensile Radial Stress versus Land Width

120



Part IV: Finite Element and Experimental Results: Phase I

4.1.3.3 Summary

In this Section 4.1.3, six FEA models were constructed where the ‘Land Width’ was 

varied, while the comer radius, petal and rake angles were held constant. The values for 

each of these parameters are listed in table 4-12 on page 107. The trim die stroke was 

divided into three areas and at each area the effective stress results were plotted against 

trim die stroke. The ‘optimum’ models at each area are listed in table 4-20 below.

Area Number

Trim Die Stroke 

(mm)

Optimum Land Width 

(mm)

Lowest Induced Effective 

Stress 

(GPa)

1 0.3 NA 1.677

2 1.0 0.6 to 1.5 1.041

3 3.0 0.2 2.158

T ab le  4-17: Phase 1: ‘Optimum’ Land Width V alues

From tables 4-16, 4-17 and figure 4-43, the value of the land width, which was 

deemed ‘optimum’, was 0.2mm because:

1. This model induced the lowest effective stress at Area 3, where the stress 

levels are o f a higher magnitude than Area 1 or 2.

2. This model induced the lowest tensile radial stress o f 37.6 MPa
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4.1.4 The Effect of Petal Angle

Figure 4-44 below shows the location on the trim die profile of the ‘Petal Angle’. At 

this stage of the Phase 1 analysis, the effect of altering the petal angle was unknown. In an 

effort to determine the influence o f this tool feature, six FEA models were constructed 

where only the petal angle was altered.

/
Petal Angle

\
\

\

Trim Die

Figure 4-44: Trim Die Profile showing Location o f  the ‘Petal A ngle’ Parameter

The values o f the petal angle used along with the fixed values o f comer radius, land width 

and rake angle are listed in table 4-18. As with the previous sections analysed, the trim die 

stroke is divided into three areas. Areal, 2 and 3 correspond to a trim die stroke of 0.3, 1.0 

and 3.0mm respectively.
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Parameter Value

Petal Angle 20°, 25°, 30°, 35°, 40° and 45°

Corner Radius (Fillet) 0.4mm (Fixed)

Land Width 0.8mm (Fixed)

Rake Angle 1° (Fixed)

Table 4-18: Section 4.1.4. Trim Die Profile parameters and their corresponding Values

4.1.4.1 Effective Stress Results

Area 1: Trim Die Stroke = 0.3min

Figure 4-45 illustrates the effective stress plotted against trim die stroke. At the 

stroke o f  0.3mm, all the stress induced in all six models peak and then fall o ff towards a 

stroke o f  1.0mm. This peak o f  stresses corresponds to the workpiece material yielding and 

then starting to flow plastically.

Phase 1: The Effect of Petal Angle
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Figure 4-45: Effective Stress vs. Stroke for all 6 Petal Angle Models, Stroke Range 0-0.9mm
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Table 4-19 below illustrates that increasing the petal angle in Area 1, causes a 

increase in the level of effective stress within the trim die.

‘Petal Angle’ Induced Effective Stress (GPa)

20° 1.569

25° 1.629

30° 1.618

35° 1.637

40° 1.638

45° 1.664

Table 4-19: The Effect o f  Increasing the ‘Petal Angle’ at Area 1: Stroke = 0.3mm

Increasing the petal angle from 20° to 45° causes the effective stress to increase 

from 1.539 GPA to 1.664 GPa, which is an increase o f approximately 8%. Figure 4-45 and 

table 4-19 illustrate that the level o f induced effective stress, at Area 1, is directionally 

proportional to the petal angle, increasing the petal angle, increases the effective stress. 

Figures 4-46 & 4-47 show the effective shaded plots of the 20° and 45° models with a 

stroke equal to Area 1. From these figures it is clear that in Area 1, the workpiece material 

has not yet made contact with the petal surface. The area in contact at this level of stroke, 

is constant, therefore the rise in effective stress cannot be attributed to frictional 

considerations. The volume o f the trim die is greatly affected by the petal angle, increasing 

the petal angle reduces the volume, which increases the load concentration and hence 

causes higher induced stresses within the trim die.

With reference to figure 4-45 and table 4-19, the trim die which induced the lowest 

level o f effective stress at this area 1, had a petal angle o f 20°.
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Figure 4-46: Effective Stress in the 20° Petal Angle Trim  Die at 0.3mm Stroke
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Figure 4-47: Effective Stress in the 45° Petal Angle Trim Die at 0.3mm Stroke
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Area 2: Trim Die Stroke = l.Omm

Figure 4-48 below illustrates the effective stress results against trim die stroke for 

all six petal angle FEA models.

Phase 1: The Effect of Petal Angle
2.00
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Figure 4-48: Effective Stress vs. Stroke for all 6 Petal Angle Models, Stroke Range 0.5 -  1.5mm

The maximum stress results at this stroke o f l.Omm are listed in table 4-20 below. 

A trim die having a petal angle o f 45° induced the highest induced stress o f 1.118 GPa°. 

After a stroke o f l.Omm, the stresses start to rise in all six models due to the workpiece 

material now making contact with the top tool.

‘Petal Angle’ Induced Effective Stress (GPa)

20° 1.118

25° 1.09

30° 1.087

35° 1.101

40° 1.121

45° 1.178

Table 4-20: The Effect of Increasing the ‘Petal Angle’ at Area 2: Stroke = l.Omm

126



Part IV: Finite Element and Experimental Results: Phase I

Figures 4-49 & 4-50 illustrate the distribution o f effective stress for the 20° & 45° 

models at this level o f stroke for Area 2. The location o f the maximum effective stress 

within the trim die is in a similar position in both figures. Each trim die has the same 

general distribution o f stress, at this level o f stroke, which explains the small deviation in 

the induced stresses listed in table 4-20. The trim die with the largest petal angle of 45° 

sustained the greatest level o f stress due to weakening o f the trim die. As with all the 

models analysed to date, once the stroke o f 1.0mm has been passed, all models show a rise 

in the level of induced effective stress. This rise is explained by the fact that the workpiece 

material now makes contact with the top tool and hence restricts the flow of the workpiece 

material. This contact between the workpiece and top tool is highlighted in figures 4-49 

and 4-50, which represents the 20° and 45° petal angle models respectively.

With reference to figure 4-48, the black line, representing the 20° petal angle 

model, rises at a faster rate than the other five models. This faster rise in the effective 

stresses is caused by the smaller petal angle because it offers more resistance to the flow of 

the trimmed workpiece material. The increased resistance forces the workpiece material 

upwards into the relief angle o f the top tool. The amount o f penetration, at this stroke in 

Area 2, is insufficient to illustrate the increased resistance to flow o f the workpiece 

material due to the smaller petal angle o f 20°. For this reason, two images o f the forging 

process at a stroke o f 2.0mm are presented in figures 4-51 and 4-52. Each figure shows the 

shaded plot of the normal pressure during the forging process. Figure 4-51 shows the area 

in contact with the 20° petal angle model. The yellow region highlights the areas o f the 

workpiece that are making contact with the trim die and top tool. There is a greater area in 

contact, between the workpiece and trim die in figure 4-51, than in figure 4-52 which 

represents a 45° petal angle model. With reference to these two graphs, it is clear that at 

this stage o f the deformation process, having a smaller petal angle restricts the flow of the 

trimmed material and increases the normal pressure acting on the petal surface. This 

increased normal pressure causes a higher level of tangential shear stress, and friction at 

the interface between the workpiece and top tool. Because o f this restriction, and the fact 

that the tangential shear stress has increased, the 20° petal angle model induced a higher 

rate o f change in the level o f effective stress in Area 2.

A conclusion based on the lowest level o f effective stress induced at this stroke of 

1.0mm in Area 2, is that the 30° petal angle FEA model was ‘optimum’.
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Figure 4-49; Effective Stress in the 20° Petal Angle Trim  Die at 1.0mm Stroke
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Figure 4-51: Normal Pressure at 2.0mm Stroke for the 20° Petal Angle Model
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Figure 4-52; Normal Pressure at 2.0mm Stroke for the 45° Petal Angel Model
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Area 3: Trim die Stroke = 3.0mm

Figure 4-53 below illustrates the effective stresses versus stroke for all six FEA 

models at the final stroke relating to Area 3. The total stroke o f all six models was 

2.92mm. This value for the final stroke is dictated by a feature o f the trim die profile, 

mentioned earlier and which is explained in detail in Appendix D on page 238. All six 

models show a sharp increase in the induced stresses at the final stage o f the forging 

process. As mentioned previously these large stresses at the final stroke o f the trim die are 

typical for a forging operation involving trimmed or ‘flash’ material [41,2].

Phase 1: The Effect of Petal Angle
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Figure 4-53: Effective stress vs. Stroke for all 6 Petal Angle Models. Stroke Range 2.75 to 3.0mm

The variations in the levels o f induced effective stress at the end o f the trim die 

stroke are listed in table 4-21. Figure 4-53 and table 4-21 indicate that the lowest effective 

stress value, induced in the trim die, occurred while using the 25° petal angle model, while 

the greatest induced effective stress occurred using the 45° petal angle model. Figure 4-54 

plots the results listed in table 4-21. From this graph, the optimum petal angle o f  25° is 

visible, however at this stage o f the process, the petal angle is having little effect and the 

values for the effective stresses only differ by at most 1.7%.
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‘Petal Angle’ Induced Effective Stress (GPa)

20° 2.177

25° 2.161

30° 2.174

35° 2.172

40° 2.18

45° 2.198

Table 4-21: Phase 1: The Effect o f Increasing the ‘Petal Angle’ at the Final Value o f  Stroke

As the trim die stroke increased from Area 2 to Area 3, the influence of the petal 

angle becomes more apparent.

As highlighted in Area 2, having a smaller petal angle causes:

1) A greater resistance to the flow of the workpiece material

2) A higher level o f tangential shear stress between the workpiece and trim die due 

to an increase in the normal pressure

Increasing the petal angle would seem to be advantageous, but as the petal angle 

gets larger, the amount of trim die material available to support the forging load decreases 

and effectively the trim die is weakened. Therefore there is a balancing act between 

reducing tangential shear stress on one hand and increasing the strength of the trim die on 

the other. This results in a ‘critical’ value for the petal angle. This critical value offers a 

balance between the tangential shear stress at the interface between the workpiece and trim 

die, and the strength o f the trim die. As the trim die reaches its final stroke, the influence of 

the tangential shear stress reduces, as the trimmed material is squeezed out in the radial 

direction causing separation between the workpiece, trim die and top tool. This separation 

is evident in figures 4-55 and 4-56 which represent the 20° and 45° petal angle models. 

The lowest level o f induced effective stress of 2.161 GPa occurred while using the 25° 

petal angle model and is clearly highlighted in figure 4-54.

A conclusion based on the levels o f induced effective stress would be that the 25° 

petal angle model is ‘optimum’ in this Area number 3.
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Petal Angle vs. Effective Stress for Phase 1; Area 3
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Figure 4-54: Phase I ; Effective Stress vs. Petal Angle at the final Stroke, Area 3
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4 .1.4.2 Maximum Tensile Radial Stresses:

The maximum tensile radial stresses acting along the top surface of all six trim dies 

modelled in this section are listed in table 4-22 below.

Petal Angle

Maximum Tensile Radial Stress 

(MPa)

20° 37.98

25° 38.49

30° 39.73

35° 39.78

40° 41.56

45° 42.35

Table 4-22: Petal Angle versus the Maximum Tensile Radial Stress

With reference to table 4-22 above, it can be seen that increasing the petal angle 

from 20° to 45° causes an increase in the tensile radial stresses from 37.98 MPa to 42.35 

MPa which in an increase o f 10.3%. These results are plotted in figure 4-57 below. 

Although the percentage change is small in comparison to those presented in the previous 

sections dealing with the ‘fillet’, ‘compound’ and ‘Land Width’ models, the trend is 

evident. Increasing the petal angle increases the tensile radial stresses along the top surface 

of the trim die.

Phase 1: Max Tensile Radial Stress v's Petal Angle
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Figure 4-57: Phase 1: Maximum Tensile Radial Stress Versus Petal Angle
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4.1.4.3 Summary

In this Section 4.1.4, six models were constructed and modelled where the ‘Petal 

Angle’ was varied, while the comer radius, land width and rake angle were held constant at 

the values listed in table 4-17 on page 123. Dividing the stroke of the trim die into three 

stages enabled greater detail of results. The ‘optimum’ petal angles for each of the stages 

analysed are listed in table 4-23 below.

Area Number

Trim Die Stroke 

(mm)

Optimum Petal 

Angle

Lowest Induced 

Effective Stress 

(GPa)

1 0.3 20° 1.569

2 1.0

OO

1.087

3 3.0 25° 2.161

T ab le 4-23: Phase 1: ‘Optimum’ Petal A ngle Values

With reference to table 4-23, the ‘optimum’ petal angle varied in areas 1, 2 and 3. It 

is unclear as to which value o f the petal angle is ‘optimum’. The tensile radial stresses, 

shown in figure 4-57, indicated that the smaller petal angle induced the lowest tensile 

stress. Therefore based on the tensile radial stresses, the 20° petal angle is best. However, 

the maximum effective stresses listed in table 4-20, show that in the region o f the highest 

magnitudes o f stress i.e. Area 3, the 25° petal angle model induced the lowest value. The 

variation in tensile radial stresses between the 20° and 25° models is only 1.3%. Because 

of this reason, the ‘optimum’ petal angle for this phase 1 analyses was assumed to be 25°.
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4.1.5 The Effect of Rake Angle

Figure 4-58 below shows the location, on the trim die profile, of the ‘Rake Angle’. As 

with many o f the features of the trim die profile discussed in the previous sections, the 

effect o f altering the rake angle on tool stresses has not been considered previously. Five 

FEA models were constructed where only the rake angle was altered.

/
/  Rake Angle

\

\

Trim Die

Figure 4-58: Trim Die Profile showing the Location o f  the ‘Rake A ngle’ Parameter

As with all the FEA models simulated in Phase 1, only one parameter was altered at 

any one time. The values o f the rake angle used, along with the fixed values o f comer 

radius, land width and petal angle are listed in table 4-24. The trim die stroke was divided 

into stages 1, 2 and 3. For each of these stages the corresponding effective and tensile 

radial stresses are analysed and discussed.
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Parameter Value

Rake Angle 1°, 1.5°, 2°, 2.5° and 3°

Corner Radius (Fillet) 0.4m (Fixed)

Land Width 0.8mm (fixed)

Petal Angle 20° (Fixed)

Table 4-24: Section 4.1.5. Trim Die Profile Parameters and their Corresponding Values

4.1.5.1 Effective Stress Results

Area 1: Trim Die Stroke = 0.3mm

Figure 4-59 below illustrates the effective stress plotted against the trim die stroke. 

In Area 1, which relates to a stroke o f  0.3mm, all the stresses induced in the five models 

peak and then fall o ff towards a stoke o f  1.0mm.

Phase 1: The Effect of Rake Angle
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Figure 4-59: Effective Stress vs. Stroke for all 6 Rake Angle Models, Stroke Range 0-0.9mm

137



Part IV: Finite Element and Experimental Results: Phase I

Table 4-25 below illustrates that increasing the rake angle from 1° to 3° causes a 

negligible change in the level of induced effective stress.

Rake Angle Induced Effective Stress (GPa)

r 1.57

1.5° 1.588

2° 1.566

2.5° 1.573

3° 1.59

Table 4-25: The Effect o f Increasing the ‘Rake Angle’ at Area 1: Stroke = 0.3mm

The greatest difference in the magnitude o f the effective stress occurred between 

th; 1.5° and 2° petal angle models producing a maximum deviation o f approximately 

1.3%. All five models induced very similar levels o f stress in Area 1 because each model 

hcd the same comer radius of 0.4mm and land width of 0.8mm. Due to the similarity of 

remits for each model simulated in Area 1, only two shaded plots of the induced effective 

stress are shown in figures 4-60 and 4-61. Figure 4-60 and 4-61 relate to the extremes of 

th; rake angles simulated i.e. 1° and 3° respectively.

Comparing the 1° and 3° rake angle models shown in figures 4-60 and 4-61 

rejpectively, indicate the following:

1. The location of the maximum effective stresses within the trim is identical.

2. The distribution of these effective stresses are very similar

With reference to figures 4-59,60 and 61 and table 4-25, all five FEA models 

inluced similar levels o f effective stress and distributed these stresses over the same area. 

Tlerefore in Area 1, altering the rake angle fi'om 1° to 3° had no significant effect on the 

efective stresses within the trim die but the 2° model induced a marginally lower level of 

efective stress. Therefore in Area 1, the 2° rake angle trim die model was marginally 

‘optimum’.
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A.rea 2: Trim Die Stroke = 1.0mm

Figure 4-62 below illustrates the effective stress results against trim die stroke for 

alll five rake angle models.

Phase 1: The Effect of Rake Angle
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Figure 4-62: Effective Stress vs. Stroke for all 5 Rake Angle Models, Stroke Range 0.5 -  1.5mm

The maximum stress results induced within each trim die, at 1.0mm stroke, are 

listed in table 4-26 below.

