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Abstract

Forging tools are associated with as much as 40%hefcosts any forging
operation and consequently understanding the canofséseir failure is key to
improving productivity. The literature suggeststthear is responsible for 70%
of failures in hot forging with abrasive and adleswear being the main failure
modes in open die forging.

Understanding the modes and mechanisms with whiebr veccurs on worn
surfaces and contact faces is essential to miniarigéiminate the product defects
and improve the quality. Tool wear phenomena camnoierstood and represented
by wear maps for different materials (generatedsqisi lab-based pin on disc).
Such maps illustrate the wear mechanisms and wesgrgss from mild to
transition and severe.

However, some researchers prefer to explain weaawer using analytical
methods instead of empirical wear map. This thasisies that, firstly, the pin on
disc method, often used to generate wear mapst ieliable, and produces many
errors and is not representative of the indusfrralcess. Secondly, wear maps
created from a mathematical model alone (i.e. wathghysical trial cannot truly
capture the wear characteristic of the material. aiks alternative, this thesis
presents a series of abrasive and adhesive weas prapted using modified
Archard mathematical model that is validated witlsesies of physical forging
trials.

The Archard mathematical model subroutine was exhddih the DEFORM FE
simulation software. A series of FE simulations liempented a full factorial
design of experiment with furnace temperature ametgy in the screw press as
the main variables. The FEA results were validatgith a series of physical
trials. A similar experiment was repeated aftériging the tool by 0.1mm case
depth. The comparison between the FE simulatiodspaysical trials showed a
good correlation of 80-90% for abrasive wear omiineed tools and 70-84% on
nitrided tools. While the correlation of 80-85% fadhesive wear on un-nitrided
tools and 70-85% on nitrided tools was achievedeséhcomparisons then were
used to produce a series of wear maps.

This novel method of wear map generation can bd teseptimise H13 tool steel

performance and make the manufacturing process roos¢ effective. The

optimised and predicted wear conditions help toimise tool wear and improve
the quality of obtained parts. Designer by haviligttee information using FE

simulation alongside the wear maps can make th# dgcision in design and
material selection. Potentially this methodologwldoalso be used to compare
different die materials, lubricants, and coatings.



Contents

[ Tox F= =i o ] o RSP 1
ACKNOWIEAGMENT ... e eeeeee s 2
Y 01 1 = T PP 3
LO70] 01 1=] 0| £ T TP RRUPPPRIIN 4
LISt Of TADIES ..ttt e e e e e e e e e e e e e aans 7
IS Ao ) T U = 8
APPENIX FIQUIES... .ottt nmmnneeseesssesssensrnnes 11
List Of ADDIreVIiation...........ooiiiiiiii e 13
(O{aF=T 0] L= g RN 1 11 (0T [UTd 7] o S 14
1.1.1. Precision forging process deSIgN ....cccccccuueeeeueeimieiiiiiaaaaaaeeeaeeeeeeenns 17
1.1.2. Precision forging process classification..................ccccccc, 81
1.1.3. Die selection based on material properties..........ccccoevveeeveeiiiiieiiiennnnns 21
1.1.4.  TOOIfAlUIE oo 23
1.1.5. AIM and ODJECHIVE ........uui ettt e 25
1.1.6. Yo 0] o = PR 27
1.2,  Research CONrBULION ............uiiii oo 28
1.2.1.  Tool failure analysis...............ocummmmrerrmmmmimiires e eeeeennes 28
1.2.2. Wear model development ............oovvvevviiiiiieiieieeeieeieeeeenes 28
1.2.3. Tool failure measurement method ... 28
1.2.4. Wear map CONSIIUCLION ......uuuueiiitceeeeeeieiiiieiiiieese e 29
1.2.5. Die life PrediCtion ...............eeeececeeeeiieeiieeiieieieeeeeee e 29
Chapter 2  LIterature rEVIEW ...........covvvieuueeeiiiiiiiiii s s s s se s s e e s e e e s s eeneeesnennnnnnnes 30
2.1. Die Wear Mechanism and Models...........cccccceeeiiiiiiiiiiiiiieeeiien 30
2.1.1. ADFaSsIiVE WA ........oiiiiiiiiiieeeeeeeeeeee e 31
2.1.2. AJNESION WA .....uviiiiiiiiie i cmeeeeee ittt e e e e e e e e mnenee s 32
2.1.3. Parameters influencing wear........cccccceeeeiiie, 33
2.1.4. Tool plastic deformation .............ceccceueiiiiiieiaae e 35
2.15. Different wear models in addition to Archanddel ................ccccceernnnns 36
2.1.6. . Wear map generation .........ooo oo 39



2.2. Tooling material and COAtiNG -.....ccooeceeeeeaeaaaee e 42
2.2.1. Heat treatMeNnt............ooiiiiiit et rre e 42
2.2.2. [N L4 T 11 o P 44
2.2.3. (€= 1S3 o111 o 1 0o P 46
2.2.4. [ F= TS 0 = W 011 o [ T T 47
2.2.5. lon nitriding and Nitrogen lon implantation...........cccooeeevie e, 47
2.2.6. SUITACE COALING ...cooiiiiiiiieee e ettt e e e e e e 48
2.2.7. Additive [aYering ........coovviiiiiiit e, 50

2.3, DISCUSSION ...ttt ettt e e e e e 51

Chapter 3 Research Methodology .............cee oo 53

3.1. Experimental Equipment and wear model impldatem.....................ooo... 55
311, Wear MOUEL........oiiiiiiiiiie e 56
1 700 I o o o 1= o | o T 58
3.1.3. FE SIMUIALION ..ot 59
3.1.4.  The methodology behind adhesive wear Suipeut............................. 61
3.1.5. Metrology wear measurement technique..............coooevvvveevveiiiinvivnnnnnn. 62
3.1.1. PreSS KINBLICS. ....coiiiiiiie e ettt e e e 62
3.1.1. Thermal Camera iMaginNg .......ccccceeeeeeeeeeeeeeeeeeeeeeeeeeeeeneeenneennnennnennns 63

3.2. Experimental tooling and materialsS ... eeeereeeieeeeeeeiiieiiieiiiieiiinninneee 64
3.2.1. Forging of Stainless steel 321 ........o.ueeeiiiiiiiiiiiieeeee e 64
3.2.2. Forging of Inconel 718...........oooiie e, 67
3.2.3. H13 Die material Properties..........cccccvviiiiireiiieeeee e 69
3.24. Die material surface treatment.........cccccoocviiiiiiiiiiie s 71
3.2.5. (IR0 ] o] 071 o | PR TP 71
3.2.6. Heat transfer and FriCtion ..........occceeioiiiiiiieiiii e 71

3.3, Experimental ProCedUIe...... oot 72
3.3.1.  Wear model calibration............cccuummeiiiieiiiiiiieeeeee e 72
3.3.1. Forging trialS StEPS.....cooie e ————————— 73
3.3.2. Stainless steel 321 tralS .......coovvveeeeii e 74
3.3.3. INCONEI 718 HAIS ....eeeiiiiiiii e e e 85
3.3.4. Comparing Simulation wear prediction resulihe Practical Wear
MEASUIMEIMENT......uiiiiiiiiiii ittt ettt e e e e e e a e e e e e e s rmmnee e e e e e s e aees 89
3.3.5. H13 TOOI DEfOrmMatioN...........cooi e e oot 90
ICTRC 7 T o o] o [T o o I od aT= U To = IS0 96



3.3.7.  Wearmap trialS.......oooeveiiiiiiiieeieiee e 97
3.3.8. Wear map CONSIIUCHION .......uvviiittceeeeeeeeerireeeriesiieereeerereenneeenaeeannanes 100
3.3.9. Nitrided and coated trialS...........cccooiiiiiiiiiieee e 101
(O T o] =Y A o U= U | P 106
4.1, TOOI DEfOrMAation ........c.uvviiiiiiiiiieemme et 106
41.1. XRF (X-ray fluOr@SCeNCE).....ccuvviiiaeeaiee e 106
4.1.2.  SIMUIALION ...ttt e e e 106
4.1.3. MICIOSIrUCUIre @nalYSIS ........uvviiieieeiiiiiiiiiieee e 110
4.1.4. Process IMprovement..... ... 116
4.1.5. Abrasive and Adhesive Wear Maps Analysis................ccccvvvvveennnn. 120
Chapter 5 Discussion and ConcluSION ... iiiiiiiiiiiiiiieeeeeeeeeeeee e 129
5.1. A computational process for the generatiowedr model .......................... 129
5.2. Identification of H13 tool steel failure mod&ken forging Inconel 718...... 130
5.3.  Experimental Validation of the proposed wead®st.................cccvvvvivinnnnns 130
5.4. Characterisation of H13 die material ... ..ccccoiiiiieiniiiiieiiiee e 130
5.5. Development of a repeatable measurement matigpdfor wear................ 131
5.6. Limitations of the computationally generateawmaps ...............ccevvvveveeenne. 131
5.7, CONCIUSION ..ottt mmee et 132
5.8, FULUIE WOIK....ooiiiiiiiiiiiiiiee ettt e e e e e e 134
Chapter 6 REfEIENCES.........coviiiiiiiiii ettt ennnnr e eeeeeeeees 135
Chapter 7 APPENAIX.......ccciiiiii e ————————————aaa 146
A% O Y o 01T T [t G P 146
7.1.1. Wear SUDIOULINE .........ooeiiiiiii e e e e e e eeeens 146
7.2, APPENAIX B ..ottt 165
7.2.1.  Abrasive and adhesive wear comparison bets@eulation prediction

results and practical measurements using Coordmassurement machine (on
tools without NItrdiNg 1aYer). ...... .. 165

7.2.2.

Abrasive and adhesive wear comparison bets@eulation prediction

results and practical measurements using Coordimassurement machine (on

NItAAEd tOOIS). coiei e 174
4 T Y o] o1 T [5G U 184
7.3.1. Certificates of conformity and material diztan the supplier.............. 184



List of Tables

Table 3-1: List of experiments for wear map genenat................ccccoeeeveeeieeeeeeeeeeennn. 55

Table 3-3: Chemical composition of Stainless s3@@l from COC ............cccvvvvvvvnnnnnnnns 66
Table 3-4 :Chemical composition of Inconel 718mMrGOC............ccccvveeiiiiiiiiiiiieeeeen 67
Table 3-5: Chemical composition of H13 tool sté@m COC ..............ooooiiiiiiiiirieenneen. 69
Table 3-6:Full factorial design of experiments 3@1stainless steel trial ...................... 74
Table 3-6 Full factorial design of experiments 3@1stainless steel trial ...................... 75

Table 3-7: The maximum and minimum values from bthCAD and cylinder

comparison The tolerances were set at +/-0.05mno dslerance has been defined for

LTS 0= 1 84
Table 3-9: Full factorial design of eXperiments ... 85
Table 3-9: Grinding and polishing steps used tpare the samples..............c..ooeeeee. 94
Table 3-11:Full factorial design of experimentsvia@armap construction..................... 97
Table 3-11: DOE plan for wear map CONStrUCION............uvvvviveeeiiiiieee e, 100
Table 4-1:H13 chemical composition after forgingt®) ..........cccceevieeiiiiiiiiiiiieeen 6L0

Table 4-2: H13 chemical composition (wt.%) fromrtidate of conformity (COC)
compared to the result of X-ray fluorescence am@lys..............cooevvvveervvervrenrvvnniens 116
Table 4-3: Five additional abrasive wear were mesasby running five additional
simulations to fill the empty area of scatter plat...............oevvviiiiiiiiiiiiiiiiiieeeenee. 121
Table 4-4: Nine adhesive wear values were predicyeitie wear model which were
compared to the CMM measurement . It showed 18428ror. Then three additional
simulations (A-C) was executed to increase the wesgy coverage ..........cccceeeeeeeeeennn. 123
Table 4-5: Nine abrasive wear values measureddw#ar model for the nitrided tool . It
then was compared to the CMM measurement whiclcates 16- 30 % difference
between the measured wear values using these @NWOS. ..............ccceveeeeiiiiiiiinnne. 125
Table 4-6:Abrasive wear values for four additiosiahulations..............ccccoeeeeeee . 512
Table 4-7: Nine adhesive wear values were prediayettie wear model for nitrided tool.

It then was compared to the CMM measurement whickwed 15- 34 % error. .......... 127

Table 4-8: Adhesive wear values for four additiosiadulations on the nitrided tools . 127



List of Figures

Figure 1-1 Hardnes of H series tool steeel aemsffit temperatures [81] .............c.c........ 22
Figure 1-2:Transition WEAI MEAP .....vvvrrrriimmrrmmiiieeieeeeeeeeeeaeeeeaeeeaaeeaaaeee e e aaeereaae e 24
Figure 1-3: Wear Mechanism Map [31] ..., 25
Figure 1-4: Scope of RESEAICN............cmmmeeeiiiieci i 27
Figure 2-1: Factors influencing wear and deformrafalures [43] ............oooeeeeeeeeeeee. 34
Figure 2-2: Fe-C Diagram for Steel[66] ......cccceeiiiiiiiiiiiiiiiieiieiieeeviiveeeeeeee e 43
Figure 2-3: H13 heat treatment proCeAUIE ..mmmmmmevvvvvvvviiriiiiiiiiiiiieiimmmnneeeees 44
Figure 2-4: Iron -Nitrogen diagram[68]........ccccceeieiiiiiiiieiiiiiiieeeieieiiieririreeeneeeneeee e 45
Figure 2-5: Stress strain curves of nitrided st@dS1 4140[70].............ceeeeeeeeeeee. 46
Figure 2-6: Approximate relative cost of surfaaatment[76].................ccceeeeeee. 49.
Figure 3-1: Diagram illustrating the research mathogy ...............cccoiiiiieiiinnies a3
Figure 3-2 : Four Piece die set consisting of Tigp Bottom die, Insert (with fillet radius
Of 1.5 mm) and ENd STOP......ccooiiiiiii e 58
Figure 3-3: Tensile sample dimensions [49]..ccccueiiiieeieiiiiiiiiiieieeeeeeee e 60
Figure 3-4: a)Screw press schematic b)2100 tonoles|& screw press (AFRC).......... 63
Figure 3-5: Ark Thermal camera for 200 forging @&l........ccoooeiieeiiiiiiiiee e 64
Figure 3-6: Flow stress curve for stainless st@él&@ 950 C and strainrates of............ 66

Figure 3-7: Flow stress curve for inconel 718 &) 90 forging temperature b) 950 C
forging temperature ¢)1000 C forging temperatur&@b0 C forging temperature e)
1100 C forging temperature f)1150 C forging tengdare and all are at strainrates

ranges between 0.001-10H88] .........ccceeiiiieiiiie et eeee et 68
Figure 3-8: Tensile test at 250,500 C temperaame strain rates of 0.01,01 s....... 70
Figure 3-9: Wear model calibration StepS...ccccceeveiviiiieiiieii e, 73
Figure 3-10: FOrging trial SLEPS ....uuvviriicceeei e 74
Figure 3-11:Fixture for Scanning an insert on In®Eprtical Microscope.................... 77
Figure 3-12: Manual and automated alignments (Btpa@lignments)....................oe..... 78

Figure 3-13 :Auto alignments, looped three timed ased for measurement of dimples78

Figure 3-14:An example of repeating scanning ofsiiiae part for 3 times without

(4070}, 0o N1 g T o - o P 79
Figure 3-15: Insert fixed on CMM table with indizat of the area of interest............... 80
Figure 3-16: H13 Tool Temperature profile during theasurement..................cc.ueueee. 80

Figure 3-17:Variation for all 17 parts which wengedayed ................ooo oo 81



Figure 3-18: The maximunm deviation on both sidebe cylinder comparison .......... 82

Figure 3-19: Two ways of calculating maximum anchimum deviation to CAD model

................................................................................................................................ 82
Figure 3-20: Thermal change of 321 Strainless $télets during the CMM
MEASUIEIMEBNTS. ... iiiiieieiii ettt e e e e et e e e et e e e e e e e e e e e e e nmmmn e e e e e e eennnnaas 83
Figure 3-21:Notch area which was scanned by 0.7GMM’s probe ...............cccceee. 84
Figure 3-22: Tensile sample dimensions [49].....cc.oouviiiiiiiiiiiiiii e 87
Figure 3-23: Inconel 718 billet thermal change dgiCMM measurements.................. 89

Figure 3-24: Four Piece die set consisting of Tiep Bottom die, Insert (with fillet radius
of 1.5 mm) and ENd StOP.......ccoooiiiiii e 91
Figure 3-25:a) Insert image before forging, b) thgaage after forging showing

evidence of deformation and adhesion, ¢) magndiea of the deformation and adhesion

LY=L 0] 0] L= PPPOPSPPRPRP 94
Figure 3-27: Schematic of patterns for micro-hasdnest...................cccccvvievveeeenn, 96
Figure 3-28: a)1.5mm insert b)2mm iNSErt ... eeerveeeeeeee e 96

Figure 3-29. a) CMM Scanning direction on the bilfter a forging trial (L05@ billet

temperature and 8KJ energy on Screw press); b) Gidallysis aligning carried out for
billets 5, 10, 15, 20, 25 which were aligned toltiket 1. ... 99
Figure 3-30: Nitrided tensile sample dimenSiON. . ......cccciiriiiiiiieeee e 101

Figure 3-31 a) Picture of cross section b) Hardoessitrided tensile samples at different

tensile teSt tEMPETatUIe ..... ..o 102
Figure 3-32: Nitrided Stress strain curves at temmeerange of 230-400 C................ 102
Figure 3-33: Flow curve comparison between nitridad un-nitrided H13 tool steel at
the temperature range of 230 C-400 C and straisrat®.00%*and 0.0%*................ 104
Figure 3-34: Nitrided tensile sample cross SectiQn..........ccooveeveieiiiiieiiieee e, 105

Figure 4-1:0ne point was selected with maximunsstncentration and high plastic
strain of 0.38 on Deform 3D simulation POSt PrOOESS.........ccccvveevieerieieiiieeeeieeeeeen. 106
Figure 4-2: Land thermal camera results at emiysdfi0.8 (2 C accuracy) for 200
cycles of forging (0.035 s for each CyCle)..coueeeeeiiiiiiiii e, 107
Figure 4-3: a) The tensile test at a strain rate'0and 400 C b) The result after
extrapolation to 0.5 strain using power law for slaene tensile test. ......................... 810
Figure 4-4: Effective stress results from the satioh: an elastoplastic model shows that

the yield stress of H13 tool steel was exceedethgdiorging. ............ccccovvvvvvvveeenee. 108



Figure 4-5: BSE images were taken from the H13 $aatples: a) Before forging, b)
=] g 0] (|1 o ST 110
Figure 4-6: BSE images of different zones 1) defdram zone, 2) transition between
deformation and recrystallization zone, 3) recijig&tion zone, 4) transition between
recrystallization zone and martensitic zone, 5)tereitic Zone............ccccceveeeernnns 111
Figure 4-7 : a) IPF (Inverse pole figure) map whigds obtained for the sample before
forging, b) misorientation angles distribution bigtam for the sample before forging, c)
CSL (coincident site lattice) special boundariestriiution histogram for the sample
[oT=3 0] £ (0] o1 oo TR 112
Figure 4-8: a) IPF (Inverse pole figure) map whigs obtained for the sample after
forging, b) misorientation angles distribution bigtam for the sample after forging, c)
CSL (coincident site lattice) special boundariedribution histogram for the sample
After FOrQING. . oo ———————— 114
Figure 4-9: a) The colour map showing change ofohiardness in different zones using

Origin software and b) Comparison between micromesd levels achieved on before

forging and after forging SAMPIES. ....... o 116
Figure 4-10: Fish bone analysis for H13 insert defdion .........................coe . 117
Figure 4-11:Comparison in wear induced using ingét different radius.................. 118
Figure 4-12: Effective stress comparison for baBnim and 2mm fillet Inserts ......... 119

Figure 4-13: a) The colour map showing change efaohiardness in different zones for

R=1.5 mm insert and b) The colour map showing cearignicrohardness in different

ZONES FOr RT2 MIM Lot emmnee e e 119
Figure 4-14: Abrasive wear for un-nitrided tO0l............cccooiiiiiiiiieeeee. 122
Figure 4-15: Adhesive wear for un-nitrided tO0l..ee......cooiiiiiiii e, 124
Figure 4-16 : Abrasive wear on nitrided 100l ...............uiiiiiiiii s 126

Figure 4-17: Adhesive wear on nitrided t00l ..............coovvieiiiiiiiiiiiiiiiieeeeee 128



Appendix Figures

Figure 7-1 CMM measurement and simulation predictomparison at 1050 C furnace
temperature and 5% of energy on screw press(8K3bi@sive and adhesive wear (Un-
[T o =To 1 (oo I 165
Figure 7-2. CMM measurement and simulation pregiiciomparison at 1050 C furnace
temperatue and 7% of energy on screw press(11.foKaprasive and adhesive wear

[ 1o (=T I o To I 166
Figure 7-3. CMM measurement and simulation pregiiciomparison at 1050 C furnace
temperatue and 10% of energy on screw press(l@iK&bfasive and adhesive wear (Un-
[T v o =To I (o To ] I PP 167
Figure 7-4. CMM measurement and simulation pregiiciomparison at 1085 C furnace
temperature and 5% of energy on screw press (8Kdbi@sive and adhesive wear (Un-
a1 o =To I (o To ] I PP 168
Figure 7-5. CMM measurement and simulation preaiictiomparison at 1085 C furnace
temperature and 7%(11.2KJ) of energy on screw foestbrasive and adhesive wear
[T a7 o [=To I (o To | I U 169
Figure 7-6. CMM measurement and simulation preaiictiomparison at 1085 C furnace
temperature and 10 % of energy on screw press(iféKaprasive and adhesive wear
(S 1o (=T 1 o To I 170
Figure 7-7. CMM measurement and simulation preaiictiomparison at 1120 C furnace
temperature and 5 % of energy on screw press (8Kdlfrasive and adhesive wear (Un-
[T o =To I (oo I P 171
Figure 7-8. CMM measurement and simulation pregiictiomparison at 1120 C furnace
temperature and 7 % of energy on screw press(1}1f2Kdbrasive and adhesive wear
(S 1o (=T I o To I 172
Figure 7-9. CMM measurement and simulation pregiictiomparison at 1120 C furnace
temperature and 10 % of energy on screw press {idtabrasive and adhesive wear
[T a7 To [=To I (o To I 173
Figure 7-10. CMM measurement and simulation praictomparison at 1050 C
furnace temperature and 5 % of energy on screve [§8KJ) for abrasive and adhesive

wear (NItHAed T00] ) ....eeeeiiiiiiiiiiiii it ceeee e sams e e s errennnennne 174
Figure 7-11.CMM measurement and simulation presictomparison ....................... 175
Figure 7-12. CMM measurement and simulation praictomparison ...................... 176

Figure 7-13. CMM measurement and simulation praictomparison at 1085 C

furnace temperature and 5 % of energy on screve [§8KJ) for abrasive and adhesive
L= L (N T (T [T IR (T | TP 178
Figure 7-14. CMM measurement and simulation premiotomparison at 1085 C

furnace temperature and 7 % of energy on screvs [fids2 KJ) for abrasive and
adhesive wear (NItrded t00] ) .......vviiiiicceeee e 179
Figure 7-15. CMM measurement and simulation premiotomparison at 1085 C

furnace temperature and 10 % of energy on scress i KJ) for abrasive and adhesive
wear (NItHAed T00] ) .....ooeiie e e e nneennnes 180



