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Abstract

The aim of the Eng@asto identify if cost effective compositional adjustments can be made
to a commercial high carbon steel to retard or even eliminate gkr@in ageing reaction
observed in cold drawn high strength wire. This was tested via the production of a set of
experimental steels, with systematically varied compositions, identified after a literature
review, discussions with British Steel on previausrk/experience and thermodynamic
modelling of the cementite stability. The experimental steels were produced in a vacuum
induction melt furnace to ensure precise control over composition, forged and hot rolled to
rod. The rod samples were then heat tredt® the appropriate starting microstructure (fully
pearlitic) and drawn to wire. The set of experimental steels were artificially aged and tested
alongside a commercially produced steel wire for comparison. A selection of available global
and localised gxerimental techniques was used to characterise the strain ageing response:

DSC, Torsion and Tensile Testing, Magnetic Sensors, (S)TEM and APT.

Generally, high variation was observed during testing. The heterogeneous pearlitic
microstructure following sesre plastic deformation and the subsequent strain ageing
response leads to localised regions of enhanced cementite dissolution, which leads to
variation of mechanical properties during testing. Differential scanning calorimetry
measurementssuggesteda nikel addition may partially delay the initial stage of strain
ageing Magnetic sensor measurements showed clear differendsetween steel
compositionsalthoughthe differences cannot bexclusivelyattributed to the strain ageing
response as the redistribution of alloying elements or carbide precipitatios likely

contributing



Chemical analysaf carbonresulteda great deal of measuremeatror, which madeaccurate
determination of carbon concentration challengingleasured differencedvetween steel
compositions in the carbon concentratiorof cementite were attributed to error and
experimental variation Significantly more chemical analysis data is required to ascertain if
alloying elements can improve cementite stability with strain ageidgwever, @ergy
dispersive xay spectroscopy suggested carbon may be segregating to dislocations, which has
also been reported in the literature. Thus, suggesting a dislocation based mechanism of

cementite dissolution may be active.

The effects of silicomickel, cobalt and vanadium on the strain ageing kinetics require further
characterisationover a wider range of drawing and ageing conditions to determine their
suitability for commercial use. However, when considering the improved ductility of a nickel
containing steel shown in secti@l- British Steel R&D Studynfluence of Nickel on Pearlite
Stability and the potentially delayed initial stage strain ageing as observed by DSC
observations Figure6:1), a nickeladdition may in fact & a minor beneficial effeabn
torsional ductility with strain ageindReducing manganese content as much as reasonably
achievable is also recommended. Therefore, raléive alloying additionsmay be required

to meet tensilestrengthspecificationsSilcon may be a suitable alternativéanadium is also
effective at increasing tensile strength and may be suitaldemadium carbides or nitrides
may provide alternative strengthening following the dissolution of cementite, or where

amorphous cementite is psent following severe wire drawing.



Correspondence

Ben Jones
+447790182490
Jones25677@gmail.com

Acknowledgements

| would like to hank my supervisors Prof. Mark Rainforth and Shaun Hobson for your
continued patience, understalingand guidancel am gratefuto Dr Martin Strangwood and

Dr Slly Parker for their valuable help with thermodynamic modellin@r Mohsen
Aghadavoudiolfaei foryour continuedenthusiasmin the development of magnetic sense;

Dr Peng GongndDr John Nutter for theifrequentguidance anéssistance with equipment

| am also thoroughly grateful to all staff at British Steel, Bekaert and the University of Sheffield

who have been extremely accommodating throughout EmgD.


mailto:Jones25677@gmail.com

Contents

ADSTTACT ...ttt s 2
(@0 ¢ (=257 0T T L= o oy = RSP |
FaN [V =T (o =T 0 o =T o APPSR 4
IS 0 T U P 11
LISt Of TADIES ... e e e e e 23
LISt Of EQUALIONS......eeeiiiiiieeeeeeiiiit ettt e e e e e e e e e e e e e e e e e e aneeeeeees 29

S [ 1 £ o 1§ [ox 1 o] o FU PP P PP PP PPPPPPPPPN 30
1.1 AIMS & ODJECHUES. ..o iiiiiiiteee ettt e e e 32

2 LITErature REVIEW. ......uuiiiiiiiiieiiiii ettt e e e e e e et e e e e e e e e e e e aans 33
2.1 Steel Wire ProdUCHION..........cccoiiiiiiiiiiiiiiii ettt 33
2.2  Drawn Pearlitic STl WI.......cccuiiiiiiiiiiiiee e 34
2.3 The Strain AgeiNg RESPONSE.......uuuuuiiciiiiiieee ettt e e e e e e e aa e aa e e 43
2.4  Methods to Observe Strain AQEING........uuuruuruurrieiieieieseee s e e e e e e e e e e e e e eaaaeaeaaaaas a7
2.4.1 Global Experimental TEChNIQUES........cccooviiiiiieiiieeieeeeee e 47
2.4.2 Localised experimental teChNIQUES...........euvviveiiiiiiiicie e 54

2.5 Cementite DISSOIULION..........cciiiiiiiiiiiii et 62
2.6 StEel COMPOSILION. ....eiiiiiieiiiiiiitie ettt e e e e e e e e e 72
2.7 SUIMIMI@IY ¢ttt e e e e e e e et e e e e e e e e e e e e eaeeeeeeee et eeeeeeeeeeessssesennnnnsnnnnnnnnes 83



3 Experimental Steel DeVelOpMENL...........ovvvvvieiiiiiiiiiiirr e e 87

3.1 British Steel R&D Studynfluence of Nickel on Pearlite Stability..................... 88
3.1.1 Atom Probe Tomography..........ccoooeiiiiiiiiiiiieieeeeeeeeeeeeeeeeeeeeeveeeae e 90
3.2 Thermodynamic MOdelliNg.........oooiiiiiiiiiiiee e 92
3.2. 1 MEthOUOIOGY . ceeeeeiiiiiitie ettt 92
3.2.2 Cementite Thermal Stability...........coooriiiiiiiii e 96
3.2.3 Alloying Element DiStribULiON..............oeeviiiiiiiiiiiiiiieee e 113
3.2.4  Multi Element SIMUIALIONS.........coooiiiiiiiiiiiieceeeee e 123
3.3 Experimental Steel Composition Selection............ccccvviiiiiiiiiiiiieeee e 126
3.3 1 MABNQANESE....cciiiieiiiii e 127
3.3.2  NICKEL e ———————————— 128
32303 SHICOM ..t 129
.34 C0DAIL. e e e 130
3.3.5  VanAIUM .. 131
3.3.6  AlIOY COST. .t 132
3.3.7  Chromium and MolybdenuUM...........ccuuuiiiiiiiiieeee e 132
34 Chapter SUMIMALY.......cccuueiiiiieiieee e e e e as sttt e e e e e e e e e e s sab b e e e e e e e e e e e e ananneeeees 134
4 Materials and Methods...........oooiiiiiiii e 135
4.1 Experimental Steel ProducCtion............coooiiiiiiiiiiiiiieee e 135
4.1.1 Rod Heat Treatment TralS..........cceiiiiiiiiiieeeee e 137



