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Fig. 1.2 The typical precision cold forgings 
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Fig. 1.3 Typical precision cold forgings [26] 
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(a) Components by sheet forming and cold forming [28] 

(b) Flanged cylinder after forming (c) Link shaft original (left) and forged (right) [ 13] 
and after machining [13] 

(d) Forming steps of flanged cylinder [ 131 

Fig. 1.7 Components by sheet-forming and cold forming 
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(a) Guiding type (b) Clamping type 

I 

(c) The two-step divided flow method 

I Toothed punch 2 Toothed die 3 Ejector 4 Test material 

Fig. 1.8 Die design schematics of cold forging spur gears [ 12] 
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(a) Billet and product [29] 
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(e) Forging sequence [30] 

Fig. 1.9 Cold forging of CVJ housing and helical gear 
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(b) Tooling configuration 
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Fig. 1.10 Forging force and material divided flow[31 ] 
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Fig. 1.11 Calibration curve for forward/backward extrusion process design[31] 
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Fig. 1.14 Pre-stressed die and typical components [3] 

15 



Diagrams for Chapter 1 

19 

18" 

17 

16 

15 

14 

13 

O 

i2;. 
111 

10' 
0 u. g 

8r 

7 

6I; -. 

N"0.4/ 

; ý! " 0.35 

P"0.3 

/ J1.0.28 

ref/ 7'' 
, /, /' 

05 10 15 20 25 30 35 40 

Reduction (X) 
_____ 
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Fig. 1.18 Hardening law of tool material ASIS M2 with TiN coating [37] 
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Fig. 1.24 Schematic diagram of injecting experimental device [55] 
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Fig. 1.28 Material separation (a) 15% clearance, sharp tool, low carbon steel; 
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Fig. 3.2 Temperature based method 
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Fig. 3.3 Experimental equipment 
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Fig. 3.6 Possible distribution of temperature 
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Fig. 3.7 The FE geometric model of heat transfer 
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Diagrams for Chapter 3. 

Darken areas are in contact 

Fig. 3.32 Tool-specimen contact profile 

91 



Diagrams for Chapter 3. 

(a) Specimen surface with surface macro-irregularities 

Tool 

(b) Specimen surface without surface macro-irregularities 

Fig. 3.33 Interface contact situations 
with and without surface macro-irregularities 
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(a) Representative asperity 
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(b) Assumed stress-strain relation 

Fig. 3.34 Representative asperity and its assumed stress-strain relationship 
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Begin 

Input convergent accurate 
constants epsl, epsz and let 
temperature test result Tier 
as initial value of regression 
analysis result; j0; 

Calculate the values of heat 
flux density qU) and integration 

constant CO) under T�'. ' 

Get Temperature under qO) 
and C) by Newton iterations 

1=1+1 
Get heat density qU+l) and 

integration constant C'') by 
regression analysis 

oN abs(OD-q0*1) p, 
YeS Result es 

abs(Co) - C0+1 )<eps? output 

End 

Fig. 3.1.1 Iterative process with variable conductivity 
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Diagrams for Chapter 3. 

1. Reference Instrument for temperature measurement 
2. Calibrated Reference thermocouple 
3. Computer monitor system 
4. Amplifier and data acquisitive system 
5. Eight thermocouples used in the experimental equipment 
6. Heat transfer oil tank 
7. Heat transfer oil 
8. Adjustable electric heater 

Fig. 3.2.1 Schematic diagram of thermocouple calibration 
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Diagrams for Chapter 3. 

4.0-E-000 

Mtutop SURFTEST SV-400 

DATE '0: /05/09 
TIME 31: 21: 33 
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FILTER PC5O 
SPEED 0.5mm/s 

O. 8m. 
L 0. a min 
N5 
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Fig. 3.4.1 Surface texture of specimen 4.0-E-000 without compression 

98 

TTTTI 

RL. 

O. 

8BmmE M2000 la"0.8aw 
ww 

xb 
X50 

Sim/cm 



Diagrams for Chapter 3. 

4.0-E-420 
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Fig. 3.4.2 Surface texture of specimen 4.0-E-420 after 
compression under pressure 420 MPa 
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Fig. 3.4.3 Surface texture of specimen 1.0-A-000 without pressure 
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SURFTEST SV-400 
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Fig. 3.4.4 Surface texture of specimen 1.0-A-420 with pressure420 MPa 
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2.5-C-000 
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Fig. 3.4.5 Surface texture of specimen 2.5-C-000 without compression 
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2.5-C-180 
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Fig. 3.4.6 Surface texture of specimen 2.5-C-180 

after compression at pressure 180 MPa 
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2.5-C-420 
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Fig. 3.4.7 Surface texture of specimen 2.5-C-420 
after compression under pressure 420 MPa 
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Fig. 3.5.1 Influence of transverse heat flow upon temperature distribution. 
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Fig. 3.5.3 Case of q> 9w 
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Diagrams for Chapter 3. 