Figure 7-16. CMM measurement and simulation praictomparison at 1120 C

furnace temperature and 5 % of energy on screve [§8KJ) for abrasive and adhesive
wear (NItHAed T00] ) .....oo i cceee e ennes 181
Figure 7-17. CMM measurement and simulation praictomparison at 1120 C

furnace temperature and 7 % of energy on screve [fids2 KJ) for abrasive and
adhesive wear (Nitrided t00l ) .........ooo i mmee e 182
Figure 7-18. CMM measurement and simulation praictomparison at 1120 C

furnace temperature and 10 % of energy on scress {6 KJ) for abrasive and adhesive

wear (NItHAed t00] ) .....evviieiiiiiiiii it ceeee et s e e rrrennnennne 183
Figure 7-19. Certificate of Conformity for Staindesteel 321..........ccccceeeeevnnen. 418
Figure 7-20.Stainless steel 321 material data frrsupplier...........ccccccceviiiininnee. 185
Figure 7-21.Certificate of conformity for INCONELT ..............oovvviiiiiiiiiiiiiiiiiii e 186
Figure 7-22. Inconel 718 Material data sheet fromgupplier..........ccccccvvvvviiiiiinnnns 871
Figure 7-23. Certificate of conformity for H13 Tagteel .........evvvviiiiiiiiiiiiiiiiiinim 188

Figure 7-24. H13 Material data sheet from supplier..............ccccooiiinenee, 189



List of Abbreviation

K Dimensionless m Shear friction
wear coefficient coefficient
Friction coefficient | T Temperature

P Contact pressure y Yield strength

a Flow stress HV Vickers hardness

g Effective plastic W Wear depth
strain

\% Sliding velocity L Sliding distance

t, Contact time din Final wear amount
(duration of the test)

H Hardness w Wear rate

% Average surface N Load
roughness

L Sliding distance wWR Weight change of

Roller




Chapter 1Introduction

Metal forging and forming refer to a group of maaxttiring methods by
which the given material is transformed into a ukpfrt without a change in the
mass or composition of the material. Forging andjify processes are used
together with other manufacturing processes suclmashining, grinding, and
heat treating, to complete the transformation ef tiw material to the finished
product. The properties are affected by temperatndestrain rate. When ductility
of material increases by an increase of temperajied strength decreases. In
cold forming and forging yield stress increaseshvgtrain while in hot forming
and forging it increases with strain rate. In apanterm forging is a process of
plastically deforming a billet between two dies gooduce the final product.
However, the interaction between the billet anddteeis very complicated. The
metal flow, friction between tool and billet matdrinterface, the heat generation
and transfer during plastic flow, the relationsbigtween process condition and
microstructure properties are difficult to predisL
Forging is a term that can be used to describeda wariety of bulk metalworking
processes, and forging engineers must considerietywaf workability tests to
diagnose forging problems for a wide range of foggoperations. The forging
process consists of compressive deformation oeaepof metal, the workpiece,
between a pair of dies. The manufacturing involvedearly all mass production
requires die and molds, which are used in processgs as injection processing,
casting, stamping and forging. However, some of fhvecesses, such as
incremental sheet forming, use tools and CNC mashinstead of die. Dies and
molds, as well as tools, might represent a smabfiuarhof investment compared
to the value of production, but they are cruciaégtimating the costs and quality
of products as well as lead times [6]. The mainaatlvge of precision forging
over conventional forging is lower material constimp (about 60%)which is due

to lack of flash and the fact that part requiresimum machining [7]. The main



disadvantage of the hatdwarm die-forging process is that the tools are sgdo
to high thermal and mechanical stresses. Thessssgecause failure of the dies
mainly because of wear[8].

Die trial is another crucial factor which can detere the feasibility and lead
time of an entire production. This can tie up thiedoiction line, so it is very
important that this is examined from all differeamgles. For example, in car
manufacturing, for interior components, the comptexds that are used can cost
over £300,000 and six to nine months are neededrifdrand robust process
development using production parts. Given that Ofgdds sample parts as well,
it is necessary to list the range of activitiesalwed before and after producing a
die and mold, including planning, die design, whiobludes geometry transfer
and modification (15%-24% of the time), Tool Patngration (14%-17% of the
time), rough machining of the die or EDM electraslbeing used (8%-16% of the
time), finish machining, which can include pre-§hing when it is required (27%-
39% of the time), finishing (13%-23% of the timepdading on complexity) and
die trial (4%-6 % of the time depending on comp@xi9].

Considering the lengthy and costly trial procedutgving a proper
examination method is necessary. Therefore, hawvibgnchmarking procedure in
place to examine different die designs, differdatrdaterials and suitable surface
treatment and process parameters are necessacy islune of the scopes of this
thesis to come up with a cost-effective and rolwestchmarking method. Die and
workpiece material selection and considering corbpdy against one another is
an important factor to consider increasing took.lifOne of the common
considerations in selecting materials is deternginthe desired mechanical
properties. For instance, having a fracture-toleraomponent is often an
objective that can be achieved by selecting a nahtesith ductility and flaw
tolerance, which reduces the possibility of briftecture. The compromise is that
ductility is often achieved by losing overall stgém, wear resistance, and
resistance to deformation. To achieve ductility amaintain wear resistance, one
may select a surface treating process such aseaheagdening process. In metals,
the properties that must be considered to bothrenthe desired function and

reduce the likelihood of failures include, Tens#trength, Yield strength,



Modulus of elasticity, Ductility (percent elongat)p Fatigue strength, Fracture
toughness, Hardness, Shear strength , Machinabiligefficient of friction,
Impact strength, Density, Coefficient of thermaparsion, Thermal conductivity,
Electrical resistivity [10] etc.
However, this depends on the process too, astifiohging and die casting, the
die suffers from abrasive wear and thermal fatigueile for cold forging and
stamping, the die suffers from high stress andsaawear. According to the
literature, 70% of tool failure is caused by weiar;this thesis, the focus will,
therefore, be on wear and how to predict wear éendiasign stage. The wear map
was constructed in different sliding velocities andntact pressures to aid
designers and industries in die wear prediction.

Die life is an important process factor affectimg thot forging industry.
This is mainly because of the cost involved in legiductions resulting from die
failure, replacement of die blocks, re-sinking a¥ities and operative handling of
dies. Typically, about 10% of the price of a forggmmponent is attributed to
expenses for the dies. It is therefore desirabledoease die life and reduce the
cost of the forgings produced. It is known that thees of forging dies are
reduced by wear, mechanical and thermal fatiguigrehation of the substrate,
corrosion, and fracture. Wear is responsible f&x% % the tool failure and it was
believed in the past that erosion acted as a darniiaator. Oxide layers on the
billets were considered a cause of failure in thst pvhile later it was proved that
this kind of layer reduces friction and as a resalt act as a lubricant. In other
words, some of the events accompanying the higip¢eature wear like
oxidation, debris generation and elemental transéween two surfaces can act
as a wear surface resistant[11]. Hot forging tenamjpees range from 300-1250°C
and this is important for manufacturing complex mhacomponents. Large
mechanical and thermal tool loadings result froghleontact pressures and high
workpiece temperatures during the forging procBssause of thermal loading,
tool materials lose their hardness in the surfayerl After the contact release
between the workpiece and tools, the tool surfaraperature reduces very
quickly, which results in re-hardening and creaeasghite compound layer (When
nitrided steel etched with Nital (HNO3 in alcohablayer turns white)[12].



Because of the radius enlargement, the effectseohardness increase because of
the generation of the white layer, which shows ghér hardness than the base
material of the tools. This white layer also calledride ceramic. Wear
investigation can be at different levels, includiidgno, micro, macro” level, and
at the higher level it seems more difficult to obtadata for relevant process
during wear processes [1].The micro level is whitiese problems still occur,
while it is different for FEM analysis, where preion of data can be achieved at
macro level. The first step of any forging process$o look at forging process
design.

1.1.1. Precision forging process design

In precision forging, some parts can be forged smgle set of dies, while
others, because of shape complexity and mateowal lfmitations, must be shaped
in multiple sets of dies. The most commonly usedthod of process
certification is die trial, in which full-scale dieare manufactured and prototype
parts are forged to determine metal flow pattemd the possible occurrence of
defects, such as cold shuts, folds, and laps.dmpést, different kinds of analysing
methods have been employed including the slab rdethwe slip-line field
method, the viscoplasticity method, upper and loweund techniques, Hill's
general method and, recently, the FEM method [AFFEM based software can
be used to obtain information about die design pratess variables in the
forging process. The geometry of finished part® type of machinery being
used, the quantity or the number of parts to bgefdy the application of parts and
the overall economy of the process design are itapbHawryluk et.al [14]
mentions that the factors related with the forgamgl operation for the already
elaborated industrial forging process are pre-ddtegd and remain constant
while author believes that every small change wcess parameters, tool setup
and different batch of material can change thel fm#éput. Die manufacturing is
considered as one of the most difficult manufaomriechniques. Even though
this technique is being mastered over the yearse@omanufacturing of forging
parts with complicated shapes which can satisfy ¢hetomer high-quality
demands requires lots of experience from desigtongachining and fabricating
[15].



1.1.2. Precision forging process classification

Classification can be based on temperature, fongiaghines or die set.

1.1.2.1. Classification based on temperature

Precision forging can be classified as hot forgmwgrm forging or cold
forging. In hot forging, the degree of deformatiengreater than with the other
two methods because of heating the billet to alreverystallisation, while the
formation of scale and low dimensional accuracy #mel need for accurate
heating systems are the disadvantages of this ggotre hot forging, even though
deformation can happen in a single operation, ticing and oxide layers
increase the chances of wear after producing aivelia small number of parts.
However, this process has a lower wear rate wherpaced to the warm and cold

forging processes.
1.1.2.2. Classification based on forging machines

Precision forging can be classified by forging maek. Two main types,
of forging machine are hydraulic press and meclamoess. The other types of
press are hammer press, crank press, knucklepoess, Rack and Pinion press
and screw press (which has been used for this wBedgction of a type of press
depends on different factors of manufacturing psedhat the press tool will be

employed to perform[5][16].

Type of process, metal forging, extrusion, impadtwesion, sheet
metal

Press capacity which related to the size of wodkest type of
process

Length of stroke over which the press deliver force



1.1.2.3. Classification based on die set

Precision open die forgin@vhich is going to be the focus of this thesis)
and closed die forgingvolve a forging procesthat uses standard flat, V-shape,
concave or convex dies in presses and allows giflow in one or two
directions. The workpiece is compressed on an akiattion or the direction of
movement of the upper die, while in close die foggupper die approaches the
billet and the billet must fill the cavity where ig being shaped to the desired
shape. In other words, depending on the geometityeodlies, a varying amount of
lateral constraint can be imposed on the workpiecéct that enables forging
operations to be classified very broadly into tvabegories, open die forging and

closed die forging.

1.1.2.3.1. Open die forging

Open hot forging or upsetting setup includes upp@rer die and billets
where billet forced on die to create a shape anthisncase to create a notch on
the billet. Die set is being placed inside a foggpress bolster and heated up to
around 230-250°C. Load is different depending oam ¢hpability of press and
process design. Billets are heated up in a furt@tiee forging temperature which
is usually in the range of 900-1200°C. Differeppds of lubricants are being
used to reduce the friction between die and biletuitable material selection for
die and workpiece and proper process design iy dokesuccess in any precision
forging. However high stresses on dies caused i Iwad and fluctuating
temperature cannot be avoided which causes digdailDie failure is categorised
as wear, deformation, erosion, thermal and mechhatigue but as Wear is
responsible for 70% of tool failure and a potensialirce of high costs; as much
as 30% per forging unit in the forging industrieg[18], therefore the focus of
this research is on wear prediction. Wear mapsecaare a successful operation
when being used as a wear prediction tool suppadsed-E simulation and
physical trials. This thesis also aims to introdaaeliable and repeatable method



of failure measure as well as using the procesgpstt compare different types of
lubricants and coating at an industrial scale.

Open die forging will be the focus of this thesldpset forging is
sometimes the only suitable forging process whdarge amount of stock is
needed in a specific location of the workpiece. Fany applications, hot upset
forging is used as a performing operation to redbeenumber of operations or to
save metals. In open die forging, metal flow padeand stress patterns are not
highly complexand forgeability is determined primarily by the evadl structure
and process conditions.

Secondly, these are determined by die geometryemdhtstructure variables
include grain structure and texture, crystal strtestand the presence of the
second phase or solid-solution elements. Mater@gbgrties include temperatures
at which melting, re-crystallisation and phase ¢eaf material occur, creep
which isa slow time-dependent irreversible process of lagformation for a
metal material under the influence of stresses hwlgie lower than the yield
strength of the material, the variation of flowess with strain, strain rate,
temperature and physical properties such as derspgcific heat and thermal
conductivity of the workpiece temperature are altyvimportant [19].

In open die forging, the lateral constraint is mmal, and the amount and
distribution of lateral metal flow are controlleg Eactors such as total reduction
of the workpiece dimension parallel to the forgoligection, frictional boundary
conditions, and heat transfer effects. In otherdspma complete description of
forging, whether an open die or closed die forgingguires specification of
various process variables as well as the die gegnaetd workpiece material.
These include speed of forging process, dwellingeti die temperature,
workpiece pre-heat temperature, and lubricant. Bszaof these different
variables, one workability test is not enough. ATduB0% of press energy is

being dissipated to overcome friction [20][8].



1.1.3. Die selection based on material properties

Finding the right material properties for the diean important part of any
precision forming and forging as almost all thegfog and forming processes
required die (except incremental forming). As meméd earlier, a large amount
of investment goes on manufacturing dies worldwittesrefore die material
selection plays an important part. As this thesisdedicated to hot forging,
therefore, die material selection will focus ontthEhe ASM international book

[21] indicates some steps for selecting the mdtasidollows:

Ability to harden uniformly

Wear resistance (ability to resist the abrasiveaaif hot metal during
forging)

Resistance to plastic deformation (ability to wilmsl pressure and resist
deformation under load)

Toughness

Resistance to thermal fatigue and heat checking

Resistance to mechanical fatigue

H series tool steel has a higher resistance towass because of the high
percentage of chromium, molybdenum, and vanadiuigh KLhromium content
on H series increases the resistance to high texyser and oxidation,
molybdenum does not visibly react with oxygen otexat room temperature and
bulk oxidation occurs at temperatures above 600&8Sulting in molybdenum
trioxide. Trioxide is volatile and sublimates aghitemperatures, which prevents
the formation of a continuous protective oxide laged stops the bulk oxidation
of metal, which is important in metal formation, Iyfmdenum increases the
hardenability. Vanadium can enhance the strengthwell as toughness and
plasticity of steel and improves fabrication andviee performance [1]. H13
based hot work tool steel is characterized by hggistance to thermal fatigue,
thermal checking, good high-temperature strengtbeléent toughness, ductility,

machinability, air hardenability, resistance toason and high hardness[23].



Tungsten based hot tool work steels have high tengsontents which
provide resistance to softening at high temperatwhile maintaining adequate
toughness, but it also makes them brittle and todalbreakage, water cooling of
these steels must be avoided. Other types of wieek are low alloy proprietary
steel [21]. In hot forging die steels, C, Cr, Mada/ are principal alloy elements.
To guarantee a certain amount of stable carbiddsaboy elements are solved in
a solution. The VC is very stable carbide when #maperature is around 700 C
and the fact that existence of these types of darbievates wear resistivity of
steel therefore a great amount of VC is requirBdie to the fact that carbides of
Cr and Mo are not as stable as VC, Cr and Mo soiued (alpha prime) are
helpful to improve thermal strength[24]. Alpha peans a chromium rich phase
that is believed to form by spinodal decompositiaithough a simple nucleation
and growth mechanism at the temperature between530@ cannot be
excluded. When formed by spinodal decompositiophalprime increases the
hardness while reduces impact toughness and imgehe embrittlement[25].
Making an alloy is a challenge as metals have miffemelting point. The general
practice is that the initial ingredient will be rtes first, and the other metals will
be added to the mixture. However, it can be corafdd especially when the
higher melting point metal is in a smaller propamti Therefore, different batches
of material can have different proportion of chemhicomposition which makes
material selection for forming and forging diffituAs it shows on Figure 1-1 , H
series hardness declines as the tool reaches ripettature above 400 C. For
example, H12 has a tungsten which increases teagilr of material in hot
temperature, but it shows a lower hardness in lemperature compared to the
rest of the H series materials. H 13 shows goodenahtproperties and good

hardness at high temperature.
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Figure 1-1Hardnes of H series tool steeel at different tawrmpee:
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1.1.4. Tool failure

Tool failure can be caused by many factors inclgdimverloading,
overheating, wear, deformation, thermal crackingermal and mechanical
fatigue, corrosion, erosion, and fracture. Différeraterial responds differently to
the excessive load, the high strain caused by xtessive load can bend or
deform the tool material. Overheating could besidered as another factor in die
failure as, in hot and warm forging, dies are hgdi® certain temperatures.
However, if such temperatures have not been setepsg this can decrease the
resistance of the die towards wear or cause diekaige and thermal fatigue.
These failure modes are being explained briefledBminant failure modes of
H13 hot forging tool steel are wear, deformatidrerinal cracking mechanical
and thermal fatigue and fracture. These failurescaused by multi-impact load,
repeated cooling and heating, and elevated temyerdtiction with processed
materials [24]. Proper cooling and eliminating uressary processes increases
the forging tool life [26]. Wear, which is defined surface damage or removal of
material from one or both of two solid surfacesairsliding, rolling or impact
motion relative to one another, is considered tlagnmause of tool failure. Wear
is responsible for 70% of tool failure and a paedrgource of high costs; as much
as 40% per forging unit in the forging industrieieh include the tool
replacement [1][18][14]. In hot and warm forgingeoations, surface layers of
tools at the tool-workpiece interface are not oakposed to high mechanical
stresses but also to severe temperature cycleshwiten lead to loss of strength
and hardness [27].

1.1.4.1. Tool Wear and Wear Map

Wear, which is defined as surface damage or renavalaterial from one
or both of two solid surfaces in a sliding, rollingimpact motion relative to one
another, is considered the main cause of toolrailWear is responsible for 70%
of tool failure and a potential source of high epsts much as 40% per forging
unit in the forging industries which include theoktaeplacement [1][18][14].

Wear is categorised as abrasive wear, adhesion @elamination wear, fatigue



wear, corrosive wear, and fretting wear. Wear halese relationship with sliding
velocity, contact pressure, hardness, temperatood,design, and contact time.
Many different wear models were presented by dfferesearchers in addition to
Archard model which will be explained in chaptesf2his thesis.

To represent the wear characteristic different vmeajps were presented by
researcher worldwide. Wear maps can represent #ehanical changes on the
worn surfaces of material and the matching partr awverange of operating
conditions[28]. Knowledge of wear mode and wear mechanisms of tomw
surface and counterface is also essential to urashershe mechanism of material
degradation and chemical effects in the contacf®&ar mechanistic maps show
the different wear mechanisms for different materia contact which are based
on experimental results[29],[30]. Diagrams whiclsatébe the overall behavior of
wear are categorised as wear-mechanism map, wede map, wear-transition
map, and wear-regime map. Wear-mode, wear-transaéi@ wear-regime maps
focus on the description of the mode of wear, milelar, severe wear and the
transition between them. Figure 1-2 shows the vafrkim and Ashby et al [3]
indicating mild to severe zone for tool steel dfedent load and speed using an

unlubricated pin on disc .
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Figure 1-2:Transition wear map
In the case of wear mechanism maps, details ofitimneinant wear mechanisms
are given, and the regions of their dominance rdecated. It can be categorised



as Seziure , melt wear , Oxidation wear and delatimn wear like the wear
mechanism wear map shown on Figure 148whas produced by Kato el
al[31] for steel in unlubricated condition usingh@n disc as different load and

speed.
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Figure 1-3: Wear Mechanism Map [31]

Researchers have done extended works on thisfiéch will be reviewed in the
next chapter.

1.1.5. Aim and objective

There are many failure modes that contribute tdallare when forging different
materials on H13 tool steel at high temperaturd.fbi@ing tool failure modes are
categorised as wear, thermal cracking, and defeomathermal and mechanical
fatigue and according to the literature, wear sgpomsible for 70% of tool failure.
The most common faults caused by tool wear are gapise filling of the die
impression, i.e. incomplete forging, overlaps, liles scratches, delamination,
cracks etc. This, in turn, affects the functioryabf the final product made from
the forging[32]. Therefore, the focus of this rasbais on tool wear by
considering that the selection of die materialh#sdness and the type of surface
tribology (lubrication and tool coating material®itg used) are critical for

enhancing die life in any precision forging.



The purpose of this work is to identify the dominé&ilure mode and to model

this failure to allow life prediction and to estmbl a robust method of

measurement. The aims are summarised as follow:

1.

Generating of series of wear maps using computatiorodel supported
by physical trials
Establish a cost-effective benchmarking methodest different types of

surface treatments

To satisfy these aims the objectives are as fotllows

1.
2.

N o g kMo

Create a computational process for the generafiarear model
Characterise the forging process and identify Hi8 steel failure modes
when forging Inconel 718

Validate the proposed model experimentally

Characterise die material

Develop a repeatable measurement method

Generate Wear Maps for given billet materials aied d

Identify the scope and limitations of the computatilly generated wear

map



1.1.6.

Scope

The diagram below shows the research scope,

die)

Design a die set (4 Pieca;c>

Propose an abrasive and adhesive wear mod
(Modified Archard wear model ) considering
hardness as a function of temperature

Mechanical testing on nitrided and un-nitrided
H13 tool steel to produce flow curve ,
Use deform 3D material data base for the
billets .
Calculate hardness of the billets at different
temperature using yield strength and hardnes
relationship.

y

H13 microstructure and hardness study

<

Embed the abrasive and adhesive subroutine

Input boundary conditions into the FE
simulation including initial wear coefficient ,
heat transfer coefficient and friction coefficient
from the Literature

v

Good correlation

Yes
A 4

A 4

Change parameters specially wear coefficient—

Run DEFORM 3D FE Simulation

Compare the simulations with the physical
trials

Predict abrasive and adhesive wear on nitride!
and un-nitrided tool

Create series of abrasive and adhesive wear|
maps for nitrided and
un-nitride tools,
Die life prediction

Measure wear on the tools and billets
1,5,10,15,20,25 with Coordinate Measuremen|
Machine , then analyse the data in
GOM inspect software

Use same full factorial design of experiment o
the physical trials

End

Figure 1-4: Scope of Research



1.2 Research contribution

Author has published a series of journal paperscanéerence papers which has
been explained and referenced throughout the thesis

1.2.1. Tool failure analysis

Abrasive and adhesion wear was considered as andainiailure mode
when stainless steel 321 was forged on tool stéalvever, when Inconel 718
was forged under the same condition H13 tool deddion was considered as a
failure mode in addition to abrasive and adhesieamnwThese types of failures
reflect on the real cases on the industry which nolions of pounds every year
worldwide. This thesis focuses on wear predictitherefore, tool design was

changed to minimise the localised stress and axadssive deformation.
1.2.2. Wear model development

A modified Archard wear model was developed andrautines were
embedded in the Deform 3D finite element modelbioth abrasive and adhesive
wear. The wear model considers hardness as aidaonaft temperature. For the
adhesion model material removal from the billeteasl of the tool was calculated
and hardness of the workpiece material at high &atpre was calculated. The
model was confirmed with a series of practicallgriasing a die with special
design. Then wear was measured, and model parametere updated
accordingly.