4.2  Wire Drawing Methodology..........ccoooviiiiiiiiiiieeeeeeeeeeeeeeeeeeee e 145

4.2.1 Single Pass Lab Drawing Bench................ccccciiieeveas 147
4.2.2  Wire Drawing SUMMALY........ccceeeeeeeeeeeieeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeesraeaeennennnnes 154
4.3 ATFICIAI AQEING...cciiiiiiiiie e e e 155
A4 TeNSIHE TESHUNG ....uuuetiiiiieiieee ettt e e e e e e e e eeeeaeeas 156
4.5 TOISION TESHNG....citiiiieeiiiiiiiite ettt e e e e e e e e e e e e e e e e e e annnes 157
4.6 MAGNELIC SENSOLS.....cciiiiiiitiiiee e e e e e ettt e e e e e e s e e e e e e e e e e saneneees 158
4.7 Differertial Scanning Calorimetry.........cccuviiiiiiiiiieeee e 160
O R B = 1 = WY =112 162
T |V [ Tod (0 o0 o)V SRR 164
4.9 Atom Probe Tomography..........ccooviiiiiiiiiiieeeeeeeeeeeeeee s 165
4.9.1 FIB-Lift OUt MEtNOd.........ooiiiiiiiiii e 165
410  Chapter SUMMALY......ccoiiiiiiieeeeeeeeeeeeeesreeerreea e s e eaaas 167
5 RESUILS...ceeeieee e a e e e e 168
5.1 TeNSIHE TOSUNG . .ueiiiiiiieieiiieiie ettt r e e e e e e e e 168
5.1.1 UTS and 0.2% Proof StreSs SUMMALY...........coiruvrririiieeieeeee e 169
5.1.2 Tensile Elongation to Failure SUMMALY..........ccccouviiiiieiiiiiniiiiiieieeeeenn 171
5.1.3 0.2% Proof Stress to UTS Ratio SUMMALY...........cueeerieeeerrriiiiiiiireeeeeenns 173
5.1.4 Tensile Testing ReSUIS SUMMANY.........ccccuriiiiiiiiiieeeiiiieeeeee e 175
oI o] = (o o T I =1 1 o TSP 178



5.2.1 Revolutions to Failure SUMmMmaLry...........cccceevvviiiiiieeeiiieeeeeeeeeeeeeeeeeeeeees 179

5.2.2 Torsion Testing ReSUItS SUMMALY...........uuuuiimmimiiiiiiiiieieeiee e e e e 181
5.3 MAQNELiC SENSOLS.......cciiiiiiiiiiiieiieeeeeeete e e e e e e e e e eeas 185
5.4 Differential Scanning Calormetry...........oeviiiiiiiiiiiiiiiiiee e 187

5.4.1 Differential Scanning Calorimetry Results Summary................ccccvvnneee. 191
5.5 IMICIOQIAPNS ...eeeiiiiiieee ettt e e e e e e e e e e e e 192

5.5.1 Commercial STEEL.......cccuuiiiiiiiii e 192

5.5.2 0.8Si+ 0.5Ni+0.1Co Steel BIS..........coooiiiiiiiieeeeeeeeeeeeeeaees 196

5.5.3 0.8Si+ 0.5Ni+ 0.1C0o + 0.1V Steel.BJB........ceuvviiiiiiiiiiiiiiiiiiiiieeeeeeeens 202

5.5.4 Cementite Lamellae Thickness SUMMAry...........ccccccvvvvvvveevrninnnennnnnnnnnn. 206
5.6 Chemical ANAIYSIS.........cooviiiiiiiiiiiiieeeeei e 209

5.6.1 STEM Energy Dispersiveay SpeCctrOSCOQY........ccceeeeeeeeeeeeeieieieeeeeeeeeee, 209

5.6.2 Atom Probe Tomography............coooiiiiiiiiiiiiiiiieeeeeeeeeeeeeeeva e 215

5.6.3 Chemical AnalySiS SUMMALY.........ccoiiiiiiiiiiiiiiiie e 222

B DISCUSSION. ...eeeeeeieeeeee ittt e e e e e ettt et e e e e e e e e et b e e e et e e e e e e e s s a bbb e reeeeeaas 225
6.1 MechaniCal TESHNG........ccoiuiiiiiiiiiii e 225
6.2 MAQNELIC SENSOLS. ... uuuiiiiiiiiiie ettt e e e e e e e e e e e s reeeeeaeas 227
8.3 DS i et eeaaaa 229
6.4  Transmission EleCtMOMICIOSCOPY........ooiurrrriiiieeeeeeee e st e e e e e e 233
6.5 Chemical ANAlYSIS........coiii i 234



6.6 COMMEICIAl SEEEL... .o 235

6.7  STEEI B3 .. i 236
6.8  STEEIBIA ... e 236
6.9  SHEEI BJh.. i 238
6.10  StEEIBUIB.....cc e 239
6.11  Cementite DISOIULION........ccoiiiiiiiiie e 241
6.12  DISCUSSIONS SUMIMABLY....cetttiiieeeeeiiiiiiiirnnereeeeeeeeeeaaaassnrnseeeeeeeeeeesseaannnnnenees 242

T CONCIUSIONS ...ttt e e e e e e e e e e e s r e e e e e e e e e e s e e annneeees 244
7.1 Recommendations and FUture Work..............cccceeeeiiiimieee e 247

8 RETEIENCES.....eiiiiie e 249
LS T AN o] 1= o | 260
9.1 Multi-Pass Wire Drawing Machin®ekaert Technology Centre..................... 260
9.1.1 Rod Preparation and Characterisation.................cccuuvvueeivunineneiinnnnnnn. 260
9.1.2  WIre DIaWiNg......ccuuueiiiiiiiieee ettt e e e e e e e 263
9.1.3  SPArK ANAIYSIS.....eeieeiiiiiiiiiiiieti et 268
9.1.4 Multi-pass Wire Drawing Machine SUMmMaLry...........cccccuvvveeeieeeeeeennnnnnns 273

9.2  TensSile TESHNG DALaA.......ccuuiiiiiiiiiiiiiiiii e 274
9.2.1 Commercial STEEL.......ccuuiiiiiiiiiii e 274
9.2.2  0.8SI SOOI (BIB)....eeeieeeeeeeeeeeeeeeeee oo 282
9.2.3 0.8Si+ 0.5Ni Steel (BJ4)......ccoeiiieiiieieeeeeeeeeeeeeeeeeeeee 290

9



9.2.4 0.8Si+ 0.5Ni+ 0.1C0 Steel (BJ5)......cuueeeiiirriieeiiiiiiiee e 298

9.25 0.8Si+ 0.5Ni+ 0.1C0 + 0.1V Steel.BJB........eevvviiiiiiiiiiiiiiiiiiiiieeeeeeee 306
9.3  Torsion TeStiNG DalaL.........ccovviiiiiiiiiiiieeeeeee e 314
9.3.1  Canmercial STEEL.......ccuuiiiiiiiiiii e 314
0.3.2  0.8S0 SOOI (BIB).eueeeieeeeeeeeeeeeeeeeeee e eeeee e e e ee e ee e 322
9.3.3  0.8Si + 0.5 Ni StEEl (BJ4)....cueeeiueieiiieiiieiieeeee et 330
9.3.4  0.8Si+ 0.5Ni+ 0.1C0 StEel (BI5)......oeveveeereeeeeeeeeeeeeseeeseresenseennens 338
9.3.5 0.8Si+ 0.5Ni+0.1C0 + 0.1V Steel (BIB).........oveveeeeeeerreeerrerseersrnnns 345
9.4 Differential Scanning Calorimetry Data................ccoooiiiiiviiiiiiieeeeeeeeiaes 353
9.4.1  Commercial STEEL.......cooiiiiiiiiiiiiee s 353
9.4.2  0.8Si StEEI (BJR)...uutieiiiiiiiee ettt 354
9.4.3 0.8 Si+ 0.5 Ni Steel (BJA)....ouuiieeeiiiiiiiiiiieieee e 355
9.44 0.8Si+0.5Ni+0.1CoSteel (BI5)...cuuuiiiieiaiiiiiiiiiiiiiiiiiee e 356
9.45 0.8Si+05Ni+0.1C0+0.1V Steel(BIB)....owrreereeerreeereeererenenne. 357