‘Rake Angle’ Induced Effective Stress (GPa)

1° 1.161

1.5° 1.132

2° 1.119

2.5° 1.089

3° 1.069

Figure 4-26: The Effect o f Increasing the ‘Rake Angle’ at Area 2: Stroke = 1.0mm

Increasing the rake angle trom 1° to 3° causes the level o f induced effective 

stresses to drop from 1.161 Gpa to 1.069 Gpa, which is a drop o f 7.95%. Therefore there is
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a linear relationship between the rake angle and the induced effective stresses. For this 

reason, only two shaded effective stress plots are highlighted in figures 4-63 and 4-64, 

which represents the 1° and 3° models at Area 1.

The location of the maximum effective stress within the trim die with a 1° rake 

angle, figure 4-63, is further down the rake face compared to the 3° rake angle model, 

figure 4-64. As the rake angle is increased from 1° to 3° the clearance between the 

workpiece and the inner surface o f the trim die also increases. This greater clearance is 

highlighted in figure 4-64. During the forging process, a trim die having a rake angle o f 1° 

induces higher stresses within the trim die due to rubbing between the workpiece and the 

inner surface o f the trim die. Increasing this rake angle to 3° increases the clearance 

between the workpiece and inner surface of the trim die therefore reducing the level of 

induced stress. With reference to figure 4-64, the location of the maximum effective stress 

within the 3° rake angle model is at a higher point on the comer o f the trim die because of 

the increased clearance.

Once the trim die stroke o f 1.0mm has been passed, the effective stresses for all 

five models start to rise. As previously stated, this rise in the level o f effective stress, after 

Area 2, is caused by the workpiece material making contact with the top tool and 

restricting the flow of material.

A conclusion based on the lowest level o f induced effective stress in Area 2 would 

be that the 3° rake angle model was ‘optimum’.
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Figure 4-63: Effective Stress in the 1° Rake Angle Model at 1.0mm Stroke
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Area 3: Trim Die Stroke = 3.0mm

Figure 4-65 below illustrates the change in effective stresses versus stroke for all 

five FEA models at the final stroke relating to Area 3. The total stroke o f all five models 

was 2.92mm. As mentioned in the previous sections, the final stroke o f the trim die is 

dictated by a feature o f the trim die profile, which is explained in detail in Appendix D on 

page 238. All five models show a sharp increase in the level o f induced effective stress 

within the trim die at the final stroke.

Phase 1: The Effect of Rake Angle
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Figure 4-65: Eifective Stress vs. Stroke for all 5 Rake Angle Models. Stroke Range 2.75 to 3mm

The variations in the levels o f induced effective stress at the end o f the trim die 

st'oke are listed in table 4-27. With reference to figure 4-65 and table 4-27, the lowest level 

of induced effective stress occurred while running the 1 ° rake angle model. Altering the 

rake angle from 1° to 3° causes the effective stress to increase from 2.183 GPa to 2.1968 

G^a, which is a percentage change o f only 0.63%. Therefore, although increasing the rake 

aigle increases the effective stresses, the effect is very small. However increasing the rake 

aigle effectively weakens the trim die, similar to that o f increasing the rake angle on a 

citting tool.
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‘Rake Angle’ Induced Effective Stress (GPa)

1° 2.183

1.5° 2.1863

2° 2.1902

2.5° 2.1935

3° 2.1968

Figure 4-27: Phase 1: The Effect o f  Increasing the ‘Rake Angle’ at the Final Stroke

With reference to figure 4-65 and table 4-27, due to the similarity in the final 

effective stresses induced in all five models, only the 1° and 3° models are plotted in 

figures 4-66 and 4-67. Comparing the 1° and 3° rake angle models shown in figures 4-66 

and 4-67 respectively indicate the similar stress distributions and location o f maximum 

stress.

A conclusions based on the levels o f induced effective stress would be that there is 

very little difference between all five models but that the 1° rake angle model was 

marginally ‘optimum’.

It has been found in industry, through trial and error, that a standard value for the 

rake angle is 1° to 1.5°
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Figure 4-66: Effective Stress in the 1° Rake Angle Trim  Die at the Final Stroke
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Figure 4-67: Effective Stress in the 3° Rake A ngle Trim  Die at the Final Stroke
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4.1.5.2 Maximum Tensile Radial Stresses:

The maximum tensile radial stresses action along the top surface o f all five trim 

dies modelled in this section are listed in table 4-28 below.

Rake Angle

Maximum Tensile Radial Stress 

(MPa)

1° 41.213

1.5° 41.325

2° 41.527

2.5° 41.612

3° 41.934

Table 4-28: Rake Angle versus the Maximum Tensile Radial Stress

With reference to table 4-28 above, increasing the rake angle from 1° to 3° caused 

the maximum tensile radial stress to increase from 41.213 MPa to 41.934 MPa, which is an 

increase of 1.7%. These results are plotted in figure 4-68 below. As in the previous section 

relating to the ‘Petal Angle’, although the percentage change is small, the trend is evident. 

Increasing the rake angle increases the tensile radial stresses along the top surface o f the 

trim die.

Max Tensile radial Stress v's Rake Angle

42.0

41.5

41.0

2 40.8

40.5

40.3

40.0
2.0

Rake Angle (Degrees)

2.5 3.01.0

Figure 4-68: Phase 1: Maximum Tensile Radial Stress vs. Rake Angle
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4.1.5.3 Summary

In this Section 4.1.5, five FEA models were constructed and modelled where the 

‘Rake Angle’ was varied while the comer radius, land width and petal angle were held 

constant at the values listed in table 4-24 on page 137. Dividing the stroke of the trim die 

into the three areas enabled greater detail in the results. The ‘optimum’ rake angle for each 

of the areas investigated are listed in table 4-29 below.

Area Number

Trim Die Stroke 

(mm)

Optimum Rake 

Angle

Lowest Induced 

Effective Stress 

(GPa)

1 0.3 2° 1.566

2 1.0 3° 1.069

3 3.0 1° 2.183

Table 4-29: Phase 1: ‘Optimum’ Rake Angle Values

With reference to table 4-29 above, at Area 1 and Area 3, all five models induced 

very similar levels o f effective stress. At Area 2, the 3° model was ‘optimum’ as it offered 

the greatest amount o f clearance between the workpiece and the inner surface o f the trim 

die. In Area 3, due to the higher magnitude of stresses in comparison to Areas 1 and 2, 

increasing the rake angle weakened the trim die hence causing the 1 ° rake angle model to 

becone ‘optimum’.

An analysis of the maximum tensile radial stresses concluded that the greater the 

rake ingle, the higher the tensile radial stresses.

In conclusion, by combining table 4-28 and figure 4-68, it can be stated that 

changing the rake angle has little effect on the magnitude o f the induced stresses within the 

trim die but that the 1° rake angle model was marginally ‘optimum’.
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4.1.6 Phase 1 Conclusions

In phase 1, the following five sets of finite element simulations were conducted to 

investigate what influence altering the five geometrical features, listed below, would have 

on the induced effective stress and tensile radial stress within the trim die:

1. Altering the Fillet comer radius models

2. Altering the Compound comer radius models

3. Altering the Land width

4. Altering the Petal angle

5. Altering the Rake angle

For each set of FEA models listed above a strategy called ‘one-factor-at-a-time’ 

was implemented. As the name suggests only one factor or parameter of the trim die 

profile was altered while the remaining parameters were held fixed. The selection o f values 

chosen for these fixed parameters was purely random. For example in the land width 

simulations in Section 4.1.3 on page 106, the fixed value for the fillet comer radius was 

held at 0.2mm and not at the ‘Optimum’ value calculated in the previous Section 4.1.1 of 

0.4mm. The reason for not using the optimum values previously stated was based on the 

fact that the possible interaction between the parameters was not yet known. It was 

thought, at that time, that the fixed values had no influence on the effective stresses, only 

the variable parameter.

The results from the five simulations listed above are detailed in table 4-33. It is 

important to note that the accuracy of the finite element results presented here were 

established by comparing the theoretical and experimental forging loads. Figure 4-101 on 

page 189 shows that the greatest error obtained was just over 7%. However this error is 

based on the experimental rig and not the ‘real-world’ trimming process. The ‘optimum’ 

values for each parameter simulated are highlighted in yellow, while the light grey colour 

highlights the models that caused yielding within the trim die material.

With reference to table 4-30, a comer radius smaller than 0.2mm, whether of 

‘Fillet’ or ‘Compound’ configuration, will cause yielding within the trim die during the 

trimming process. Figure 4-69 illustrates that the largest possible ‘Compound’ comer 

radius is 0.25mm. If the compound radius is increased above this value o f 0.25mm, the 

Averbach radius (shown in red) will be removed and the comer geometry effectively 

becomes that of a ‘Fillet’ trim die.
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Parameter Value

Induced Effective Stress 

At Area 3 (GPa)

Tensile Radial Stress 

(MPa)

Fillet Corner Radius 0.1mm 2.5041 530.3

0.2 mm 2.4078 295

0.3 mm 2.2953 157

0.4 mm 2.2041 86

Compound Comer 

Radius

0.07 mm 2.758 545.3

0.1 mm 2.610 435.5

0.15 mm 2.558 323

0.2 mm 2.441 252

0.25 mm 2.381 170

Land Width 0 .2 mm 2.158 37.6

0.4 mm 2.464 45.2

0 .6 mm 2.501 97.7

0.8 mm 2.424 156.7

1.0 mm 2.367 197.7

1.5 mm 2.323 239.3

Petal Angle 20° 2.177 37.98

25° 2.161 38.49

0O

2.174 39.73

35° 2.172 39.78

0O

2.18 41.56

45° 2.198 42.35

Rake Angle 1° 2.183 42.213

1.5° 2.1863 41.325

2° 2.1902 41.527

2.5° 2.1935 41.612

3° 2.1968 41.934

Table 4-30: The Effective and Tensile Radial Stress Results from the Phase 1 FEA simulations
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Land Width Surface

0.07mm Compound 
Comer Radius \

1.14mm Averbach Radius

0.25mm Compound Comer Radius

Inner Rake 
Surface

Figure 4-69: The Effect o f  Increasing The Corner Radius IN a Compound Trim Die

With reference to table 4-30, the ‘optimum’ compound geometry had a radius of 

0.25mm. If this radius were increased beyond 0.25mm, the geometry would become that of 

a fillet trim die. The lowest induced effective stress o f 2.204 IGPa was obtained while 

using a 0.4mm fillet corner geometry trim die. Figure 4-70 plots the compound and fillet 

corner radii models against the induced effective stresses at area 3. The compound comer 

radii models, shown in red, induced a higher level o f effective stress in comparison to the 

corresponding fillet corner radius. For example, using a 0.1mm comer radius, the 

compound trim die induces an effective stress o f 2.610GPa while the fillet trim die induced 

2.5041 GPa, this represents a percentage drop o f approximately 4%. Notice that both 

models caused yielding within the trim die material M2. The 0.1mm fillet trim die induces 

a lower magnitude o f effective stress because the load bearing area is greater. Figure 4-71 

shows the 0.1mm fillet comer profile in red with the 0.1mm compound comer profile is in 

black. Both have a comer radius o f 0.1mm, but the length o f the arc for the 0.1mm fillet 

trim die, designated ‘Y’, is greater than the length o f the arc for the 0.1mm compound, 

designated ‘X ’. Therefore during the forging process, greater stresses are induced while 

using the compound trim die corner geometry rather than the fillet comer geometry 

because the loads are distributed over a smaller area.
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Effective Stress Vs. Corner Radii At Area 3
3.00 -T-

ro
Dl
CD 2.75

Fillet Comer Radius 
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Figure 4-70; Compound and Fillet Corner Radii Plotted Against Effective Stress

0.1mm Fillet Corner Geometry

0.1mm Compound Comer 

Geometry

Figure 4-71: A Comparison Between the 0.1mm Fillet and 0.1mm Compound Comer Geometry
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With reference to figure 4-70, as the comer radii reach 0.25mm the difference 

between the fillet and compound trim dies has almost diminished. As previously 

mentioned, for a comer radius greater than 0.25mm, the compound comer geometry 

effectively becomes that o f a fillet trim die, hence the similarity in results.

Table 4-31 groups the highlighted values fi'om table 4-30 and therefore, for the 

phase 1 analysis, the ‘optimum’ values for the trim die profile parameters are list in table 

4-31 below.

Parameter ‘Optimum’ Value

Fillet Comer Radius 0.4mm

Land Width 0.2mm

Petal Angle 25°

Rake Angle 1°

Table 4-31: The ‘O ptim um ’ Values from the Phase 1 Analysis
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4.2 Phase 2; Interaction
In Phase 1, models were simulated to determine the influence of the following 

parameters on the induced effective and tensile radial stresses:

1) Comer Radius

2) Land Width

3) Petal Angle

4) Rake Angle

Figure 4-72 below illustrates the location on the trim die profile o f each o f the tool 

features (or parameters) listed above. Each parameter had a range o f values, which caused 

a problem by increasing the number o f possible trim die combinations to 1620. Due to 

practical computational constraints, mnning this number o f models was not possible. 

Therefore in an attempt to reduce this large number of simulations a strategy called ‘one- 

factor-at-a-time’ was implemented in Phase 1. For each sets of models simulated in Phase 

1, only one parameter was altered while the other three remained constant.

Land Width

Comer Radius
Petal Angle

Rake Angle

Trim Die Profile

Figure 4-72: The four main trim die profile features analysed in Phase 1

Unfortunately there is a major disadvantage of the ‘one-factor-at-a-time’ strategy in 

that :t fails to consider any possible interaction between parameters. The definition of

153



Part IV: Finite Element and Experimental Results: Phase 2 

‘Interaction’ is as follows: when two variables interact the effect of one variable changes 

for different values of the second variable. Interactions are very common, and if they 

occur, then analysis based on a ‘one-factor-at-a-time’ strategy will usually produce poor 

results. Consequently one-factor-at-a-time experiments are always less efficient than other 

methods based on a statistical approach to design [69].

The correct approach in dealing with several factors is to conduct a ‘Factorial 

Analysis’ whereby factors are varied simultaneously instead of one at a time.

4.2.1 Factorial Analysis

The various parameters of the trim die profile illustrated in figure 4-72 had a range 

of possible values. Table 4-32 below shows the parameters and their possible values.

PARAMETER VARIATION

CORNER

RADIUS

FILLET 0.1, 0.2, 0.3 and 0.4mm

COMPOUND 0.1, 0.15, 0.2 and 0.25mm

LAND WIDTH 0.2, 0.4, 0.6, 0.8, 1.0 and 1.5 mm

PETAL ANGLE 20°, 25°, 30°, 35°, 40° and 45°

RAKE ANGLE 1°, 1.5°, 2°, 2.5° and 3°

Table 4-32: Trim Die Profile Parameters and their corresponding Values

A factorial analysis using all the above variables was not practical, therefore a ‘two 

by two’ factorial analysis was conducted. Two by two factorial analysis (or I? ) consists of 

varying two parameters at two levels to analyse their influence. The two levels chosen 

were the extremes of the values listed in table 4-32 above. Table 4-33 below shows the 

values used for each of the parameters.

Parameter Value

CORNER RADIUS (FILLET) 0.1 and 0.4mm

LAND WIDTH 0.2 and 1.5mm

PETAL ANGLE 20° and 45°

RAKE ANGLE l°and3°

Table 4-33: Values used for Phase 2 Factorial Analysis
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A total o f twenty four FEA models were simulated, in this section, to enable six 

comparisons. Table 4-34 below illustrates the six comparisons.

Comparison Number Parameter Parameter

1 Comer Radius Vs. Land Width

2 Comer Radius Vs. Petal Angle

3 Comer Radius Vs. Rake Angle

4 Land Width Vs. Petal Angle

5 Land Width Vs. Rake Angle

6 Petal Angle Vs. Rake Angle

Table 4-34: Comparisons for the Factorial Analysis

Because the method used to calculate the interaction effect in all six comparisons 

listed above was identical, only two comparisons will now highlighted, the largest and 

smallest interaction effects.

4.2.2 Comparison No 1: Comer Radius and Land Width
The first factorial analysis considered the comparison o f comer radius against land 

width. The values used for the comer radius and land width are listed in table 4-33. A total 

of four models were simulated in this section, the results o f which are plotted in figure 4- 

73.

2.552 GPa
1.5mm J   * 2.1375GPa

Land Width

0.2mm - 2.2125GPa
2.2599GPa

  ̂ 1-----------
0.1mm 0.4mm

Comer Radius

Figure 4-114: The factorial analysis of Comer Radius & Land Width with Effective Stress shown at comers
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With reference to figure 4-73, the comer radius is plotted on the x-axis, while the 

land width on the y-axis. When the land width was held constant at 1.5mm and the comer 

radius varied from 0.1 to 0.4mm points one and four, in figure 4-73, were established. The 

values displayed at the comers o f the square are the maximum effective stresses at the end 

of the trim die stroke.