1.2.3. Tool failure measurement method

A new failure measurement method was establishedchwiallows
measuring a tool before and after forging with egpbility of £5%, using a
coordinate measuring machine (CMM). This methodofeéd by workpiece
measurement mirroring the tool, creating a profifethe change on the billet
throughout the forging process to identify theudsl Measuring the changes in

workpiece was practical as removing the tool foasugement after every forging



cycle was proven impossible. The limitation of thgproach is that the changes
on the tool after removing the workpiece will bessgd. Therefore, to increase
the accuracy tools were measured at the end oftaatto ensure the accuracy of

measurements.

1.2.4. Wear map construction

Inputting estimated wear coefficients into the weawdel for different
temperatures and loads provided estimated wearewvafor these sets of
parameters. Then a series of practical trials weréormed to calibrate the model.
The new wear coefficients were embedded into thaulsitions to predict the
outcome of the new forging operations. These weahres were used to plot a 3D
wear map. This wear map can be used to predicoditeome of the operation

under similar process conditions.
1.2.5. Die life prediction

The proposed wear model along with the wear mapbeaused to predict
die life. The possibility to run a cyclic simulatican give a wear result close to
the practical trials. The finite element analysisan effective tool to predict die
fill, residual stresses, forming forces, fatigue.dddition, the FEA plays a key

~

role in the construction and optimization of forgjitools.



Chapter 2 Literature review

As mentioned earlier tool failure can be causedntgny factors including
overloading, overheating, wear, deformation, thérmiacking, thermal and
mechanical fatigue, corrosion, erosion and fracturgeraction between the
failure modes could be the cause of tool failurel at a specific failure
mode[33]. However as mentioned earlier in thisihése main contributor of tool
failure in hot forging is wear which is responsibde 70% of tool degradation.

2.1 Die Wear Mechanism and Models

Each of the various processes by which material &most from a surface in
service leaves its fingerprint both in the topodmapf the worn surface and in the
size, shape, and number of the particles which makihe wear debris[34]. Wear
is temperature dependent and affected by the chafnigietion caused by sliding
velocity and load. The mechanical properties @ thaterial in contact and
lubricating properties of many materials start tegihde by an increase of
temperature. Contact stress is another importantorfaand for materials sliding
under high contact-stress conditions, where apparentact stress or pressure
approaches the hardness of the softer materidlofmedl heating is assumed to
progress evenly over the contact area[35]. It i kveown that the type of carbide
in addition to the percentage of molybdenum andmiiim shows how materials
are wear resistant [24]. The maximum temperatasewell as the temperature
distribution between the hot forging tool and therkvpiece, has a major impact
on tool life. It is because of the effect of termraiare on tool hardness and the fact
that the tool surface is heated by conduction ftbm workpiece as well as the
generated heat from friction between the tool armtkpiece [36]. In hot and
warm forging operations, surface layers of toolghat tool-workpiece interface
are not only exposed to high mechanical stresseslba to severe temperature
cycles, which often lead to loss of strength andlhess [27]. Wear is categorised

as abrasive wear, adhesion wear, delamination \isagye wear, corrosive wear,



and fretting wear. Abrasive wear considered asmimiant failure mode in close
die hot forging due to the intensive flow of the teral in the presence of
abrasive oxide particles[37]. Furthermore, Abrasimed adhesive wear are
considered as the dominant failure modes in openfaliging which will be
explained in more detail. Wear has a close radatipp with sliding velocity,
contact pressure, hardness, temperature, toolrdemigl contact time. Wear and
friction are somehow interrelated. Coulomb statkdt tthe friction force is
independent of sliding velocity other researcheltele that friction is depend on
contact area, sliding velocity, surface roughnessl a@emperature [38].
Considerable uncertainty prevails in the descnptd friction and heat transfer
across the tool-workpiece interface, there is abwayvariation in measured
coefficients of heat transfer and this can be awmred as a limitation in any
research being carried out in hot forging[39].

2.1.1Abrasive wear

Damage to a component surface arises because @mretative to the
surface of either harder asperities or perhaps Ipadicles trapped at the
interface. Such hard particles may have been inted between the two softer
surfaces as infections from the outside environmentthey may have been
formed by oxidation or some other chemical or mada process. On the other
hand, abrasion can simply take place because thn&eroface is both rough and
harder than a wearing component. The developed Isxdde abrasive wear
always consider deformation on the harder surfagigible[40]. The Archard

abrasive formula is therefore as follows (equafidl):

2tanv 2tanv
= , w =
T T

d 21
X o .

Where k, is wear coefficient, w, is wear rate, \aw®rage surface roughness, F is
load, H is hardness. Abrasive wear also can happeamoval of material from a
surface via plastic deformation. It can cause sdwdaformation modes including
plowing, wedge formation, and cutting. The study atifrasive wear been of

interest to researchers as one of the main fathodes in machining and forging



industries. K.D. Tozetti et.al [41], Investigatedeteffect of applied load and
abrasive wear sizes on the wear of 2.9% carbori@r@®% chromium martensitic
white cast iron. He used different sizes of abmasjuartz sand and different loads.
He realised by increasing load and the size ofsimathe mass loss increases.
The Scanning electron microscopy (SEM) result slibthat the smaller abrasive
grooves appear in the martensitic matrix at loweadl while the carbides
remained intact. It could be a good experimente® the effect of sands on wind
turbines even though it is a linear progression abdasive wear is always
accompanying with other wear, therefore, it ca@tlimear. This method is not
applicable to forging industries where differenttengls affected by thermal,
sliding wear as well as load, plus wear always aqamied with different types
of wear, for example, adhesive wear and never lawarly. Challen and Oxley
[42], studied abrasive wear by considering geometricakctians of contact,
interfacial shear strength, stress-strain relaligns deformation mode, and
fracture criterion. Their methodology could be aggdble for abrasive wear in
cutting but not forging as hardness, sliding velo@nd contact pressure are

important factors in addition to what they consatkto be important.

2.1.2Adhesion wear

Adhesion wear occurs when two solid bodies areinglichgainst one
another and at the asperity contacts at the iterfBhese contacts may shear due
to sliding which results in the detachment of pgedeom one surface and
attachment to another. This process can be reveasedthe transferred material
return to the original surface. The shearing cgspka to the original interface or
a weakened surface of the contacting bodies. Adhesear has a long history,
and many tried to come up with an explanation @& fthenomenon including

Archard. He considered, for the sake of simplidityg shape to have a hemisphere

of the radius and a sliding distance L (2a), geimegyaa wear volume 1@—) ma’.
To calculate the wear volume per unit, the weaund of G) na® is divided by

2a, giving a value (@) na?.



The wear formula can, therefore, be written aofed (equation 2.2):

_ 2 _ _
w = 3 xZa 3nx£.' 3l 2.2

T 1 (nwi) B F

H
Where w, is wear rate F, is load, H, is hardneksstié deformation of a lubricant
scale under the high-stress area can increaseotttact area and adhesion to the
die. Thick scales stick poorly to billets, piecdssocale can remain coated on the
die and increase the wear[8]. Adhesive wear ocalrsn there is low-velocity
sliding friction under high unit pressures in arefactual contact [37].

2.1.3Parameters influencing wear

The primary parameters influential to tool wear #neghness and surface
hardness at high temperature which reduces duhegrépeated hot forging
process, workpiece deformation and contact pressusigling velocity, contact
time, sliding length, friction, workpiece and totdmperature, lubrication and
methods of tool surface cooling, die design etc.imease in forging energy and
friction between the tool and the workpiece incesatool surface temperature
which can increase the chance of adhesion wearedlsaw thermal cracking.
However, identifying the real cause of tool failure difficult due to the
complexity of the interaction between the failuredes. The factors influencing
the wear are explained by Artinger and reportedKiiyange on a diagram shown
in Figure 2-1[43].
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Figure 2-1: Factors influencing wear and defornrafailures [43]

It starts with influencing aspects which are wodqa geometry, human factors
and ergonomics, forging method on different dieachming, and tool material
what additional surface treatment and operatioaahmeters influences die life.
The contact time, sliding velocity, friction, inftace pressure and temperature are
considered as interactive factor which proves Amhaethodology. K. Lange
also considers oxidation as a positive and negatifhgence at the same time, as
it can act as a lubricant. However, K. Lange faitedinclude tool geometry
especially the sharp corners in his diagram asrgoitant factor influencing die
life while author believes highest mechanical amermnal loading appears on the
tool’'s sharp corners [1]. Sliding velocity, pressutemperature, hardness are the
parameters which interact clearly during the foggand forming process while
some other parameters including friction are irding with the rest of
parameters in a different way. Interface frictiorahanic is very complex. There
are different ways of expressing friction whetheotugh friction coefficient, u, or

friction shear factor, m.n is normal contact pressug|s flow stress Therefore,

shear stress is (equation 2.3)[44].
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2.3

Die design is another important factor which intésawith all the parameters
including friction. The maximum predicted die wearcurs on the corner of the
die with a small radius such as flash geometrigtfiladii, draft angles, and die
face contact area where there is not much of émckiut high-stress concentration.
The other factor is the variation in the lubricartich can be controlled by using
lubricant with consistent friction coefficient. Thebricant should be characterised
by a high flash point so doesn't lose its tribot@jiproperties at high temperature.
The lubricant has to have low heat conduction anoghgr viscosity at the forging

temperature[7]. Because the cooling effect and fiogtion are essential to the

long life of dies, the proper selection of lubrit@md surface treatment is crucial
in the hot forging process[32]. The main functioh l@bricants is to reduce

friction between the die and the workpiece, hessdés from the workpiece during
the forging process and die wear[32]. Workpiece glem geometry can have an
influence in increasing tool wear as it can inceeti® stress on different parts of
the die especially on sharp corners. Appropriaidicg time after each blow is

important as increasing the dwelling time can iaseethe chance of die failure.
The communication between supplier, process deaigh manufacturing team

plays an important role in a successful forming fonding process and producing
high quality product.

2.1.4Tool plastic deformation

In forging the most of the energy for the firstwibeing used to deform
the billet. The elastic deformation of the took thiction energy and vibration of
the anvil is limited. The second blow is more etasind plastic deformation is
low. The accumulated elastic energy by the toalrreas reflection energy, which
shows that the first blow is, therefore, more édfic that second[45]. Plastic
deformation occurs at regions which are subjectedexttreme pressure and
temperature in long period of time. The increasmtefface pressure to the above



yield strength of the die material during forginguses deformation in die
material which usually happens in sharp corners[8gjth plastic deformation
and friction contribute to heat generation. Thimperature generation influences
the lubricant condition, the metal flow during ttheformation and die service life
and productivity of the metal forming process [4iA]the forging process most of
the mechanical energy is dissipated as heat, b@ages the temperature on the
part and die. This process increases the posgilfitthermal softening and
deformation of the die [48Plastic deformation is one of the causes of faifre
hot forging tools, where the tool deforms to sunheatent that parts formed are
no longer within dimensional tolerance [4].

After forging 200 Inconel 718 billets on a tool neadf H13 tool steel,
deformation was evidence which was investigateth&urusing elastoplastic FE
model and microhardness, scanning electron micpysd®EM) and electron
backscatter diffraction (EBSD) analysis which whle explained in detail in
chapter 5. Anderson et al investigated the cafisieformation on nitrided H13
tool steel which was used for forging an aerofodmponent. He found
deformation on the substrate below the nitride dlaybe tool was nitrided to 0.25
mm case depth[49]. The author believes that 0.25ase depth has influenced
the deformation of sublayer as ASM standard stHtat excessive nitriding of
more than 0.13 mm case depths cause spalling amgragases the chance of

deformation on sub layer[50].

2.1.5Different wear models in addition to Archard model

Many different models were presented by differesearchers in addition
to Archard model. Considering the factors which mffuencing tool wear as
presented in Figure 2-1, the author believes thatimpossible to come up which
a universal model to predict wear in all the condis however some models work

better than others in multiple conditions. To mentihe few:

1) J.H Kang et al [51]came up with a new wear manwmisidering the

change of hardness during the tempering as showatieq 2.4
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Where d, is the final wear amount K, is the dimenkgss wear coefficient, P is
the pressure and L is the sliding length. H is ¢thange of Rockwell hardness
during tempering which is the function of temperatucycle, and initial wear.
This model can predict wear considering the eftdctempering of the tool but
fails to consider the change in hardness due tagghén temperature of the die

during the forging process.

2)1.Sallit et al[52] proposed a test methodologgttbnables observation
and quantification of the effects of the temperatand the sliding distance on the
wear rate of 40CrMoV3 steel against C35E steehmbient conditions, and at
temperatures between 700 and 850 C. The wear nppdpbsed to calculate the

wear shown in equation 2.5

_1( Rp ) R P +£~.wR 1
Y= F\Rg Ng+RrN/ TR T PR, (A 2:5

Where w is the wear rate (m2/N); |: width of thdeép(m); Rr: radius of the roller

(m); Nr: rotation speed of the roller (£ Rr: radius of the track (m); F: applied

load on the roller (N); wR: weight change of roller (kg);: density of steel

(kgm_3); t: duration of test (s); RY4 35.00 x1®m; | = 5.00 x1G m; =7.80 x

10° kg nt3. The equation was a breakthrough in considerindrttigon and sliding

distance however his approach was valid only iramaient condition which is

not the usual case in hot forging and he failecosider the effect of hardness.
3) M. R. Soleymani Yazdi et al [53]used a modelvgh@n equation 2.6
plus the finite volume method for modeling the Rotging process.

1 - kij (T {on (O} u®}ij)
Zi = g; TG At; 2.6



Where Z is the wear depth, u the sliding velocityhe contact surface and, the
normal contact pressure on the contact surface,h&tdness function of
temperature and K, dimensionless wear coefficiedttais time. Even though he
proposed a very good model considering sliding aigfoand hardness as a
function of temperature which agrees which his ficattrial, it is not clear the
type of wear which he is focusing on. Furthermoneterials respond differently
to load and temperature which hasn’t been identifiethis model.

4) Tulsyan, et al. and Painter, et al[54]. Useddbeffinite element model
to predict die wear considering coefficients whiatan be measured
experimentally using equation2.7

paybt

W =K * ()

2.7

However, they failed to consider hardness as aifumof temperature.
Where W is the wear deptlK, dimensionless wear coefficient, P, contact
pressure, V, sliding velocity, t time step, H, haess of the tool, and,b ,care

experimental constants.

5) D.H. Kim et al [55], proposed a model which wambedded in FE
simulation to predict abrasive wear and deformatising equation 2.8.

W =

K

N 2.8
3h(M—weardepth) 2li—1(onvsAD) Err

Where W is a wear depth, K is the dimensionless weefficient, h is the
hardness change of a die towards the directioneaifrwepth, » is normal
pressure, Yis sliding velocity and t is time step.

However, he failed to consider hardness as a fomcti temperature



2.1.6. Wear map generation

Wear maps can represent the mechanical changé® evotn surfaces of material
and the matching part over a range of operatinglitions[28]. Knowledge of
wear mode and wear mechanisms of the worn surfadecaunterface is also
essential to understand the mechanism of mateggtadiation and chemical
effects in the contact[2]. Wear mechanistic mapswstthe different wear
mechanisms for different materials in contact whéch based on experimental
results[29],[30]. Wear in conditions of sliding ¢aat can vary over many orders
of magnitude. There isn’t any universal mechanisimwear and no simple
correlation between rates of wear or surface degi@56]. Identifying the
operating point of a sliding contact in an appraf@iwear map can assist in
establishing the possible or likely modes of swefdamage and how close the
operating conditions are to any transition betwegll and severe regimes of
wear. Creating a wear map has always been onkeofotuses of researchers
worldwide. It started as early as 1941 by Okoshll Sakai[3], [57] presented a
wear map which was produced using the pin on dsthaud considering wear rate
function of speed and pressure. In the early 1988sries of diagrams, mostly for
the unlubricated wear of steels with different teshfigurations, was proposed.
These include the works of Childs [58], Eyre [S®farciniak and Otimianowsk
and Egawa [3]. Marciniak and Otimianowski [3] welgram was similar to the
work of Okoshi and Sakai [3], [57] while Childs [5&yre [59] and Egawa [3]
wear maps showed the boundaries between mild aredlesevear behavior within
the range of sliding conditions. Welsh [60] preserd wear map summarising the
sliding conditions corresponding to mild-wear, geveear, and transitions zones.
Lewis [61] followed the Welsh approach collectegear data from small-scale
and full-scale

Laboratory tests as well as measurements were tak#re field. The data was
then presented a series of transition wear magdiginging a few rail steel wear
regimes. The result showed a breakthrough in #dd of wear map construction
as lab-based data were compared with the field #etavever, the lack of data for

wear map construction and an error of using lateth@s|uipment was a limitation



of this method. S Wilson[62] conducted a dry slifdimear experiment at specific
temperatures were conducted on a PVD (reactive glated) TiN coating
deposited onto an austenitic stainless-steel satbstfhe coating was worn using
a pin on disc sliding at dry condition. His configtion was a low contact load
with various sliding velocity. Three wear regimesre identified: at low,
temperatures and sliding speeds, mid-range temyveraand higher temperature.
The wear map produced to present the data to d@wehiange of temperature at a
different speed but as it was done by using laledasquipment and in dry
condition hardly could represent the real-life phreena.H. So et al[63].
Employed apin-on-disc configuration for studying the formati@nd wear
mechanism of tribo-oxides on sliding contact sweaof some steels at the dry
condition and under ambient temperature. The gjidppeed that he selected was
between the range of 0.6 to 8m/s and the pres$ypm @n the disc was between
the ranges of 0.55 to 8.86MPa. Three wear mechanisere found from the
micrographic results. When the pair were subjetteithe small nominal pressure
and sliding speed, the wear loss was mainly dueadbesive and abrasive
mechanisms. When the nominal pressure was incraaseder 4.4MPa and the
sliding speed was greater than 3m/s, the wear Wass mainly due to plastic
extrusion of material from the pin and the wearamee severe. In between these
two extremes, the wear mechanism fell in the regifexidational wear.

Seung Ho Yang[64] used a silver film to lubricdte bearing steel made of AlSI
52100 steel unlike others mentioned above who tlideé lubricant. He used a
ball on a disc, lab-based equipment under diffeneréssures and ambient
temperature. As a result, three main regimes wdearlg identified: (i)
elastic/plastic deformation of the silver coatingthout failure, (i) mild wear
regime after the initial failure of silver coatimgd (iii) severe wear regime. In the
mild wear regime, the contact surfaces were covevead transfer layers of
agglomerated wear particles. He discovered thdtigit speed hardly any film
transferred from one surface to another and wissavand when the film was
transferred acted as a protective layer. This wgsaoa attempt towards the better
wear analysis and wear map construction using ésedb equipment. Some other

researchers like Ingram et al. [15] and P.Markland R. Larsson [65] studied the



effect of contact pressure and sliding distancegusi pin on disc method were

only ableto have an investigation in a relatively narrowddlized ) area[15]



2.2 Tooling material and Coating

There are many factors that can help to solve tw steel failure
including the correct process plan and setup, cbruse of the press, even
lubrication and applying different types of surfaceatment. Tool steel surface
can be protected by different types of surfacetmneats, including heat treatment,

nitriding, surface coating, and additive layerimglaverlay welding[15]

2.2.1.Heat treatment

Heat treatment is a process that helps to chdreenicrostructure to the
desired results specification. It includes heatimg material at high temperature
followed by slow or sudden cooling. Heat treatmexchniques include annealing,
case hardening, precipitation strengthening, temg@er normalizing and
quenching. Fe-C diagrams in Figure 2-2 shows twagrdims, the stable Fe-
graphite diagram (dashed line) and the metastadlEdE diagram, can be used
as the basis for the understanding of the heatnterd of steel. The stable
condition usually takes a long time to develop e&ly in low temperature and
low carbon range. Therefore the metastable diagsashmore interest [66].Ais
the eutectoid temperature which is the minimum teraure for austenite, sAs
the lower temperature boundary of the austenitéomegt low carbon content
which is / + , while A ¢m, is the counterpart boundary for high carbon
content.The carbon content at which the minimuntesute is attained is called
eutectoid carbon content which has 0.77wt %. Thetéecementite mixture of
this composition formed during cooling has a chimastic appearance and is
called pearlite and can be treated as a microsiaiatreature or microconstituent.
Ferrite (BCC) is relatively soft and low-tempera&yhase, while Austenite (FCC)
relatively soft medium —temperature phase, howewath are developed at stable
equilibrium phase. Cementite is complex orthorhamdnd against the other two

develops at metastable phase.
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Figure 2-2: Fe-C Diagram for steel[66]

Some difficult to form materials such as hot woik dteels like H13 which is
being used for this work, can be accurately forraed hardened by austenising,
martempering and hot forming to shape immediatigr ghere are extracted from
the quench bath, if martempering (which is to ddlag cooling just above the
martensitic transformation for a length of time égualize the temperature
throughout the piece) temperature is above the emsite transformation
temperature for the specific alloy being treatecec&ise the objective of
martempering is to develop a martensitic structwi¢h low thermal and
transformation stresses, there is no need to heldteel in the martempering bath
for extended periods. The H13 Heat treatment proeedhown on the diagram
(Figure 2-3).
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Figure 2-3: H13 heat treatment procedure

2.2.2Nitriding

Nitriding is a heat process of diffusing nitrogemtbe surface of the tool to create
the case-hardened surface. During the nitridinggss, in the nitride zone, the
dynamic pressure appears, which is related to Dadkit velocity (generated by
the interdiffusion) and depends on metal visco8ity[ Nitriding protects the die
from wear, deformation, thermal cracking, thermald amechanical fatigue.
Nitriding increases surface hardness and inducegpeessive residual stresses.

Nitriding can be categorised as gas nitriding, s&iftding, laser nitriding, lon and
plasma nitriding.

The solubility bounds of nitrogen in iron is temgterre dependent, and at 450 C
the iron base alloy will absorb up to 6 % of nittag However, after this, the
surface phase formation on steels inclines to Hg epsilon () phase. This
strongly depends on carbon content. The largercdréon content, the more
potential for the phase to form. As the temperature is increasdtiéaggamma
prime () phase at 490 C, the bounds of solubility beginderrease at the
temperature of 680 C. The equilibrium Iron- Nitesg diagram (Figure 2-4)

shows that control of the nitrogen diffusion idical to process success[68].
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Figure 2-4: Iron -Nitrogen diagram[68]

Effect of nitriding on yield strength and mateffiahv

Despite small depths of the diffusion layer on gaet, nitriding influences
yield strength of the material and reduces plagtiand viscosity. The hydrogen
during furnace nitriding might have an influence mechanical properties[69].
V.F. Terent'ev et al reported the change in the hmaaical property of material
after nitriding. Comparing the material flow afteitriding shows an increase of
strength properties of carbon steel 40 by 142 MHavever, the alloy steel 40X
showed decreased strength by 158 MPa. The resalvesh that for steel 40
elongation decreased from 27.3 up to 20.6 % asasefirea reduction of 55 up to
37%. While grade 40X steel showed a different réadncof elongation of 20 up
to 1.3% and area reduction of 52 up to 1.3% ( led16)[70].
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Figure 2-5: Stress-strain curves of nitrided stédSI 4140[70]

Therefore, the author decided to nitride H13 sieesile samples, perform tensile
tests on these samples and use the material data osimulation for the nitrided
tool.