10



List of Figures

Figure 2:1 Rod microstructure prior to WirdraWing..............eueeeeeiiiiiinnsnesesseeeeeeeeeeens 35
Figure 2:2 Texture development during wire drawing, micrographs taken during preliminary
T 0] (1 o )PP 35
Figure 2:3 Variation in pearlite realignment based on initial orientation to drawing direction
. RSP EPR 36
Figure 2:4 HRTEM image of ferrite cementite interface [Z]-..........cccooviiiiinnniiiinnn 37
Figure 2:5- a. Undeformed cementite, b. lowtrain deformed cementite and c. heavily
deformed CEMENTILE [7]. ..o ree e 37

Figure 2:6 Transverse cross section of a drawn wire undergoing curling of pearlite grains due

tO WIr€ AraWING [B ... eeeeeeieiiiieee ettt et e e e e e e e e e e e neneees 38
Figure 2:7 Curling resulting in apparent lamellae spacing variation.[9]...................... 39
Figure 2:&; Brightfield STEM micrograph of drawn pearl#gZ.03)...........cccccvvvvvvvvvnnnns 40

Figure 2:9 180J Clockwise rotation of atom probe tomography approximation of cementite

lamellae morphology (7 at. %C-sorface). Image corresponds to atom probe data set shown

T o T L= T | TP PPPPP 41
Figure 2:10 lllustration of the change in mechanical properties with strain ageing....44
Figure 2:1% Carbondislocation interaction illustratiof23]...............cceeeeeeiiiiiiieennnne, 46

Figure 2:12 a. Ductile type A torsion fracture of an as drawn wire b. Brittle Type C torsion
fracture Of an Aged WIr€..........uuuiiiiiiiiiiiiiiiie e ninneeeeeee e AT
Figure 2:13 DSC Analysis change due to differing heat treatments [14]....................: 49
Figure 2:14 a. DSC Scan of a cold drawn pearlitic \wirev. b. Electrical resistivity of cold

drawn pearlitic WIreR  U[L]. cooooiiiiiiiiiiiiieeee e 51
11



Figure 2:15 TEP and Internal Friction background evolution of as drawn wires [29].52

Figure 2:16 Change in rate of cementite disatibn with drawing strain [9]................... 53
Figure 2:17 STEM Image with EELS C concentration plot.[37].........ccvvveviivvrrevrnnnnnnnns 55
Figure 2:18 iso-strain and isestress CONdItiONS...............ooovviiiiiiiieeeeeeeeeceeeeeeeeeeeaaneees 56
Figure 2:19 APT reconstruction of carbon atoms. Parallel to drawdingction [44]......... 58
Figure 2:20 APT reconstruction perpendicular to drawing direction [44].................... 29

Figure 2:21 3D atom maps of C and Fe in wires with a drawing strain of 2 and 5. 2% of Fe
atoms and 20% of C atoms are displayed [45)........ccooorrriiiiiiiiieeee 60

Figue 2:22- TEM Measurements of the change in ILS and cementite lamellae thickness with

AraWING SIFAIN [47 ] eeeeeeeeeee et e e e et e e e e e e e e s s sesnnnnnnneeeesd 63
Figure 2:23 Simplified illustration of dislocationrdg mechanism [52].............ccccoennee. 68
Figure 2:24 Change in UTS with drawing strain [Q]..........cccceeiiiiii 69
Figure 2:25 Change in yield strength with drawing strain [29]..............cvvviiiiiiiininnnnnn. 69
Figure 2:26 Change in UTS and Yield strength with drawing strain.[8]..................... 69

Figure 2:27 Variation of net charge/bond energy with solute atom in cementite [55].72

Figure 2:28 Atom probe reconstruction of pearlite, vanadium and carbon distribution [63].

Figure 3:1- 80x80x210nm Atom probe tomography reabruction of a drawn pearlitic

L= LGS PO PP EPTTPR TP 90
Figure 3:2 Carbon concentration across line scan [68]............cooccviiiiieeiiiieeeiiniiee, Q0
Figure 3:3 Element concentration across line scan [68]...........cccccuvviiiviiiieeeiiiiiniinnee, 91

Figure 3:4- Example cooling simulation. A circle highlights where tlementite

transformation temperature wWas MeasUred.........cccoeeveiiiiiiiiiiiiieeeeeeee e 94



Figure 3:5 Silicon distribution during austenite to pearlite transformatian.................. a5
Figure 3:6 Influence of cobalt on cementite transformation behaviour...................... 97
Figure 3:7- Influence of cobalt content on cementite start and finish transformation
10001 0 1] = LU PSP 97
Figure 3:8 Influence of chromium on cementite transfortman behaviour..................... Q9
Figure 3:9- Influence of chromium content on cementite start and finish transformation
LES] 0] 01T =0 ] PP PP PPPPPPI 99
Figure 3:10 Influence of copper on cementite transformation behaviaur.................. 101
Figure 3:11- Influence of copper content on cementite start and finish transformation
L(S] 10 01T = L0 ] PP PRI 101
Figure 3:12 Influence of manganese on cementite transformation behaviour.......... 103
Figure 3:13 Influence of manganese content on cementite start and finish transformation
(0] 0] 0 1] = LU PSPPI 103
Figure 3:14 Influence of molybdenum on cementite transformation behaviour........ 105
Figure 3:15 Influence of molybdenum content on cementite start and finiskmgformation
(0] 0] 01T = L0 = PSP 105
Figure 3:16 Influence of nickel on cementite transformation behaviaur.................... 107
Figure 3:17- Influence of nickel content on cementite start and finish transformation

L(S] 10 01T = L0 ] PP PRI 107

Figure 3:19- Influence of silicon content on cementite start and finish transformation
L(S] 10 01T = L0 PP PP 109

Figure 3:20 Influence of vanadium on cementite transformation behaviaur............. 111



Figure 3:21- Influence of vanadium content on cementite start and finish transformation
L0101 01T = LU PP 111

Figure 3:22- Effect on cementite transformatiotemperature of each simulated alloying