When the land width is held at 0.2mm, the effect of altering the comer radius on the 

induced effective stresses is calculated by simply subtracting the stress value at comer 

number 2, o f the square, from comer number 3. Therefore when the land width is held at 

0.2mm, the effect of changing the comer radius is:

2 .2599-2.2125 = 0.0474GPa  (4.1)

The effect o f comer radius at 1.5mm land width is:

2.552-2.1375 =0.4145GPa  (4.2)

From the above calculations it is clear that the effect o f the comer radius depends 

of the value of the land width. When this occurs, there is an ‘Interaction’ between the 

parameters. The ‘Interaction Effect’ (in this case) is defined as the average difference 

between the effects of the comer radius at low values o f land width i.e. 0.2mm, and the 

effects o f the comer radius at high values o f land width i.e. 1.5mm [69]. Therefore the 

magnitude o f the interaction effect is the average difference between the effects calculated 

in equations 4.1 and 4.2 above.

Therefore the interaction effect is:

(0.4145 -  0.0474)72 = 0.18355GPa  (4.3)

Figure 4-74 plots the two variable parameters against the effective stress. With 

reference to figure 4-74, when the parameters are plotted against their response, in this case 

the effective stress, if the lines produced are not parallel then ‘Interaction’ has occurred 

[69].

From the two lines displayed in figure 4-74 a 3D surface, known as a Response 

Surface Plot (RSP) can be established. The RSP for the interaction o f the comer radius and 

land width is illustrated in figure 4-75. The black and the red lines in figure 4-115 are 

highlighted in the RSP illustrated in figure 4-75.
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Phase 2: The Interaction of: 
Corner Radius & Land Width

2.6

 Land Width = 0.2mm
 Land Width = 1.5mm

2.4

2.3

2.2

2.1

0.1 0.4
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Figure 4-74: Phase 2; Corner Radius and Land Width Plotted Against Effective Stress
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Figure 4-75: The Response Surface Plot For the Corner Radius vs. Land Width Interaction
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The interaction effect causes the surface in figure 4-75 to ‘twist’. This form of twisting, or 

cirvature o f the response surface, indicates Interaction.

Figure 4-76 and 4-77 illustrate the 0.1mm and 0.4mm comer radius models, both with 

a and width of 1.5mm. In figure 4-76, the length o f the parallel top surface o f the trim die 

ard the bottom of the top tool has a value ‘X ’. In figure 4-77, the length of the parallel 

sirfaces has reduced to ‘Y’. As discussed in Phase 1, Section 4.1.1 on page 81, increasing 

thi comer radius reduces the aspect ratio. Reducing the aspect ratio reduces the forging 

loxd required, hence reducing the level of stress induced within the trim die. Changing the 

laid width while the comer radius is small will cause the greatest change in the aspect ratio 

ard therefore the greatest change in stress.

Title : Pliase 2: M6 0.1 mmF, LW 1.5, PA 20, RA 1
Keyword :

Sun Aug 13 23:51:17 2000 
OPERATION 1 ( Si -D ef) 

SFTC DEF0RM-2D PRE 7.0 1998

1.713

Top Tool

1.664

1.614

(mm)

Workpiece @

1.516
Trim Die

Him
1 466

3,745 4.493 5,241 S.990 6.738(mm)

Figure 4-76: Close up o f  the Trim Die with 0.1mm Comer radius and 1.5mm Land Width

In conclusion, there is a large interaction effect between the comer radius and the 

laid width. This interaction is greatest at the smaller values of comer radius. Therefore if  a 

snail comer radius is used the land width has a large influence on the level o f the induced 

effective stresses. Whereas if a larger comer radius is used the influence off changing the 

laid width is reduced.
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Title : Phase 2: M6 0.4mmF, LW 1.5, PA 20, RA 1
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Figure 4-77: Close up o f the Trim Die with 0.4mm Comer radius and 1.5mm Land Width

4.2.2.4 Summary

In this section 4.2.1.1 four FEA models were simulated to investigate the possibility 

of ‘hteraction’ between the comer radius and the land width parameters. Plotting the 

induced effective stresses from the end o f the trim die stroke enabled the construction of 

three graphs. The first graph, figure 4-73 plotted the comer radius against land width. From 

this graph it was shown that the effect altering the comer radius was dependant on the 

value o f the land width, i.e. Interaction was present between these two parameters. Plotting 

the elective stress results against the comer radius and land width on one graph, figure 4- 

74, ilustrated this interaction effect, as the lines produced were not parallel. Finally, with 

the uje o f a Response Surface Plot, a 3D surface o f the induced effective stress results was 

prodiced, see figure 4-75. This surface was ‘twisted’ which further indicated ‘Interaction’. 

With reference to figure 4-74, changing the land width, while the comer radius is small, 

causcs the greatest interaction effect. Changing the comer radius effectively changes the 

lengti o f the parallel surface in contact with the workpiece and the top tool.

159



Part IV Finite Element and Experimental Results: Phase 2

4.2.3 Comparison No 3: Comer Radius and Rake Angle

Figure 4-78 below illustrates the comer radius plotted against the rake angle.

2.25 IGPa

Rake Angle

r -

2.3114GPa

2.2125GPa
2.2599GPa

0.1mm 0.4mm
Comer Radius

Figure 4-78: The Factorial Analysis o f  Comer Radius and Rake Angle with Effective Stress shown at

comers

With reference to figure 4-78 above, when the rake angle is held constant at 1°, the 

effect of altering the comer radius is:

2.2599 -  2.2125 = 0.0474GPa (4.4)

The effect of altering the comer radius when the rake angle is held at 3° is:

2 .3114-2.251 =0.0604GPa (4.5)

The differences in the stresses calculated in equation 4.7 and 4.8 are very small. Using 

these two results the interaction effect can be calculated.

Interaction Effect: (0.0604 -  0.0474)/2 = 0.0065GPa (4.6)
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The interaction effect calculated in equation 4.6 o f 0.0065GPa is less than 4% of 

the interaction effect calculated in Comparison Number 1 on page 156.

Figure 4-79 below plots the comer radius and rake angle against the induced 

effective stress within the trim die.

Phase 2: The Interaction of: 
Corner Radius & Rake Angle

2.6

 Rake Angle = 1 Degree2.5

 Rake Angle = 3 Degrees
2.4

2.3

2.1

0.1 0.4

Corner Radius (mm)

Figure 4-79: Phase 2: Corner Radius and Petal A ngle Plotted against Effective Stress

Figure 4-79 above clearly indicates that there is little or no interaction between the 

corner radius and rake angle as both lines plotted are almost parallel.

4.2.3.1 Summary

Four models were simulated to investigate the possible interaction between the corner 

radus and rake angle. The effective stresses induced in the trim die, at the end of the 

strcke, were plotted in figure 4-78. From this graph, the interaction effect was calculated to 

be 0.0065GPa. Table 4-34 on page 162 illustrates that this interaction effect was the lowest 

in the six comparisons conducted in Phase 2. This interaction effect was the lowest value 

o f iiteraction between the comer radius and the other two parameters (land width and petal 

angle) analysed to date. When the comer radius and rake angle were plotted against the 

induced effective stress, two parallel lines were produced. This confirmed that there was 

no nteraction between the two parameters.
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4.2.4 Phase 2 Conclusions

In Phase 2 a total o f twenty four FEA models were simulated to investigate the 

possible interaction between the parameters analysed in Phase 1. Table 4-35 below 

illustrates the six comparisons conducted in Phase 2.

Comparison

Number Parameter Parameter

Interaction

Effect Order Percentage

1 Comer Radius vs. Land Width 0 . 1 8 3 5
ist R ef 1 0 0 %

2 Comer Radius vs. Petal Angle 0 . 0 6 1 8
3 rd

3 3 . 6 7 %  o f R ef

3 Com er Radius vs. Rake Angle 0 . 0 0 6 5 6 "’ 3 . 5 4 %  o f R ef

4 Land Width vs. Petal Angle 0 . 0 8 0 5
2 nd

4 3 . 8 6 %  o f R ef

5 Land Width vs. Rake Angle 0 . 0 0 8 4 5'^ 4 . 5 8 %  o f R ef

6 Petal Angle vs. Rake Angle 0 . 0 1 0 7 5
4 th

5 . 8 6 %  o f R ef

Table 4-35: Summary o f the Interaction Effects in all 6 Phase 2 Comparisons

With reference to table 4-35 above. Comparison Number 1, between the comer 

radius and land width, gave the greatest magnitude o f the interaction effect. For that 

reason, comparison number one was designated ‘1®*’ in the ‘Order’ column. The largest 

interaction effect o f  0.1835GPa was used as a reference from which the other five smaller 

interaction effects were based. Therefore the ‘percentage’ column, in table 4-35, is 

established by comparing the magnitude o f  the interaction effects against the reference 

value of0.1835GPa.

With reference to table 4-35 above, there was a definite interaction effect between 

comparisons 1, 4, and 2. These three largest interactions are grouped together and listed in 

table 4-36 below.

Comparison

Number Parameter Parameter

Interaction

Effect Order % Smaller

1 Com er Radius vs. Land W idth 0 . 1 8 3 5
is t R ef 1 0 0 %

4 Land Width vs. Petal Angle 0 . 0 8 0 5
2 nd

4 3 . 8 6 %  o f  R ef

2 Com er Radius vs. Petal Angle 0 . 0 6 1 8
3 rd

3 3 . 6 7 %  o f R ef

Table 4-36: The Three Most Important Interaction Effects From The Phase 2 Analysis
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In summary o f each comparison listed in table 4-36:

Comparison number 1: Comer Radius vs. Land Width

1 The greatest level of interaction occurred while the comer radius was small. 

Changing the land width from 0.2mm to 1.5mm, within a trim die having a 

comer radius o f 0.1mm, caused the effective stresses to increase by 

approximately 11.5%.

2 When the comer radius was 0.4mm, the percentage change in the induced 

effective stress levels was only 3.39%

Comparison Number 4: Land Width vs. Petal Angle

1 The greatest interaction effect occurred while the land width was small. 

Changing the petal angle from 20° to 45 ° within a trim die having a land width 

o f 0.2mm caused the effective stresses to increase by approximately 6.53%.

2 When the land width was held at 1.5mm, the percentage change was only 

0.125%.

Comparison Number 2: Comer Radius vs. Petal Angle

1 The greatest interaction effect occurred while the comer radius was small. 

Changing the petal angle from 20° to 45° within a trim die having a comer radius 

o f 0.1mm caused the effective stresses to increase by approximately 6.52%.

2 When the comer radius was held at 0.4mm, the percentage change was only 

1.52%.

As previously discussed, the analysis conducted in Phase 1 varied only one 

parameter o f the trim die profile at any one time, and any possible interaction between 

these parameters, was unknown.

The phase 2 results, summarised in tables 4-35 and 4-36, illustrated that the results 

obtained by changing a single parameter can be influenced by the level o f another 

parameter, i.e. interaction has taken place.
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4.3 Phase 3: The Final Trim Die Profile

The ‘Optimum’ values for the trim die profile, obtained from the Phase 1 analysis, 

did not consider any possible interaction between the parameters. The analysis conducted 

in the Phase 2 did consider the possible interaction effects between these parameters, while 

Phase 3 presented here, combines the conclusions from Phases 1 and 2 to establish the final 

optimum trim die profile.

4.3.1 The Problem With ‘One-Factor-At-A-Time’

With reference to Section 4.2.2 on page 155, the first comparison between the 

comer radius and the land width caused the highest interaction effect. But more 

importantly, the lowest level o f effective stress was induced within the trim die having a 

comer radius o f 0.4mm and a land width o f 1.5mm. This is highlighted in figure 4-74 on 

page 157 by the red line. This contradicts the conclusions made in phase 1. In the Phase 1 

analysis, it was stated that using the smallest possible land width, in this case 0.2mm, 

would induced the lowest magnitude o f effective stress. This example highlights the 

dangers of using the one-factor-at-a-time strategy.

This contradiction can be explained by the fact that in the FEA models simulated in 

Phase 1 to investigate the effect o f altering the land width, a fixed comer radius o f 0.2mm 

was used. However in the Phase 2 tests, in Section 4.2.2 on page 155, it was shown that if 

the comer radius was increased to 0.4mm, the largest land width induced the lowest stress.

The other five comparisons fi'om Phase 2 tend to back-up the conclusions from 

Phase 1 as outlined in Section 4.1.6, page 148. The lowest effective stresses induced within 

the trim die, during the forging process, occurred while using the following trim die 

parameter combinations:

• The largest comer radius (0.4mm) and a small petal Angle (20°).

Comparison number 2.

• The largest comer radius (0.4mm) and the smallest Rake Angle (1°).

Comparison number 3.

• The smallest Land Width (0.2mm) and a small Petal Angle (20°).

Comparison number 4.
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• The smallest Land Width (0.2mm) and the smallest Rake Angle (1°).

Comparison number 5.

• The smallest Petal Angle (20°) and the smallest Rake Angle (1°).

Comparison number 6.

Therefore if the largest fillet comer radius o f 0.4mm is used, the optimum land 

width could be either 0.2mm or 1.5mm based on the Phase 1 and Phase 2 analysis. In terms 

of induced effective stresses, the 1.5mm land width would be optimum as it gave the 

lowest magnitude in comparison number 1 on page 156. With reference to figure 4-74, on 

page 157, changing the land width from 0.2mm to 1.5mm, while the comer radius was held 

constant at 0.4mm, caused the effective stresses to drop from 2.2125GPa to 2.1375GPa, 

which is a change of approximately 3.4%. However the Land Width tests in the Phase 1 

analysis presented in Section 4.1.3 on page 106, showed that increasing the land width 

from 0.2mm to 1.5mm caused the maximum tensile radial stress to increase from 37.6MPa 

to 239.3Mpa respectively. This is an increase o f approximately 636%. Because o f this, it 

was concluded that the smaller land width was more beneficial in terms o f the induced 

effective stresses and the tensile radial stresses.

Following discussions with the technical staff within the trim die manufacturing 

plant o f  SPS Hi-Life Tool, Shannon, the minimum land width value was increased from 

0.2mm to 0.4mm. From practical experience it has been found, that a land width value 

smaller than 0.4mm causes the workpiece material to shear prematurely. As discussed in 

Section 2.1.1 on the fundamentals o f trimming, premature shearing o f the workpiece 

material, before the Knock-Out sequence, can cause damage to the trim die and bolt 

making machine.

Therefore by the combination o f the conclusions from Phases 1 and 2, and taking 

into the consideration o f the premature shearing of the workpiece material, the Optimum 

values for the parameters which make up the profile o f the M6 trim die are listed in table 4- 

37 below:

Parameter Optimum value

Comer Geometry: Fillet 0.4mm

Land Width 0.4mm

Petal Angle 25°

Rake Angle r

Table 4-37: Phase 3: Optimum Trim Die Profile Parameters
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The analysis conducted in Phases 1 and 2 highlighted the influence of each 

parameter of the trim die profile on the induced stresses within the die. Table 4-38 below 

lists the effect that changing the trim die parameters had on the induced effective and 

tensile radial stresses within the trim die.

Parameter Altered

Percentage Change 

In Effective Stress

Percentage Change 

In Tensile Radial Stress

Comer Radius 

From 0.1 to 0.4mm 20.1% 84.23%

Land Width 

From 0.2 to 1.5mm 13.7% 84.29%

Petal Angle 

From 20° to 45° 1.68% 9.12%

Rake Angle 

From 1° to 3° 0.63% 2.1%

T able 4-38: Phase 3: The Effect Each Parameter Had On The Induced Stresses Within The Trim Die

With reference to table 4-38 above, changing the comer radius caused the greatest 

percentage change o f 20.1%, in terms of the induced effective stresses, followed closely by 

the effects of changing the land width. Changing the Petal and rake angles caused only a 

srrall change in these effective stresses. In terms of the tensile radial stresses, the greatest 

change was 84.29%, and this occurred through altering the land width. From table 4-38, 

the influence of the value o f the land width is clearly obvious. As previously explained, 

increasing the land width increases the aspect ratio. This increase in the aspect ratio traps a 

greater amount o f workpiece material between the trim die and the top tool, which 

effectively increases the stresses within the trim die.

For the reasons outlined above, a new trim die profile, previously untested, was 

examined for which the land width surface is effectively ‘removed’. This ‘new’ trim die 

pnfile has been designated a ‘Reverse Compound’ trim die.

The ‘reverse compound’ and optimum trim die profiles have been simulated and the 

reailts will now be presented in Phase 3.
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4.3.2 Reverse Compound Trim Die

Figure 4-80 below illustrates a new and previously unconsidered trim die profile 

developed by the author and termed a ‘Reverse Compound’. Basically, this new design 

uses the optimum parameters determined Irom the Phase 1 and 2 analyses but introduces a 

larger radius o f 5.0mm which blends the optimum comer radius o f 0.4mm to the petal 

surface, angled at the optimum value o f 25°. The optimum trim die simulated in this Phase 

3 analysis is shown in black while the new large blend radius o f the ‘Reverse Compound’ 

trim die is shown in red.