2.2.3Gas nitriding

In gas nitriding, the donor is a nitrogen rich gahjch is usually ammonia
(NH3). The contact between the ammonia source aatet workpiece results in
the separation of nitrogen and hydrogen. The rémothen diffused on to the
surface of the metal and creates a nitride layegedak Kundalkar et al
investigated the effect of gas nitriding on therrfaigue behavior of martensitic
steel. He believed that the diffusivity of nitrogeraries with temperature,
concentration and diffusion time, depicts the vasi@ones formed during the
process of nitrogen diffusion. The results showel lower is the ratio of the
compound layer to the total diffusion depth, thghlerr is the fatigue life [71]. The

downside of gas nitriding are as follow,

Costly cleaning or grinding to remove the brittlbite layer
associated with traditional nitriding.

Gas nitriding case depth is not uniform

Using ammonia (NH3) and phosphate for activatiothwughen a

ground and polished surface.



Gas nitriding operates at 524 -579 C and can obahg core

properties of the material.

2.2.4Plasma nitriding

Plasma nitriding conveys the high surface hardaessit creates a surface
with high resistance to wear, scuffing, galling asilzure. This eliminates costly
cleaning or grinding to remove the brittle whitgda associated with traditional
nitriding. A uniform glow discharge covers all tearface and therefore creates
consistent surface hardness and case depth. Fhespecially noticeable on
complex geometries where gas nitriding case dep#ms be non-uniform. In
plasma nitriding (H2+N2) is being used instead mir@nia and phosphate. The
ammonia roughens the surface. Plasma nitridingaliagher surface hardness and
maintains the material's core properties due tddher processing temperatures
around associated with plasma nitriding (482- 5)0Many different ranges of
material can be used for plasma nitriding, inclgdeaast iron, mild steel, mold,
tool steel, high-speed steel, and stainless stgeladdition, plasma nitriding is

environmentally friendly as uses non-toxic pregisgintrolled gas mixtures.

2.2.5]on nitriding and Nitrogen lon implantation

lon nitriding is a thermally driven process thabguces a relatively deep
case depth (100-400 pm) and hardened case layeile Wiitrogen ion
implantation is a non- thermal (room temperaturg) aone-equilibrium process
unlike lon nitriding and can produce a thin casptdglpum) very hard nitrided
layer. The strength of ion nitriding layer is dugarily to formation of transition
metal nitride precipitates, while the strength atrogen ion implant is due to

dislocation pinning[72].

In this thesis plasma nitriding being used aftersidering all the pros and
cons of different types of nitriding. Plasma nitnigl is attractive because of its
relative high efficiency even at low temperaturéhis is a great property for
material, such as stainless steels or tool stdefswhich this condition is

compulsory in order to minimize microstructural ieéions and, therefore,



maintain the corrosion resistance in the bulk nia{@B]. Moreover, review of
relevant literature shows that precise control hed surface characteristics and
composition during plasma nitriding is a challengejing to the complexity of
this non-equilibrium process. But Pros of this gsx compared to cons still
makes this process better than the rest of thedingr process. Furthermore,
studies reported by Mittemeijer and co-workers hstvewn the importance of the
so-called “excess” nitrogen on the diffusion pracg&l]. Such increased nitrogen
concentrations signify the atomic fraction excegdine quantity that should be
expected in a case that: (i) the alloying elemamnésfully spent to form nitrides
and (ii) the nitrogen equilibrium solubility in aonstrained iron matrix is
achieved. Even though the nitriding of AISI H13 airk tool steel has also been
intensively studied but the thickness of layer Halseen identified. In this work
ASM standard < 0.13 mm has been followed [75].

2.2.6Surface coating

The surface coating is a process of using differeaterials to cover the
substrate to protect the substrate from corrosiaear, fracture etc. Selecting a
correct coating material as well as an appropmag¢hod of applying the coating
layer is crucial. The process parameters in whichting layers being applied
influence the result. It is therefore importanutalerstand the interaction between
the substrate and the additional layer. The addititayer must be effective and
not costly at the same time otherwise it incredisesost involved. The additional
layer must be suitable for the purpose and costtlfe at the same time. Figure
2-6 shows the relative cost of the different typswface treatments[76]. This is
very important to have a good business case andrstatiding of the effect of
different surface treatments to find a cost-efieetsolution. The cost evaluation
[76] in Figure 2-6 shows the nitriding is considereaas of the cheapest types of
surface treatments. That is one of the main reas@tsnitriding along with the
change of tool design has been proposed as amolffigti H13 tool failure in this

work.
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Figure 2-6: Approximate relative cost of surfaeatment[76].
Hot forging die surface and the subsurface regien subjected to the severe
conditions during forging and by increasing surfdwrdness the resistance

towards these conditions increases. The techngusas:

1. Physical vapour deposition (PVD), Chemical vapcepaskition (CVD)
These methods more commonly used for cold forgumigsbme good results
have been reported using these techniques in Inging76]. The materials
deposited by these techniques are:
Hard coatings wear resistant coating
Like carbides (IC), nitrides TN, CrN, (TAI) N
, oxides (AbO3) and diamond etc.
Soft and self-lubricating coatings
Like MoS, DLC (diamond-like carbon coatingXc.
2. Thermal spray method
The other method of coating is thermal sprayingciwhs basically spraying a
molten or soften material on to a surface like gieg, tantalum, ceramic etc.
The glass coating on the billets which was usedranof the experiments was
applied using this method.
All the mentioned coating techniques have their oagvantages and

disadvantages.



2.2.7Additive layering

Additive manufacturing is an opposite condition mrmal manufacturing
when the material being added structures are madleebaddition of thousands of
extremely small layers which combine to createptoeluct. This method recently
being used to repair or protect the material byiraglcan additional layer of
material. There are different methods of metal défmm. The Powder Bed
Fusion process includes the following commonly usedting techniques: Direct
metal laser sintering (DMLS), Electron beam meltifiBM), Selective heat
sintering (SHS), Selective laser melting (SLM) aS8dlective laser sintering
(SLS). One of the methods which have shown a pilomisesult for tool
protection is Laser Metal Deposition with powdeMR-p) which can provide a
hard-facing alloy repair to hot forging tools. Thss particularly important on
complex tool geometries due to their superior wearstance. The ALM process
known as Laser Metal Deposition with powder (LMDean be used to provide a
hard-facing alloy repair to hot forging tools. Thg particularly important on
complex tool geometries due their superior weaistasce. The metal additive
deposition allows the bonding of different mateialith different chemical
composition. This enhances the resistance towaets,Watigue and other tool
failure modes. This method was used in The Advarie®dhing Research Centre
(AFRC) to establish a low-cost standard test metto@valuate abrasive and
adhesive wear on hot forging H13 tool steel diesannindustrial scale 160 kJ
Schuler screw press. The author's methodology wsexd Ufor execution and

analysis which shows the practicality of this mekblogy [77].



2.3 Discussion

The proposed mathematical wear model for predictliiey wear by different
researchers has shown the extent of researchsifi¢ld, what are the limitations
and that there isn’t any universal wear model whiah be used to predict the
failure for different material under different cotidns. Their research results in
identifying the parameters influencing the wear amainly sliding velocity,
contact pressure, wear coefficient, hardness, cbnime, friction, stress and
strain and some other material dependent consthatsare calibrated based on
the material characteristic. The interaction betwdgferent wear influences the
results and how to present that is a challengereftwe, even though they all
have contributed in this filed and some they hasenbused for specific cases they
have failed to consider all the main contributarsone wear model and there is
hardly any evidence that the real failure data lbeen fed back to the model to
optimise these wear model Furthermore all theareters and the experts in
wear map construction used lab-based equipmentagichilar methodology as

summarised below[78],

1. Selecting materials of interest, the mode of cdnt@antact geometry, the
environment in which they contact, and lubricate uniubricated test
condition must be identified.

2. Finding similar or closed to the experimental doods data from the
literature on wear rates and wear mechanisms to use

3. ldentifying the parameters to be used as axes®mwéar map. It depends
on the dimension of the map whether it is 2D or 8also depends on
which type of map is being constructed. Whethes hechanism map or a
surface interaction map (server, mild and transgi@aones) or dominant
mode map. Or just give an idea of how a materiwracts at a certain
speed and load and what is a material interactitimather parameters.

4. Constructing empirical wear maps. It is done byuging the wear data
according to the wear-rate and wear mechanismtaf ttas plotted on the

two-dimensional map then the boundaries of domirfaihire modes are



constructed. In this stage of the produced mapfrative and gives a
global idea.

5. Now that all data is available finding the correwidel which can explain
wear on this sliding system will be important. Thedel then will be

calibrated to be used for fields with no experinaédata.

due to the uncertainty in Lab based equipmenttlieepin on disc, a significant
error is produced which could hardly be a repredem of the real-life forging

and it fails to satisfy industrial manufacturingarstiards. This literature study
showed that creating a single process that usesaa model embedded in Finite
element simulation (considering parameters influgndool wear degradation),
practical trials using industrial scale equipmemthust and repeatable failure
measurement method to create an industrial wear(msjgad of lab-based wear
maps) as an output hasn’t been developed and beutdbreakthrough. This will
help the industries to find the effect of the paetens in real life. The

methodology that the author used to construct tearwnap will be explained
further in this thesis.



Chapter 3  Research Methodology

Diagram Figure 3-1 illustrates the research metloagowhich was adopted for
this research. Different tools have been usedhigrresearch to create a series of
wear model by going through different steps inaigdDMAIC six sigma method,
maturation of wear mathematical model and FE sitrariacreating a repeatable
measurement method. This also could be used fahipesrking.

Wear model  ——

. FE simulation Define Measure
Tool design —
Wear map « Failure analysis
construction DMAIC
Abrasive and
adhesive subroutin ,—|—|
implementation
Metrology wear
- measurlement N Analysis Improve and Contro|
technique
Tensile test on

nitrided sample

Figure 3-1: Diagram illustrating the research mdtiogy

For failure analysis Define, Measure, Analyse, lower and Control (DMAIC)
process of six-sigma was used which is being useohiproving, optimizing and

stabilizing This can be explained as follows:

Define: Knowing the problem and identifying the b@ad outline the
target.

Measure: Decide what parameters need to be quahtfind the best way
to measure, collect important data and carry oa mheasurements by
experiment.

Analyse: Spot gaps between actual and goal perfiwejastablish causes
of those gaps, find out how process inputs affeatputs and class
development opportunities.



Improve: Develop prospective solutions, categorsdutions that are
easiest to implement, test hypothetical solutioasd implement actual
improvements.

Control: Create a detailed solution monitoring plapdate plan records on
a customary basis, and suggest a method of training

Ishikawa fishbone analysis method was used in tiadyais phase of DMAIC to
brainstorm for cause and effect of tool failureeThagram listed different factors
which can lead to tool and process failure, inaigdmachinery and equipment,
people (operators, designers, and all the othesopats), design, method, material
and surface treatment. A modified Archard weadjztion model was used to
predict tool wear which consists of sliding velgcitontact pressure, hardness,
wear coefficient and other experimental coefficgerit considers hardness as a
function of temperature. A repeatable method of tailure measurements using
CMM was established measuring the change in die wodkpiece. Cyclic
simulation of forging Stainless steel 321 and Iretonl8 at high temperature
followed by practical trial allows understanding awgorogression after multiple

forging cycles process.



3.1 Experimental Equipment and wear model implementatio

Table 3-1 shows the list of experiments conduategenerate a series of wear

maps,

Table 3-1: List of experiments for wear map genenat

Scoping Simulation | Forging | Metrology Micro Tensile | Microstructure
Study trial Hardness test analysis
Inconel 718 | Nine rigid Nine CMM H13
billets, H13 plastic Forging | measurement Samples
Tool steel simulation trials of all the
as per as | forging Tools and
DOE (25 25 billets
cycles) Inconel | 1,5,10,15,20,
718 25
billets
on H13
tool
steel as
per as
DOE
Inconel 718 | Nine rigid Nine CMM On nitrided| Nitrided On nitrided
billets, plastic Forging | measurement Tensile H13 Tensile samples
Nitrided simulation trials of all the samples | Samples
H13 Tool as per as | forging Tools and
steel DOE (25 25 billets
cycles) Inconel | 1,5,10,15,20,
718 25
billets
on H13
tool
steel as
per as
DOE
Deformation Elasto On H13 Analysis using
Plastic Tool SEM and EBSD
Study

simulation




3.1.1Wear model

A modified version of the equation3.1 proposed hysyan, et al. and
Painter, et al was used[18]. Hardness was considey@ function of temperature
which is the real case in the forging conditioneThodel uses sliding velocity
and the contact pressure between the workpiecali@ad€hange of Temperature
and effect of this change on hardness, sliding oigiocontact pressure, wear
coefficient, are the main contributor of die fadur The proposed model
considered all these parameters. Constant parasragtded has been added to the
equation to accommodate the change of parameteis efjuation was embedded
into DEFORM - FE simulation software and screw presergy, temperature and
friction coefficient which contribute in inducingear were included in addition to
the parameters mentioned above. This made thisiequhe best candidate for
this work. The hardness values were taken from lifegature at different
temperatures. For abrasive wear simulation of H&8lsthe constants af,b, are
considered to be 1 ardis considered to be 2. It showed a reasonabletrézul
confirm this all the constants were considered #l #men wear value were
compared to the practical trial to ensure thishes ¢ase. The result was far from
reality therefore ¢ was considered 2 while awere considered 1. Wear
coefficient was calibrated with the practical tia$tead of using lab-based pin on
disc approach and other coefficients are experiatigntneasured. The initial
wear coefficient of 6x18 for steel was used from the literature. It then was
modified prior to simulation and practical trial mparison. The new wear
coefficient was used as an input to reach the d@selation between simulation

and practical trial.

B paybg

The subroutine was implemented for adhesion wesgahbrasive wear to

give the full picture of wear during the forgingopess. For adhesion change in



hardness of billet which is a function of yield estgth was considered and
inputted. As adhesion is mainly caused by matetrahsformation from
workpiece to the die surface. Therefore, hardmesgrkpiece hardness instead

of die hardness as it shows in equation3.2

payet )

Z=k= (H(Workpiece) (nf

3.2

Where Z is wear depth (mm) P is contact pressuea)MV is sliding velocity
(mm/s), H is workpiece hardness function of tempeea(Rockwell hardness), k
is dimensionless wear coefficient which is calibdhby the practical forging trials
and t is step time (second, e, and fare constants which are material dependent
and for Inconel 718 considered to be 1[54].



3.1.2Tool design

Four-piece die set was designed consisting of adiep a bottom die,
insert and end stop shown on Figure 3-2. The raafitise insert’s fillet as shown
in Figure 3-2 was set at 1.5 mm which was modif2edn to reduce the stress
concentration and avoid deformation of the toole Tilet was designed in such a
way to introduce shear stress when billet slidesh@ntool during the forging
process. This increases the amount of induced Wéarend stop stops the billet
to move to the +X direction and creates a markhenbiack of the billet to aid in

overlaying CMM scans of the billets for metrologyadysis.

Billet

HEH End Stop

Bottom Die

Figure 3-2 : Four Piece die set consisting of Tag 8ottom die, Insert (wi

fillet radius of 1.5 mm) and End stop



3.1.3FE Simulation

DEFORM is a Finite Element Method (FEM) simulatigystem
designed to analyse various forming and heat treattrprocesses used by
metal forming and related industries. DEFORM usEmflly interface
provides easy data preparation and analysis, fllypmated and optimised
remeshing system tailored for large deformation enidwis software candidate
for this work [79]. Nonlinear continuum mechanics FE simulation which
allows large deformation was used. Large deformatahe lack of elasticity
in metal manifested by the fact that when the mealtés freed from stress it
fails to return to the initial undeformed configtiom, and instead, permanent
deformations are observed. Linear continuum mechkanivalid for processes
with a small strain and therefore small deformati(80]. However,
linearization naturally leads on to the Newton—Ragh iterative solution,
which is the fundamental way of solving the nordinequilibrium equations
occurring in finite element analysis. The empiricabdel was validated for
open die forging where large displacement was ansidered.

The flow stress data for H13 tool steel was takemftensile tests which were
performed at the AFRC (Advanced Forming Researgitr€en Inchinnan) by
Anderson et al [49] for strain rates of 0.8Zmd 0.13 at a temperature range
of 250-650 °C using a Zwick/Roell Z250 machine. EITM standard was
followed for the test using samples with the dimems shown in Figure 3-3.
The samples were cut using EDM from the same nahtehich was used for
the tool. The flow stress data was extrapolatethbyauthor to a strain of 0.5

using the power law.



P Sectional area 25mm~2

58
[A] (8]
10 MIN 32 10 »
5 : i ' &
N P 0_2‘57/ ’ /\ 5.64" 50
2 ' =
R F——1g | | &
~ Y I \
|
;o P \\/ SECTION P-P
=
E 45x0.80 APPROX
BOTH ENDS -
+0.05
/| 27| Bo.03[AB| 84.00 4 o5
K ‘Q]‘ All dimensions in mm unless stated otherwise

Figure 3-3: Tensile sample dimensions [49]

The flow stress model of Tabular data format wasdu(sequatiorf? =(5¢e,7)
3.3) On the simulation in which flow stress is adtion of effective plastic strain,

effective strain rate, and temperature.

g=(5¢,T) 3.3

& = Flow stress

£ = Effective plastic strain
¢ =Effective strain rate
T=Temperature

Hardness values for different temperatures werentgkom the literature [81].
The tetrahedral mesh size of 0.6 mm was used oodhict area to increase the

accuracy of the simulation. The Euler-Lagrangiacremental procedure where



the mesh node point moves with corresponding natenints was used [82].
Billet temperature was set based on DOE (Desigaxperiments) and bottom die
temperature set to 230 °C, while the Top die teaipee set at 250 °C. The
reason behind the temperature differences betwaemarid bottom bolster is the
mechanical setup of the Schuler screw press toepteyam between the
bolsters[4]. The screw press works based on theggneput so energy on screw
press was set based on DOE. Die material dataakas from the result of tensile
tests. The billet material data was taken from Dieéorm database (Figure 3-7).
The friction coefficient of 0.3 for un-nitrided tband 0.29 for plasma nitrided
tool as by the increase of hardness after plasmn@ing the friction coefficient

reduces [83]. The heat transfer coefficient ofNidec/mm/ C [84] was used for

the nitrided and un-nitrided tool. The bottom diassconstrained on the Y-axis.

3.1.4The methodology behind adhesive wear Subroutine

For adhesion subroutine implementation, equati@mas used (Summary
of the subroutine has been added to Appendix B).
The hardness of slug (i.e. Inconel 718) for différéemperatures was
calculated based on the relationship between giwihgth of the material and
their hardness (HV= 3/). These values were registered as a function of
temperature in a text file. Dimensionless wear ftweht (k) is calibrated by
forging trial so subject to several changes during calibration process.
While d, e and f coefficients are calibrated basedthe materials. It is

considered 1 for steel.



3.1.5Metrology wear measurement technique

For Scanning using CMM, the insert was fixedhie CMM and manually
aligned using the top, left and front surfaces. Tdignment was repeated
automatically three times. A scan line was theremakcross the surface of the
block. The scan was done using an SP25 probe antspoere recorded every
0.05mm. Approximately 400 further scan lines wedleeh, with spacing between
each line of 0.05mm. This generated a file contgnthe coordinates of
approximately 290000 points, covering the arearérest on the part. The
coordinates were then loaded into the GOM Inspefttvare to create a surface
mesh. Then the created surface could be comparfedeb&nd after the forging

trial.
3.1.1. Press kinetics

The screw press uses the friction, gear, eleatndyydraulic drive to accelerate
the flywheel and the screw assembly, and it cosvém® angular kinetic energy
into the linear energy of the slide of ram for threving stroke one of the driving
discs is pressed against the flywheel by a servtomdhe flywheel, which is
connected to the screw either positively or byiaiétm slip clutch, is accelerated
by this driving disc through friction. The flywheehergy and the ram speed
continue to increase until the ram hits the workgi€elhus, the load necessary for
forming is built up and transferred through theleslithe screw, and the bed to the
press frame.

When the entire energy in the flywheel is used efodning the workpiece and
elastically deflecting the press, the flywheel, steew, and the slide stop. At this
moment, the servomotor activates the horizontdt simal presses the upstroke
driving disc wheel against the flywheel. Thus, thevheel and the screw are
accelerated in the reverse direction and the sfiddted to its top position[5].
Figure 3-4 a )shows the screw press schematic dysst2100 tonnes Schuller

screw press in Advanced Forming Research Center.



(a)

Figure 3-4: a)Screw press schematic b)2100 tonales|& screw press (AFRC)

3.1.1. Thermal Camera imaging

The usual case is to use a thermocouple to med#serdirect change of
temperature or interface temperature. Thermocouwgaese positioned inside the
tool or spot welded on the surface of the tool[ZHHdwever, none of these was
feasible in this work. The reason was inaccesgjtli die because of using screw
press for forging . Therefore land thermal cameas wsed to record the change
of temperature on the tool surface.

The land thermal camera was calibrated and usetthédomal reading.Arc thermal
camera of range 0-500 C, which has an accuracy+@P6 / £2°C and high-
resolution image[85] was compared with the thernupt® reading. An example
of thermal camera reading with the emissivity & & shown in Figure 3-5. The
reading was taken when the billet was out of thmwio avoid the effect of

illumination.
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3.2 Experimental tooling and materials
This section will explain the property of:

Materials which were used for the forging trials,
The surface treatment which was applied,

The press which was used,

Die Surface treatment

The lubricant which was applied,

Heat transfer and friction between die and worépie

As well as additional equipment which was usednfamitoring thermal
changes.

3.2.1. Forging of Stainless steel 321

Stainless steel AIS1321 was selected for initiagfiog trials. The rules that
apply to the hot upset forging of carbon and aktgels are also applicable to
stainless steel; that is, the unsupported lengtiuldhnever be more than two
times the diameter because it might buckle or béarding metal to one side and
preventing the formation of concentric forging. Egding this limitation can

cause non-uniformity around the axis of the forgamgl encounter edges splitting



of the upset on its outside edges. Die wear ineeasth the elevated temperature
strength of alloys. Different types of stainlessestinclude austenitic stainless
steels, Martensitic stainless steels and Fertidimkess steels.

Austenitic stainless steels

This kind of stainless steel is more difficult torde than straight
chromium types but is less susceptible to surfafeatis. Such steels can
be forged at higher temperatures (above 930°C) tiharmMartensitic type
because they do not undergo major phase transformat elevated

temperatures.

Martensitic stainless steels

These have high hardenability to the extent thay thre generally air
hardened. Precautions must, therefore, be takeonahng and forging of
Martensitic steels, especially those with high oarlzontent, to prevent
cracking. They should be cooled slowly to about°®0The maximum
temperatures for these steels are low enough tml dve formation of -
ferrite and to avoid cracking.