In brackets are the possible optimal dimensional values 

Fig. 3.6.2.1 Positioning thermocouples 
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Diagrams for Chapter Four 
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Diagrams for Chapter 4. 

Fig. 4.1 Mechanical contact between rough surfaces 
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Fig. 4.6 Equivalent asperity 
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Diagrams for Chapter 4 

1. Virtual rigid cylinder 
2. Rigid tool 
3. Equivalent asperity mesh with element CAX4 
4. Substrate mesh with CAX4 
5. Mesh with infinite element CINAX4 

Fig. 4.9 Geometric mesh model for surface deformation simulation 

123 



Diagrams for Chapter 4. 

Fig. 4.10 Mesh of equivalent asperity for specimen 3.0-D-000 
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Diagrams for Chapter 4. 

Fig. 4.12 Deformed mesh of specimen 3.0-D-420 
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Fig. 4.1.2 Bearing ratio curve and its meaning 
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Fig. 5.1 Transient thermal model at higher contact pressure 
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Fig. 5.2 Electrical approach for establishing thermal contact behaviour 
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(a) Tools used in the experimental equipment 

018,00 

t-1.00,1.50,2.00,2.50,3.00,4.00 mm 

(b) Dimensions and form of specimen 

Fig. 5.4 Tools and specimens used in the experiment 
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Surfaces AD and CD are used for setting boundary conditions of temperature 

Fig. 5.5 Geometry and dimensions of the FE simulation model 
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cl 11% 

1. Tool geometry and 
mesh before contact; 

2. Virtual cylinder to 
simulate interaction 
between asperities; 

3. Equivalent asperity; 
4. Specimen with 

two-dimensional solid 
elements; 

5. Specimen with infinite 
elements. 

Fig. 5.6 Geometry and mesh model 
of the thermal contact conductance FE simulation 
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Fig. 5.7 The local mesh of the equivalent asperity before contact 
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Fig. 5.8 The interaction between asperities 
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1. Cylinder from tool 
2. Equivalent asperity 
3. Substrate cylinder 
4. Infinite element cylinder 

Fi. g 5.11 Mesh of thermal contact conductance 
FE simulation model after deformation 
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1. Elastic tool mesh 
2. Equivalent asperity mesh 
3. Substrate mesh 

Fig. 5.12 Deformation of the equivalent asperity during contact 
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1. Tool; 
2. Equivalent asperity of the specimen; 
3. Specimen substrate 

Fig. 5.13 Temperature distribution of tool, specimen and near the interface 
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1. Tool; 
2. Equivalent asperity in thermal-mechanical contact; 
3. Substrate of specimen 

Fig. 5.14 Local temperature distribution near the contact interface 
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(a) (b) (c) (d) 

Fig. 5.15 Variation of the temperature disordered area 
to different interfacial pressures 
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(b) 

(c) 

'c 

(e) 
(d) 

Fig. 6.2 Unit force method 
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o: The actual die deflection 

": The required pre-deflection 
1. Insert shrink-fitting surface 
2. Insert 
3. Die surface 

Fig. 6.4 Iteration for eliminating negative pressure 
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Fig. 6.6 Definition of unit interference 
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22 

Fig. 6.7 Linear superposition of independent interference 
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Die pre-deflection q, 

-Component-error E 

error disparity 3 

1. Component after ejection 
2. Die surface after assembly of insert and stress-ring 
3. Ideal/nominal die surface without compensation, or ideal component surface 
4. Actual component surface 
5. Die 

Fig. 6.8 Geometric relation among predeflection, component-error 
and component dimensional disparity 
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Start 

Elastic-plastic FE simulation 
to determine actual die surface 

deflection U) under x(i) =0 

Elatic FE simulaton iterations to 
determine profiled Interference Xvn 

by unit force method under ü) 

FE simualtion to determine the 
actual die surface deflection 4ý+, ) Xv). 

with interference Xv+o 

No 
maxlöj+») _S )) < S? 

Yes 

Yes 
Easy to manufacture ---ý 

Elastic FE iterations to 
determine linear profiled 

Interference by unit End 

X(J)X(J., ) 
displacement method 

No 
maviS, (j+qYes 

Fig. 6.9 Iteration for die elasticity compensation by shrink-fitting 
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aw 

Set initial translation displacement 
and InterferenCex(°) 

X=X(°) 

Elastic-plastic FE 
simulation to get 

component 
variations under. 

Errors Output of 
convergent? Yý opium re: 

No 
Run FE code and 

calculate runder) 

Meet with 
convergence conditions? 

X. +ex No 

Run elastic FE code 
with unit interference 
and get differentials 

Obtain lnaementd1 
of knterferenceX 

Yes 

Fig. 6.10 Optimum procedure flow chart 
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(a) Die diagram of the example 

(b) Component geometry 

Fig. 6.11 Diagrams of tool configuration and component geometry 
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(a) Mesh before deformation 

(b) Mesh after deformation 

Fig. 6.12 Mesh before and after forming 
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Q 

0 

Fig. 6.26 Influence of spring back on component accuracy 
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