BIBIMEBNT...c e 112
Figure 3:23 Simulated cobalt distribution during equilibrium cooling........................ 114
Figure 3:24 Simulated chromium distribution during equilibrium cooling.................. 115
Figure 3:25 Simulated coppedistribution during equilibrium cooling-......................... 116
Figure 3:26 Simulated manganese distribution during equilibrium cooling............... 117
Figure 3:27 Simulated molybdenum distribution during equilibrium cooling............. 118
Figure 3:28 Simulated nickel distribution during equilibrium cooling........................ 119
Figure 3:29 Simulated silicon distribution under equilibrium cooling........................ 120
Figure 3:30 Simulated vanadium distribution under equilibrium cooling................... 121

Figure 3:3% Multi element thermodynamic simulation calculated cementite transformation

(0] 0] 01T = 0 PRSPPI 124
Figure 3:32 Empirical relationship derived by Y. €&suki et al. [58]........................... 130
Figure 4:1 0.8Si steel volume fraction point count resultsS..........ccooeeevveeiiieeeeeeeeeeeeennn. 139
Figure 4:2 0.8 Si + 0.5Ni Steel plotted volume fraction point count results.............. 141

Figure 4:3 08 Si+ 0.5 Ni + 0.1 Co Steel plotted volume fraction point count results.142

Figure 4:4 08 Si + 0.5 Ni + 0.1 Co + 0.1 V Steel plotted volume fraction point coulisres

Figure 4:5 Rod Feedstock MiICrographs..........oocuiiiiiiiiiiiiie e 150
Figure 4:6 Average measured pearlite lath spacing plotted with 95% confidence lindifl

Figure 4.7 Single pass lab drawing bench.............ccoo 153



Figure 4:8 0.2% Proof Stress Calculatian...................cooovieiiiiiiiieeeeeeeeeeeeeveeeeiees 156

Figure 4:9 Wire Torsion Test Fracture Classification [71].........cccccooviiiiiinniiinnnnnnnnn. 157
Figure 4:10 Magnetic measurementsf a 60mm length of wirer( p® ¢ [72].............. 159
Figure 4:1% Magnetic measurements of a 60mm length of wre=(L.88) [72]............... 159
Figure 4:12 Machine baseline data...............ccccuiiiiiiiii 161
Figure 4:13 Anchor points for calculate fitted lINe............cccceeiiiiiiiiii 162

Figure 4:14 Fitted line (Red) Plotted over sample data with machine baseline subtracted

(512101 PP P PP PPPPPPPPPPPPP 163
Figure 4:15 Sample data calculated deviation from fitted line...............cccccceeenniinnns 163
Figure 4:16 Curve integratia to obtain enthalpy of change..........ccccccoiiiiiiiiiiinnnnnnn. 164
Figure 4:17 FIB Lift out preparation technique [76]...........ccccouiiiiiiiiiiiiieeeen 166

Figure 5:2 UTS and 0.2 % proof stress mean with 95% confidence limits: a. Commercial Steel,
b. Steel BJ3, c. Steel BJ4, d. Steel BJ5 and e. Steel.BJ6...........ccccceevvviiiiieeiiniinnen. 169

Figure 5:2 UTS and 0.2 % proof stress test data summary: a. Commercial Steel, b. Steel BJ3,
C. Steel BJ4, d. Steel BI5 and €. Steel. BJG.........coocuuiiiiiiiiiiiiie e 170

Figure 53 - Tensile elongation to failure mean with 95% confidence limits: a. Commercial
Steel, b. Steel BJ3, c. Steel BJ4, d. Steel BJ5 and e. Steel.BJ6...........cccceeeeviinneen. 171
Figure5:4 - Tensile elongation to failure data summary: a. Commercial Steel, b. Steel BJ3, c.
Steel BJ4, d. Steel BJ5 and €. StEELBIG..........ccooviiiii e 172

Figure 5:5 0.2% Proof Stregs UTS ratio mean with 95% confidence limits: a. Commercial
Steel, b. Steel BJ3, c. Steel BJ4, d. Steel BJ5 and e. Steel.BJ6..............ccoveeeernnnee. 173

Figure 5:6 0.2% Proof Stress tdTS ratio data summary: a. Commercial Steel, b. Steel BJ3, c.

Steel BJ4, d. Steel BJ5 and €. StEELBIG..........oooviiiie e 174

15



Figure 5:7- Revolutions to failure mean with 95% corditte limits: a. Commercial Steel, b.
Steel BJ3, c. Steel BJ4, d. Steel BJ5 and e. Steel BJG............ccoovviiiiiiiiiiiiineennnnns 179

Figure 5:8 Revolutions to failure data summary: a. Commercial ISteeSteel BJ3, c. Steel

BJ4, d. Steel BJ5 and €. Steel BJB..........ccooo oo 180
Figure 5:9 Typical wire breakage caused by a fatallic inclusion [68]..................... 183
Figure 5:10 Real inductance measured at a frequency of 100Hz [73]..................... 185

Figure 5:11 DSC mean peak temperatures with 95% confidence limits: a. Peak 1, b. Peak 2,
C. Peak 3 and d. PEAK.4.......oooi i 188
Figure 5:12 DSC mean peak enthalpy of change with 95f6idence limits: a. Peak 1, b. Peak
2,C.PEaK 3aNd d. PEAK A...... oot 189
Figure 5:13 Brightfield TEM: Commercial steel, 4 month artificial ageing condition 30k, 50k
and 120K MagnifiCatiON...........covviiiiiiiiieiiiierii e e e e e e e e e e e e e aaaaeaas 192
Figure 5:14 Commercial Steel, 4 month artificial ageing condition at 100k magnification:
STEM Bright field, STEM HAADF and STEM DdriSfiale bar = Ot5 ..........cccoveeveeene. 193
Figure 5:15 Commercial Steel, 4 month artificial ageing condition at 200k magnification:
STEM Bright field, STEM HAADF and STEM DdrlSfiale bar = Ot2 ..........cc.ccevenee. 194
Figure 5:16 Apparent cementite lamellae thickness measurements........................ 195
Figure 5:17 Brightfield TEM: Steel BJ5, 4 month artificial ageing condition 30k, 50k and 120k
(paF=To o 11 [or= 11 o] o TR TP PEPTPPPTP 196
Figure 5:18 Steel BJ5 4 month artificial ageing condition at 100k magnification: STEM Bright
field, STEM HAADF and STEM Dark field. Scale Bar. Q.5.......cccccoevveiiiiiiiiiiieeeeeeee. 197
Figure 5:19 Steel BJ5 4 month artificial ageing condition at 200k magnification: STEM Bright

field, STEM HAADF and STEM Dark field. Scale par 0.2..........cccceveveeeveverceenne 198

16



Figure 5:20 Apparent cementite lamellae thickness measurements........................ 199
Figure 5:2% Steel BJ5 4 mohtartificial ageing condition at 500k magnification: STEM Bright
field, STEM HAADF and STEM Dark field...........cccccooiiiiiiiiiiiiiiii i 200
Figure 5:22 Steel BJ5 4 month artificial ageiogndition at 800k magnification: STEM Bright
field, STEM HAADF and STEM Dark fleld...........cooiiiiiiiiii e 201
Figure 5:23; Bright field TEM: Steel BJ5, 4 month artificial ageing camd8Dk, 50k, 120k

and 1.2M magnifiCatioN.............uuiiiiiiiiie e 202
Figure 5:24 Steel BJ6 4 month artificial ageing condition at 100k magnification: STEM Bright
field, STEM HAADF antiEM Dark field. Scale bar is[d.5 ........................................... 203
Figure 5:25 Steel BJ6 4 month artificial ageing condition at 200k magnification: STEM Bright
field, STEM HAADF and STENKIEIAI............cccoouiiiiiiiieeeeeeeee e 204
Figure 5:26 Apparent cementite lamellae thickness measurements......................... 205
Figure 5:27 Steel BJ5 4 month artificial ageing condition at 500k magnification: STEM Bright
field, STEM HAADF and STEM Dark.field............ccccooeieiiiiiiiiieeeeii 206
Figure 5:28 Mean apparent cementite lamellae thickness with 95% confidence lim268