Ferritic stainless steels

Ferritic straight-chromium stainless steel exhilpitsincrease in hardness
upon quenching. The degree of work hardening depead the
temperature and the amount of metal flow. The #emstainless steel has
a broad range of forgeability, which is restrict@dhigher temperatures
because of grain growth and structural weaknessstalibsely restricted in
finishing temperatures only for type 405. Type 4@guires special
consideration because of the grain boundary weakressilting from the
development of a small amount of austenite [86].

Stainless steel 321 is austenitic stainless stéhl avtitanium content of
five times the carbon content. It has a good craepngth and a large
amount of titanium makes it resistant to chloriddticed pitting and
increases the hardness. A large amount of titamakes these types of a
material harder and increases the chance of cgeatéar on tool steel.

Table 3-2 shows the chemical composition of staglsteel 321 which



was used for forging trial in the Advanced FormRegsearch Center. The
chemical composition of the material was taken friima certificate of
conformity (COC

Table 3-2: Chemical composition of Stainless s2dl from COC

Composition Wt.%
Titanium (Ti) 0.70
Chromium (Cr) 17-19
Manganese (Mn) 2.00
Silicon (Si) 0.75

Nickel (Ni) 9.0-12.0
Phosphorus(P) 0.045
Sulphur(S) 0.03
Carbon(C) 0.08

Nitrogen (N) 0.1

Flow stress curve of stainless steel at a temperafu950 C forging temperature
and strain rates of £sand 63 8 shown in Figure 3-6 was taken from DEFORM
3D data based.

326.897
306.897
286.897

266.897
Strain rate 1 s”-1

246.897
--------- Strain rate 63 s7-1

Flow stress {MPa)

226.897

206.897

186.897
0 0.2 0.4 0.6 0.8

Strain

Figure 3-6: Flow stress curve for stainless stéél& 950 C and strain rates of
1s'and 6338



3.2.2. Forging of Inconel 718

INCONEL® alloy 718 is a high-strength, corrosiorsiggant nickel chromium
with forging temperature of 900°C to 1120°C [8This type of material can
easily be shaped into a complex parts when ageshadd Its welding and post
welding characteristic are great as well as itsstasce to crack. The easy and
economical way of fabricating this materilal makibss material popular for
manufacturing different parts especialy airfoades . Therefore Inconel 718 was
used for second parts of this thesis. Table 3-3vshtbe material composition of
Inconel 718 which was taken from certificate of ¢ommity (COC) . Inconel flow
stress data in Figure 3-7 was taken from DEFORM&ilerial data . It shows the

flow stress at temperature range of 950-1150°C srain rate ranges between

0.001-1008.

Table 3-3 :Chemical composition of Inconel 718nir€OC

Composition Wt.%
Nickel (Ni) 50.00 - 55.00
Chromium (Cr) 17.00 - 21.00
Niobium (Columbium) (Nb) 4.75 - 5.50
Molybdenum (Mo) 2.80-3.30
Aluminium (Al) 0.65-1.15
Copper (Cu) 0.20-0.80
Iron (Fe) Balance Iron (Fe) Balance
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3.2.3. H13 Die material properties

Martensitic H13 tool steel is inclined to lose thaiechanical properties, however,
the formation of an important oxide scale at thekp@ce surface leads to the
degradation of a part of its substrate. In the saang the oxidation of the die and
delamination wear can considerably reduce theltf@olAt last, a too thick oxide
scale on the die surface can influence the flowhefhot material and can delay
the cooling effect of the die on the forged pieg#.these observations can be
concluded to a bad contribution of the oxides irgiieg. During the hot metal
forming process, the forging tools are submittetheymal and mechanical cyclic
stresses. Under such working conditions, tools wseally damaged through
complex and interactive mechanisms under cyclicdilugs like abrasive,
adhesive, thermal and mechanical fatigue and plastiormation [8][89]. Table
3-4 shows the chemical composition of H13 tool Isteem certificate of
conformity COC.

Table 3-4: Chemical composition of H13 tool stéeim COC

C Si Mn Cr Mo \

0.4 1 0.4 5.2 14 1

Anderson et al[49] performed tensile test using MSE21 standard followed
using a Zwick Z250 screw press at the Advanced iftgmesearch center facility.
The pre-load of 250N was applied during heatingcoonpensate for thermal
expansion of the press. However, because of eatyure in a tensile sample the
data had to be extrapolated by authorising the ptave The tensile test shown
in Figure 3-8 was done at 250,500 C temperatudesarain rates of 0.01'€0.1 s
'and 500,600 C and strain rate of 0.01.



Figure 3-8: Tensile test at 250,500 C temperatqume strain rates of 0.01,0.1 s
Tensile test results for temperatures of 550,60Gu@ strain rate of 0.01's



3.2.4. Die material surface treatment

The forging trials were performed mainly on diesthout surface
treatments, except for a nitrided trial. Nitridiogse depth depends on time and
temperature and method of the nitriding, howevdn)enincreasing the case depth
can increase the surface hardness it can increasethtance of spalling and crack
initiation . ASM international [21] suggests th&etcase depth shallower than
0.13 mm provides the better protection, therefdie for nitrided trial was plasma

nitrided to the case depth of 0.1mm.
3.2.5. Lubricant,

The main difference between the cold and hot faydubricant is the
temperature range in which lubricants have to fioncand it makes the lubricant
selection extremely difficult, because of the higimperature of forging using
organic based graphite are not suitable as then. Bire soap-based lubricants
will melt at this temperature. Therefore water-laggaphite, synthetics, and
glass-based lubricant are suitable. The graphiterleemains on the dies after
evaporation of other aqueous (solution in whichgbkrent is water) solution[5].
Water-based graphite lubricant with 10% solid eabtwas used for forging
trials. The graphite layer cools the die surfaceva#i as reducing the friction
between the die and the workpiece.

3.2.6. Heat transfer and Friction

For determining friction factor for shear factoras shown in equation 2.3,
usually ring compression test is being performeasatering both lubrication and
cooling effect. Appropriate heat transfer coeffitibas to be selected between the
workpiece and die when running a simulation.In rné&eming, the magnitude
and distribution of temperature according to Alttnal. depends on the initial
temperature of die and workpiece, heat generatientd plastic deformation and
friction at the die and workpiece interface, heahsfer between the workpiece

and dies and environment considering the coolirfgcefof air and lubricant.



However, in forging, the metal flow is a nonsteadsgte. The length of contact
time and the nature of the heat transfer at the asié workpiece interface
influences the temperature considerably [5]. That hensfer coefficient of 11
N/sec/mm/ C and the friction coefficient of 0.3 waslected for hot forging
simulation. The simulation result showed a goodeegrent with a practical
forging trial when Stainless steel 321 and Incoris8 was forged on H13 tool
steel.

3.3 Experimental procedure

To establish a measurement method the first steptwareate measurable
amounts of wear. Therefore, the design of experimmemas used for simulations
to find an optimum setting for forging trials. Defio 3D software was used for the
simulation. The wear model was implemented in satioh using random wear
coefficient which was calibrated using practicaltrFor establishing the setup
and increasing the amount of wear, different typebillet materials were used
like aluminum, stainless steel 316, 321. Howevdy stainless steel 321 showed
some trace of wear. Later, decided to use Incob&Mhich is harder compared to
stainless steel 321 and because of the populdriiging this type of material for
aerofoil manufacturing. Different methods of measuents were experimented to
measure tool and workpieces using Infocus opticedraacope (Alicona) and
CMM.

3.3.1. Wear model calibration

The wear models (equation 2.4, 2.5) were calibragdg simulation and
practical trials. The steps shown on the diagramewaken for the calibration. a,
b, c, d, e, f, are material dependent while k (wazefficient) depends on load,
contact pressure, temperature, sliding velocitydiess, friction, and many other

factors. It must be measured practically.
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Figure 3-9: Wear model calibration steps

A random wear coefficient was used based on thexatiire. Abrasive and
adhesive wear then were predicted using the FElation. These wear values
were compared to the wear values which were medsurethe tools and parts
after forging trials. Based on this comparisonwear coefficient was updated to
reduce the error between FE simulation wear preticind measurement wear on
the tool and parts. Following this methodology, khealues were calibrated for

all the trials.
3.3.1. Forging trials steps

The forging trial steps started by picking up tlieets one by one from the
rack and placing them inside the furnace. There3@rholders inside the rotating
stage of the furnace. The billets soaked for 15ute inside the furnace before
forging. The insert is sprayed by water-based gtaphbricant before picking a
billet from the furnace and placing it on the insand forge it. Forging duration
for each billet was 0.035 second . After forging thllet was removed and placed
inside a tray. Then these steps were repeatetidaest of the billets. Figure 3-10

shows the mentioned steps of the forging trials.
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Figure 3-10: Forging trial steps

3.3.2. Stainless steel 321 trials
3.3.2.1. Design of experiments for 321stainless steel trials

To establish a measurement method the first staptovereate measurable
amounts of wear. Full factorial design of experiinemas used on 321 Stainless
steel simulations (Table 3-5) to find the optimuettiag for the experiments to

create the maximum wear.

Table 3-5:Full factorial design of experiments 3@1stainless steel trial

Mini tab software was used for 8 runs and 3 levetéch means 24 total runs.
80.46% of the variation in Wear could be explairsdthe model. Mini tab
software was used to find the optimum setting.



Table 3-6 Full factorial design of experiments 3@ stainless steel trial

Run CenterPt Blocks Billet T Energy | Lubricant
1 L1] 1 1050 15 Mo
2 L1 1 1050 10 Yes
3 1 1 1150 5 es
4 e 1 1050 10 Mo
5 1 1 950 5 Mo
B 1 1 950 10 Yes
7 1 1 950 5 Yes
2 1 1 1150 5 Mo
9 e 1 1050 10 es

10 1 1 1150 15 Mo
11 1 1 950 15 Mo
12 1 1 1150 15 Yes
13 -1 2 950 10 Mo
14 -1 2 950 10 es
15 -1 2 1050 5 Mo
16 L1 2 1050 10 Mo
17 e 2 1050 10 es
18 1] 2 1050 10 Mo
19 -1 2 1150 10 es
20 L1] 2 1050 10 Yes
21 -1 2 1050 5 Yes
22 -1 2 1050 15 es
23 -1 2 1150 10 Mo
24 -1 2 1050 15 Mo

3.3.2.2. 3D Finite Element Simulation

Deform 3D software was used for the simulation. idr plastic
simulation model was used for wear measurementse@sloplastic model for
stress and strain measurements. The flow streadataH13 tool steel was taken
from the tensile test which was performed at th&B8Hacilities for stain rates of
0.01s! and 0.13 at the temperature range of 250-650 °C[49]. Tow ftress data
were extrapolated up to a strain of 0.5 by the @utlising the power law.
Stainless steel 321 flow stress data were takem ttee Deform FE softwear
database. The hardness for stainless steel 32llasdated using the relationship
between hardness and yield strength at high temyera/ickers hardness results
were converted to Rockwell hardness to be inpuiéal simulation [90]. The
tetrahedral mesh was used for die set and billesidering smaller element size
on critical contact areas. The subroutine for anleeand abrasive wear which
introduced in research methodology section onthi@sis was activated. A friction
coefficient of 0.3 and a heat transfer coefficieftll N/sec/mm/C was used.
Cyclic simulation for different runs of the desighexperiments was performed.

The result was inputted in Minitab to find the lr&ettings which can create a



measurable amount of wear. Minitab results showed billet temperature of
950 C, 10 % energy on screw press, and using labricreates maximum wear
on the tool.

3.3.2.3. Forging trials

100 Stainless steel 321 billets were forged on b8 steel. Billets were
placed inside the furnace to soak for 15 minuté® gcrew press was set on 10%
of energy and the point of impact was set on 60n@raphite water-based
lubricant (with 10 % solid content) was used toricdite the die before and after
forging of each billet. Then the billets were pldan the die and forged in turns.
Later, the tool and some of the forged parts wakert to the metrology lab to be

measured.
3.3.2.4. Tool and workpieces measurement procedure
3.3.2.4.1. Tool measurement procedure

Three methods of measurements were initially pregdsr tool wear
measurements:

GOM ATOS

The ATOS series of industrial optical 3D scann&%|yses blue light to
provide detailed scan of the complex geometriekigh speed. ATOS captures
full surface geometry of the object precisely imlense point cloud or polygon
mesh. However, it fails to capture the shiny swefalio improve the process anti
shine spray being applied on the surface. Howewerantomated procedure of
applying this type of material on the surface meaigh level of variation on the
thickness of the applied layer. As in wear studyanelooking at the micron level
therefore this method of measurement will be qoastile.

Infocus Optical Microscope (Alicona)

An Alicona Infinite Focus G4 Optical Microscope wased, which can

produce a surface scan with repeatability of 1.2 ageording to type 1



repeatability study. It has a large range of ddferillumination sources, which
makes the measurement of slope angles exceeding@®ible. The part was
secured on a fixture (Figure 3-11) which was plasedhe Alicona tray to reduce

the vibration and increase the accuracy[92].

Figure 3-11: Fixture for Scanning an insert on tui® Optical Microscope

MITUTOYO CRYSTA APEX C coordinate measurement maehi
(CMM)
In a later stage, a MITUTOYO CRYSTA APEX C coordmaneasurement
machine (CMM) was used to scan the insert befodesétier the forging trial.

Probing speed of 3mm/s to 6mm/s scan was usedrip@gsic of coordinates as
follow:
CS1: manual alignment: align base plane ZX to 3pagne on the
front face of the block. The 3 point line on letifd side face &
3point line on the top face intersected to creaigiroin XZ. Left
line aligned to z-axis. Coordinate system rotat@ddeg around the
Z axis
CS2-4: auto alignment, looped 3 times: align bas@eto 15-
points plane on the front face of the block. 7pdim¢ on top face
& 7- points line on the left face, intersected teate origin in XZ.



Left line aligned to the Z axis. Coordinate systestated 180deg
around Z axis.

CS5: manual alignment used for measurement of @isnmn
angled face only. 3-points line measured left ghtrion angled
plane, intersected with front plane measured fo#d @& create
origin in XY. X axis aligned to 3- points line akavs on Figure

3-12.

Figure 3-12: Manual and automated alignments (&tpalignments)

CS6: auto alignment, looped 3 times, used for nreasent of
dimples on angled face only. 5-points line measie&do right on
angled plane, intersected with front plane meastme@S4to create
origin in XY. X axis aligned to 5-points line, Fkige 3-13.

Figure 3-13 : Auto alignments, looped three timed ased for measurement of

dimples



For Scanning using CMM, the insert was fixed to @M and manually aligned
using the top, left and front surfaces. The aligntngas repeated automatically
three times (Figure 3-14).
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Figure 3-14: An example of repeating Scanning & fame part for 3 times
without moving the part.

A scan line was then taken across the surfaceeoblbck. The scan was done
using an SP25 probe and points were recorded é&/@symm. Approximately 400
further scan lines were taken, with spacing betwegeh line of 0.05mm. This
generated a file containing the coordinates of @yprately 290000 points,
covering the area of interest on the insert (3D xrin) and for dimples 15 points
(3 circles of 7, 5, 3 points) x 8 spheres ( FigdwE5). The coordinates were then
loaded into the GOM Inspect software to create rfasa mesh. Then created

surface could be compared before and after thenfgitgal[92].
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Figure 3-15: Insert fixed on the CMM table wittdication of the area of interest

The coefficient of thermal expansion for H13 totded is 11x10-6 K-1, part size
is 100mm x 70mm x 45mm, and therefore expansioapigrox. 1 m on the

100mm length per 1 C temperature change Figure.3-16
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Figure 3-16: H13 Tool Temperature profile dgrthe measurement



3.3.2.4.2. Workpiece measurement procedure
For Billet measurement 0.7 mm CMM'’s probe was Usedneasurement.

- One billet was measured 17 times. The part wasngfosition and
the CMM program run repeatedly overnight. The mesku
points were then loaded into the GOM ATOS software,
converted to meshes, aligned and loaded into ae sfig
(following the process described in more detailhi@ inspection
procedure in the checklist section of this documene range
of variation across all 17 parts can be seen beidwgure 3-17.

This shows variation under 10 microns for mostef $urface.

Figure 3-17:Variation for all 17 parts which weneedayed

The stage file compared the measured billets agaimthh a CAD model and a
best-fit cylinder. The max deviation on both sidgéshe cylinder comparison was
outputted as shown on Figure 3-18.



2 peviation label Max Cylinder side2
dX¥Z(Nominal)
Avg +0.050
Sigma +0.000
Min +0.050

Pp 7277772 Ppk ?77777 Max +0.051 0.04

= peviation label Max Cylinder sidel
dX¥Z(Nominal)
Avg +0.030
Sigma +0.000
Min +0.029
Pp 777777 Ppk 777777 |Max +0.030

1 _

Aligned 1 Length unit: mm

Figure 3-18: The maximunm deviation on both sideh® cylinder comparison
The maximum and minimum deviation to CAD was cated in two ways, as
shown Figure 3-19. The first method took the maxl amn deviation points
across the full mesh and the second took the maxran points in the main area

of interest i.e. the central area of the part.

E Deviation label Max whole E Deviation label Max centre

dXYZ(Mominal) dXYZ(Nominal)
Avg +0.081 Avyg +0.051] 0.04
Sigma +0.007 Sigma +0.001]
Min +0.072 Min +0.050|
Pp 7?7277 Ppk 77?7777 Max +0.094 Pp 7?7777 Ppk 777?77 Max +0.052 0.02

0.00
-0.02
B Deviation label Min whole 0.04
dX¥Z{Nominal) -
Avg -0.032
Bi_gma +0.001 = peviation label Min centre -0.06
Min -0.033 dX¥Z(Nominal)
Pp 777777 Ppk 777777 | Max -0.031 Avg -0.032
- Sigma +0.001 .0.08
Min =0.033]
Pp 2777?27 Ppk 77777 Max -0.031
—I—\‘X B B -0.10
Aligned 1 Length unit: mm

Figure 3-19: Two ways of calculating maximum anchimum deviation to CAD
model



The coefficient of expansion for Stainless steel 8213 x10-6 K, part
size is 25mm x 50 mm, and therefore expansion is approximaedym on the
50mm length per C. Figure 3-20 shows the thermfange during CMM
measurement. The temperatures were recorded bygheensor and low sensors
on CMM panel. Because the CMM is quite high andttgeis near to the air con
vent, therefore one sensor is down at the levelttlepart sits at and another one
iIs up near the top of the machine just to make theee isn’'t a huge difference

between the two.
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Figure 3-20: Thermal change of 321 Strainless sbdidts during the CMM

measurements

The maximum and minimum values from both the CAM aylinder comparison

were then used in the type 1 study shown in Taide Bhe tolerances were set at
+/-0.05mm as no tolerance has been defined fomp#res. This shows that the
measurement is repeatable, with the only measurethanis unacceptable being

the one which finds the max deviation to CAD udiing whole surface of the part.



This point is at the very edge of the part. Thighe area that will have the

greatest variation in the measurement, meshingadigding process, but is also

the area that is of least interest. Standard dewiate. square root of the sum of

all the measurement deviations divided by numbenefsurements-1. Six sigma,

is 6 x the sigma value and %Var is six sigma digitg the total tolerance range

(in this case 0.1) then multiplied by 100 to getsta percentage.

Table 3-7: The maximum and minimum values from kb CAD and cylinder

comparison The tolerances were set at +/-0.05mnmoagolerance has been

defined for the parts

Upper Tolerance
Limit (UTL}) 0.050 0.050 0.050 0.050 0.050 0.050
Target 0.030 0.050 -0.032 0051 -0.032 0.081
Lower Tolerance
Limit (LTL) -0.050 -0.050 -0.050 -0.050 -0.050 -0.050
Tolerance
Range 0.100 0.100 0.100 0_.100 0.100 0100
Deviation Deviation
label Max label Max Dewviation Dewviation Dewviation Dewviation
Cylinder Cwlinder label Min  label Max label Min label Max
side side? centre centre whaole whaole
AVERAGE 0.030 0.050 -0.032 0.051 -0.032 0.081
Sigma 00005 00002 00006 00008 0_0006 0. 0072
6 * Sigma 00031 00015 0.0034 00050 00034 00430
% WVar 3.09% 1. 46% 3. 37% 4.99% 3. 37T% A2 9T %

Scanning speed of 3mm/s was used, CMM scannedxappately 62500 points

in area of (12mm x 6.5mm) and 4mm deep.

Figure 3-21 shows the notch area that was scarsied 0.7mm CMM prob.

Figure 3-21:Notch area which was scanned by 0.7GMM'’s probe




3.3.3. Inconel 718 trials
3.3.3.1. Design of experiments for Inconel 718 trials

Full factorial design of experiments was used onusation to find the optimum
trial setup. Billet temperature and screw press@nevere considered as two
variables with three levels (Table 3-8).

Table 3-8: Full factorial design for Inconel 71&exrments.

Screw
Billet Press
StdOrder | RunOrder | PtType | Blocks | Temperature | Energy
6 1 1 1 1085 16
13 2 1 1 1085 8
18 3 1 1 1120 16
8 4 1 1 1120 11.2
17 5 1 1 1120 11.2
12 6 1 1 1050 16
15 7 1 1 1085 16
11 8 1 1 1050 11.2
9 9 1 1 1120 16
7 10 1 1 1120 8
10 11 1 1 1050 8
2 12 1 1 1050 11.2
14 13 1 1 1085 11.2
4 14 1 1 1085 8
5 15 1 1 1085 11.2
1 16 1 1 1050 8
3 17 1 1 1050 16
16 18 1 1 1120 8

3.3.3.2. 3D Finite Element Simulation

A rigid plastic simulation model was used for weareasurements and
elastoplastic model for stress and strain measurtsn€&he simulation setup was
used as per a design of experiments result. Incttteflow stress data was taken
from the Deform database. The hardness for Incob&lwas calculated using the

relationship between hardness and yield strengthigit temperature, Vickers



hardness results were converted to Rockwell hasdriesbe inputted into

simulation [93]. Nine simulations were performetheTwear values were inputted
in Mini tab to create a measurable amount of wE@50 C billet temperature and
10% energy on screw press showed the maximum wsdness values for
different temperatures were taken from the liteatlBenedyk J.C 2008). The
tetrahedral mesh size of 0.6 mm was used on th&acoarea to increase the
accuracy of the simulation. The Euler-Lagrangiacramental procedure where
mesh node point moves with corresponding materaahtp was used (Euler-

Lagrange 2008).



3.3.3.2.1. H13 Material Data

The flow stress data for H13 tool steel was takemftensile tests which were
performed at the AFRC (Advanced Forming Researchtr€an Inchinnan) by
Anderson et al [49] for stain rates of 0.01and 0.13 at a temperature range of
250-650 °C using Zwick/Roell Z250 machine. E21 AS$tndard was followed
for the test using samples with the dimension showfigure 3-22.
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Figure 3-22: Tensile sample dimensions [49]

a=(¢,T
The flow stress model of Tabular data format wafdug ( )

3.4) on the simulation in which flow stress is adtion of effective plastic strain,

effective strain rate, and temperature.