The name ‘Reverse Compound’ comes fi'om the fact that its profile is similar to that 

o f the standard compound trim die, in that it has a large radius and a smaller blend radius. 

The name ‘reverse’ is due to the fact that the larger radius o f 5.0mm is sloping to the right, 

instead of the Phase 1 compound models that sloped to the left.

0.4mm Comer Optimum Trim Die
Radius Profile

‘Reverse Compound’ 
^ Trim Die Profile

Petal Surface

Radius =  5mm

Figure 4-80: Comparison Between Optimum And Reverse Compound Trim Dies

In Section 4.1.3 on page 106 in the Phase 1 analysis, the models used to simulate

alterations to the land width highlighted the significance o f the geometrical shape o f the

top tool. It was found that the length o f the flat contact surface on the top tool dictated the

‘critical’ value for the land width. For this reason, a large blend radius o f 2.5mm was

introduced to reduce the severity o f stresses caused when the workpiece material became
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trapped between the trim die and top tool. The existing top tool geometry is shown in black 

in figure 4-81, while the new large blend radius o f 2.5mm is shown in blue.

Radius = 2.5 mm

Optimum Top Tool 

Profile
New Top Tool 

Profile

Figure 4-81: The Phase 3 Modification To The Top Tool Profile

Table 4-39 below details the various parameters o f the Optimum and Reverse 

Compound trim die models analysed in this section.

Parameter

Trim Die Comer Radius Land Width Petal Angle Rake Angle

Modified 

Top Tool?

Optimum 0.4mm 0.4mm 25° 1° No

Reverse

Compound 0.4mm None 25° 1° Yes

Table 4-39: The Two Models Simulated in the Phase 3 Analysis

The effective and tensile radial stresses induced within the trim die for the two 

models listed in table 4-39 above will now be discussed.

168



Part IV: Finite Element and Experimental Results: Phase 3

4.3.3 Effective Stress Results

As with all the models analysed in Phase 1, the trim die stroke is divided into three 

stages 1, 2 and 3. These stages correspond to a trim die stroke of 0.3, 1.0 and 3.0mm 

respectively. For each o f these stages the corresponding effective and tensile radial stresses 

are analysed and discussed.

Area 1: Trim Die Stroke = 0.3mm

Figure 4-82 below illustrates the effective stress plotted against the trim die stroke. 

In Area 1, which relates to a stroke of 0.3mm, the stresses in both the optimum and reverse 

compound trim die reach a peak value, and then tend to fall off as the stroke increases to 

1.0mm. As previously explained in the Phase 1 analysis, the peak stress at this level of 

stroke corresponds to the yielding and plastic flow o f the workpiece material.

Phase 3: Comparing Optimum And 
Reverse Compound Trim Die

2.00
Area Number1.75

'ra 1-50
Q_
o  1.25 

1.00(/)
2

 Optimum
 Reverse Compound

0.25

0.00
0.00 0.30 0.60 0.90

Stroke (mm)

Figure 4-18237: Effective Stress vs. Stroice for the Optim um  and Reverse Com pound Trim  Die at A rea I

With reference to figure 4-82, at a stroke o f 0.3mm, the reverse compound and 

optimum trim die models induced an effective stress o f I.615GPa and 1.4695GPa
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respectively. Therefore at this level o f stroke, the Optimum trim die profile induced an 

effective stress approximately 9% lower than the Reverse Compound trim die. Figures 4- 

83 and 4-84 illustrate the shaded plots o f the effective stress distributions with the two trim 

die models. The Reverse compound trim die model causes a higher magnitude o f effective 

stress due to the ‘sharper’ corner being forged into the workpiece. With reference to figure 

4-84, the location o f the maximum effective stress, within the workpiece, occurs at the 

intersection o f the 0.4mm fillet and the larger 5.0mm blend radius. This blend radius 

effectively creates a sharper profile, which induces a higher magnitude o f effective stress 

due to a reduction in the load bearing area.

In relation to Area 1, the Optimum trim die model was considered best as it induced 

the lowest effective stress values within the trim die material.
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Figure 4-83: Effective Stress in the Optim um  Trim  Die Model at 0.3m m  Stroke
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Title : Phase 3: Reverse Compound
Database : 31 .DB Mon Auo 28 21:33:07 2000 

SFTC DEF0RM-2D POST 7.0 1998

2.1600
1.699

1.9440

Maximum Stress
1.7290

W ithin W ork n iece1.650 0.4mm Fillet 1.5120

1.2960

I 1 0800

»  1.551 0.4320

0.0000Location Of 
Maximum Stress 

(Trim Die)

1.502
5.0mm Blend 

Radius
Object 1 

0.0002E03 
1 .0283E031 452

Maximum Stress in Trim Die at this Stroke = 1,615GPa
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Figure 4-85 illustrates the effective stress results for the Optimum and Reverse 

Compound trim dies at the second stage. Area 2. The range o f stroke on the x-axis allows 

the trends leading up to and following the 1.0mm mark to be visualised. The maximum 

effective stress induced in the Optimum and Reverse Compound trim dies, at this level of 

stroke is 1.1533GPa and 1.1153GPa respectively. Therefore at Area 2, which relates to a 

stroke o f 1.0mm, the Reverse Compound trim die causes a reduction in the effective stress 

o f  approximately 3.3%. The percentage change between the two FEA models is relatively 

small, but with respect to figure 4-85, this small change is the start o f a larger trend. As 

with the previous analyses conducted in Phase 1, once the stroke o f 1.0mm has been 

passed, the level o f effective stresses within both models start to increase. This increase is 

due to the workpiece material making contact with the top tool, see figures 4-86 and 4-87, 

which causes an additional resistance to the flow o f the workpiece material.
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Phase 3: Comparing Optimum And 
Reverse Compound Trim Die
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Figure 4-85: Effective Stress vs. Stroke for the Optimum and Reverse Compound Trim Die at Area 2

A comparison o f figures 4-86 and 4-87 illustrate the very different trim die and top 

tool profiles simulated. The Optimum trim die, as illustrated in figure 4-86, induced the 

highest effective stress at this level o f stroke because the workpiece material has to 

negotiate two sharp comers, one on the top tool and the second on the intersection between 

the land surface and the petal surface. In comparison, the Reverse Compound model, 

illustrated in figure 4-87, has replaced these sharp corners with two large radii, enabling 

the workpiece material to flow less restricted into the trimmed area. As the trim die stroke 

increases past 1.0mm, the difference between the two models becomes more exaggerated. 

The Reverse Compound trim die, due to the two large radii, causes a reduction in the 

normal pressure between the trim die, workpiece and top tool. This reduction in the normal 

pressure, reduces the level o f tangential shear stress and friction at the interface between 

the workpiece, trim die and top tool. Hence at this position o f trim die stroke, the Reverse 

Compound trim die induced a marginally lower level o f effective stress and was 

considered best.
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Figure 4-86: Effective Stress in the Optimum Trim  Die Model at 1.0mm Stroke
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Area 3: Trim Die Stroke = 3.0mm

Figure 4-88 below illustrates the effective stress plotted trim die stroke for the 

Optimum and Reverse Compound trim dies at stage 3. As with all the analysis conducted 

in Phase 1, the final stroke o f the trim die is dictated by the corner radius. This effect is 

explained in greater detail in Appendix D on page 238. Because both the Optimum and 

Reverse Compound trim die have a comer radius o f 0.4mm, both incurred a stroke of 

2.92mm. This final stroke o f 2.92mm is highlighted in figure 4-88 below.

Phase 3: Comparing Optimum And 
Reverse Compound Trim Die
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Figure 4-88: Effective Stress vs. Strotce for the Optimum and Reverse Compound Trim Die at Area 3

The Optimum and Reverse Compound trim die induced effective stresses of 

2.16GPa and 1.84GPa respectively. This is a reduction o f approximately 15%. Figures 4- 

89 and 4-90 illustrate the shaded effective stress plots in both the Optimum and Reverse 

Compound trim die models at the final stroke o f 2.92mm. The yellow region within the 

trim die, shown in figure 4-89, highlights the higher effective stress o f 2.16GPa. The aspect 

ratio in the Reverse Compound trim die model, i.e. the flash width divided by the flash 

thickness, is constantly changing due to the two large blend radii.

2.16GPa

l,84GPa

Area Number 3 Optimum
 Reverse Compound
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With reference to figures 4-88, 4-89 and 4-90, the Reverse Compound trim die 

induced the lowest effective stress at Area 3. For this reason, the reverse Compound trim 

die was considered best at stage 3 of the trim die stroke.

In terms of the maximum tensile radial stresses, along the top surface of the trim 

die, the Optimum and Reverse Compound models induced values o f 39.3MPa and 

38.5MPa respectively. This is a difference of only 2%, therefore in terms of the tensile 

radial stress, there is virtually no difference between the two models.

4.3.4 Phase 3 Conclusions
Two FEA models were simulated in Phase 3. The first trim die profile modelled in Phase 3 

was obtained by combining the conclusions from Phases 1 and 2. This new profile was 

designated ‘Optimum’. The Phase 2 set o f tests highlighted the significance of the land 

width, in terms of the induced effective and tensile radial stresses. For this reason, the 

second trim die modelled was a previously untested FEA simulation with a modified trim 

die and top tool profile. This new profile was designated ‘Reverse Compound’ due to it 

similarity to the standard compound trim die profile modelled in Phase 1. Comparisons of 

the two models at the various stages o f trim die stroke are listed in table 4-40 below.

Trim Die Name Area Number Trim Die Stroke (mm)

Lowest Induced 

Effective Stress (GPa)

Optimum 1 0.3 1.4695

2 1.0 1.1533

3 2.92 2.16

Reverse Compound 1 0.3 1.615

2 1.0 1.1153

3 2.92 1.84

Table 4-40: Phase 3 Conclusions

With reference to table 4-40 above, the truly optimum trim die profile, which 

induced the lowest magnitude o f effective stress at stage 3 o f 1.84GPa would be the 

Reverse Compound model. This effective stress value of 1.84GPa is approximately 15% 

lower than the ‘Optimum’ trim die modelled in this section and up to 33% lower than the 

worst model simulated in Phase 1.
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4.4 Phase 4: 3D Analysis

In Section 3.1.2 on page 54, it was explained that a ‘worst case scenario’ was used to 

convert the ‘real world’ three dimensional (3D) trim die into a theoretical two dimensional 

(2D) model. The main advantage of using a 2D model is that the simulation process 

becomes simpler, but more importantly, the solution times are significantly reduced. A 

typical analysis procedure would be to first simulate the process in 2D and once the 

optimum parameters had been established, conclude the analysis by using the optimum 

parameters in a 3D simulation.

4.4.1 The Need For 3D

The ‘worst case scenario’ considered a plane through the trim die where the greatest 

amount of workpiece material would be trimmed, and consequently on which the greatest 

stress would occur. This plane, as explained in figure 3-3 on page 55, was through the 

center o f the flats o f the internal hexagonal hole. The negative aspect o f simulating the 

trimming process as being axisymmetric is that the FE package considers the internal hole 

as being circular. This internal circular hole is illustrated in figure 3-6 on page 58. Because 

o f this, the stress distribution at the comers o f the hexagonal hole could never be 

established using an axisymmetric FE model. Therefore to simulate the stress distribution 

in the vicinity of the comers o f the hexagonal hole, 3D analysis is required.

Once the 2D models had been completed, it was originally intended to simulate 

various trim die profiles in 3D, unfortunately, simulating the large plastic deformation, 

associated with the trimming process, proved to be very difficult. However, two 3D models 

have been simulated, using the 3D version of DEFORM, and will now be presented.
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4.4.2 Rigid Trim Die Analysis

The first attempt to simulate the trimming process in 3D was simplified by making 

two changes to the model.

1. The trim die and top tool were considered as ‘Rigid’ within the FE model.

2. Due to symmetry, it was only necessary to model one quarter o f the trim 

die.

With respect to point one, rigid objects are modelled within DEFORM as non- 

deformable bodies. During the deformation process, the object is represented by its 

geometric profile and not by a generated mesh. Running the simulation with rigid objects 

greatly reduces the running time but unfortunately, no stresses can be calculated within a 

rigid object. With respect to point two, there is another plane o f symmetry, which would 

reduce the 3D model to a one-sixth simulation. This plane of symmetry was rejected due to 

difficulties in applying accurate boundary conditions.

Figure 4-146 on the following page, shows the one-quarter 3D FE model. In this 

analysis the workpiece was considered as a ‘plastic’ object, while the rigid trim die and top 

tool are represented in wire mesh form. Table 4-41 below, highlights that although the 

model was simplified to only one-quarter full size, the large number o f elements within the 

workpiece resulted in the run time being considerably larger than that o f an axisymmetric 

2D model.

Element Number Run Time Typical 2D Run Time

Object Surface Body (Hours) (Hours)

Workpiece 4664 24,518 « 6 0 1.5

Table 4-41: Phase 4: Workpiece Element Number and Run Time

With respect to table 4-41 above, the total number o f elements in the workpiece, 

combining the surface and body elements, was 29,182. The time taken to simulate the 

model was approximately one week. When this run time is compared to a typical 2D 

model, the 3D run time was over 40 times slower. Figures 4-92 and 4-93 show the shaded 

effective stress distributions within the workpiece at 50% and 100% deformation 

respectively.
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180



Part IV: Finite Element and Experimental Results: Phase 4 

With respect to figure 4-94 on the previous page, the rigid trim die and top tool 

have been removed and the one-quarter workpiece has been mirrored to illustrate the entire 

workpiece at 100% deformation. Although the 3D model considered the trim die as being 

rigid, the final deformed profile o f the workpiece coincided very well to an actual 

workpiece, as shown in figure 4-95 below.

Figure 4-95: Actual Bolt Head Showing Excess Trim m ed M aterial.

4.4.3 Elastoplastic Trim Die

As previously explained, in the first 3D model the trim die was considered as a 

rigid tool, and therefore the stress distributions within the die were unknown. To address 

this situation a second 3D model was used in which the trim die was considered to be an 

elastoplastic object.

Figures 4-96 and 4-97 illustrate the shaded effective stress distributions in the 3D 

trim die at 5% and 100% deformation respectively. The deformable workpiece has been 

removed Irom these images for clarity. Both figures show that the region o f highest 

effective stress occurs at the centre o f the flat surface o f the internal hexagonal hole. This 

result validates the ‘worst case scenario’ assumption detailed previously in Section 3.1.2.1 

on page 53.
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Table 4-42 below shows the total number of elements and run times for the two 3D 

models simulated in Phase 4. As previously mentioned, the first simulation with rigid dies 

required a minimum of 29,182 elements within the workpiece to simulate the deformation 

process. The second 3D model required 52,467 elements within the trim die, which 

brought the total number o f elements in the model to 81,649 (Trim Die and Workpiece). 

Table 4-45 also highlights that the second 3D model was twice as slow as the first and over 

80 times slower than a standard axisymmetric 2D model.

Element

Number Run Time

Typical 2D Run 

Time

Sim. No Object Surface Body Total (Hours) (Hours)

1 Workpiece 4,664 24,518 29,182 « 59 1.5

2 Trim Die 8,880 43,587 52,467 «121 1.5

Table 4-42: Phase 4: Workpiece and Trim Die Element Numbers and Run Time

4.4.4 Conclusions: Phase 4

The 3D analysis was useful in order to model as accurately as possible the ‘real 

world’ trim die, due to the internal hexagonal hole. The analysis was beneficial because:

1. The theoretical profile o f the deformed workpiece, obtained in the FE 

model, closely matched the experimental profile, validating the FE set-up.

2. The selection of the ‘worst case scenario’, through the centre of the flats on 

the hexagon, as the plane for the axisymmetric 2D models was correct, 

because it was proved that the highest stresses occurred at this location.

However, simulating the trimming process in 3D is very demanding of 

computational power. Table 4-42 shows clearly that the second 3D model is over 80 times 

slower than a comparable model in 2D. Therefore due to the nature of the forging 

operation and the large scale deformation involved, 3D modelling o f the trimming process 

is not yet practical.
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4.5 Experimental Tests 

4.5.1 Compression Test Results

As outlined in section 2.4.1, compression tests were carried out to ascertain the 

necessary flow stress data for input into the DEFORM pre-processor.

To investigate the influence of the hardness o f an M2 specimen on the flow stress 

behaviour, compression tests were carried out on specimens having 3 different Rockwell 

hardness levels:

1) 5 7 - 5 9 H R C

2) 6 0 - 6 2  HRC

3) 6 2 - 6 4 H R C

The stress / strain curves for M2 at the three hardness ranges are provided in figure 4- 

98. The Rockwell hardness values listed in the three points above are represented in figure 

4-98 by the coloured lines, black, red and blue respectively. A total o f eight tests, for each 

hardness range, were conducted to establish confidence in the results.

Two main points can be concluded from these graphs.

1) A small reduction in the hardness value from 60-62 to 57-59 Rockwell, had a very 

large effect on the stress/strain curve. See red and black lines in figure 4-98.

2) Although the onset o f yielding is dictated by the relative hardness o f the tool steel, 

the elastic stiffness for all three hardness grades remains unchanged.