Figure 5:29 Commercial Steel 4 month artificial ageing condition STEM HAEDIS Line

Figure 5:30 Steel BJ5 4 month artificial ageing condition STEM HAADF EDS line.&Hh.
Figure 5:3% BJ6 4 month artificial ageing condition STEM HAADFS Line Scan.......213

Figure 5:32 2 month artificial ageing condition:oBimercial steel sample 1, atom probe
[=ToTe] 0111 11 [ox 1o o FOR PP T PRSPPI 215

Figure 5:33 Commercial Steel Sample 1. 7 at.% C Iso concentration surface Proxigram: a.

carbon concentratin, b. manganese and silicon concentration..................cccccceeeveee... 216

17



Figure 5:34- 2 month artificial ageing condition: Commercial steel sample 2, atom probe
(=T oT0] 01511 11 [ox 1o o FOR PP PP SSOPPPPP 217
Figure 5:35 Commercial Steel Sample 2: 7 at.% carborsistace Proxigram: a. carbon
concentration, b. manganese and silicon concentration.............cccccevvvveeevevivvinnennnnnn. 218
Figure 5:36 Steel BJ5 4 month artificial ageing condition, atom probe reconstructic220
Figure 5:37- 7 at.% carbon issurface average concentration: a. carbon and silicon
concentration, b. manganese, nickel and cobalt concentrations................ccccceeveee. 221

Figure 6:1 DSC Scans of the commercial steel and steel BJ4. Observed delay in first stage of

ageing with nickel and SilicoN AdditioN..............cooiiiiiiiiiiii e 231
Figure 9:1 5.5mm to 2.5mm wire drawing parameters...........ccccuvvrreeeeeereneninciivineeen 263
Figure 9:2 2.5mm- 1.65mm Wire Drawing Parameters..........ccccceeeeeeenininiciiiineeeenenn. 266
Figure 9:3 Spark Analysis ReporL7BQ3F10 2.5mm Wire..........covvvvvvvvvvevvveeennninnnnnnns 269
Figure 9:4 Spark Analysis Repeft7BQ4 2.5MM Wil€.............ccvveveeereerevernnnerenninnnnnnnnn. 270
Figure 9:5 Spark Analysis ReporL7BQ5F5 2.5mm Wire............coovvvvvviviivvveeieiiiininnnn, 271
Figure 96 - Spark Analysis ReporL7BQ6F7 2.5mm Wire............coovvvvvveveveeveennrnnnnninnns 272
Figure 9:7 Tensile testing data of the commercial steel in thedesswvn condition......... 274
Figure 9:8 Commercial steel as drawn tensile fractures...........ccccoeeeeviiiiieeiieeeeeeeenn. 275

Figure 9:9- Tensile testing dataf the commercial steel in the 1 month artificial ageing
(03 1T 11110 o 1RSSR 276
Figure 9:18 Commercial Steel 1 month artificial ageing condition terfsdetures......... 277
Figure 9:11- Tensile testing data of the commercial steel in the 2 month artificial ageing
(0 T 1111 o TSRS 278

Figure 9:12 Commercial Steel 2 month artificial ageing condition tensile fractures.279

18



Figure 9:13 Tensile testing data of the commercial steel in the 2 month artificial ageing
[olo] T 111 o] o TR TP PP PP PPPPPRR 280
Figure 9:14 Commercial Steel 4 mtmartificial ageing condition tensile fractures.....281
Figure 9:15 Tensile testing data of steel BJ3 in thedagwn condition......................... 282
Figure 9:16 Steel BJ3 as drawn tensile fraCtur@S...........cccevveeiiiiieee e 283
Figure 9:17 Tensile testing data of steel Bidthe 1 month artificial ageing condition.284
Figure 9:18 Steel BJ3 1 month artificial ageing condition tensile fractures............... 285
Figure 9:19 Tensile testing data of steel BJ3 in the 2 month artificial ageing condit®86
Figure 9:20 Steel BJ3 1 month artificial ageing condition tensile fractures............... 287

Figure 9:2% Tensile testing data of steel BJ3 in thenonth artificial ageing condition.288

Figure 9:22 Steel BJ3 1 month artificial ageing condition tensile fractures............... 289
Figure 9:23 Tensile testing data of steel BJ4 in thedagwn condition......................... 290
Figure 9:24 Steel BJ4 1 adrawntensile fraCtures...........cccccovvvvvviveeeeevveviviieeiinnns 291

Figure 9:25 Tensile testing data of steel BJ4 in the 1 month artificial ageing condit2®2
Figure 9:26 Steel BJ4 1 month artificial ageing condition tensile fractures............... 293
Figure 9:27 Tensile testing data of steel BJ4 in the 2 month artificial ageing condit2®4
Figure 9:28 Steel BJ4 2 month artificial ageing cdiwh tensile fractures..................... 295

Figure 9:29 Tensile testing data of steel BJ4 in the 4 month artificial ageing condit2®6

Figure 9:30 Steel BJ4 4 month artificial ageing condition tensile fractures............... 297
Figure 9:3% Tensile testinglata of steel BJ5 in the @sawn condition.......................... 298
Figure 9:32 Steel BJ5 adrawn condition tensile fraCtures.............ccccvvvveeeeieeeeeeniinnens 299

Figure 9:33 Tensile testing data of steel BJ5 in the 1 month artificial ageing conditi®®0

Figue 9:34- Steel BJ5 1 month artificial ageing condition tensile fractures............... 301



Figure 9:35 Tensile testing data of steel BJ5 in the 2 month artifecggdingcondiion....302
Figure 9:36 Steel BJ5 2 month artificial ageing condition tensile fractures............... 303

Figure 9:37 Tensile testing data of steel BJ5 in the 4 month artificial ageing conditi®d¥

Figure 9:38 Steel BJ5 4 montartificial ageing condition tensile fractures.................. 305
Figure 9:39 Tensile testing data of steel BJ6 in thedaawn condition.......................... 306
Figure 9:40 Steel BJ6 adrawn tensile fraCtures............oocvvvveiiiiiiieee i 307