3.4

a = Flow stress,
£ = Effective plastic strain,

£ = Effective strain rate,



T = Temperature.

3.3.3.3. Forging trials

The same forging trial procedure was used as gfirigr321stainless steel billets
on H13 tool steel. Land thermal camera with theprature range of 0-500 was

set up and emissivity of 0.8 was used.

3.3.3.4. Tool and workpieces measurement
3.3.3.4.1. Tool measurement procedure

For H13 tool measurement the same procedure appseatvials were used.

3.3.3.4.2. Workpiece measurement procedure

The coefficient of expansion for Inconel 718 is81.0-6 K!, part size is
25mm x 50 mm, and therefore expansion is approxima&@eym on the 50mm
length per C. Figure 3-23 shows the thermal chahgéeng CMM measurement
of the Inconel 718 billets. The temperatures wemdrded by the high sensor and

low sensors on CMM panel.
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Figure 3-23: Inconel 718 billet thermal change dgiCMM measurements

3.3.4Comparing Simulation wear prediction result to Bractical

Wear Measurement

To compare the simulation wear results with CMM swament wear
results, multiple profiles was created on the wsurface of the tool after cyclic
simulation. The position of the profiles was id&at by X, Y, Z coordinates of
the start and end point of profiles. Then thesaieslwere used to create the
section on CMM measured surface. This could irsgdéhe accuracy as the wear
values were taken from a similar area. The downeidinis method was that it
couldn’t be representative of maximum wear on ti@ &s the profiles couldn’t
cover all the worn surface. Therefore, another okthvas proposed and used by
taking all the wear results of the worn surfacenfrihe simulation and finding the
minimum and maximum wear value. This then was coethéo the highest and
lowest wear value results from the CMM measurenedtgér measuring tool
before and after forging trial. The other issue Wead measuring tool after each
forging cycle was not feasible as the tool mustdmeoved from the screw press
and placed again. It would create an additionabbée and would be very time to
consume [94]. Therefore, the new method of measemémethod was proposed
to measure the workpiece instead of tool assuntagthe change in the shape of

the notch in workpiece shows the change on the dadhg the forging cycles.



This method reduces the cost involved in the omeraand minimises the
variables and therefore increases the accuracgn Tiile measured workpiece can
be compared to the measured tool at the end dbtigeng cycles to confirm the

accuracy of the procedure.
3.3.5H13 Tool Deformation

As much as die material selection is importantrotgcting the die from the
failure, workpiece material selection also has gehimfluence on tool life because
of interaction between the two materials. Nitridiagd surface coating can
improve die resistance to wear, deformation, hbatking, thermal fatigue, and
mechanical fatigue by increasing surface hardnesbs raducing the friction
between die and workpiece [95], [96]. However, fretudying all the factors and
interaction between them which influence the tdfel it is clear, that there is no
general recipe for increasing tool life[43]. Fdretproject hardened and un-
nitrided H13 tool steel without any coating layeasvused to investigate the
deformation behavior of H13 tool steel. A four-gedie set, including top die,
bottom die, insert and end stop was used as showigure 3-24. The radius of

the fillet on the insert was 1.5 mm.



Billet

Insert End stop

Bottom die

Figure 3-24: Four Piece die set consisting of Tan Bottom die, Insert (with

fillet radius of 1.5 mm) and End stop

Following the forging cycle, the insert showed @vide of deformation and
adhesion (Figure 3-25b). Forging dies deform efallyi during the forging

process. However, plastic deformation is irrevedesind results in die failure
[97]. Therefore a further investigation was necessaunderstand H13 tool steel
behavior under elevated temperature and excessatf98]. The understanding
of the non-uniform deformation and work hardenifighe material is of critical

importance. Deformation at high temperature on tthed is down to localised

stress and strain and the increase of dislocatiemsity which initiates the
recrystallization [99]. Tempered hot work tool $semicrostructure (i.e. tempered
H13) consist of tempered martensite with high digton density [100]. This
piece of work is devoted to investigating the defation on hardened H13 tool
steel by using different types of analysis inclgdimonlinear continuum 3D FEM
simulation, Vickers micro-hardness analysis, SEM BBSD analysis.



Evidence of deformation and adhesion

(2) (b) (c)

Figure 3-25:a) Insert image before forging, b) thgmage after forging showing
evidence of deformation and adhesion, ¢c) magn#éiexh of the deformation and

adhesion

3.3.5.1. Experimental setup to investigation tool deformatio
3.3.5.2.  Simulation

The result of 3D Deform simulation showed high lsesd stress and high
strain of 0.38 on the sharp edge of the tool. Tieeee microstructure and
microhardness study were necessahg first step was to perform an elastoplastic
simulation using 3D Deform software. Nonlinear aoatim mechanics allows
large deformation. Linear continuum mechanics Iglvar processes with a small
strain and therefore small deformation[101]. Thanflstress data for H13 tool
steel was taken from tensile tests which were pedd at the AFRC (Advanced
Forming Research Centre in Inchinnan) by Andergal. ¢ Anderson et al., 2013)
for stain rates of 0.01s 1 and 0.1s 1 at a tempearatrange of 250-650C using
Zwick/Roell Z250 machine. E21 ASTM standard wasofwked for the test using
samples with the dimension shown in Figure 3-22 $amples were cut using
EDM from the same material which was used for th@.tThe flow stress data
was extrapolated by the author up to a strain ®U8ing the power law. The flow



(£ £ T
stress model of Tabular da1,,,a\ (&e,T) 3.4)

format was used on the simulation in which floness is a function of effective
plastic strain, effective strain rate and tempegat(l). Hardness values for
different temperatures were taken from the liteai81]. The tetrahedral mesh
size of 0.6 mm was used in the contact area tce@se&r the accuracy of the
simulation. The Euler-Lagrangian incremental pracedwhere the mesh node
point moves with corresponding material points wiaed [82]. The simulation
was run in two steps to consider loading and unf@mpdAn elastoplastic
simulation model (elastoplastic die and plastitebilwas used for the simulation.
The billet temperature was set at 1080and the bottom die temperature to 230
C, while Top die temperature set at 280 The reason behind the temperature
differences between top and bottom bolster is tleehanical setup of Schuler
screw press to prevent jam between the bolsters s€rew press works based on
the energy input so 16 KJ which is equivalent t&oldf the total 160KJ capability
of screw press was used. Die material data was thken the result of tensile
tests. The billet material data was taken from Dieform database. The friction
coefficient of 0.3 and the heat transfer coeffitiehll N/sec/mm/C was used.
The bottom die was constrained on the Y-axis.

3.3.5.3.  Experimental setup for microstructure study

For Metallurgical study, the methods defined by M@md Manilova for tool steel

was used [102]. The four steps which were takefolbsvs:

3.3.5.3.1. Setup for SEM imaging analysis

For microstructure analysis, SEM technique was ussigad of a microscope to
have a high-resolution and statistically accurateltation of the signification
deformation that was observed on the tool aftegify. Two metallographic
samples were prepared from deformed and non-detbmserts. The fillet of the

inserts was cut using EDM then both samples wenenteadl, ground and polished



as it shows on Table 3-9 . Then mounted samples placed in vibromet with
0.02um Master Met2 suspension diluted with distillgater for 20% amplitude
overnight.

Table 3-9: Grinding and polishing steps used tp@re the samples

Surface Bhrashie f S2= Farce [N] | Base Sp=ad Eelative Time[min]
[rpm] Rotation
caroisietEic P120 gri3ic T 24-300 e 3
water Locled x.;'{.%*
CarbietSIC P2&l ari s T 240-300 T 3
waater cocled @ '-L'ﬁ_!l"
Carobisl=tSic P&DD Zrit 3iC T 240-%D0 _.-"":"““-..:" 3
vaaber ceeled @J‘
Carofulz=tSic PEDD grit il T 24-%00 A 3
wealer cccled ,!‘ "-a_-.ﬁl;p"
CarbiWl=t 5L P1200 grit SiC 17 240-500 = 3
wvoater cocled '@I@
LibraPal® Sum Metad’ Suzeme T ZA0-150 I = = " 10
= &E
TriDiet® Spm Metad: Suoreme 7 130-150 ey E:
DiaTocrc™ @@I
Kicraclath™ CLOSpm hdeskerFrep 7 130-150 P, Y 5
S urmine suss=Enson @ J
...rr-un @-?pﬂ't‘“ﬂlﬂﬂ' * Py Adorniy Pl Eutereler o e

Then, both the samples were investigated in an $@&dénta FEG 250) in turn to
produce a backscattered electron (BSE) image flerhighlighted area. Figure
3-26a, shows the fillet of the insert which was gsing EDM and Figure 3-26b
shows the area of interest on the sample.

]

R =1.5mm

Figure 3-26: a) Fillet on the insert whichasvcut using EDM b) Interest

area on the samt



3.3.5.3.2. Setup for EBSD analysis

From the BSE analysis, it was clear that differenhe will have a
different boundary and therefore different misotéion angels within the
grains. To identify this EBSD analysis for microsture simulation on
both the samples were used. It uses indexing &ctlbands with different
misorientation. It shows how different crystalstire grains are tilted in
different axis. The EBSD analysis (HKL system) éndoeen carried out.
For EBSD investigations 15 kV voltage, scanning see of 0.2 um and
4x4 binning was chosen. The exact area shown inr&i@-26 was

selected for EBSD analysis eliminating the resiruntimg area.

3.3.5.4. Experimental setup for microhardness study

A Dura Scan 70 G5 Vickers microhardness testerusas to characterise
local scale hardness distribution. 25 hardness meaent (5x5 matrix)
were taken at depth of 0.6mm from the edge of émepde using 0.12 mm
between each indentation with an applied force.bk@f. The schematic
on Figure 3-27 shows the patterns for the hardmess Then Origin
software was used to map the microhardness, cairgidéhe distance

between the indentations in X-axis and Vickers hasd in Y-axis.

3.3.5.5.  X-ray fluorescence non-destructive analytical techigque

X-ray fluorescence analysis was used to investitfaechemical composition of

the adhesive layer on the H13 tool insert.
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Figure 3-27: Schematic of patterns for micro-hasdriest
3.3.6. Tool design change

One of the most important parameters for desigaimtje is the radius of
the die that must be large enough to facilitate pglestic flow of the material
avoiding stress concentration that may reduce #wfull life of the tools [103].
Fishbone analysis was used to narrow down the sanfsdie deformation. The
result showed that the main cause of die plastiord@tion might be because of
fillet's radius. The fillet radius was 1.5mm. It svdecided to run a simulation for
a series of different radius between (2-3mm) tal fnsuitable radius which can
eliminate the deformation while creating a measieramount of wear. Obviously
high-stress concentration on the sharp cornerbefte increases the chance of
die failure. Therefore, the radius of 2mm showgat@mising result based on the
simulation results as stress concentration reduceghensely while a still
measurable amount of wear was noticed. The sinoulatesult on 3mm tool
showed a reduction in both stress concentration vaealr. It could be due to
sliding velocity reduction. To confirm this a praei trial had to be performed on
a 2mm radius tool. Figure 3-28 shows the comparisween 1.5 mm and 2mm

insert.

Figure 3-28: a)1.5mm insert b)2mm insert



3.3.7. Wear map trials

For constructing a wear map series of simulation farging trials were

performed based on the design of experiments.
3.3.7.1. Design of experiments for wear map trials

The full factorial design of experiments was pearied considering billets
temperature and energy on screw press as two iesiand each of these
variables had 3 levels as shown in Table 3-10. Nlmgtab result showed 9 trials

can give enough points to construct a wear map.

Table 3-10: Full factorial design of experimentsyigar map construction

Billets Temperature C (3Levels) % Screw Press Engy (3 Levels)
1050 5
1085 7
1120 10

3.3.7.2. 3D Finite Element Simulation

Nine simulations were run based on the results hif tesign of
experiments. Inconel 718 billet H13 tool steel wiasd. 25 cycles of simulations
were performed on 2mm inserts. The wear subrowtee embedded in 3D Rigid
plastic FE model using 3D Deform software to caltellabrasive and adhesive
wear using equations 3.larkttror! Reference source not found. Hardness
values for different temperatures were taken fromliterature [81]. A tetrahedral
mesh size of 0.6 mm was used in the contact areatease the accuracy of the
simulation. The Euler-Lagrangian incremental pracedwhere the mesh node
point moves with corresponding material points weed [82]. The top die
temperature was set at 250 C and the bottom dig@demure was set at 230 C.
The reason behind the temperature differences leettap and bottom bolster is
the mechanical setup of the Schuler screw presgrdgent jam between the
bolsters[4]. A friction coefficient of 0.3 and theeat transfer coefficient of 11
N/sec/mm/ C was used. Initi& value was considered 4.5E-06 which was taken

from the calibration of the model at 1050 C andl@&nergy on a screw press.



Constantsa, b, and c on the abrasive model were @&sl, b=1 andc=2 for tool
steel. Constantd, e, and,f on adhesion model were 1 for Inconel 718. These
values showed a good result after calibrating aeaend adhesive models. Based
on DOE in Table 3-10 nine series of simulation waggformed.

3.3.7.3. Forging trials

Forging trials were set up according to the desifjexperiments. After
setting the furnace to the forging temperature setting the screw press energy
to the required energy, 25 billets were placeddmghe furnace to soak for 15
minutes. Graphite water-based lubricant was sprégédre and after the forging
trial. Land thermal camera with the temperaturegeanf 0-500 was set up and

emissivity of 0.8[104] was used.



3.3.7.4. Tool and workpieces measurement

The same methods of measurements as the previalsswiere used. The
wear value obtained from CMM measurements on thetdiand the inserts were
also compared. A good agreement of 93 % for adbesigar and 90% for
abrasive wear on the billet and insert was estaduis This is an indication that
the degradation of the billet surface reflects gjemnoccurred on the insert. Figure
3-29a, demonstrates Scanning direction on thetdillsing CMM and Figure
3-29b shows the analysis on the billets 5, 1020525 which were aligned to the
first billet using commercial analysis software.eTtirst billet was aligned to the
insert's CAD file. This is an example where billgisthe temperature of 1050°C
were forged on H13 tool steel using 8KJ energy eoraw press.

Willet | pligned 1o inserts cad file Billet 5 wlignad 1o Bilket | Billet 10 aligned to Billet | ]

!.'ﬂi.-
s
T oo
il et ISilbet

Bilke 13 afigned to Billet |

a

Figure 3-29. a) CMM Scanning direction on the bilter a forging trial (105@
billet temperature and 8KJ energy on Screw prdssCMM analysis aligning
carried out for billets 5, 10, 15, 20, 25 which weatigned to the billet 1.



3.3.8Wear map construction

Full factorial design of experiment measure respsrat all combinations
of the factor levels was used (Table 3-11) for weap construction instead of a
fractional factorial design that uses a subset follldactorial design, so some of
the main effects and two-way interactions are conéi®d and cannot be separated
from the effects of other higher-order interactioi$is based on the DOE,
simulations and supporting forging trials were plag. Billets temperature and
Screw press energy were considered as the twoblesiaThe wear map was
constructed considering abrasive and adhesive \gga) function of sliding
velocity (mm/s) and contact pressure (MPa). Seafesear maps were produced
using contact pressure and sliding velocity as awig and abrasive and adhesive
wear as a third axis. Then the data were presentestiapes of scatter plot and
colour maps which were superimposed to creatslddtwear maps using origin
software.

Table 3-11: DOE plan for wear map construction

Screw
Billet Press
StdOrder | RunOrder | PtType | Blocks | Temperature | Energy
6 1 1 1 1085 16
13 2 1 1 1085 8
18 3 1 1 1120 16
8 4 1 1 1120 11.2
17 5 1 1 1120 11.2
12 6 1 1 1050 16
15 7 1 1 1085 16
11 8 1 1 1050 11.2
9 9 1 1 1120 16
7 10 1 1 1120 8
10 11 1 1 1050 8
2 12 1 1 1050 11.2
14 13 1 1 1085 11.2
4 14 1 1 1085 8
5 15 1 1 1085 11.2
1 16 1 1 1050 8
3 17 1 1 1050 16
16 18 1 1 1120 8




3.3.9Nitrided and coated trials

Series of FE simulations followed by forging trialere performed on nitrided

H13 tools to construct wear maps and for comparnmopose.
3.3.9.1. Simulation

The flow stress data for plasma nitrided H13 tdekkwere taken from
tensile tests on nitrided tensile samples whicheweerformed at the AFRC
(Advanced Forming Research Centre in Inchinnan)thgy author. The tensile
samples which the dimensions is shown on Figuré @&e sent to Bodycote Ltd
Birmingham for plasma nitriding. The samples wataded to 0.1mm case depth
. Tensile tests for stain rates of 0.06Jand 0.013 at a temperature range of
230-400 °C using Zwick/Roell Z150 machine. E21 AS$tndard was followed
for the test.

10

Figure 3-30: Nitrided tensile sample dimension

The flow stress model of Tabular data format Wasedué_r:(g’é_!ﬂ

3.3). A Dura Scan 70 G5 Vickers microhardness tests used to characterise
local scale hardness distribution. Cross sectfdertsile samples after the tensile
test at different temperatures and strain ratewsho Figure 3-31a were used for
the hardness test. The hardness results in difféeerperature have been plotted
in Figure 3-31b.
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Figure 3-31 a) Picture of cross section b) Hardmessitrided tensile samples at
the different tensile test temperature

Nitrided H13 material data taken from tensile tegtsemperature ranges of 230-
400 C and stain rates of 0.00".and 0.018 were extrapolated to 0.5 strain as
shown in Figure 3-32.

4500
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3500
— 3000 = = 230C_0.001s-1nitrided
S 2500 — .. 300C_0.001s-1nitrided
g 2000 ST 400C_0.001s-1nitrided
& 1500 230C_0.01s-1nitrided
1000 — — —300C_0.01s-1nitrided
=00 — . =400C_0.01s-1nitrided
0
0 0.1 0.2 03 0.4 05

Strain

Figure 3-32: Nitrided Stress strain curves at temmeerange of 230-40@
and strain rates of 0.00isnd 0.013

Nine simulations were run based on the full faetodiesign of experiment shown
in Table 3-10. These were followed by nine pratticaging trials then the

affected tools and billets wear measured using CNcalibrate the wear model
the steps shown in Figure 3-9 were followed. Theakedral mesh size of 0.6 mm

was used on the contact area to increase the agcofathe simulation. The



Euler-Lagrangian incremental procedure was useitl \@as used previously for
not nitride simulation. Billet temperature was base on DOE and bottom die
temperature set to 230 °C, while the Top die teaipee set at 250 °C. The
reason behind the temperature differences betwaeartd bottom bolster is the
mechanical setup of the Schuler screw press toepteyam between the
bolsters[4]. The screw press works based on theggneput so energy on screw
press was set based on DOE. Die material dataakas from the result of tensile
tests. The billet material data was taken from Dieform database. The friction
coefficient of 0.29 and Heat transfer coefficiehtld N/sec/mm/ C was used as
stated previously in this document. The bottomwas constrained on the Y-
axis.

3.3.9.2. Forging trials

Forging trials were set up according to the desifjexperiments. After
setting the furnace to the forging temperature setting the screw press energy
to the required energy, 25 billets were placeddmghe furnace to soak for 15
minutes. Graphite water-based lubricant was spragédre and after the forging
trial. Land thermal camera with the temperaturegeanf 0-500 was set up and

emissivity of 0.8[104] was used.

3.3.9.3.  Flow curve comparison between nitrided and un-nitrded

tensile samples

According to the literature [70] elongation reduedt®r nitriding on grade 40 and
40x steel but as there is no record of how H13 wehaTherefore, the author
performed additional tensile tests at the same ¢eatpre range and strain rates
on un-nitrided samples for comparison purpose. rEiselts are shown in Figure
3-33. It shows that the nitrided samples elongatewch higher stress.
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Figure 3-33: Flow curve comparison between nitriged un-nitrided H13 tool

steel at the temperature range of 230 C-400 C drainsrates of 0.00% and
0.0t



SEM image for a cross section of the nitrided tensample after the tensile test
at 400 C and strain rate of 0.01shown in Figure 3-34. The compound layer,
eFe-3N phase andFesN2 precipitate are identified.

Compound layer
eFe2-3N

v'-FesN.

precipitates

o”-FeigNs

Figure 3-34: Nitrided tensile sample cross section



Chapter 4  Results
4.1.Tool Deformation

4.1.1XRF (X-ray fluorescence)

XRF result in Table 4-1 shows the chemical compmsiof H13 tool after
forging. 5.4 (Wt. %) of Ni proves that the transéet asperity from Inconel 718
billets was attached to the H13insert. As when $etid surfaces are in contact,
the interfacial bond may be stronger than the debelsond in the cohesively
weaker of the two materials. In that case, on sejoer of the two solids, this
results in the transfer of the cohesively weaketenmal to the cohesively stronger.
As the focus of this work is on the deformatiorertfore, the rest of this work has
been devoted to investigating the deformation o3 ttibl steel.

Table 4-1: H13 chemical composition after forgiigt(©o)

Si Cr Mn Fe Ni Mo \i Co Cu

0.4 21.4 1.2 67.6 5.4 3.2 0.11 0.30 0.15

4.1.2Simulation

After executing the elastoplastic simulation, omépon the stress concentration

area was selected for loading and unloading pattefimulation using Deform

3D postprocessor as shown in Figure 4-1.

Figure 4-1: One point was selected with maximurasstrconcentration and high
plastic strain of 0.38 on Deform 3D simulation ppgicessor



The results obtained from the thermal camera [86]vs that the die temperature
rises in the range of 350—4@ from the initial temperature of 23D (Figure

4-2). The analysis carried out with the thermal esanwere performed for every
individual forging blow after removing forged pdrdbm the insert from the same
point as indicated in Figure 4-1. Therefore, theulehas been influenced by air

cooling along with cooling caused by lubricants. émissivity of 0.8 was used
for recording the temperatures
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Figure 4-2: Land thermal camera results at an ewitig®f 0.8 (£2 C accuracy)
for 200cycles of forging (0.035 s for each cycle).

By knowing H13 die temperature during the forgimggess from thermal camera
results, the yield point at this temperature washidied as 1100 MPa from H13
tensile test results as shown in Figure 4-3. Figl4Ba is true stress-strain curve
for tensile test at a strain rate of 0t1snd temperature of 400C before

extrapolation and Figure 4-3b is the result of shene test after extrapolation to
0.5 strain using power law.
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Figure 4-33a) The tensile test at a strain rate 6.asd 400 C b) The result after

extrapolation to 0.5 strain using power law for slagne tensile test.

Therefore, from the stress-strain curve in Figu® ahd effective stress curve in
which was taken from the simulation result confirtingt the material has yielded
during the forging process. Furthermore, in wealysis of dies, at the regions
where high effective stresses may occur, the glaiformation of dies must be

also considered[105].

Loading and unloading VYield {1100 MPa) at 350-400°C

2000 / loading

600 | [\ At~ \ Unloading
\ J N/ &

Point 1

Effective Stress(MPa)
=
8
o

0 0.005 0.01 0.015 0.02 0.025 0.03 0.035
Time (S)
Figure 4-4: Effective stress results from the satioh: an elastoplastic model

shows that the yield stress of H13 tool steel wageded during forging.