The hardness o f the trim die after its final tempering, see section 2.1.5, was 60-62 

HRc, i.e. the red line in figure 4-98. The stress and strain points where taken from this 

graph and used as the input data for flow stress curve for M2 within DEFORM. A standard 

accepted yield stress value for M2 tool steel, having a Rockwell Hardness o f 60-62 HRc, is 

2500MPa.
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Figure 4-98: Experim ental Stress /  Strain Data Collected for the Tool Steel M aterial M2

4.5.2 Ring Compression Test Results

The ring compression test, as outlined in Appendix C on page 234, was conducted 

on the low carbon medium alloy heading material in the form o f a steel ring compressed 

between two coated M2 anvils. The anvils were ground, heat treated and coated to 

accurately represent the trimming process between the trim die and workpiece. The same 

lubricant was used in the test as is used in the trimming process. During the tests it became 

apparent that the ring was not deforming homogenously. Instead o f producing a flattened 

circular ring, an ‘elliptical’ ring was formed. Figure 4-99 illustrates the ideal circular 

flattened ring on the left and the elliptical ring obtained on the right. Although many 

materials employed in engineering applications possess mechanical properties that are 

direction-dependent, i.e. anisotropy [41], the elliptical deformation o f a simple ring test on 

a low carbon, medium alloy steel would not be anticipated or expected. Closer examination 

o f the coated M2 anvils revealed that the final grinding operation before the application of 

the coatings, left straight grooves on the surface. Therefore during the deformation o f the 

ring, the material flowing in the same direction as the straight grooves would experience 

less resistance than the material flowing at 90° to the grooves.
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AnisotropicIdeal

Figure 4-99: plan View O f Ideal Deformation on the Left and Anisotropic Deform ation on the Right

Figure 4-100 below shows the M2 anvil, the grinding direction and the two distinct 

wear patterns on the anvil. These wear patterns were left behind by the workpiece material 

sliding over the anvil. These wear patterns show that the ring specimen had a higher 

deformation in that direction which lines up with the grinding direction on the anvil.

Wear Pattern No 1

Grinding
Direction

Wear Pattern No 2

Figure 4-100: O rientation o f the G rinding Grooves on the M2 Anvils and the Associated W ear Patterns

The end results o f these findings was that the theoretical ring calibration charts, 

detailed in Appendix A could not be used because the internal hole o f the deformed
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specimen had effectively a major and minor axis, and as a consequence both readings gave 

different friction factors (m).

The friction factor (m) for all the FE models simulated in this project used a value 

o f  0.1. This friction factor value was taken from the established research work o f Shiro 

Kobayashi, Soo-Ik OH and Taylan Altan [41], where it is stated that for cold forming of 

steels using lubricants or oils, a friction factor (m) in the range 0.08 to 0.1 is suitable.

4.5.3 Forging Load Test Results

As explained in Section 3.2.2.1, the forging load tests were conducted to validate 

the FE results. In Section 3.1.2.1 on page 54, it was explained that the ‘real world’ 3D trim 

die was reduced to a 2D representation by considering the ‘worst case scenario’. This 

assumption transformed the internal hexagonal hole into a circular one. Therefore to 

compare the FEA and experimental results, the trim die and top tool needed to have 

circular internal holes. Figure 4-101 below shows a standard trim die on the left, with the 

hexagonal internal hole, along side the circular trim die and top tool.

Standard 
Trim Die

Circular 
Trim Die

Circular 
Top Tool

Figure 4-101: Forging load V alidation Trim  Die and Top Tool

A P.C. using the data acquisition software Lab view V5.1, was used to obtain the 

displacement o f the press crosshead and the forming load recorded on the load cell. Figure
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4-102 shows the first comparison between the experimental and theoretical FE models. 

Two points were concluded from figure 4-102:

1. The percentage difference between the theoretical and experimental results 

at the end o f the trim die stroke was almost 30%

2. The initial path taken by the two curves, up to a stroke o f 1.0mm, was very 

different.

" O
ro
O

Comparing The First Set Of Experimental Tests 
Against The Theoretical Forging Loads

80
74KN70

60

50

40 51.9KN
30

—  Theoretical

—  Experimental
20

10

0
1.5 2 2.5 30 0.5 1

Stroke (mm)

Figure 4-102: First Set O f Experim ental Forging Load V alidation Curves

An investigation into the possible cause for this large discrepancy between the 

theoretical and experimental forging loads curves concluded that the press crosshead was 

deflecting during the test, which induced an incorrect displacement reading. To overcome 

this problem a Linear-Variable Differential Transducer (LVDT) was used to accurately 

measure the displacement o f the press crosshead. Figure 4-103 shows the second set of 

tests using the LVDT measuring device. Figure 4-103 illustrates that once the LVDT was 

used to measure the actual press crosshead displacement, the experimental and theoretical 

forging load curves were in very close agreement. The percentage difference at the end of 

the trim die stroke was then only 7.33%.
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Comparing The Second Set Of Experimental Tests 
Against The Theoretical Forging Loads Using An LVDT

80

70 

60

Z  50

" O  
(0
O 30 

20 

10 

0
0 0.5 1 1.5 2 2.5 3

Stroke (mm)

Figure 4-103: Second Set O f Tests Using The LVDT To Accurately Measure The Crosshead Displacement

With respect to figure 4-103, as the experimental forging load (Red line) was 

accurately predicted by the FE model (Black line), it was concluded that the FE results 

produced in this project could be relied upon with some confidence.

74KN

68.57KN

Theoretical
Experimental

189



P art IV: F in ite E lem ent an d  E xperim ental Results: F ailure A nalysis

4.5.4 Failure Analysis

The main reason for the replacement o f a trim die is due to cracking or chipping 

near the cutting radius. Cracking or chipping ultimately results in a section o f the trim die 

breaking away and renders the tool useless. Figure 4-104 below shows a Scanning Electron 

Microscope (SEM) image o f a chipped trim die.

Comer Radius

Figure 4-104: SEM Image Of Chipped Trim Die

In conjunction with the simulation o f the trimming process, a failure analysis was 

conducted in an effort to understand the main factors influencing the failure o f a trim die. 

From an early stage it was clear that failed trim dies could be divided into two categories, 

Misfeed and Non-Misfeed failure. It later transpired that the ‘non-Misfeed failures’ were 

most likely fatigue induced. Descriptions o f the two categories of trim die failure, along 

with the reasons for their occurrence will now be discussed. The detrimental effect of 

coatings, in terms o f fatigue resistance, will also be discussed.
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4.5.4.1 Misfeed Failure

If a bolt making machine is running at full speed, and a situation arises where there is 

no workpiece present in the top tool, the momentum of the ram which drives the trim die, 

causes the trim die and top tool to make contact. The footprint o f the top tool in hexagonal, 

therefore when the two collide, a hexagonal impression (called a witness mark) is left on 

the land surface o f the trim die. Trim dies, having this witness mark, were grouped in the 

‘misfeed failure’ category. These failed trim dies were sectioned, mounted, polished and 

etched as detailed in Section 3.2.5 on page 77. Figure 4-105 below shows a section through 

a typical trim die and the approximate locations o f the cracks arising from the misfeed and 

non-misfeed failures. With respect to figure 4-105, the images shown in the following 

figures 4-106, 4-109 and 4-112 are viewed from direction 1, while figure 4-119 is viewed 

from direction 2.

With the use of a light microscope, a particular crack pattern was evident. Figure 4- 

106 on the following page shows the crack location associated with a misfeed failure as 

viewed from direction 1. On the left hand side an image taken with the light microscope 

shows the physical cracks, while on the right hand side a drawing indicates where these 

cracks are located with respect to the trim die comer profile.

Misfeed and 
Non-Misfeed 

Cracks

Direction 2

Direction 1

Figure 4-105: Section Through Trim Die Showing Location of Cracks
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Trim Die Profile

Crack Area

Figure 4-106: Misfeed Crack Location On Trim  Die And Detail

The two cracks shown in figure 4-106 are propagating to the right, highlighted by 

the yellow arrow. Therefore these cracks are propagating in the radial direction. A tensile 

axial stress is required to drive these cracks in the radial direction shown in figure 4-106. 

The initial reaction to the concept o f the trim die colliding with the top tool would be to 

consider that only compressive and not tensile axial stresses would prevail in the vicinity 

o f the corner radius. Therefore to investigate the stress state within the trim die during this 

mode o f failure, an FE model, which simulated a misfeed, was constructed and analysed.

Figure 4-107 shows the axial stress distribution within the trim die during the 

misfeed simulation. To simulate the misfeed failure, the workpiece material was removed 

which enabled the trim die to be forced upwards into the top tool. The small square symbol 

and the yellow region in figure 4-107 illustrate that the maximum tensile axial stresses act 

at the approximate location o f the misfeed cracks observed using the light microscope.

The reasons for having tensile instead o f compressive axial stresses at the trim die 

comer can be explained by considering the velocity vector plot o f the trim die material 

during the simulation, as shown in figure 4-108.

With respect to figure 4-108, notice that there are two distinct directions for the 

trim die material to follow. The yellow arrow highlights the first direction, which is due to 

the FE model forcing the trim die upwards into the top tool. The red arrow highlights the 

second flow direction o f the trim die material. Due to the rigid top tool, the upward 

movement o f the trim die causes the material at the comer to flow radially inwards. This 

radially inward flow causes the maximum tensile axial stresses to occur close to the comer 

radius.
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By using a FE model to simulate a misfeed, the stress state in the vicinity o f the 

comer profile was established. Due to the trim die material flowing radially inwards, the 

maximum tensile axial stress was located in the same vicinity as the cracks observed in the 

failed dies. Therefore with the use of an FE model, a theoretical explanation for the 

occurrence o f the radial cracks within the trim dies, that failed by misfeed, has been 

established.

4.5.4.2 Non-Misfeed Failure

As previously mentioned, during a misfeed, the top tool leaves a hexagonal 

impression, known as a ‘witness mark’, on the land surface o f the failed trim die. Trim dies 

that failed, but did not have the tell tale witness mark, were sectioned, mounted and 

polished as outlined in Section 3.2.5 on page 77. Figure 4-109 shows an SEM image of the 

crack pattern associated with failed trim dies having no ‘witness mark’.

It is obvious by comparing figures 4-106 and 4-109 that the two categories o f failed 

trim dies produced very different crack patterns. A detailed examination of figure 4-109 

posed some questions:

1. Why was the crack initiation site along the top ‘Land Surface’ of the trim die 

and not at the base of the comer radius as in the trim dies failed by ‘misfeed’?

2. When the crack started to propagate, why was its initial direction perpendicular 

to the ‘Land Surface’?

3. Why did this perpendicular crack direction change, near the end, to curve 

towards the inner ‘Rake Surface’ of the trim die?

As stated by other researchers [34], since World War II great progress has been 

made in understanding the ways in which materials fracture. This knowledge has proved 

essential in providing a better formulation of fi'acture mechanics. Nevertheless, it is still 

not possible to use this knowledge, together with other material properties, for predicting 

fracture behaviour in engineering terms with a high degree o f confidence.
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Figure 4-109: Non-M isfeed Crack In Failed Trim Die

The mechanism of fracture within the trim die would in itself require independent 

research, and is outside the scope o f this project. However in an attempt to establish some 

o f the reasons for failure, the most likely mechanisms based on the FE results and 

experimental findings will be presented.

Crack Location:

With reference to figure 4-109, the crack initiation site was along the top of the trim 

die, known as the land surface. The following explanation for possible reasons for this 

location of crack initiafion assumes that a small defect or crack is present along this land 

surface. In Secdon 4.5.4.3 on page 208 it will be explained how coatings can have a 

detrimental effect in terms surface topography and induce small cracks and flaws on the 

surface o f a trim die. However, for the time being, it is sufficient to assume that a small 

crack is present. This small crack will remain ‘dormant’ until a sufficiently high tensile 

stress acts upon it.
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Figure 4-109 shows that once the crack starts, its direction is initially perpendicular 

to the land surface. It has been stated earlier that assuming that a crack is loaded in Mode 1 

(see Section 2.4.3.3 on page 33), i.e. where the cracks sides move perpendicular apart, the 

opening stress driving the crack growth is the maximum principal stress (M PS) [27, 31, 

36], Figure 4-110 shows the shaded MPS distribution along the top surface o f  the trim die 

during a forging operation. The square in figure 4-110 highlights the location o f  the 

maximum tensile principal stress, which is approximately in the same vicinity as the actual 

crack initiation site shown in figure 4-109. However, the direction o f  the crack propagation 

should be perpendicular to the MPS [34]. Figure 4-111 is a close up image o f  the location 

o f  the maximum tensile principal stress. In this image, the principal stress vector plots are 

shown. The yellow and orange lines represent the tensile and compressive stress 

components a i and a 2 respectively. From figures 4-110 and 4-111, it is clear that along the 

top surface o f  the trim die is the location for the maximum tensile stress component, and its 

direction is perpendicular to the direction o f  the actual crack, i.e. straight downwards as 

highlighted by the white arrow. The direction o f  the maximum principle stress shown in 

figure 4-111 is aligned in the radial direction. It is for this reason that during the FE 

analysis conducted earlier in Phases 1 to 3, that both the effective stress component and the 

tensile radial stress was obtained.
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The results presented in the previous pages have established, theoretically, how a 

crack could propagate initially from a small flaw or surface crack. The maximum tensile 

radial stress recorded along the top surface o f the trim die during the Phase 1 analysis was 

545.3MPa. The yield stress o f the trim die material is approximately 2,500MPa. Therefore 

under static loading these stresses are not sufficient to cause rupture within the trim die. 

However, because the trimming process causes cyclic loading on the tool, these stresses 

might be sufficient to cause the crack to propagate by fatigue. It was for this reason that 

fatigue tests were conducted on M2 High Speed Steel material, the results o f which are 

detailed in Section 4.5.4.4 on page 215.

Another feature o f the cracks obtained from the non-misfeed cracks is that once the 

crack has started downwards, its initial path is very straight. It would be incorrect to 

assume that because the initial MPS drove the crack downwards, that it will remain on that 

course indefinitely because as the crack propagates, the stress state in the vicinity o f the 

crack changes. Therefore the most likely explanation for the initial straight path o f the 

crack is due to carbide segregation. The cause o f the carbide segregation and how it effects 

the crack path will now be discussed.
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Initial Crack Propagation Path

In figure 4-109, vertical straight lines within the M2 material can be observed. 

These lines are caused by carbide segregation. To verify this assertion an Elemental X-Ray 

Spectrum Analysis was conducted at two locations within the trim die material. Figure 4- 

112 below is a high magnification image at the initiation site of the crack shown in figure 

4-109.

Lines o f  
Carbide 
Segregation

Figure 4-112: Crack Propagation Path Along Carbide Segregation

With respect to figure 4-112, the vertical carbide segregation lines are highlighted 

along with the two sites for the elemental X-ray spectrum analysis. X-ray site number 1 

was within the matrix material, while X-ray site number two was over one of the small 

white particles, which combine to form the line o f segregation. Figure 4-113 and 4-114 

show the results from X-ray site number 1 and 2 respectively. The results from site 1 

shown in figure 4-113 illustrate the high concentration of iron (Fe) that would be naturally 

expected in the matrix of the M2 steel. The results from site number 2, shown in figure 4- 

114, confirm that the lines highlighted in figure 4-112 above are indeed lines of carbide 

segregation due to the high concentration o f tungsten, molybdenum and vanadium.

Crack initiation Site
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Figure 4-114: Elem ental X-Ray Spectrum Analysis At Site N um ber 2

In Section 2.2 on page 6, the manufacturing process o f the trim die was explained. 

The trim die material M2 comes into the factory in round bar stock. During the 

manufacture o f AISl M2, an appropriate amount o f  carbon is used to permit the formation 

o f hard carbide particles. Depending on which element o f the M2 alloy the carbon
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combines with dictates the hardness o f the particle. Molybdenum and tungsten carbides 

have a hardness of up to approximately 75 HRc while the hardest of them all, vanadium 

carbides reach 80 to 85 HRc. Therefore these carbide particles are harder than the matrix 

material around it. The mechanical working o f the M2 ingot into round bar stock causes 

the carbides to form circular rings [6], Figure 4-115 shows a representation of a circular 

bar stock with the carbide rings present. Moving out from the centre of the bar, the space 

between the carbide segregation rings increases [72]. A cross section taken through the 

circular stock shows the vertical lines illustrated in figures 4-109 and 4-112. This type o f 

carbide segregation is typical in AISI M2. The toughness achievable in high-speed steels is 

limited by the defects in the steel such these carbide segregation lines [7]. Obviously 

because o f this carbide segregation, the material is anisotropic. Because of this fact, one o f 

the world largest steel manufactures, Uddeholm, have stopped the production of M2 and 

changed to using the Anti-Segregation Process (ASP) for the production o f steel that has a 

segregation free structure.