Figure 9:4% Tensile testing data of steel BJ6 in the 1 month artificial ageing conditi®d3
Figure 9:42 Steel BJ6 1 month artificial ageing condition tensile fractures............... 309
Figure 9:43 Tensile testing data of steel BJ6 in the 2 month artificial ageing condit®b0
Figure 9:44 Steel BJ6 2 month artificial ageing condition tensile fractures............... 311
Figure 9:45 Tensile testing data of steel BJ@he 4 month artificial ageing condition.312
Figure 9:46 Steel BJ6 4 month artificial ageing condition tensile fractures............... 313
Figure 9:47 Torsion testing plot of the commercial steel in thedrawn condition....... 314
Figure 9:48 Commecial steel agirawn, type A fractures.........ccccceevvviiiiiiiiiieieeneeeeeenn 315
Figure 9:49 Torsion testing plot of the commercial steel in the 1 month artificial ageing
[olo] gL 1110 o TR PP PP PPRTPOPPPRR 316
Figure 9:56 Commercial steel 1 month artificial ageing condition, type A fracture...317
Figure 9:51- Torsion testing plot of the commercial steel in the 2 month artificial ageing
(o]0] 0o |11 0] o FO PP TP PP TPPPPPPPPP 318
Figure 9:52- Commercial steel 2 monthrtificial ageing condition, 3 type C and 1 type A
L= 01 L0 TSP RPTPPPP 319
Figure 9:53 Torsion testing plot of the commercial steel in the 4 month artificial ageing

(o0 ] [0 [1 110 o FTUTT TR ORI 320

20



Figure 9:54 Commercial steel 4 month artificial ageing condition, type A fracture...321
Figure 9:55 Torsion testing plot of steel BJ3 in thedsawn condition......................... 322
Figure 9:56 Steel BJ3 Torsion test fractureS........cccceeeveeeieeieeeee e, 323
Figure 9:57 Torsion testing plot of steel BJ3 in the 1 month artificial ageing conditi@24
Figure 9:58 Steel BJ3 1 month artificial ageing torsion test fractures....................... 325
Figure 9:59 Torsion testing plot of steel BJ3 in the 2 moattificial ageing condition..326
Figure 9:60 Steel BJ3 2 month artificial ageing condition, type A fractures.............. 327

Figure 9:6% Torsion testing plot of steel BJ3 in the 4 month artificial ageing conditiG23

Figure 9:62 Steel BJ3 onth artificial ageing condition, type A fracture................... 329
Figure 9:63 Torsion testing plot of steel BJ4 in thedrawn condition.......................... 330
Figure 9:64 Steel BJ4 adrawn, type A fraCture...........cccuvveiiiiiiiiiiiiiiiiiieeee e 331

Figure 9:65 Torsion testing plot of steel Bil#the 1 month artificial ageing condition.332
Figure 9:66 Steel BJ4 1 month artificial ageing condition, type A fracture................ 333
Figure 9:67 Torsion testing plot of steel BJ4 in the 2 month artificial ageing conditi@34
Figure 9:68 Steel BJ4 2 month artificial ageing condition, type A fracture................ 335

Figure 9:69 Torsion testing plot of steel BJ4 in the 4 month artificial ageing conditi@36

Figue 9:70- Steel BJ4 4 month artificial ageing condition, type A fracture................ 337
Figure 9:7% Torsion testing plot of steel BJ5 in thedrswn condition......................... 338
Figure 9:72 Steel BI5-dmawn, type A fraCturesS.........cccuvviiiiiiiiiiieeieeiiieeeeee e 339

Figure 9:73 Torsion testing plot of steel BJ5 in the 1 month artificial ageing conditi@A40
Figure 9:74 Steel BJ5 1 month artificial ageing condition, type A fractures.............. 340
Figure 9:75 Torsion testing plot of steel BJ5 in the 2 month artificial ageing conditiGd1

Figure 9:76 Steel BJ5 2 month artificial ageing condition, type A fractures.............. 342



Figure 9:77 Torsion testing plot of steel BJ5 in the 4 rttoartificial ageing condition..343

Figure 9:78 Steel BJ5 4 month artificial ageing condition, type A fractures.............. 344
Figure 9:79 Torsion testing plot of steel BJ6 in thedsawn condition.......................... 345
Figure 9:80 Steel BJ6-dawn, type ATACLUIES...........ccovvviivieiiiieeeeeeeeeeevveeveeeveanennaaes 346

Figure 9:8% Torsion testing plot of steel BJ6 in the 1 month artificial ageing conditi@d.7
Figure 9:82 Steel BJ6 1 month artificial ageing condition, type A fractures.............. 348
Figure 9:83 Torsion testing plot of steel BJn the 2 month artificial ageing condition.349
Figure 9:84 Steel BJ6 3 month artificial ageing condition, type A fractures.............. 350

Figure 9:85 Torsion testing plot of steel BJ6 in the 4 month artificial ageing conditi@s1

Figure 986 - Steel BJ6 4 month artificial ageing condition, type A fractures.............. 352
Figure 9:87 Commercial Steel DSC heat flow plotS..........ocociiiiiiiiiieeieeees 353
Figure 9:88 Steel BJ3 DSC heat flow plOLS........cooviiiiiiiiiiiiiieieeeeeeee, 354
Figure 9:89 SteelBJ4 DSC heat flow plotS.........cccooiiiiiiiiiiiiiieieeeeeeeeeee, 355
Figure 9:90 Steel BJ5 DSC heat flow plOtS........coooeiiiiiiiiiiiiiiieeeeee 356
Figure 9:92 BJ6 DSC heat flow plots.........ccoooiiiiiieee s 357

22



List of Tables

Table 2:1 Dislocations observed in cementite by Inoue and Masumoto [56].............73

Table 2:2 Gavriljuk cementite dissolution Mossbauer spectroscopy measurements.[35].

Table 2:3 Reported Carboiislocation binding enthalpy [35]..........viiiiiiiiiiiiiieeeeeen. 79
Table 2:4 Summary of the effects of Alloying ADditionsS. ... 85
Table 3:1 Plain carbon and nickel steel compositions (Wt.20)............cccevvvvviiiiineeeennnne. 88
Table 3:2 Torsion testilg results from British Steel R&D study [68].............ccoevvunnnnnee. 89

Table 3:3- Commercial grade TC84B chemical composition (measured) and simulated
(o]0] 0 0] oo 5111 o] RO PP UTPPPP R RSPPPPPPPPR 93
Table 3:4 Influence of cobalt content on cementite transformation temperature........96
Table 3:5- Influence of chromium content on cementite start and finish transformation
L0001 0 1] = L0 (U SPPPP 98
Table 3:6- Influence of copper content on cementite start and finish transformation
(0] 0] 01T = 0] = PP 100
Table 3:7- Influence of manganese content on cementite stand finish transformation

(0] 0] 01T = 0] = PP 102
Table 3:8 Influence of molybdenum content on cementite start and finish transformation
(0] 0] 0 1] = 0] = PP 104
Table 3:9- Influence of nickel content on cementite start and finish transformation
L(S] 10 01T = L0 ] PP PRI 106
Table 3:10- Influence of silicon content on cementite start and finish transformation

L(S] 10 01T = L0 PP PP 108

23



Table 3:11- Influence of vanadiuntontent on cementite start and finish transformation
L0101 01T = LU PP 110

Table 3:12- Summary of cementite transformation temperatures with a 0.5wt.% alloying