The simulation also shows a high plastic straif.88 (Figure 4-1) after one cycle
of forging Inconel 718 on H13 tool steel. This higlel of strain alongside with

the thermal softening can cause deformation allvilag through the forging



process. After hot deformation or during the dwpelliod between each blow or in
final cooling, the material experiences recoveryrexrystallization[106]. Static
recrystallization (SRX) occurs when new nuclei whire free from the strain
form and grow to new grains at the expense of #ferthed material [107]. The
SRX happens when the strain level is below thecatfitstrain for dynamic
recrystallization. The critical microstructural abtion, for example, high
dislocation density, which occurs when stress imes@egions on the surface is
much higher than the average stress in the lattm@motes dynamic
recrystallization (DRX). Under this condition, ng@nains are nucleated and grow
while deformation is progressing. When strain lexedches the critical strain,
nuclei which have been formed as a result of DRXgpess to metadynamics
recrystallization (MDRX) which occurs by constamogth of the nuclei formed
by DRX during straining [108].



4.1.3Microstructure analysis

The high strain achieved on the FE simulation shihnvas H13 tool steel has gone
through deformation. To confirm the simulation désutwo samples were

prepared from deformed and brand-new tools. Theesamagnification was used,
and an image was taken from the same area to s&re@mparison accuracy.
Figure 4-5a shows tempered martensite microstrectrich is expected as the
tool was not used for any forging process. Figush4hows BSE images were
taken from the samples prior and after forging. Thagnified BSE image,

including the evolution of the zones is depicted Rigure 4-6, where 1)

deformation zone(16% deformation was calculatedgusnage J, 656894 pixels
of deform zone / 3864576 pixels all the image)trapsition between deformation
and recrystallization zone, 3) recrystallizationngp 4) transition between

recrystallization zone and martensitic zone, 5)teraitic zone.

[a ] R

Figure 4-5BSE images were taken from the H13 tool sampleBef)re forging,
b) After forging



Figure 4-6: BSE images of different zones 1) defdiom zone, 2) transition
between deformation and recrystallization zone,r&)rystallization zone, 4)
transition between recrystallization zone and nmsitee zone, 5) martensitic

Zone.

Figure 4-7 shows tempered martensite EBSD map qotasysis and Figure 4-8
shows EBSD maps and analysis of the deformed, stdliged and martensitic
zones obtained at depth of 0.6 mm. In body centevdic structures (bcc), slip
direction normally occurs on planes of the typeXfl@nd principal slip direction
is along the plane {111}[109]. Figure 4-7a show fo#y tempered martensite
microstructure on before forging sample where d#fié grain boundaries
including special CSL boundaries of39a were found. Figure 4-7b shows

misorientation angles distribution histogram ondbefforging sample.



Figure 4-7 : a) IPF (Inverse pole figure) map whiehs obtained for the sample
before forging, b) misorientation angles distribatihistogram for the sample
before forging, ¢) CSL (coincident site lattice)esfal boundaries distribution

histogram for the sample before forging.



Figure 4-8a shows different zones including theodaation zone which has been
transformed to recrystallized zone in some partguré 4-8b shows the
misorientation angles distribution on after forgisgmple, where an increased
fraction of the low angle boundaries (LAB) represetie deformation zone and
this is associated with different dislocation sulbsures caused by slip.
Furthermore, in the middle of misorientation angigaph, the peaks at 28-32
corresponds to special boundarie€39a which were created during martensitic
lattice transformation when some of the boundaaiesnot perfectly matched to
the rest and transforms to low angle and speciain@aries. The high angle

boundaries 58—6Ccorrespond to twin boundaries [99].



Figure 4-8: a) IPF (Inverse pole figure) map whweais obtained for the sample
after forging, b) misorientation angles distributibistogram for the sample after

forging, c) CSL (coincident site lattice) specialulmdaries distribution histogram

for the sample after forging.



The result shows that deformation of the tempereattensite leads to the
transformation of the initial low and high angleundaries and formation of the
substructure elements. The excessive load andtkigperature on screw press
cause further increase in dislocation density amadsformation of low angle
boundary to high angle boundary which has a pa&sii¥ect on the nucleation of
recrystallized grains. Comparison of the histograi®gicted on Figure 4-7c¢ with
Figure 4-8c shows an increase in some of the boiesdmcluding 13a and

39a and decrease of3, 11, 33 and 41 which could be formed due to the
high temperature and high strain, as misorientadingle is strongly dependent on
the strain during high-temperature deformation [1Ithe range of measured
microhardness on not deformed tool (before forgimgs 523-610 HV, while
measured microhardness on the deformed tool shantpletely a different
range301-600 HV. The results of the microhardnegasorements on the
deformed tool confirm the evolution of the microsture and formation of the
different zones. Colour map in Figure 4-9a showmg change of microhardness
in different zones and Figure 4-9b shows a comeparisetween the change of
microhardness before forging and after forging. Melh@rdness increases as
indentation move away from the edge of the sanpédness measurement on
pre-forging sample shows values of around 550-680 which indicates the
suitability of this material under high thermal aloéd working conditions. As
microhardness level depends on the microstructutbe measurement area, the
non-uniform microhardness distribution confirmsgeréfore, the existence of

different microstructure zones.



Figure 4-9: a) The colour map showing the changmicfohardness in different
zones using Origin software and b) Comparison betwaicrohardness levels
achieved on before forging and after forging sample

The microhardness of as-quenched martensitic steetsrongly dependent on
carbon content, especially for low and medium carbteels. The low carbon
content of 0.38% (Table 4-2) confirms the insigrafit to zero percentage of
retained austenite which increases the microhasdnes

The microhardness could be preserved by the tempeat low temperature
around 150-20@ as it was shown in [111].

Table 4-2: H13 chemical composition (wt.%) from tdexate of conformity

(COC) compared to the result of X-ray fluoresceawalysis.

Conditions C Si Mn Cr Mo V
COC 0.4 1 0.4 5.2 1.4 1
Measured by XRF 0.38 1.2 0.5 55 1.75 0.89

4.1.4Process Improvement

After finding deformation on H13 tool steel, DMAI@rocess improvement
analysis was used to analyse the H13 tool failacefend the solution to minimise
or rectify deformation. Cause and effect analysesemused as shown in Figure
4-10 to identify the problem. Fishbone diagram oaed the problem to tool

design. Therefore, it was decided to increase dldaus of fillet from 1.5mm to



reduce the stress concentration on the die asrdaisually happens in sharp

corners. Other solution was to apply a uniform fagé lubricant. The third

solution which was recommended after cause andteffiealysis to nitride the

tool. As previously mentioned, < 0.13 mm nitridgdahas been recommended by

ASM standard to therefore 0.1mm nitrided layer apglied to the surface.
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Figure 4-10: Fishbone analysis for H13 insert defaron



Series of Elastoplastic simulation were performitey observe the stress
concentration as fillet radius increases. Simutatwas performed for 2mm,
2.5mm and 3 mm fillet radius. However, as the afrthe project was to induce a
measurable amount of wear (that can be measuretebplogy equipment ) after
forging only 25 Inconel billets, 2mm fillet radiwgas chosen. The Figure 4-11
shows the induced wear after series of simulatginguinserts of 1.5mm, 2mm,

2.5mm, and 3mm radius.
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Simulation Cycles

—o—1.5mm fillet radius —o—2mm fillet insert radius

2.5mm fillet radius —o—3mm fillet radius

Figure 4-11: Comparison in wear induced using aerinwith different radius

As 2mm radius could induce a measurable amounteaf Wthat can be measured
by metrology equipment) after 25 cycles, therefosert with 2mm radius were
selected which has an effective stress below atipoint of 1100 MPa at 350-
400 C while produces a measurable amount of wahat( can be measured by
metrology equipment ) after forging 25 Inconel MiBets as it shows in Figure
4-12 after running elastoplastic simulations fothb@.5 mm and 2 mm fillets

Inserts.



Figure 4-12: Effective stress comparison for batindm and 2mm fillet Inserts

Figure 4-13 shows changes of hardness in differemies for the insert with
R=1.5mm and there are three different zones wiloifetlie insert with R=2mm

there are not a clear boundary between the zonds nre uniform

microstructure.
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Figure 4-13: a) The colour map showing the charfgaeiorohardness in different
zones for R=1.5 mm insert and b) The colour mapwsigp the change of

microhardness in different zones for R=2 mm



4.1.5Abrasive and Adhesive Wear Maps Analysis

For constructing wear maps, a series of simulatfofiewed by practical trials
were performed. AS it mentioned in methodology reimg dies after each blow
wasn't practical. Therefore parts were measureigausof the tools assuming that
they show the same wear pattern. The cmm wear measuat on the tools and
the notch on the billets showed 90 % correlakanh operation was 25 cycles.
Therefore measured wear value on the notch ofindrthets was compared with
the simulation results. The wear value was takemfra similar position to
increase the measurement accuracy.

The wear values predicted by the wear model andpeoed to the CMM
measurement( Refer to Appendix B) showed 10- 20r@dr detween the wear
values. These nine wear values were used to thairmiodel(Comparison graphs
are in Appendix A). This percentage was calculatechparing the wear results
from simulation and CMM using equation Error % ABS (Simulation - CMM)/
((Simulation + CMM/2)) 4.1

Error % = ((ABS (Simulation - CMM)/ ((Simulatiot CMM/2)) 4.1

Then five simulations were run in addition to cajrtg the larger area for plotting

wear maps as shown by alphabetic order of A-E oleT&t3.



Table 4-3: Five

additional simulations to fill the empty area oé thcatter plot

additional abrasive wear were mesas by running five

Billets Energy on Sliding Contact Simulation
Temperature Screw Press Velocity pressure Abrasive Wear
Points (C) (KJ) (mm/s) (MPa) Depth (um)
A 1125 12 170 690 110
B 1137 125 62 702 140
C 1137 12 64 480 152

1137

115

63

400

150

1125

115

170

402

149

Scatter plot was superimposed on the wear mapsas\ts in

Figure 4-14.

The wear map shows mild, transition and severenregat different sliding
velocity and contact pressures. The wear map smoldsabrasive wear zone in
very high sliding velocity and contact pressurechhtould be due to the creation
of minor oxide layer which can act as a lubricanthile as sliding velocity
reduces due to increase of oxide layer thicknedspanhaps increase of thermal
softening, mild abrasive zone moves to transitiod aevere zone. Change in
wear regime also could be due to a change in weahamism. The wear usually
has three different mechanisms, mechanical, oxided thermal wear.
Mechanical wear happens when the contact pressum@nly responsible for
creating wear. While oxide wear happens when gjiduelocity is mainly
responsible for creating wear and mild to seveldation transition wear depends
on the increase in temperature and contact timeallfz, contact pressure and

sliding velocity are jointly responsible for creajithermal wear [112],[40].



Figure 4-14: Abrasive wéarun-nitrided tool

Adhesive wear map in Figure 4-15 was constructexlasi to

Figure 4-14, with the difference that three simolas were run in addition to nine
simulations so wear map can cover a larger areae Idbrasive wear values
predicted by the wear model were compared to théMOMleasurement which
showed 16-23% error. The comparisons are at diffezaergy in a screw press
and different billet temperature. Wear map in Fegdrl4 shows that at a lower
sliding velocity and lower load the contact betweabe two surface increase
which increases the chance of thermal softeningsandre wear.



Table 4-4: Nine adhesive wear values were predibiethe wear model which
were compared to the CMM measurement. It showed®36% error. Then three
additional simulations (A-C) was executed to inseethe wear map coverage

Simulation and
Billets Energy on | Sliding Contact Simulation CMM Wear

Temperature Screw Velocity | pressure Adhesive Measurement

Points (C) Press (KJ) | (mm/s) (MPa) Wear (um) difference (%)
1 1050 8 90 624 115 16
2 1050 11.2 87 600 100 16
3 1050 16 155 625 95 19
4 1085 8 106 575 130 16
5 1085 11.2 112 523 93 22
6 1085 16 146 586 96 15
7 1120 8 116 364 143 22
8 1120 11.2 134 434 84 23
9 1120 16 288 742 89 20
A 1100 115 280 400 80 N/A
B 1080 11.8 200 560 85 N/A
C 1060 12 100 740 120 N/A

The scatter plot then was superimposed on the mapr The map in Figure 4-15

shows mild, server and transition wear regimes.
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Figure 4-15: Adhesive wear for un-nitrided tool

The similar procedure for nitrided tools was impésrted to contruct an abrasive
and ahesive wear map . The graphs for comparisveba simulation prediction
and practical measurement using Coordinate measmtemachine (CMM) on
nitrided tools are reported in appendix B . The mmaap shows the the large area
of mild wear which indicates the existance of thkide layer . This followes by
the transition wear that happens when oxide layas build up, the asparity
ditached form one surface will be attached toather surface to builup adhesive

layer . This means adhesive wear moves from tianstbne to a severe zone .



Table 4-5: Nine abrasive wear values measureddw#ar model for the nitrided tool. It
then was compared to the CMM measurement whicleatels 16- 30 % difference
between the meaureured wear values using theseétiwods.

Energy on | Sliding Contact Simulation Simulation and CMM
Billets Screw Velocity pressure Abrasive Wear Wear Measurement
Points | Temperature(C) | Press (KJ) | (mm/s) (MPa) depth(um) difference (%)

1 1085 16 180 560 54 18
2 1120 16 151 522 42 24
3 1050 11.2 123 629 64 25
4 1050 16 120 627 51 30
5 1085 11.2 115 597 53 19
6 1050 8 100 690 51 25
7 1085 8 102 583 79 27
8 1120 8 114 427 43 16
9 1120 11.2 80 528 46 21

Four additional abrasive wear were measured by imgnrthree additional

simulations to fill the empty area of scatter plbts shown in Table 4-6.

Table 4-6:Abrasive wear values for four additiosiahulations

Billet Energy on Sliding Contact Abrasive
Temperature( C) screw press Velocity Pressure Weardepth(um) for
Points (KJ) (mm/s) (MPa) nitrided tool
A 1066 12 178 690 50
B 1087 115 178 425 40
C 1066 12 80 690 43
D 1083 115 80 425 51




Scatter plot was superimposed on the wear map ( Figure
4-16). The wear map shows mild, transition and sevegime at different sliding

velocity and contact pressures.

Transition

Severe

Mild

Figure 4-16: Abive wear on the nitrided tool

In Figure 4-16, shows the improvement in wearmegi in all the areas after
nitriding compared to the un-nitrided tool. Mild aras spread in different areas at
different load and sliding velocity which could because of the accumulation of

a thin layer of oxide which acts as a lubricant.



Nine predicted adhesive wear values on nitrided vo&re compared to CMM
measurements. It indicated that 15-30 % error batwibe two which meanes 70-
85 % agreement. Simulation data and comparisoresalte shown in Table 4-7.

Table 4-7: Nine adhesive wear values were prediayettie wear model for nitrided tool.
It then was compared to the CMM measurement whiolwed 15- 34 % error.

Energy on Sliding Contact Simulation Simulation and CMM
Billets Screw Velocity | pressure Adhesive Wear Measurement
Points | Temperature( C) Press (KJ) (mm/s) (MPa) Weardepth(um) difference (%)

1 1085 16 180 553 20.65 24
2 1050 16 160 515 58.87 27
3 1085 11.2 118 613 37.27 30
4 1050 8 101 600 18.72 30
5 1120 11.2 122 553 30.7 15
6 1085 8 119 528 19.97 27
7 1050 11.2 138 480 23.91 22
8 1120 8 107 510 37.79 30
9 1120 16 80 570 37.22 30

In order to increase the captured area by plotedr weap four additional
simulation (shown by A-D) were run at differentliltemperatures and different

energy on screw press. The Table 4-8 shows the data

Table 4-8: Adhesive wear values for four additiosiadulations on the nitrided tools

Billet Energy on Sliding Contact Adhesive
Temperature( C) screw press Velocity Pressure Weardepth(um) for
Points (KJ) (mm/s) (MPa) nitrided tool
A 1124 11.8 178 625 19
B 1124 11.6 178 480 36
C 1135 11.8 80 625 31
D 1135 11.6 80 480 37




Scatter plot was super imposed on the wear mapsaswvn on Figure
4-17.

Mild
Mild to Transition
Mild

Mild Transition

Transition Severe

Figure 4-17: Adhesive wear atmided tool

Figure 4-17 shows 55-59m adheive wear in severe wear regime at high glidin
velocity and low to medium contact pressure whkesnal and mechanical wear
are both resposible for tool degradation. Whileyothlermal wear has a biger
infulence on creating adhesive wear in un nitrittieal. The amount of adhesive
wear compared to 120-140mn adheive wear on un-nitrided tool in servere

regimg shows the improvement of tool surface gitasma nitriding .



Chapter 5Discussion and Conclusion

The aims of this work were to:
1. Generating of series of wear maps using the cortipotd model
supported by physical trials
2. Establish a cost-effective benchmarking methodett tifferent types of
surface treatments
The preceding chapters have reported the work mdedcwith a series of
objectives designed to achieve these aims. Eatliiesé activities has contributed
to knowledge in the following specific areas of gges and material science:
1. A computational process for the generation of weadel
Identification of H13 tool steel failure modes whenging Inconel 718
Experimental validation of the proposed wear model
Characterisation of H13 die material
Development of a repeatable measurement method&odyear

Generate Wear Maps for specific billet materiald die geometry

N o g~ WD

Limitations of the computationally generated weapsh

The following subsections briefly discuss the cimttions and limitations

associated with each of these.
5.1. A computational process for the generation of weadel

For generating wear map subroutines for abrasiwk afhesive wear
models (equation 2.4, 2.5) were embedded intdBEORM 3D software. The
parameters were inputted into the models includisigmated wear coefficients.
Different temperatures and loads provided estimatear values for these sets of
parameters. Then a series of practical trials werormed to calibrate the model.
The new wear coefficients were embedded into theulsitions to predict the
outcome of the new forging operations. These weadues were used to plot a

series of abrasive and adhesive wear maps.



5.2 ldentification of H13 tool steel failure modes wHenging

Inconel 718

According to the literature abrasive and adhesreecansidered as dominant
failure modes in open die forging, however, othaitufe modes like plastic
deformation might interact with these failures. Titesult of forging series of
Inconel 718 billets on H13 tool steel showed tha H13 tool steel fails to
perform well at high temperature and high energgaséw press. Nitriding of 0.1
mm case depth protects the surface against thsiadrand adhesive wear and
avoiding the sharp corners in the design phase mawent the die from

deformation.
5.3 Experimental Validation of the proposed wear model

As discussed in the preceding chapters the propesear model was
embedded in DEFORM FE simulation software to rusedes of simulations
based on the full factorial design of experimefitse predicted wear results then
were compared with wear measurement results opthetical trials to validate
the wear model. The comparison between the FE atioonk and physical trials
showed a good correlation of 80-90% for abrasivaras un-nitrided tools and
70-84% on nitrided tools. While the correlation8i-85% for adhesive wear on
un-nitrided tools and 70-85% on nitrided tools \aakieved.

5.4 Characterisation of H13 die material

As stated in the preceding chapters forging Incatiéd on H13 insert with
radius of 1.5 mm, deformed the H13 insert pladiicathich had to be
investigated. For this purpose, SEM, EBSD and mianess analysis were
used. The SEM investigation confirmed the deforamatof the insert and
highlighted three different zones, deformed, reatlised and martensitic, as well
as transition zones between each zone within therostructure. The EBSD
results showed a large fraction of LAB which reprégs the deformation zone and
is believed to be associated with different distimrasubstructures caused by slip,



while the 28-32° angles correspond to special batesl 39a. The 39a
boundaries were created during martensitic transition. The HAB 58-60°
corresponds to the twin boundaries. Comparisom@®f&BSD results before and
after forging sample showed an increase @Ba and 39a boundaries and a
decrease of 3, 11, 33 and 41 which is due to microstructure transformation
caused by excessive load and high temperaturehanth¢t that orientation angle
is strain dependent. The range of measured mialokas on not deformed tool
(before forging) was 523-610 HV, while measured rohiardness on the
deformed tool shows completely a different range®0D HV. The results of the
microhardness measurements on the deformed todifrootne evolution of the

microstructure and formation of the different zanes

5.5Development of a repeatable measurement methodédogy

wear

Establishing a repeatable failure measurements adetlsing CMM was
established measuring the change in die and war&pieotch in the billet). As
measuring the change in die after each forgingecw@s proven impossible and
measuring the changes in the workpiece (notch @& hfllet) was practical
therefore workpiece (notch in the billet) was meadu The repeatability of £5%
was achieved using this method. The notch on thetdwas scanned using 0.7
probe and points were recorded every 0.05 mm. Byguihis method changes
throughout the forging operation was monitored.

5.6 Limitations of the computationally generate weapma
The limitations of this method are listed below:
1. This process was not automated due to the failtitbeorobotic cell.

Therefore, changing the parts and applying lubticaras done

manually which introduced variability to the result



2. Tool removal and measurement after each cycle wapassible. This
limited access to more data on the changes in dbk during the
forging operation.

3. The notch on the billets was scanned using 0.7epeotal points were
recorded every 0.05 mm (the minimum distance ptssiblowever,

decreasing the measurement distance could haveasexn accuracy.

5.7 Conclusion

The aim of this work was to create a series of @ibeaand adhesive wear
maps for H13 tool steel, using FE simulations feilny forging trials. For
physical trials, Inconel 718 billets were forgedti3 tool steel. It was confirmed
by microstructure analysis that the forging tooldhandergone plastic
deformation. Therefore, based on the result of &amsl effect analysis the tool
design was considered the main cause of this &iko tool design was changed.
Series of trials were performed as per as desiggkpériments on the new dies.
The comparison between the wear values which wediqgied by FEM
simulation and measured by the coordinate measmtemeachine showed an
error of 10-20% for abrasive wear and 15-20% fohesive wear. The good
correlation between FE simulations and CMM resirdten forging trials show
that the abrasive and adhesive wear models presanthis paper are applicable
to hot forging processes.

The produced wear regime maps are supportelEbsimulation along
with the forging trials and have been shown to beresentative of wear
characteristic of H13 tool steel in a productiowimmment. The produced wear
maps illustrate that changes in the wear regime fnaild wear to transition and
severe wear are caused by small changes in velaoitycontact pressure. The
results show that at high sliding velocity more en@al is transferred from the
billets to the inserts than vice versa. This sutggkthat the increase of adhesion
wear, compared to abrasive wedue to the formation of the oxide layer. At low
sliding velocity change of wear regime from mildardo transition and severe

wear, the regime is obvious.



It occurred due to thermal softening and heat dngciind builds up an oxide
layer. The thin oxide layer which protected thel top acting as a lubricant starts
to break up and appear as wear particles. Lowkesade wear in severe wear
regime of nitrided tool compared to severe adhesiear regime on the un-
nitrided tool was observed. This is at high slidwejocity and low to medium
contact pressure where oxide, thermal and mecHangar are both responsible
for tool degradation. While oxide, thermal wear las influence on creating
adhesive wear in the un-nitrided tool at low slglielocity and contact pressure.
The unusual spread of mild and transition wearmegicould be due to the
constant movement of material from one surface notleer. This means that
detached material from the billet which has beg¢ached to the tool can move
back to its origin. This proves that the nitridexydr protects the tools against
adhesive wear. Abrasive wear map comparison shbeseduction in abrasive
wear regimes in all the areas after nitriding coragao the un-nitrided tool. Mild
wear is spread in different areas at different laad sliding velocity which could
be because of the accumulation of a thin layexale.