Carbide Rings

Cross Section

Figure 4-115: Carbide Segregation Rings In Bar Stock M2

Obviously if  a crack starts to propagate in the vicinity o f a carbide segregation line, 

the crack will follow this line, because as already mentioned, the carbide particles are very 

hard and therefore brittle. Now that a theoretical explanation for the perpendicular crack 

propagation path has been established, the last question posed by the crack pattern shown 

in figure 4-109 is why, does this crack path deviate from the brittle carbide segregation line 

and curve towards the inner rake surface. The most likely reason for this deviation o f the 

crack path will now be discussed.
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Final Crack Propagation Path

As previously explained, the crack path can be determined by considering the MPS 

directions, but as the crack propagates, the stress pattern changes and therefore so too will 

the MPS direction. Therefore in an attempt to establish the stress pattern in the trim die 

once the crack has travelled a certain straight distance, an FE model was simulated with a 

slot in the trim die to represent the crack. Figure 4-116 shows the Finite Element Mesh 

(FEM) of the trim die and the dimensions o f the slot. The dimensions of the slot were 

established from an actual crack using a Series TM 300 Mitutoyo toolmakers microscope 

as shown in figure 3-14 on page 64.

Title : Failure A na lysis: step -i on
Database : Aijr2.conor,'Cr«ck/Taligue_1/Slep005,DB

SFTC DEF0RM-2D POST 7.0 1998

OPERATION 1 s te p  -1
1 60S I-------------------------------------------------------------------------------------------------------------

0.02mm

Trim Die 
Profile R = 0.01mm

4.532 4.833 5135 5.436 5.737
Radius (mm)

Figure 4-116: Trim Die With Slot To Represent Crack
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Title: Failure Analysis:
Database Aisr2/conor/Crack/Fatigiie_1 D Mon Sep1101:B2:51 2000 
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Figure 4-117: Maximum Principle Stress A t Root Radius O f Crack
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Figure 4-118: Principle Stress Vector plots Around The Crack Root Radius

202



Part IV: Finite Element and Experimental Results: Failure Analysis

The maximum principle stress (MPS) distribution around the root radius of the 

crack in the trim die is shown in figure 4-117. The square symbol indicates that the 

maximum tensile value o f MPS in on the left hand side of the root radius. This is the side 

pointing towards the direction o f the inner rake surface. However, when the directions of 

the principle stresses are analysed by considering the vector plots as shown in figure 4-118, 

the likely direction of crack propagation is ambiguous. Figure 4-118 shows that the tensile 

principle stresses around the crack root radius, highlighted in yellow, are symmetric and 

almost horizontal at the lowest point on the radius. Therefore using the previous theory that 

the crack will be driven perpendicular to the MPS would suggest that the crack would 

continue downwards. This might explain why some of the failed trim dies had vertical 

cracks that did not initiate in the vicinity o f a line o f carbide segregation. An explanation 

for the final curving o f the crack into the inner rake surface has not been theoretically 

established.

One possible reason for the cracks curvature is that once the crack has grown to 

such an extent that the remaining net-section is insufficient to carry the forging load, a 

sudden fracture takes place. As the crack propagates downward, the distance from the 

crack tip and the inner surface is constantly decreasing due to the rake angle. Eventually, 

the crack will require less energy to curve to the inner surface than continue straight 

downwards and hence turn in that direction. Another important point to make in relation to 

figure 4-117 is that the highest tensile stress located at the comer of the crack radius was 

l,939.8MPa, while the highest tensile stress along the top surface during the Phase 1 

analysis was 545.3MPa, therefore as the crack propagates, the net section o f the trim die is 

decreasing which effectively weakens the tool. The topography of a fractured surface can 

be used to establish what failure mechanism occurred. The next section attempts to 

decipher the complex fractured surface from an analysis o f a failed trim die.

Fractured Surface Topography

As illustrated in figure 4-105 at the start of this failure analysis Section, the images 

o f the crack pattern shown to date have been taken using the light microscope from 

direction number 1. However, with the use o f a Scanning Electron Microscope (SEM), 

high-resolution images taken from direction number 2, which is basically ‘face-on’ to the 

crack, were obtained. Figure 4-119 illustrates an SEM image o f the fractured surface.
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With respect to figure 4-119, two distinct surfaces are highlighted. The top of the 

image is where the crack initiated, and it has a smooth surface topography. This 

smoothness could be attributed to fatigue crack closure, which has a tendency to smoothen 

out the contacting surfaces due to the constant cyclic loading. The bottom surface 

topography, caused by fast fracture due to overload, has the appearance similar to a 

fracture surface caused by Microvoid Coalescence. But as previously outlined in Section 

2.4.3.1 on page 28, Microvoid Coalescence is the mechanism which causes dimpled 

rupture in steels that have a high ductility. However other researchers have stated that there 

a number o f situations where dimpled rupture is observed for embrittled materials [94]. 

Comparing figure 4-119 below and figure 4-109 on page 195 there is a close correlation 

between the smooth surface shown below and the almost perpendicular crack path shown 

in figure 4-109, where fatigue has prevailed.

Smooth Surface

Rough Surface

S aap l«  No 14
005303 WD16.2JTO 20!0kv’x200 ‘ 200tut

Figure 4-119: Fractured Surface Showing Signs O f Fatigue And Rapid Fracture

As previously outlined in Section 2.4.1.4 on page 25, repeated sliding or rubbing of 

one component over another, leads to spalling or microcracking that causes contact fatigue 

wear. During the trimming process, the workpiece material is constantly sliding over the 

land surface of the trim die. To investigate the possibility o f contact fatigue being a
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possible mode of crack initiation, SEM images were taken along the land surface o f a trim 

die which had produced approximately 30,000 bolt heads. Figure 4-120 shows a large 

crack that has formed on a plane parallel to the corner radius. The white arrow indicates 

the direction o f workpiece material flow over the top o f the trim die.

BSEl 13-Sep-OO 010B05 l?D21. Turn 2o!oi(V ‘x4o6  ' lOOuni

Figure 4-120: Transverse Crack Pattern Similar to that Caused By Contact Fatigue
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A comparison between figure 4-120 and figure 2-15 on page 25, which shows 

cracks caused by contact fatigue [9], indicate a close similarity.

The failure analysis at this point had established, on a theoretical basis, the 

mechanism for fracture for both the ‘misfeed’ and ‘non-misfeed’ failures. The misfeed 

failure was caused by the trim die material being forced to flow radially inwards as the trim 

die made contact with the top tool. The non-misfeed failure mechanism described in this 

Section is more difficult to explain due to lack o f evidence. As previously detailed in 

Section 2.4.3.3 on page 31, fatigue fractures may exhibit striation marks. None of the 

fractured surfaces analysed in this project exhibited striations. However, the absence of 

fatigue striations does not mean that the basic mechanism by which the crack advanced has 

changed [94]. A lack o f striations on a fatigue surface may be caused by:

• The mechanism of ‘crack-closure’ could have a tendency to obscure striation 

marks caused by the rubbing together o f the fractured surfaces.

• When the trim die fails, the operator o f the boltmaking machine might not 

noticed immediately, therefore making it possible for a number of bolts (50 to 

200) to be trimmed. This might explain why some o f the fractured surfaces are 

relatively smooth as shown in figure 4-121 below.

Figure 4-121: Smooth Fracture Surface on Failed Trim Die 
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The non-misfeed trim dies show no visible ‘witness’ marks, therefore failure 

caused by gross cracking or plastic deformation can be ruled out. The results from the FE 

models, detailed in Phases 1 to 3, have indicated that the theoretical maximum principal 

stress of 545.3MPa along the top surface o f the trim die is insufficient to cause nipture in 

the M2 material having a yield stress o f 2500MPa. Because o f these two facts, and by a 

process of elimination, the most likely mechanism for crack propagation is fatigue.

The fatigue mechanism described in this Section was based on the premise that a 

small crack or flaw along the land surface o f the trim die was acting as a stress raiser to 

initiate a fatigue crack. In the following Section 4.4.4.3 it is explained how the coatings of 

the trim dies, analysed in this project, develop flaws before forging a single bolt head.
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4.5.4.3 The Effect Of Coatings

As detailed in Section 2.3.3 on page 17, the trim die analysed in this project are 

coated using a CVD process to improve its wear characteristics. However Section 2.3.4 on 

page 18 highlighted that the exact influence o f coatings on metal substrates produced some 

contradictory results in terms o f fatigue endurance.

There is general agreement that fatigue cracks initiate on the surface of components 

under cyclic loading. It has been stated that the single most prevalent initiator of brittle 

fracture is a fatigue crack, which conservatively accounts for at least 50% of all brittle 

fractures in manufactured products [20].

The results presented in the previous section indicated that the fracture of the trim die 

was most likely induced by fatigue, which originated from a surface flaw or small crack. 

Section 2.3.4.3 on page 21 gave details o f research by Geiger et al [10] were an M2 

substrate was fatigue tested to establish the exact influence o f CVD coatings on tool steel, 

however these results could not be used in this project for the reasons outlined in Section 

2.3.4.3 on page 21. It was for this reason that an analysis into the effects o f coatings was 

conducted in this project.

Figure 2-14 on page 20 clearly indicated that a CVD process generates tensile 

residual stresses within the coating. The tensile residual stresses are caused due to a 

mismatch o f the coefficients o f thermal expansion between the coatings and the steel 

substrate [8, 16]. Table 4-42 below shows the difference in coefficients o f thermal 

expansion between the M2 substrate and the various coatings.

Material Coefficient o f  Thermal Expansion per °c

TiN 8 x  10"'’

Ti (CN) 8 x  10'^

TiC 8 x  10'^

M2 High Speed Steel 12 X 10-'̂

Table 4-43: Coefficients o f Thermal Expansion

Therefore as the trim die is heated in the heat treatment cycle, the M2 substrate 

wants to expand up to 50% more than the coating and this causes a tensile stress system
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within the coating. It has been stated that compressive residual stresses at the external 

surfaces generally enhance fatigue life, while tensile stresses are detrimental [18],

Section 2.2.4 on page 12 outlined the heat treatment process applied to the 

machined and coated trim dies. Because o f the very high temperatures applied to the 

coated trim die, and the previously mentioned thermal mismatch, it was decided to conduct 

a surface topography analysis of a trim die pre and post heat treatment.

The following four figures 4-122 to 125 are taken from a coated trim die which was 

cut in half The first two, figures 4-122 and 4-123, show the pre-heat treated surface 

topography. The other half o f the trim die was then heat treated as outlined in Section 2.2.4 

on page 12. Figures 4-124 and 4-125 shows its surface topography post-heat treatment.

BSEl 13-Sep-OO 0 1 0 7 8 8  WD21. 7mm 2 0 .0 k V  x l .O k  50um

Figure 4-122: Surface Topography Pre-Heat Treatment at a Magnification o f  IK
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Crystalline

Figure 4-123: Surface Topography Pre-Heat Treatment at a Magnification o f 3K

Surface Cracks

Figure 4-124: Surface Topography Post-Heat Treatment at a Magnification of IK
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Surface Cracks

Figure 4-125: Surface Topography Post-Heat Treatment at a Magnification of 3K

Figures 4-122 and 4-123 show the SEM images of the pre-heat treatment surface 

topography at magnifications o f IK and 3K respectively. Figures 4-124 and 4-125 show 

the post-heat treated surface topography from the same trim die at magnifications o f IK 

and 3K respectively. The pre-heat treatment images shown in figures 4-122 and 4-123 

indicate that the coating is very crystalline. The heat treatment cycle applied to the trim die 

between the conditions shown in figure 4-123 and 4-124, consisted o f a pre heat to 870°c, 

high heat to 1120°c and then quenching in nitrogen under high pressure (3-6 bar). 

Following this, the trim dies were tempered at 560 °c for three soaks o f 150 minutes each. 

When the surface topography o f the trim dies after heat treatment was analysed, as shown 

in figures 4-124 and 4-125, a very distinct change in surface topography was observed. The 

crystalline structure visible in the pre-heat treatment images has disappeared. The post-heat 

treatment surface is more undulating, but more importantly, the surface is covered in 

surface cracks as highlighted in figures 4-124 and 1-125.

It has already been established that surface roughness has a significant influence on 

the fatigue endurance of a component. The pre and post heat treatment trim dies were 

placed into a series 100 Zygo white light profilometer, which uses phase shift
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interferometer to measure surface roughness. The results from the Zygo machine for the 

pre and post-heat treated trim dies are shown in figures 4-126 and 4-127 respectively.

+ 4 7 .0 7 3 2 1
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Figure 4-126: Results from the Zygo Machine For the Pre-Heat Treated Trim Die

Figure 4-126 above indicates that the pre-heat treated trim die had a surface 

roughness value Ra o f 0.702)im. When this is compared to the post-heat treated image 

shown in figure 4-127, the Ra value has increased by approximately 3 times to 2.13 l|am.

Ra = 2.131|j,m
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Figure 4-127: Results from the Zygo Machine For the Post-Heat Treated Trim Die

The images from the SEM and Zygo machine have proved that the heat treatment 

cycle causes a sever change in the roughness of the surface, but more importantly,
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considerable cracking within the coating. Whether it is the high temperature that causes the 

surface cracking or the rapid nitrogen quenching is unknown but it is sufficient to say that 

their combined eflFect can be detrimental in terms o f the fatigue life o f the tool.

Section 2.3.4.5 on page 22 highlighted research work that suggested that multi 

layers in a coating provide a barrier to crack propagation [16]. Given that the trim die 

coating consists o f three layers, it was thought that even if the top layer had cracked, the 

second or third layer would act as a barrier. To investigate this, trim dies that had failed in 

service were sectioned, mounted and polished as outlined in Section 3.2.5. Figure 4-128 is 

a light microscope image o f a crack, which has propagated from the surface through the 

three coatings and into the substrate.

Coating

Figure 4-128 Surface Crack Propagating into the M2 Substrate

A possible explanation as too why a crack would propagate through the three 

coating layers would be that because o f the high temperatures involved in the CVD 

process, a diffusion layer between each coating interface is established. This diffusion of 

the layers enables the crack to propagate from one coating to another and finally into the 

M2 substrate.
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Finally, during the analysis o f the coatings, using the light microscope, an 

unexpected image was discovered. Figure 4-129 below shows the appearance of what 

would appear to be ‘corrosion pits’ at the coating / substrate interface. Section 2.3.4.4 on 

page 22 detailed how other researchers [14, 15, 20, 21] have proposed a mechanism of the 

decrease in corrosion fatigue life.

TiNTiC Ti (CN)

Coating
Crack

Corrosion Pits

Substrate

Figure 4-129: Light M icroscope Image O f Corrosion Pits Between the Coating and Substrate Interface

With reference to figure 4-129, it can be seen that there is a crack above each 

corrosion pit. These corrosion pits act as initiation sites for fatigue cracks to propagate and 

will generally reduce the fatigue endurance o f a component [15, 20]. However it is unlikely 

that the corrosion pits shown above caused failure within the trim die due to the short 

process times o f the dies themselves. Instead a more likely explanation would be to assume 

that these corrosion pits formed after the die had failed over a far greater period o f time.
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4.5.4.4 Fatigue Results

As outlined in Section 4.5.4.2 on page 194, the ‘non-misfeed’ failures suggested that 

fatigue loading could cause the propagation of the small cracks from the top surface o f the 

trim die. The FE analysis indicated that the maximum theoretical tensile radial stresses 

along the top of the trim die was 545.3MPa, while the yield strength of M2 is 

approximately 2,500MPa. Obviously the tensile radial stresses on the land surface are 

insufficient to cause rupture. However as explained in Section 2.4.3.3 on page 31, it is 

generally understood, that a component which experiences sufficient cyclic stresses below 

its yield stress can eventually fail due to fatigue [20]. For that reason four point bending 

fatigue tests, as detailed in Section 3.2.3, were conducted on the trim die material M2.

The previous Section 4.5.4.3 outlined some o f the detrimental effects of coatings. The 

two main effects were:

1. The CVD coating process imparts tensile residual stresses within the coating 

due to thermal mismatch.

2. Once the trim die has been through the heat treatment cycle the surface o f the 

coating had developed cracks before trimming a single bolt.

Because of the two points listed above, fatigue tests were conducted on coated and 

uncoated M2 to prove or disprove the negative effects o f the trim die coating. The fatigue 

specimens were rectangular in cross section having dimensions o f 10 x 20mm and a length 

o f 135mm. The grinding parameters, heat treatment and coating application matched the 

specifications applied to the trim die during manufacture.

For all the fatigue tests conducted in this project, the stress ratio (R), which is given 

by the ratio of the minimum stress (amin) to the maximum stress (omax), was held constant 

at 0.1. A total of 56 fatigue tests were conducted, half o f which using the coated M2 

samples.

Figure 4-130 shows the resulting S / N curve, plotting the stress range against the 

log o f the number of cycles to failure, for the uncoated and coated M2 specimens. The 

black line represents the uncoated specimens while the red line represents the coated 

specimens.
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S/N curve for M2 
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Figure 4-130: Fatigue Test Results for the Uncoated and Coated M2 at Room Temperature

With respect to figure 4-130 above, the fatigue limit for the uncoated and coated 

specimens was 770MPa and 670.5MPa respectively. Therefore, in the case o f the uncoated 

samples, if a load were applied to the four point bending specimens, that induced a stress 

range o f 770MPa, the sample would complete one million cycles without failure. The same 

stress range o f 770MPa applied to the coated M2 specimen would cause failure between 

226,000 to 359,000 cycles. The stress range had to be lowered to 670MPa before the 

coated specimens completed one million cycles.