=T [0 [11 [ ]  EP T TP PRSPPI 113
Table 3:13 Cobalt distribution simulation COMPOSItION.............ceeeeeeiiiiiiiiiiiiieieeeeeenn, 113
Table3:14- Chromium distribution simulation COmMpPOSItioN.............cvvvieeriiiiiiiiiinnne. 115
Table 3:15 Copper distribution simulation COMPOSItIAN..............eevveiiieiiivieeinieneiennnns 116
Table 3:16 Manganese distribution simulation COMPOSItiON.............cccvvveeeeeeeeeennnnnns 117
Table 3:17 Molybdenum distribution simulation COMPOBIMN.............ccccvvvvireeeeeeeennnnnn. 118
Table 3:18 Nickel distribution simulation COMPOSItION...........ccevvviiiiiiiiieee i 119
Table 3:19 Silicon distribution simulation COMPOSItION............ccvviiieeiiiiiiiiiiieeeeeeeen 120
Table 3:20 Vanadium distribution simlation composition..............ccoeeeeeeeeeeeeeenienen. 121
Table 3:2%F Summary of calculated element distribution...................ovvviiiieiiiiieninnnnn. 122

Table 3:22 Multi element thermodynamic simulation calculated cementite transformation

(0] 0] 01T = 0 PRSPPI 124
Table 3:23 Final Experimental Ste€lompPOoSItiONS..............evvvvveeiiririienniii.. 126
Table 3:24 Alloy COSt €SHIMALES.......uuuiieiiicc e 132
Table 4:1c Experimental Steel CompositioNS (WE20).......ovvvvveeeeeeeieieiiririneeirineiannannns 136
Table 4:2 Carrier Coil COMPOSITION (WE20)u .. eeeeeeeiiiiiiiiiiiieeee e 138
Table 4:3 Volume Fraction Point CounCommercial Coll.............ooocciiiiiiiiineneennnn, 138
Table 4:4 0.8Si steel volume POiNt COUNT...........ueeiiiiiiiiiiiiiiiiieeeee e 140
Table 4:5 0.8 Si + 0.5Ni Steel volume POiNt COUNL..........ccooriiiiiiiiiiiiiiii e 141
Table 4:6 08 Si + 0.5 Ni + 0.1 Co Steel volurampCoUNt.............ooviiiiiiiiiiieeeeeeeee 142



Table 4:708 Si+ 0.5 Ni + 0.1 Co + 0.1 V Steel volume point count........................ 143

Table 4:8 Cooling Rate Requirements to achieve 12% resolvable pearlite.............. 144
Table 4:9 Grade X85LM Cast Analysis (WE.20).........cceeeeeeeeiieieeieeeeeeeeeeeeeee, 147
Table 4:10 Single pass lab drawing bench rod oo rates...........ccccoeeeviiiiiieiieeeeeeeeennn. 147
Table 4:1% 0.8 Si Steel measured rod COOlNG rateS..........cevevieiiiiiiiiiiiiiiiiiieeeeee e 148
Table 4:12 0.8 Si + 0.5Ni Steel measured rod cooling rates............ccceeeeeeeeiiiieeneeen. 148
Table 4:13 0.8 Si + 0.5 Ni + 0.1 Co Steel measured rod cooling rates..................... 148
Table 4:14 0.8 Si + 0.5 Ni + 0.1 Co 0.1 V Steel measured rod cooling rates........... 148
Table4:15- Commercial Steel Rod Heat Treatments...........ccccoveivveeiiiiiieee e 149
Table 4:16 Rod Tensile TeSt RESUILS..........uviiiiiiiiii e 149
Table 4:17 Average Measured Rod Pearlite Spacing............ccccvvvveieeeieeeeinniiiiiinne 151
Table 4:18 Single Pass lab drawing bench Wire drawing schedule.......................... 152
Table 4:19 Temperatures used to calculate artificial ageing heat treatments........... 155
Table 4:20 Artificial ageing heat treatments.................coooiiiiiieiiiiieeeeeeeeeeaes 155
Table 4:2% Measured calibration samples...............ooovviiiiiiiiiiiiiieees 160
Table 5:1 British Steel, Steel grade designations and Compositions (wt.%)............ 168
Table 5:2 Tensile results for Commercial Steel...........ccoooiiiiiiiii 175
Table 5:3 Tensile results for 0.8 Si Steel..........ccooiiiiiiiiii e 175
Table 5:4 Tensile results for 0.8Si + 0.5Ni Steel...........oeeiiiiiiiiiiiiiee s 175
Table 5:5 Tensile results for 0.8Si + 0.5Ni + 0.1C0 Steel..........ccoocovvviiiiiiiiieenine 175
Table 5:6 Tensile results for 0.8Si + 0.5Ni + 0.1Co + 0.1V Steel........ccccccevviieneens 175
Table 5:7¢ Torsion results for commercial Stel.........ccooovvviieiiiiiiiiiiieeeeeee e 181
Table 5:8 Torsion results for 0.8Si SteEl.........vvvvi i 181



Table 5:9 Torsion results for 0.8Si + 0.5Ni SteL.... ..o v, 181

Table 5:10 Torsion results for 0.8Si + QI+ 0.1C0 Steel.........ooveeiiiiiiieeiiieee e 181
Table 5:1% Torsion results for 0.8Si + 0.5Ni + 0.1C0 +.Q.1V.......ccvvrreeiiiiiieeeeniiieen. 181
Table 5:12 DSC Peak-4 data SUMMaAIY.........ccccooiiiiiiiiiiiiieeeeeeeeeeeeeeeeeeeeaeeeveeaananaaees 190
Table 5:13 Apparent cementite lamellae thickness values...........ccccovvvvviiiiiiiiiiinnnns 195
Table 5:14 Apparent cementite lamellae thickness values...........cccccovvvviiiiiiiiiiinnnnns 199
Table 5:15 Apparent cementite lamellathickness measurement values................... 205

Table 5:16 Commercial Steel Sample 1: 7 at% Cctacentration average composition of
cementite and ferrite MatriXu.........ooee e 216
Table 5:17 Commercial Steel Sample 2: 7 at% Cctacentration average composition of
cementite and ferrite MatriXu.........ooeeeii i 219

Table 5:18 Steel BJ5: 7 at% C-4soncentration average composition of cementite and ferrite

(L0 1L T TP PP PPPPPPT PP 222
Table 6:1 Comnmercial and Experimental Steel Compositions (WL%)............cccc...... 225
Table 6:2 Mean coefficient of variance of 3 measured cementite lamellae.............. 233
Table 6:3 Chemical ANAlYSIS SUMMIALY.........uurriiiiiiiieae e eee e e e e e e eaaaaaaaaeeaes 234
Table 6:4 Alloying element 10CatioN SUMM@ALY.............evrvirireriiiiiiee e 243
Table 9:1: 17BQ3 F1F10 Rod CharacterisatiQn...........cccoeeevvvevviiiieeeeeeeeeiiiei e eeeeeenans 260
Table 9:2 17BQ! F1- F10 Rod CharacterisatiQn............cceeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeee 261
Table 9:3 17BQ5 F1F10 Rod CharacterisatiQn...............cceevvevviiiieeeeeeeiiiiiie e eeeeeennns 261
Table 9:4 17BQ6 F1F10 Rod CharacterisatiQn...............ccoeevvvviiiieeeeeeeeiiiiieeeeeeeeeennns 262
Table 9:5 BTC Drawing Schedule 5.5mm rod to 2.5diameter wire...............ccuvveee. 264
Table 9:6 0.8 Si Steel 2.5mm Drawing SUMMANY..........ccccuuviriiiiieeee e 264