The produced wear maps have been used to optiiméséotging process of
Inconel 718 billets on H13 dies. The wear measunemeethod which has been
introduced in this thesis is being established abeachmarking method in
Advanced Forming Research Centre. Furthermore ntleihodology was used to
compare the wear result of forging Inconel 718eksllon H13 tool steel covered
by cobalt-based alloy (Stellite 21®)[77]. The reésshhowed the promising result
of adhesive and abrasive wear reduction after usiisgtype of additive material
and practicality of methodology which is being aduced in this thesis.

These wear maps can be used by industries to nseirgol wear. This
methodology can be successfully applied to devalomnderstanding of the die
life through comparison of different die materidigyricants, and coatings.



5.8 Future work

The extended forging trials would help to bettedenstand the H13 material
behavior. FE model wear prediction has been condpait tool wear in open die
forging so comparison with other forging proceseaads validate the model and
proves the applicability.
- Further microstructure study using and using TCNdSEanalysis
on the nitrided tool can give a better inside dfiding.
- Using different angle on the sharp edge of the atiald help
create a database for designing
- Using a different set of parameters for the desigexperiments
- Using the setup for trying different types of ludamnts and coating
- Modify the simulation on DEFORM 3D to implement tb#ect of
lubricants and coating

- Additional trials on additive layering
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Chapter 7 Appendix

7.1 Appendix A

7.1.1. Wear Subroutine

@SS ST S S S S S S S S " ———
C

SUBROUTINE
USERWEAR(IWMD,VMC1,VyMC2,VMC3,VMC4,VMC5,VMCE,

+ DTMAXC,WI,WA)
C
O S K ST BB ST S S
C

C THIS SUBROUTINE COMPUTES DIE WEAR BASED ON USER
DEFINED WEAR MODELS

C

C INPUT:

C IWMD ! is the user defined wear model #
c VMC1 I die temperature

C VMC2 I w/p temperature

c VMC3 I sliding velocity

Cc VMC4 I pressure

c VMC5 I shear stress

c VMC6 I nodal area

C DTMAXC I time step

Cc WI=WEAR(4,N) ! wear rate at the previaisp

c WA=WEAR(5,N) ! accumulated wear depthaufhte previous step



OUTPUT :
WI=WEAR(4,N) ! wear rate at the end ofremt step

WA=WEAR(5,N) !accumulated wear depthautite end of current step

IMPLICIT DOUBLE PRECISION (A-H,0-Z), INTEGER-N)

NWR=IABS(IWMD)

GO TO (501,502,503,504,505,506,507,508,5@), BWVR

501 CALL
UWEAR1(VMC1,VMC2,VMC3,VMC4,VMC5,VMC6,DTMAXC,WI,WA)

RETURN

502 CALL
UWEAR2(VMC1,VMC2,VMC3,VMC4,VMC5,VMC6,DTMAXC,WI,WA)

RETURN

503 CALL
UWEAR3(VMC1,VMC2,VMC3,VMC4,VMC5,VMC6,DTMAXC,WI,WA)

RETURN

504 CALL
UWEAR4(VMC1,VMC2,VMC3,VMC4,VMC5,VMC6,DTMAXC,WI,WA)

RETURN

505 CALL
UWEAR5(VMC1,VMC2,VMC3,VMC4,VMC5,VMC6,DTMAXC,WI,WA)

RETURN

506 CALL
UWEAR6(VMC1,VMC2,VMC3,VMC4,VMC5,VMC6,DTMAXC,WI,WA)

RETURN



507 CALL
UWEAR7(VMC1,VMC2,VMC3,VMC4,VMC5,VMC6,DTMAXC,WI,WA)

RETURN

508 CALL
UWEAR8(VMC1,VMC2,VMC3,VMC4,VMC5,VMC6,DTMAXC,WI,WA)

RETURN

509 CALL
UWEAR9(VMC1,VMC2,VMC3,VMC4,VMC5,VMC6,DTMAXC,WI,WA)

RETURN

510 CALL
UWEAR10(VMC1,VMC2,VMC3,VMC4,VMC5,VMC6,DTMAXC,WI,WA)

RETURN

END
C
O
C

SUBROUTINE
UWEAR1(VMC1,VMC2,VMC3,VMC4,VMC5,VMC6,DTMAXC,WI,WA)

C

@SS S I S SRS S ST S S S S S S S

C
IMPLICIT DOUBLE PRECISION (A-H,0-Z), INTEGER-N)
C
C INPUT:
Cc VMC1 I die temperature
C VMC2 I w/p temperature

c VMC3 I sliding velocity



C VMC4 I pressure

C VMC5 | shear stress
C VMC6 I nodal area
C DTMAXC I time step

C WI=WEAR(4,N) ! wear rate at the previaisp

c WA=WEAR(5,N) !accumulated wear depthaufhte previous step
C OUTPUT:

c WI=WEAR(4,N) ! wear rate at the end ofremt step

c WA=WEAR(5,N) ! accumulated wear depthaughte end of current step

C Verschleissmodell IFUM Hannover

C Modified Archard's model - based on die terapgeC---+----+----+----+----
S TR U Y P A S S " —" -

C

SUBROUTINE
USERWEAR(IWMD,VMC1,VyMC2,VMC3,VMC4,VMC5,VMCE6,

+ DTMAXC,WI,WA)
C
O S S
C

C THIS SUBROUTINE COMPUTES DIE WEAR BASED ON USER
DEFINED WEAR MODELS

C
C INPUT:
C IWMD ! is the user defined wear model #

C VMC1 I die temperature



VMC2 I w/p temperature

VMC3 I sliding velocity
VMC4 I pressure
VMC5 I shear stress
VMC6 I nodal area
DTMAXC I time step

WI=WEAR(4,N) ! wear rate at the previaisp

WA=WEAR(5,N) ! accumulated wear depthaufhte previous step
OUTPUT :

WI=WEAR(4,N) ! wear rate at the end ofremt step

WA=WEAR(5,N) ! accumulated wear depthautite end of current step

IMPLICIT DOUBLE PRECISION (A-H,0-Z), INTEGER-N)

NWR=IABS(IWMD)

GO TO (501,502,503,504,505,506,507,508,5@),B0VR

501 CALL
UWEAR1(VMC1,VMC2,VMC3,VMC4,VMC5,VMC6,DTMAXC,WI,WA)

RETURN

502 CALL
UWEAR2(VMC1,VMC2,VMC3,VMC4,VMC5,VMC6,DTMAXC,WI,WA)

RETURN

503 CALL
UWEAR3(VMC1,VMC2,VMC3,VMC4,VMC5,VMC6,DTMAXC,WI,WA)

RETURN



504 CALL
UWEAR4(VMC1,VMC2,VMC3,VMC4,VMC5,VMC6,DTMAXC,WI,WA)

RETURN

505 CALL
UWEAR5(VMC1,VMC2,VMC3,VMC4,VMC5,VMC6,DTMAXC,WI,WA)

RETURN

506 CALL
UWEAR6(VMC1,VMC2,VMC3,VMC4,VMC5,VMC6,DTMAXC,WI,WA)

RETURN

507 CALL
UWEAR7(VMC1,VMC2,VMC3,VMC4,VMC5,VMC6,DTMAXC,WI,WA)

RETURN

508 CALL
UWEAR8(VMC1,VMC2,VMC3,VMC4,VMC5,VMC6,DTMAXC,WI,WA)

RETURN

509 CALL
UWEAR9(VMC1,VMC2,VMC3,VMC4,VMC5,VMC6,DTMAXC,WI,WA)

RETURN

510 CALL
UWEAR10(VMC1,VMC2,VMC3,VMC4,VMC5,VMC6,DTMAXC,WI,WA)

RETURN

END
C
O L i T S e
C

SUBROUTINE
UWEAR1(VMC1,VMC2,VMC3,VMC4,VMC5,VMC6,DTMAXC,WI,WA)

C



@SS SRR S S S S S S S S S———

IMPLICIT DOUBLE PRECISION (A-H,0-Z), INTEGER-N)

C

C

C INPUT:

c VMC1

c VMC2

c VMC3

¢ VMC4

¢ VMC5

c VMC6

c DTMAXC

I die temperature
I w/p temperature
I sliding velocity

I pressure

I shear stress

I nodal area

I time step

Cc WI=WEAR(4,N) ! wear rate at the previaisp

c WA=WEAR(5,N) ! accumulated wear depthauhte previous step

C OUTPUT:

c WI=WEAR(4,N) ! wear rate at the end ofremt step

c WA=WEAR(5,N) !accumulated wear depthautite end of current step

O o o O

Verschleissmodell IFUM Hannover
Modified Archard's model - based on die terapge
Implemented by Strathclyde and Wilde Analydd. - Oct. 2015

Based on DEFORM UGM 2013 Case Study from Mefer, 22.8.2011

DOUBLE PRECISION HARDNESS



HARDNESS = -2.e-7*(VMC1**3) + 0.0001*(VMC1**P-0.0328*VMC1 +
57.6

WI = 1.e-6*(((VMC4/HARDNESS)**2)*VMC3)

WA = WA + (WI*DTMAXC)

RETURN

END
O e i T L T O
C

SUBROUTINE
UWEAR2(VMC1,VMC2,VMC3,VMC4,VMC5,VMC6,DTMAXC,WI,WA)

C

@SS S S S SRS S SO S S S S S S S

C
IMPLICIT DOUBLE PRECISION (A-H,0-Z), INTEGER-N)
C
C INPUT:
Cc VMC1 I die temperature
C VMC2 I w/p temperature
c VMC3 I sliding velocity
C VMC4 I pressure
Cc VMC5 I shear stress
Cc VMC6 I nodal area

C DTMAXC I time step



c WI=WEAR(4,N) ! wear rate at the previaisp

c WA=WEAR(5,N) !accumulated wear depthaufhte previous step
C OUTPUT:

c WI=WEAR(4,N) ! wear rate at the end ofremt step

C WA=WEAR(5,N) ! accumulated wear depthaughte end of current step

RETURN

END
O
C

SUBROUTINE
UWEAR3(VMC1,VMC2,VMC3,VMC4,VMC5,VMC6,DTMAXC,WI,WA)

C

@SS S I S S S SO S S S S S St S

C
IMPLICIT DOUBLE PRECISION (A-H,0-Z), INTEGER-N)
C
C INPUT:
Cc VMC1 I die temperature
C VMC2 I w/p temperature
c VMC3 I sliding velocity
C VMC4 I pressure
Cc VMC5 I shear stress
Cc VMC6 I nodal area

c DTMAXC I time step



c WI=WEAR(4,N) ! wear rate at the previaisp

c WA=WEAR(5,N) ! accumulated wear depthaufte previous step
C OUTPUT:

c WI=WEAR(4,N) ! wear rate at the end ofremt step

C WA=WEAR(5,N) ! accumulated wear depthaughte end of current step

RETURN

END
O
C

SUBROUTINE
UWEAR4(VMC1,VMC2,VMC3,VMC4,VMC5,VMC6,DTMAXC,WI,WA)

C

@SS S I S S S SO S S S S S St S

C
IMPLICIT DOUBLE PRECISION (A-H,0-Z), INTEGER-N)
C
C INPUT:
Cc VMC1 I die temperature
C VMC2 I w/p temperature
c VMC3 I sliding velocity
C VMC4 I pressure
Cc VMC5 I shear stress
Cc VMC6 I nodal area

c DTMAXC I time step



c WI=WEAR(4,N) ! wear rate at the previaisp

c WA=WEAR(5,N) ! accumulated wear depthaufte previous step
C OUTPUT:

c WI=WEAR(4,N) ! wear rate at the end ofremt step

C WA=WEAR(5,N) ! accumulated wear depthaughte end of current step

RETURN

END
O
C

SUBROUTINE
UWEAR5(VMC1,VMC2,VMC3,VMC4,VMC5,VMC6,DTMAXC,WI,WA)

C

@SS S I S S S SO S S S S S St S

C
IMPLICIT DOUBLE PRECISION (A-H,0-Z), INTEGER-N)
C
C INPUT:
Cc VMC1 I die temperature
C VMC2 I w/p temperature
c VMC3 I sliding velocity
C VMC4 I pressure
Cc VMC5 I shear stress
Cc VMC6 I nodal area

c DTMAXC I time step



c WI=WEAR(4,N) ! wear rate at the previaisp

c WA=WEAR(5,N) ! accumulated wear depthaufte previous step
C OUTPUT:

c WI=WEAR(4,N) ! wear rate at the end ofremt step

C WA=WEAR(5,N) ! accumulated wear depthaughte end of current step

RETURN

END
O
C

SUBROUTINE
UWEAR6(VMC1,VMC2,VMC3,VMC4,VMC5,VMC6,DTMAXC,WI,WA)

C

@SS S I S S S SO S S S S S St S

C
IMPLICIT DOUBLE PRECISION (A-H,0-Z), INTEGER-N)
C
C INPUT:
Cc VMC1 I die temperature
C VMC2 I w/p temperature
c VMC3 I sliding velocity
C VMC4 I pressure
Cc VMC5 I shear stress
Cc VMC6 I nodal area

c DTMAXC I time step



c WI=WEAR(4,N) ! wear rate at the previaisp

c WA=WEAR(5,N) ! accumulated wear depthaufte previous step
C OUTPUT:

c WI=WEAR(4,N) ! wear rate at the end ofremt step

C WA=WEAR(5,N) ! accumulated wear depthaughte end of current step

RETURN

END
O
C

SUBROUTINE
UWEAR7(VMC1,VMC2,VMC3,VMC4,VMC5,VMC6,DTMAXC,WI,WA)

C

@SS S I S S S SO S S S S S St S

C
IMPLICIT DOUBLE PRECISION (A-H,0-Z), INTEGER-N)
C
C INPUT:
Cc VMC1 I die temperature
C VMC2 I w/p temperature
c VMC3 I sliding velocity
C VMC4 I pressure
Cc VMC5 I shear stress
Cc VMC6 I nodal area

c DTMAXC I time step



c WI=WEAR(4,N) ! wear rate at the previaisp

c WA=WEAR(5,N) !accumulated wear depthaufhte previous step
C OUTPUT:

c WI=WEAR(4,N) ! wear rate at the end ofremt step

C WA=WEAR(5,N) ! accumulated wear depthaughte end of current step

RETURN

END
O
C

SUBROUTINE
UWEAR8(VMC1,VMC2,VMC3,VMC4,VMC5,VMC6,DTMAXC,WI,WA)

C

@SS S I S S S SO S S S S S St S

C
IMPLICIT DOUBLE PRECISION (A-H,0-Z), INTEGER-N)
C
C INPUT:
Cc VMC1 I die temperature
C VMC2 I w/p temperature
c VMC3 I sliding velocity
C VMC4 I pressure
Cc VMC5 I shear stress
Cc VMC6 I nodal area

c DTMAXC I time step



c WI=WEAR(4,N) ! wear rate at the previaisp

c WA=WEAR(5,N) ! accumulated wear depthaufte previous step
C OUTPUT:

c WI=WEAR(4,N) ! wear rate at the end ofremt step

C WA=WEAR(5,N) ! accumulated wear depthaughte end of current step

RETURN

END
O
C

SUBROUTINE
UWEAR9(VMC1,VMC2,VMC3,VMC4,VMC5,VMC6,DTMAXC,WI,WA)

C

@SS S I S S S SO S S S S S St S

C
IMPLICIT DOUBLE PRECISION (A-H,0-Z), INTEGER-N)
C
C INPUT:
Cc VMC1 I die temperature
C VMC2 I w/p temperature
c VMC3 I sliding velocity
C VMC4 I pressure
Cc VMC5 I shear stress
Cc VMC6 I nodal area

c DTMAXC I time step



c WI=WEAR(4,N) ! wear rate at the previaisp

c WA=WEAR(5,N) ! accumulated wear depthaufte previous step
C OUTPUT:

c WI=WEAR(4,N) ! wear rate at the end ofremt step

C WA=WEAR(5,N) ! accumulated wear depthaughte end of current step

RETURN

END
O
C

SUBROUTINE
UWEAR10(VMC1,VMC2,VMC3,VMC4,VMC5,VMC6,DTMAXC,WI,WA)

C

@SS S I S S S SO S S S S S St S

C
IMPLICIT DOUBLE PRECISION (A-H,0-Z), INTEGER-N)
C
C INPUT:
Cc VMC1 I die temperature
C VMC2 I w/p temperature
c VMC3 I sliding velocity
C VMC4 I pressure
Cc VMC5 I shear stress
Cc VMC6 I nodal area

c DTMAXC I time step



c WI=WEAR(4,N) ! wear rate at the previaisp

c WA=WEAR(5,N) !accumulated wear depthaufhte previous step
C OUTPUT:

c WI=WEAR(4,N) ! wear rate at the end ofremt step

C WA=WEAR(5,N) ! accumulated wear depthaughte end of current step

RETURN
END
T e H e L e L e LoTEE (RS
C
C
C Subroutine implemented and compiled
C Property of Strathclyde and Wilde Analysis Ltdct 2015
C

C

@SS ST S S S S S S S S S———

C Based on DEFORM UGM 2013 Case Study from ideifer, 22.8.2011

DOUBLE PRECISION HARDNESS

HARDNESS = -2.e-7*(VMC1**3) + 0.0001*(VMC1**p-0.0328*VMC1 +
57.6

WI = 1.e-6*(((VMC4/HARDNESS)**2)*VMC3)



WA = WA + (WH*DTMAXC)

RETURN

END
T S L s S L L T
C

SUBROUTINE
UWEAR2(VMC1,VMC2,VMC3,VMC4,VMC5,VMC6,DTMAXC,WI,WA)

C

@SS ST S S S S S S S S S———

C

IMPLICIT DOUBLE PRECISION (A-H,0-Z), INTEGER-N)
C
C INPUT:
c VMC1 I die temperature
c VMC2 I w/p temperature
Cc VMC3 I sliding velocity
Cc VMC4 | pressure
Cc VMC5 I shear stress
c VMC6 I nodal area
c DTMAXC I time step

Cc WI=WEAR(4,N) ! wear rate at the previaisp
c WA=WEAR(5,N) ! accumulated wear depthauhte previous step

C OUTPUT:



c WI=WEAR(4,N) ! wear rate at the end ofremt step

c WA=WEAR(5,N) ! accumulated wear depthautite end of current step

RETURN

END



7.2 Appendix B

7.2.1Abrasive and adhesive wear comparison between aiioal
prediction results and practical measurements usouydinate

measurement machine (on tools without nitridingelry

Adhesive wear 1050 °C Furnace 5% Energy screw press
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Figure 7-1 CMM measurement and simulation predictomparison at 105@
furnace temperature and 5% of energy on screw (&k3y for abrasive and

adhesive wear (Un-nitrided tool )
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Figure 7-2. CMM measurement and simulation preaiictomparison at 105@
furnace temperatue and 7% of energy on screw fre&KJ) for abrasive and
adhesive wear (Un-nitrided tool )



Abrasive wear 1050°C Furnace temperature , 10% energy on Screw press
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Figure 7-3. CMM measurement and simulation preaiictomparison at 105@
furnace temperatue and 10% of energy on screw (@&s3) for abrasive and

adhesive wear (Un-nitrided tool )



Abrasive wear 1085°C Furnace temperature 5 % Energy on screw press
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Figure 7-4. CMM measurement and simulation pregiictomparison at 108%
furnace temperature and 5% of energy on screw pfigis3)for abrasive and
adhesive wear (Un-nitrided tool )



Figure 7-5. CMM measurement and simulation preglictomparison at 108%
furnace temperature and 7%(11.2KJ) of energy oews@ress for abrasive and

adhesive wear (Un-nitrided tool )
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Figure 7-6. CMM measurement and simulation preaiictomparison at 108%
furnace temperature and 10 % of energy on scress(&KJ) for abrasive and

adhesive wear (Un-nitrided tool )



Abrasive 1120°C Furnace temperature 5% Energy on screw press
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Figure 7-7. CMM measurement and simulation pregictomparison at 1120
furnace temperature and 5 % of energy on screws pi@sJ)for abrasive and

adhesive wear (Un-nitrided tool )
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Figure 7-8. CMM measurement and simulation pregiictomparison at 1120

furnace temperature and 7 % of energy on screws{@re&KJ) for abrasive and

adhesive wear (Un-nitrided tool )



Abrasive 1120 °C Furnace temperature 10% Energy on screw press
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Figure 7-9. CMM measurement and simulation pregictomparison at 1120
furnace temperature and 10 % of energy on scressE6KJ)for abrasive and

adhesive wear (Un-nitrided tool )



7.2.2 Abrasive and adhesive wear comparison between afionl|
prediction results and practical measurements Goadinate

measurement machine (on nitrided tools).

Abrasive wear 1050°CFurnace , 5% energy screw press(Nitrided)
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Figure 7-10. CMM measurement and simulation prezhctomparison at 1050

furnace temperature and 5 % of energy on screwsg&%J) for abrasive and
adhesive wear (Nitrided tool )



Abrasive wear 1050°C Furnace temperature , 7% energy on screw
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Figure 7-11.CMM measurement and simulation prealictomparison
at 1050 C furnace temperature and 7 % of energscoew press (11.2 KJ)
for abrasive and adhesive wear (Nitrided tool )
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Figure 7-12. CMM measurement and simulation premhictomparison

at 1050 C furnace temperature and 10 % of energscosw press (16 KJ) for

abrasive and adhesive wear (Nitrided tool )
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Figure 7-13. CMM measurement and simulation prezhctomparison at 1086
furnace temperature and 5 % of energy on screws&%J) for abrasive and
adhesive wear (Nitrided tool )



Adhesion wear 1085°C Fumace temperature 7% Energy on screw press (Nitrided)
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Figure 7-14. CMM measurement and simulation prezhctomparison at 1086
furnace temperature and 7 % of energy on screvs [§fids?2 KJ) for abrasive and

adhesive wear (Nitrided tool )
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Figure 7-15. CMM measurement and simulation prezhctomparison at 1086
furnace temperature and 10 % of energy on scressfb KJ) for abrasive and
adhesive wear (Nitrided tool )
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Figure 7-16. CMM measurement and simulation prezhctomparison at 1120
furnace temperature and 5 % of energy on screwsg&%J) for abrasive and

adhesive wear (Nitrided tool )
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Figure 7-17. CMM measurement and simulation prezhctomparison at 1120
furnace temperature and 7 % of energy on screvs [§fids?2 KJ) for abrasive and
adhesive wear (Nitrided tool )
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Figure 7-18. CMM measurement and simulation prezhctomparison at 1120
furnace temperature and 10 % of energy on scressf6 KJ) for abrasive and

adhesive wear (Nitrided tool )



7.3 Appendix C

7.3.1Certificates of conformity and material data frdme supplier

Figure 7-19. Certificate of Conformity for Staindesteel 321



Figure 7-20.Stainless steel 321 material data tteersupplier



Figure 7-21.Certificate of conformity for Incone€ld



Figure 7-22. Inconel 718 Material data sheet fromgupplier



Figure 7-23. Certificate of conformity for H13 Tosikel



Figure 7-24. H13 Material data sheet from supplier