Figure 4-130 clearly proves that for the test results presented here, the application 

o f a CVD coating reduces the fatigue limit o f the heat treated trim die material M2 by 

almost 13%.
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4.5.4.5 Conclusions: Failure Analysis

The exact mechanism of fracture within the trim die would require independent 

research and was outside the scope o f this project. An analysis based on experimental 

testing and observations coupled with other research work on fracture and fatigue has been 

conducted to establish the most likely failure mechanism within the trim die. The failed 

trim dies were divided into two categories, Misfeed Failure and Non-Misfeed Failure. The 

results obtained from a FE model of the trim die colliding with the top tool helps to explain 

the cause o f ‘misfeed’ failures. The finite element analysis conducted in Phases 1 through 

3 concentrated on optimising the various parameters o f the trim die profile. As a 

consequence of this analysis it was discovered that the trim die experiences tensile radial 

stresses along the top ‘land surface’ where the ‘non-misfeed’ cracks are known to appear. 

An analysis of the maximum principle stresses in the vicinity o f the known crack initiation 

site revealed that the tensile principle stresses were perpendicular to the trim die surface 

and hence promotes crack propagation.

Once the crack had started to propagate, its path was perpendicular to the surface on 

which initiation occurred. Images from the SEM highlighted vertical segregation lines 

through the M2 die material. An elemental X-ray spectrum analysis revealed that these 

lines were in fact carbide segregation lines. Due to the alloying elements of the M2 steel, 

these carbides are very hard and therefore very brittle. If a crack were formed in the 

vicinity o f these carbide segregation lines its propagation path would follow a line through 

the brittle carbides.

In an effort to establish why the crack later changed course and veered towards the 

inner rake surface, an FE model that reproduced the crack, was used. The results obtained 

from this analysis did not confirm why the crack changed direction. However, the most 

likely explanation is that as the crack propagates vertically downwards the distance 

between the tip o f the crack and the inner surface o f the trim die is ever decreasing, due to 

the internal rake angle. Therefore at a certain point, the crack requires less energy to 

change direction and break to the surface through the reduced volume o f the metal than to 

continue downward through the bulk of the trim die.
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It was decided to conduct an analysis into the effects o f applying a coating onto the 

trim die because other research in the area, outlined in Section 2.3.4.1 on page 18, 

produced contradictory results. SEM images revealed that the surface topography pre and 

post-heat treatment had very different appearances. The two main points arising from this 

analysis were:

1) The CVD coating process leaves residual tensile stresses which are known to

reduce the fatigue life [34]

2) The heat treatment cycle causes cracks to form on the surface.

Four point bending fatigue tests were conducted on coated and uncoated M2 

specimens in an effort to prove or disprove the detrimental effects o f coatings and obtain 

fatigue data for M2. The results obtained proved that using a coating on the heat treated 

AISI M2 reduced the fatigue limit o f the material.

As previously highlighted in the Phase 1 conclusion on page 148, the highest 

theoretical radial stress along the top land surface o f the trim die was 545.3MPa. However 

the fatigue test results presented in this section have stated that the fatigue limit for the 

coated M2 material is 670.5MPa. Therefore an initial reaction might be to assume that 

none of the trim dies should have failed, as the maximum theoretical radial stress is below 

the fatigue limit of the material. However the percentage difference between the 

experimental fatigue tests and the theoretical FE estimation o f maximum principal stresses 

is only 18.6%. With reference to figure 4-130, there is a scatter band o f approximately 

25% in the results, therefore taking the scatter in the fatigue results into consideration, 

incidences could arise were the theoretical radial stress is sufficiently high to cause fatigue 

in the trim die. The possible variation in the fatigue limit explains why not all the trim dies 

fail due to this fatigue mechanism.

In terms of fatigue testing with the inherent difficulty o f scatter in the results, and the 

fact that the FE models are, by definition, an approximation o f the actual trimming process, 

it can be concluded that the theoretical estimations are satisfactorily within the limits of 

experimental uncertainfies.
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Part V. 

5 Conclusions

Numerous research programs have numerically and experimentally examined the 

stress distributions within cold forging processes, mainly cold extrusion [1,3,16,22,24,25, 

27 -  30,32] However, to the author’s knowledge, no theoretical or experimental 

investigation of the Trimming Process or Trim Die failure has been carried out previously. 

Therefore the objective o f the work for this thesis was to analyse the effect of various trim 

die profile parameters on the stress distributions during the entire cold forming process, to 

determine an ‘optimum’ trim die profile and to suggest the likely mechanisms for tool 

failure.

The Influence of the Trim Die Profile parameters: 

Corner Radius:

• A corner radius smaller than 0.2mm, in both the ‘fillet’ and ‘compound’ 

configurations, will cause yielding within the M6 trim die.

• The largest ‘fillet’ and ‘compound’ radii of 0.4mm and 0.25mm respectively, 

induced the lowest level of effective stress. However, comparing the two comer 

geometry configurations, the ‘fillet’ comer radius o f 0.4mm induced an 

effective stress by almost 7.5% lower.

Land Width:

• The smallest land width of 0.2mm will theoretically induce the lowest effective 

stress in the trim die due to a reduction in the aspect ratio. However in terms of 

production on the factory floor, the lowest “practical land width” of 

approximately 0.2mm to 0.4mm would be advisable.

Petal Angle:

• An optimum petal angle of 25° induced the lowest effective stress within the 

trim die. Larger petal angles weaken the trim die, while the smallest angle of 

20° offered the greatest resistance to the trimmed material.
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Rake Angle:

• While varying the rake angle had little effect on the stresses within the trim die, 

however, the 1 ° rake angle induced the lowest effective stress and was therefore 

deemed ‘optimum’.

Interaction Between Parameters:

The Phase 2 analysis concluded that interaction exists between some of the trim die profile

parameters. The three interactions, compiled in order o f severity are as follows:

• Comer Radius vs. Land Width

• Land Width vs. Petal Angle

• Comer Radius vs. Petal Angle

Failure Mechanisms of the Trim Die:

The combination o f an experimental and theoretical investigation established the

following:

• A theoretical explanation for the trim die failure known to be associated with a 

‘misfeed’.

• The crack location of the trim dies, categorised as ‘non-misfeed’ failures, 

requires a tensile radial stress to cause propagation. It is proposed that this 

tensile radial stress is the ‘critical’ stress component causing premature failure 

within the trim die.

• The magnitude of the theoretical ‘critical’ stress component is only 18.6% 

lower than the fatigue limit established by fatigue testing. Therefore it can be 

assumed that the crack propagates due to a fatigue type mechanism.

• An elemental X-Ray spectmm analysis verified that vertical straight lines of 

hard carbide particles exist within the trim die material structure, this line of 

carbides is caused by carbide segregation during the cooling of the M2 ingot. It 

is proposed that the fatigue resistance o f the M2 high-speed steel will be 

reduced if  a crack initiates in the vicinity o f a line o f carbide segregation.
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• An investigation o f the surface o f a coated trim die, pre and post-heat treatment, 

highhghted surface defects caused by either thermal mismatch between the 

coatings and substrate, or due to the heat treatment processes such as rapid 

quenching during the austenitizing stage.

Optimum Trim Die Profile:

By combining the conclusion from the theoretical analysis performed in Phases 1 

and 2, and the failure analysis, an ‘optimum’ trim die profile was established. The selection 

of the ‘optimum’ profile parameters was based on the magnitudes of minimum induced 

effective stresses and ‘critical’ tensile radial stresses. However, the analysis performed in 

Phases 1 and 2 highlighted the influence that the use of the ‘Land Width’ had on the 

induced stresses. Therefore a new and previously unconsidered trim die profile designated 

a ‘Reverse Compound’, was simulated and compared with the ‘Optimum’ trim die profile. 

The result from that comparison was as follows:

• At the final stroke of the trim die, the ‘Reverse Compound’ profile 

induced an effective stress o f 1.84GPa compared to 2.16GPa obtained 

with the ‘Optimum’ profile. Therefore the Reverse Compound profile 

reduced the level o f effective stress by approximately 15%.

• The ‘critical’ tensile radial stress induced by the ‘Optimum’ and 

‘Reverse Compound’ profiles was 39.3MPa and 38.5MPa respectively, 

which corresponds to a difference of only a 2%. Therefore there is 

virtually no difference between the two models.

• Although the ‘critical’ stress component was virtually the same for both 

profiles, the value o f 38.5MPa is approximately 92.95 % smaller that the 

worst profile simulated in Phase 1.

Overall Conclusions:

Based on the magnitudes and distribution, o f the effective stress and the ‘critical’ 

tensile stress component, the use of the ‘Optimum’ or the untested ‘Reverse Compound’ 

profiles should, in theory, increase the life prediction of the trim die.
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Part VI 

Future Work

The Phase 4 analysis outlined on page 177 highlighted that due to the internal 

hexagonal hole within the trim die, 3D analysis is necessary to simulate the flow of 

workpiece material across the comers of the hexagon. Phase 4 also illustrated that at 

present the computational time required to simulate a one-quarter model of the trimming 

process is very intense. Until the FE packages become more efficient and personal 

computers more powerful, access to super computer mainframes would be the best 

approach to obtain a understanding of the ‘real-world’ trimming process.

In all the FE models presented in this thesis, the workpiece material is a medium 

carbon low alloy steel. However when forming Stainless Steel bolts, specific Trim Die 

profiles are required. Therefore a continuation o f this research work would be to 

investigate how altering the workpiece material effects the selection of the ‘Optimum’ 

Trim Die profile.
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APPENDIX A 

Trim Die Material Characterisation
The trim die is made from high speed steel AISI M2. Table A-1 below shows the typical 

percentage chemical composition for M2.

Element Chemical Composition

Carbon 0.83%

Tungsten 6.13%

Molybdenum 4.94%

Vanadium 1.95%

Chromium 4.33%

Table A-1: Typical Chemical Composition of AISI M2 (% wt)

The main features o f a high-speed steel are its great hardness in the heat-treated 

condition and its ability to resist softening at relatively high working temperatures.

The alloying elements listed in table A-1 have different influences on the properties 

o f M2. The effects of one alloying element on a steel may be affected by the presence of 

other elements [73]. The effects o f a particular element may be beneficial to steel in one 

respect but detrimental in others. General effects of the various alloying elements found in 

high-speed steels are summarised below.

Carbon is the most important single alloying element in steel. It is essential to the 

formation of cementite, pearlite, spheroidite, bainite and iron-carbon martensite. 

Microstructures comprising one or more o f these components can provide a wide range of 

mechanical properties and fabrication characteristics.

Tungsten and Molybdenum improve the red hardness retention and high 

temperature strength of the matrix material. They also combine with the carbon atoms to 

form carbides with an approximate hardness o f 75 HRc.

Vanadium is generally added to steel to inhibit grain growth during heat treatment. 

In controlling grain growth, it improves both the strength and toughness of hardened and 

tempered high-speed steels. When vanadium combines with carbon to form a carbide, its 

hardness is approximately 80-85 HRc.

Chromium is generally added to increase resistance to corrosion, oxidation, to 

increase hardenability and improve abrasion resistance in high carbon compositions.
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APPENDIX B

Coating Application Techniques 

Bl. Chemical Vapour Deposition (CVD)

Chemical vapour deposition o f hard wear resistant coatings such as Titanium 

Carbide or Titanium Nitride onto cemented carbide cutting tools was first introduced in the 

1960’s.

CVD can be defined as a process in which gaseous chemical reactants are 

transported to a reaction chamber, activated thermally or by other means in the vicinity of 

the substrate, and made to react to form a solid deposit on the substrate surface. Figure B-1 

below schematically represents a thermally assisted CVD coating process.

Reactor

Induction coil

Substrata 

Cryog«nic trap

Vacuum pump

Gat
•upply
•yttam

Effluant nautratizar

Figure B-1: Schematic of Thermally Assisted Chemical Vapour Deposition [74]
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In the CVD coating process a gas mixture is introduced into a reactor in which the 

tools to be coated are heated to approximately 1000°c. The gaseous atmosphere envelops 

them and a chemical reaction takes place on the surface o f  the parts providing a solid 

material coating.

The chemical reactions, along with the coating temperatures required to produce 

Titanium Carbide (TiC), Titanium Carbonitride (Ti (CN)) and Titanium Nitride (TiN) are 

given below.

To produce a TiC coating layer:

TiCU + CH4 + H2 

To produce a Ti (CN) coating layer:

TiCU + CH4 + N2 + H2 

To produce a TiN coating layer:

TiCU + N2 + H2

With respect to the three chemical reactions listed above, the Hydrogen gas does 

not take part in the reaction and is referred to as the ‘carrier’.

B2. Physical Vapour Deposition (PVD)

Due to the high temperatures involved in the CVD process heat treatment is 

generally required after the coating has been deposited. This led to the development o f 

PVD techniques. In comparison with the CVD process, the temperatures are relatively low, 

in the order o f 550°c. The basic PVD processes fall into three general categories. 

Sputtering, Evaporation and Ion plating. The PVD method is sometimes referred to as a 

‘line o f  sight’ process. This means that the hard coating material is transferred from a 

source to the tool, travelling in a straight line. Figure B-2 on the following page shows a 

schematic o f  the Sputtering PVD process. In the Sputtering PVD process, the target, which 

is the source o f the coating material, and the substrate are placed in a vacuum chamber. 

The target is connected to a negative voltage supply, which causes it to become the 

cathode. The substrate material generally faces the target. The coating material is
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transported from the target to the substrate by a bombardment of the target by gas ions that 

have been accelerated by the high voltage supply. Momentum transfer between the 

incoming ions and the target ejects atoms of the coating material. These ejected particles 

move across the vacuum chamber to be deposited on the substrate. This process of building 

atoms of the coating material on substrate causes high compressive stresses within the 

PVD coating.

Working

Gas
Cathode (Target)

Plasma Ionr\
Power
Supply

Substrate

Vacuum Pump

Figure B-2: Schematic o f A Sputtering PVD Process [74]
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APPENDIX C

Ring Compression Tests

A ring compression test was used to determine the friction factor between the fastener 

material, a low carbon medium alloy steel, and the trim die material, which is M2 tool 

steel. Figure C-1 below illustrates a cross section through the ring compression specimen 

and anvils, before any deformation has taken place. The ring compression specimen is 

shown hatched. Rj = inner radius, Ro = outer radius and To = original height. The two 

anvils, shown above and below the specimen in figure C-1 where made from M2 and 

ground to the same surface conditions as the trim die, and they were coated with the triple 

layers o f TiC, Ti (CN) and TiN, hardened and heat treated as outlined in Section 2.2.4 on 

page 12. The grinding, coating and heat treatment o f the anvils was consistent with the 

manufacturing process applied to the trim die to ensure good correlation between the ring 

test and the trimming process.

The anvil-specimen-anvil sandwich shown in figure C-1 was then placed into an 

ENSTRON 1196 testing machine, which is rated to 250 KN. Reducing the initial height of 

the specimen by the application o f pressure onto the M2 anvils, an incremental decrease of 

(ATo) was recorded.

....
M2 Anvil Number 2

t
Specimen

M2 Anvil Number 1

Figure C-1: Deformation Behaviour During A Ring Compression Test
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M2 Anvil Number 2

Specimen

M2 Anvil Number 1

Figure C-2: After Deformation With Low Friction

The change in internal and eternal diameters is very dependent on the friction 

conditions at the die-workpiece interface. For low values of friction, the ring would deform 

in the same way as a solid disk, with each element flowing radially outward at a rate 

proportional to its distance from the axis o f symmetry. Figure C-2 illustrates such a 

deformation, assuming low friction values, where (Rn) is the neutral radius. Any point on 

the neutral radius (Rn), the material is assumed to be stationary.

Rn

Anvil No. 2
I

Specimen

Anvil No. 1

Figure C-3: After Deformation With High Friction

In relation to figure C-2, the neutral radius is smaller than the inner radius, 

therefore all the workpiece material flows radially outward. In figure C-3, which represents 

the deformation during high friction, all points with a radius greater than the neutral radius 

will flow radially outward, however all points with a radius smaller than the neutral radius,
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flow radially inward. Thus the change in internal diameter provides a simple method for 

evaluating interface friction. The ring test has an advantage when applied to the study of 

friction [63] as the force necessary to deform the ring and the flow stress of the specimen 

material do not have to be known. To obtain the magnitude o f the friction factor, 

theoretical calibration curves, based on work by [75, 76 and 77] as shown in figure C-4 

below, were utilised.

100

0.8
f r i c t i o n  ^

factor, m i ,0 j
0 , 3 -

I, 0.2

0 .1 6

o

0.12

0 .0 8c
c

- 2 0u
Q

0 .0 4- 4 0

0 02
- 6 0

0 20 8060 10040

Deformation, %

Figure C-4: Theoretical Calibration Curve to Determine the Friction Factor (m)

With reference to figure C-4, it can be seen that only two variables are required to 

calculate the friction factor (m). The first variable is the percentage deformation in the 

height o f the ring, which is plotted on the x-axis. The second variable is the percentage 

decrease in internal diameter, which is plotted on the y-axis. For example with reference to 

figure C-4, if  a 40% deformation in the height o f the ring resulted in a decrease in the
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internal diameter o f 20%, the friction factor (m) for that experimental test would be 

approximately 0.6.

The theoretical calibration curve shown in figure C-4 varies depending on the 

initial dimension o f the ring specimen. The dimensions o f a typical ring test specimen, as 

standardised by other research [75, 76 and 77] should follow the ratio o f eternal diameter 

to internal diameter to thickness o f 6:3:2. The dimensions o f the ring compression 

specimen tested within this thesis are shown in figure C-5 below.

12mm

6mm

^  4mm 
J*L_

Figure C-5: Typical Ring Compression Specimen

The results from these ring compression tests are detailed in section 4.5.2 on page

185.
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APPENDIX D 

Comer Radius and Trim Die Stroke

Figure D-1 below shows a 0.1mm Fillet trim die, workpiece and top tool. The 

dimension labelled ‘X ’ has to remain constant as this dictates the distance across the flats 

of the trimmed bolt head. Dimension ‘Y’ is designated the ‘final stopping distance’, which 

is effectively equal to the flash thickness. As previously mentioned in the Phase 1 finite 

element results in Section 4.1 on page 79, once the user defined reference points on the top 

tool and trim die reach the value ‘Y’ the simulation is given the signal to stop. The final 

stopping distance ‘Y’ remained constant at 0.25mm for all the FE models simulated in this 

project.

Workpiece

Figure D-1: Top Tool, Workpiece and Trim Die Showing Stopping Distance and Across Flats Dimension
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Figure D-2 below shows a close up view o f the contact area between the trim die 

and workpiece. The workpiece is highlighted by the hatched pattern. The 0.1mm fillet trim 

die profile is shown in black, while the 0.4mm fillet trim die profile is highlighted in red.

Workpiece

0.4mm Fillet

0.1mm Fillet

Figure D-2: Close-up o f  Trim  Die and W orkpiece Showing the Variation in the 0 .1mm and 0.4mm Trim

Dies

Because the inner distance ‘X’ has to remain constant so that the distance across the 

flats o f the bolt hexagon are accurate, when the 0.4mm fillet trim die (shown in red) is 

located so that the inner rake face lines-up with the dimension ‘X ’ the top o f the land 

surface increases by a distance ‘Z’.

Because o f the 0.1mm and 0.4mm trim dies are both terminated when the reach the 

dimension ‘Y’ (see figure D-1), the 0.4mm trim die has less o f a distance to travel.

Therefore, the greater the comer radius, the smaller the actual travel o f the trim die.
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APPENDIX E 

Fracture Within The Workpiece Material

The results presented in Phases 1, 2 and 3 have highlighted that as the trim die 

reaches its final stroke, the effective stresses within the trim die rise sharply. Obviously 

stopping the trim die further from the top tool reduces the aspect ratio and consequently 

reduces the induced stress. As explained in Section 2.1.1 dealing with the fundamentals of 

the trimming process, once the trim die reaches its final stroke, a Knock-Out pin forces the 

fastener through the centre o f the trim die, and in doing so shears the excess trimmed 

material. Naturally, increasing the flash thickness lowers the magnitude of effective stress 

within the trim die, but it also increases the shearing or knockout (KO) load required. 

Because of this it was decided to conduct an investigation into the effects o f increasing the 

flash thickness in terms o f KO load and the fracture surface topography.

The conclusions from Phase 3 stated that using a Reverse Compound trim die would 

lower the effective stresses within the trim die by up to 15%. Although the Reverse 

Compound trim die is purely conceptual, and its potential advantages have not been 

validated experimentally, it was considered advantageous to investigate how this new 

profile would perform during the final knockout sequence to determine if the 15% 

difference in effective stress could be further increased. A standard 0.25mm compound 

trim die was used to compare to the results obtained from the Reversed Compound model.

As previously mentioned in Section 4.1 on page 79, the FEA package DEFORM was 

instructed to end the simulation once the flash thickness, defined as the distance between 

two user defined points, reached a value of 0.25mm. Figure 4-2 on page 80 illustrates this 

final stopping criterion. The term ‘stopping distance’ is equivalent to the ‘flash thickness’, 

and will be considered as such from here onwards. A total o f  eleven FEA models were 

constructed, were the flash thickness was altered from 0.25mm to 0.75mm in steps of 

0.05mm.
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El.Effective Stress Results

Figure E-1 presents the effective stresses plotted against the flash thickness for the 

Reverse Compound and Standard trim die. As previously explained, increasing the flash 

thickness reduces the aspect ratio, which in turn reduces the magnitude of the induced 

effective stresses. With respect to figure E-1, at a flash thickness o f 0.25mm the maximum 

effective stresses recorded for the Reverse Compound and Standard trim die FE models 

were 1.84GPa and 2.38IGPa respectively. Increasing this flash thickness to 0.75mm 

caused the maximum effective stresses within the Reverse Compound die to drop to 

1.382GPa, which is a reduction o f just under 25%. In the case o f the Standard trim die, 

increasing the flash thickness to 0.75mm caused the effective stresses to drop to 1.846GPa, 

which is a drop of over 22%. It would be advantageous, in terms o f the effective stresses, 

to increase the flash thickness to 0.75mm instead o f 0.25mm, but increasing the flash 

thickness also increases the necessary shearing or knockout (KO) load. This increase in the 

required Knock-Out (KO) load must be determined.

Effective Stress Vs. Flash Thickness
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Figure E-1: The Effects O f Increasing The Flash Thickness On The Effective Stresses
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In industry, the last sequence or knockout sequence, after the trim die has reached 

its final stroke, is the shearing of the excess trimmed material around the head of the 

fastener. DEFORM has a fracture module built into its pre-processor. The DEFORM user 

manual states that once elements reach a critical ‘damage’ value, fracture will occur [66]. 

The term ‘damage’ can be calculated within DEFORM using any one o f seven different 

ductile fracture criteria. Once an appropriate ductile fracture criterion has been selected, 

the user specifies a critical value ‘C’ for the damage parameter. When the workpiece 

material is being deformed, during the knockout sequence, any elements that sustain a 

damage value equal to the predefined critical value ‘C’ will be deleted, hence simulating 

fracture. At the present time, fracture is simulated within DEFORM by element deletion, 

however future release versions of DEFORM promise element splitting and element 

separation. Obviously the selection of the ductile fracture criterion and critical damage 

value ‘C’ is of utmost importance.

Many previous experimental studies, not conducted by the author, have been 

undertaken to determine formability and/or fracture limit diagrams [78], and several ductile 

fracture criteria have been suggested [79 - 83]. Mathematically derived ductile fracture 

criteria, have also been proposed based on experimental observations [84 - 88], In 1995, 

Taylan Altan, and Hyunkee Kim [89] conducted extensive research combining FEA and 

experimental tests to validate the seven ductile fracture criteria available within the FEA 

package DEFORM. The procedure to determine the critical damage value, as outlined by 

T. Altan, et al, from a compression test is as follows:

1. First, a compression test, with grooved dies, is conducted to measure the 

height o f the specimen at the occurrence o f surface fracture.

2. An FE simulation of the compression test is performed and stopped at the 

height reduction determined experimentally in point 1. One of the seven 

ductile fracture criterions within DEFORM is chosen in the post-processor, 

to obtain the distribution of damage value within the workpiece.

3. A comparison is made between the location o f the maximum damage value, 

predicted by the FE model, with the experimental determined fracture site. 

If the maximum damage value location coincides with the actual fracture
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site, the maximum damage value is therefore taken as the critical damage 

value ‘C’ for the material under test.

4. If the location of maximum damage, predicted by the FE model, does not 

coincide with the experimental location, then the selected ductile fracture 

criterion, in point 2, is considered inappropriate and another criteria is used 

until the results coincide.

5. The FE simulation is then run again, but this time with the fracture module 

within the pre-processor, activated. The critical damage value, obtained 

from point 3 or 4, is then used during the simulation determine which 

elements are to be deleted.

The conclusion from the extensive research programme of T. Altan et al, was that 

three of the seven ductile fracture criteria’s within the pre-processor of DEFORM, 

predicted the height reduction at fracture with acceptable accuracy. Of the three successful 

fracture criterions, proposed by Cockroft and Latham, appeared to be the best choice for 

practical applications because its integrand is simple and no material constant other than 

the flow stress curve was required to determining the damage value [89, 90], The Cockroft 

and Latham ductile fracture criterion is given as follows;

Where g ^  = Effective Fracture Strain, a* = Maximum Principle Stress, CT = Effective 

Stress and S  = Effective Strain.

E3. Shearing Or Knockout (KO) Load

When each of the eleven FEA simulations had ended at their predetermined stopping 

distance, a new object was introduced into the model to represent the action of the 

knockout pin. The Cockroft and Latham ductile fracture criterion, within DEFORM, was 

activated and the knockout pin which makes contact with the base of the bolt shank, was 

instructed to move in a downward direction. This downward movement causes the 

workpiece material to flow back over the comer radius of the trim die. The trim die at this
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point is locked in position, and therefore the workpiece material, in the vicinity o f the 

comer radius, experiences high stresses. Figure E-2 illustrates the location o f the knockout 

pin within the DEFORM model. The downward movement o f the knockout pin, as 

outlined above, is highlighted in figure E-2 by the yellow arrow. This downward 

movement causes the workpiece material to shear along the line ‘A-A’. In this section E3, 

the critical damage value ‘C’ was chosen to be equal to 0.5. The selection o f this value will 

be discussed in section E4.

Figure E-3 is a close-up view o f the effective stress distributions within the 

workpiece and trim die just prior to the onset o f  fracture for a flash thickness o f  0.75mm. 

Notice that due to the downward displacement o f the workpiece material, caused by the 

knockout pin (not shown), a gap is generated between the top tool and the workpiece.
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Figure E-2: Location and Movement O f Knockout Pin In Fracture Models

In figure E-4, the predetermined critical damage value ‘C’ o f 0.5 has been reached 

within some elements within the highly stresses region, and these have consequently been 

deleted.

Figure E-5 plots the KO load required to shear off the excess material in all eleven

FEA models as a fianction o f the flash thickness.
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Title : Phase 4; Flash Thickness = 0.75mm. ’C’ = 0.5
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Figure E-3: Effective Stress Distribution Before Fracture
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Obviously, by increasing the flash thickness, a greater amount o f workpiece 

material has to be sheared, hence the corresponding load required to cause this shearing or 

knockout (KO) action is increased. With reference to figure E-5, at the minimum flash 

thickness o f 0.25mm, the KO loads o f 7.461 KN and 7.286KN were recorded for the 

Reverse Compound and Standard trim die respectively. This corresponds to a difference of 

just over 2%. When the flash thickness was increased to 0.75mm, the Reverse Compound 

and Standard trim die recorded KO loads of 15.762KN and 14.739KN respectively. This 

corresponds to a difference o f just over 6%. Varying the flash thickness from 0.25mm to

0.75mm caused the KO loads in both dies to double in magnitude.

Knockout Load Vs. Flash Thickness
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T3cao 12.00
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—  R everse Compound
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7.286KN
6.00

0.65 0.750.550.25 0.35 0.45
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Figure E-5: Knockout Load Vs. Flash Thickness For Reverse Compound and Standard Trim Die

Figure E-5 above illustrates two important points.

1. Increasing the flash thickness from 0.25 to 0.75mm doubled the KO loads

2. The necessary KO loads are not significantly affected by the trim die profile used,

i.e. Reverse Compound or Standard.
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E4. Critical Damage Value ‘C’

As previously mentioned in section E2, the critical damage value ‘C’ used to 

determine the KO loads, plotted in figure E-5, was arbitrarily chosen at 0.5. An important 

consideration in relation to the experimental determination of the critical damage value ‘C’ 

is that the experimental test conducted should represent, as closely as possible, the actual 

process being simulated. It was not practical to conduct experimental trials on the factory 

floor to determine the location and onset o f fracture within the workpiece material during 

the final knockout sequence. For this reason experimental validation of the critical value 

‘C’ was not conducted for this project. Therefore to investigate the effect that altering the 

critical damage value ‘C’ had on the KO load and fracture surface topography, the ‘C’ 

value was altered from 0.5 to 0.25 and 0.1. Table E-1 illustrates how varying the critical 

value ‘C’ affected the predicted KO Load. In all three models, the flash thickness was held 

constant at 0.75mm. Table E-1 shows that although the critical damage value ‘C’ was not 

experimentally validated, changing its value from 0.5 to 0.1 had only a very small effect on 

the necessary KO load.

Critical Damage Value ‘C’ Flash Thickness KO Load (N)

0.5 0.75mm 15762.54

0.25 0.75mm 15748.66

0.1 0.75mm 15735.58

Table E-1: The Effect o f ‘C ’ on the Knockout (KO) Load

With reference to table E-I, it might be concluded, that in terms of the KO load, the 

selection o f the critical damage value ‘C’ had no significance. But as will be illustrated in 

the following Section E5, altering the critical damage value ‘C’ has a large effect on the 

topography of the fractured surface.
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E5. Fracture Surface Topography

As outlined in table E-1, changing the critical damage value ‘C’ has apparently 

only a small effect on the KO load required to cause shearing off of the excess workpiece 

material. Figures E-6, E-7 and E-8 illustrate the final fractured surface topography for the 

critical damage values ‘C’ o f 0.5, 0.25 and 0.1 respectively for a flash thickness of 

0.75mm. With reference to these figures it is clear that although altering the ‘C’ value 

does not affect the KO load, it does affect the topography of the fractured surface.

With reference to figure E-6, when a critical value ‘C’ o f 0.5 is used, the elements 

within the workpiece material experience large plastic deformation before the damage 

value o f 0.5 is reached. This produces a large curved surface on the trimmed material, 

highlighted by the red line in figure E-6. A comparison between figures E-6, 7 and 8 

illustrates that as the critical value ‘C’ is reduced from 0.5 to 0.1, the amount o f plastic 

deformation, along the top surface o f the trimmed material, is also reduced. Consequently, 

as the ‘C’ value is reduced, the fracture angle a , shown in figure E-6, approaches zero.
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Figure E-6: Fractured Surface Topography When Critical D am age Valve ‘C ’ = 0.5
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Title : Phase 4: Flash Thickness = 0.75mm. ’C’ = 0.25
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E6. Conclusions: Appendix E
The essence o f this research is to increase the life o f the trim die. Stopping the trim die 

further away from the top tool, i.e. increasing the flash thickness, reduced the induced 

effective stresses within the trim die by just under 25% in the Reverse Compound trim die 

and over 22% for the Standard Trim Die. This stopping distance carmot however be 

increased indefinitely. The controlling factors for determining the optimum stopping 

distance can be divided into two areas.

• Knockout (KO) load required.

• The quality o f the fractured surface.

The KO load required is directly proportional to the stopping distance, as expected. 

With reference to figure E-9, which shows the effective stress distribution within the 

knockout pin, the maximum KO load o f 15.762KN induced an effective stress of 

0.838GPa.
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From discussions with the technical staff in SPS, Hi-Life Tools in Shannon, it was 

established that the knockout pin is ‘virtually never’ replaced in a bolt-making machine. 

The knockout pin is generally made from the same material as the trim die, M2. Because 

the yield strength of M2 is 2.5GPa, it was concluded that doubling the KO load from 

7.268KN to 15.76KN, the maximum effective stress of 0.838GPa within the knockout pin 

was not sufficient to cause any damage.

By comparing the KO load against critical damage value ‘C’, it was established, 

that although the ‘C’ value wasn’t experimentally validated, the necessary KO loads 

remained virtually unchanged and could be accepted as accurate.

Finally, figures E-6 to E-8 showed that altering the value o f ‘C’ did affect the 

fractured surface topography. Therefore, if  the shape of the fractured surfaces produced 

within the FEA model were crucial, experimental validation o f the critical damage value 

‘C’ would be necessary.

Therefore taking into consideration the points outlined above, it was concluded that 

the final stopping distance between the trim die and top tool could be increased from the 

industrial standard o f 0.25mm. However increasing the flash thickness to 0.75mm would 

not be acceptable for fasteners used in high strength applications, as increasing the flash 

thickness naturally increases the size o f the fractured surface and therefore would weaken 

the fastener. It can be seen that the flash thickness is somewhat dictated by the application 

of the finished fastener. A compromise between the two extreme values o f flash thickness 

would be 0.5mm. A flash thickness o f 0.5mm would cause the stresses with the Reverse 

Compound trim die to drop from 1.84GPa to 1.76GPa, which is 4.3%. While the same 

flash thickness would cause the Standard trim die stresses to drop from 2.38IGPa to 

1.951GPa, which is change of 18%.

251