26



Table 9:7 0.8 Si + 0.5 Ni Steel 2.5mm Drawing Summary...........cccceeeeeeeeeeeeeeeeenennnn. 264

Table 9:8 0.8 Si + 0.5 Ni + 0.1 Co@&t2.5mm Drawing Summary..........cccceeeeeeeeeeeennn. 265
Table 9:90.8 Si+ 0.5 Ni+ 0.1 Co + 0.1 V Steel 2.5mm Drawing Summatry............ 265
Table 9:10 BTC Schedule 2.5mm t0 1.65MUML.......uuviiiieiiiiiiieee e 267
Table 9:11 0.8 Si 1.65mMmM Drawing SUMMALY-.........uuurriiiieeeiniiiiiiiiieeeeeeeee e e eaneinnees 267
Table 9:12 0.8 Si + 0.5 Ni 1.65mm Drawing SUMMAINY..........coociuvvimimriiieeeeeeeaniienee 267
Table 9:13 0.8 Si + 0.5 Ni + 0.1 Co 1.65mnawing SUMMAIY..........ccccvrmrrreeeeeeennnnnne 267
Table 9:14 0.8 Si + 0.5 Ni + 0.1 Co + 0.1 V 1.65mm Drawing Summary................. 267

Table 9:15 Tensile testing results of the commercial steel in thelesvn condition......274
Table 916 - Tensile testing results of the commercial steel in the 1 month artificial ageing
(03 T 1111 o PRSPPI 276
Table 9:17- Tensile testing results of the commercial steethie 2 month artificial ageing

(o0 o |11 o] o FO PP PPPPPPPRP 278
Table 9:18 Tensile testing results of the commercial steel in the 2 month artificial ageing
(o0 o 11 o] o FOS PP PPPPRPRP 280
Table 9:19 Tensile testing results of steel BJ3 in thedeeswn condition........................ 282
Table 9:20 Tensile testing results of steel BJ3 in the 1 month artificial ageing cond&h.
Table 9:2% Tensile testing results of steel BJ3 in the 2 momthical ageing condition286
Table 9:22 Tensile testing results of steel BJ3 in the 4 month artificial ageing cond&&sh.
Table 9:23 Tensile testing results of steel BJ4 in the as drawn condition................. 290
Table 9:24 Tensile testig results of steel BJ4 in the 1 month artificial ageing condita@2
Table 9:25 Tensile testing results of steel BJ4 in the 2 month artificial ageing condizh

Table 9:26 Tensile testing results of steel BJ4 in the 4 month artificial ageing cond&&g.

27



Table 9:27 Tensile testing results of steel BJ5 in thedeeswvn condition........................ 298
Table 9:28 Tensile testing results of steel BJ5 in the 1 month artificial ageing cond&.
Table 9:29- Tensile testing results of steel BJ5 in the 2 month artificial ageing condg{h.
Table 9:30 Tensile testing results of steel BJ5 in the 4 montifieidl ageing condition304
Table 9:3 Tensile testing results of steel BJ6 in thedeswvn condition........................ 306
Table 9:32 Tensile testing results of steel BJ6 in the 1 month artificial ageing condg@sh.
Table 9:33 Tensile testingesults of steel BJ6 in the 2 month artificial ageing condit®t0
Table 9:34 Tensile testing results of steel BJ6 in the 4 month artificial ageindition..312
Table 9:35 Torsion testing results of the commercial steel in thedeswvn condition.....314
Table 9:36- Torsion testing results of the commercial steel in the 1 month artificial ageing
(o]0] 0o |11 0] o FO U O PP TP P PP PPPPPPPP 316
Table 9:37 Torsion esting results of the commercial steel in the 2 month artificial ageing
[olo] T 1110 o TR PO PP PP PPPPPPRT 318
Table 9:38 Torsion testing results of the commercial steel in the 4 montifieial ageing
[olo] gL 1110 o TR PP PP PPRTPOPPPRR 320
Table 9:39 Torsion testing results of steel BJ3 in thedaswn condition....................... 322
Table 9:40 Torsion testing results of BJ3 in the 1 month artificial ageing condition.324
Table 9:4% Torsiontesting results of BJ3 in the 2 month artificial ageing conditian..326
Table 9:42 Torsion testing results of BJ3 in the 4 month artificial ageing condition.328
Table 9:43 Torsion testing results of steel BJ4 in thedagwn condition....................... 330
Table 9:44 Torsion testing results of BJ4 in the 1 month artificial ageing condition.332
Table 945 - Torsion testing results of BJ4 in the 2 month artificial ageing condition.334

Table 9:46 Torsion testing results of BJ4 in the 4 month artificial ageingligon.......... 336

28



Table 9:47 Torsion testing results of steel BJ5 in thedaawn condition....................... 338
Table 9:48 Torsion testing results of BJ5 in the 1 month artificial ageing condition.340
Table 9:49 Torsion testing results of BJ5 in the 2 month artificial ageing condition.341
Table 950 - Torsion testing results of BJ5 in the 4 month artificial ageing condition.343
Table 9:5% Torsion testing results of BJ6 in thedrawn condition.................cccceeeeeee. 345
Table 9:52 Torsion testing results of BJ6 in the 1 month artificial ageing condition.347
Table 9:53 Torsion testing results of BJ6 in the 2 month artificial ageing condition.349

Table 9:54 Torsion testing results of BJ6 in the 4 moattificial ageing condition....... 351

Table 9:55 Commercial Steel DSC data POINLS..........coovviiiiiiiiiiiiiieeee e 353
Table 9:56 Steel BJ3 DSC data POINTS...........uvuiiiiiiiieeeieeieiiiiiiie e 354
Table 9:57 Steel BJ4 DSC data POINTS........c..uvviiiiiiiieeeeee e 355
Table 9:58 Steel BJ5 DSC data POINTS........uuuuiiiiiiiiciiiiiiiieee e e eaaeeaaeea e 356
Table 9:59 Steel BJ6 DSC data POINLS........uuuuriiiiiiiciiiiiiii e eaae e e e aa e 357

List of Equations

Equation 4:1 Hundy Equation for calculating artificial ageing time [70]..................... 155

29



1 Introduction

The exceptional mechanical properties of nanostructured drawn pearlitic steel wires have
been extensively documented and reviewfdd. As such, steel wire products are often used
for safety critical applications such as bridge wires, mooring cables, lifting ropes,
reinforcement and automotive springs. However, pearlitic wires are susceptible to a
detrimental change in mechanical properties over time in service. This is known as strain
ageing. The initial stages of strain ageing increase the strength and lgruoéaluce the

ductility of the drawn wire, which can lead to premature failure in service.

Strain ageing is an issue for manufacturers and end users of wire products. Processing
parameters such as drawing speed, temperature and reduction scheduleflaéncethe
severity of the strain ageing response. Therefore, strain ageing forces manufacturers to
operate at reduced production efficiency, increasing manufacturing cost. For end users, the
possibility of a premature failure in service requires monitg and for certain applications,

periodic replacementf wire products

The underpinning mechanisms of strain ageing remain uncl&ae heterogeneous
dissolution ofpearlitic cementite lamellae has been extensively reportddring and after
wire drawing. The redistribution of carbon atonvkichoccur due to cementite dissolution is
believed todrive the change in mechanical properties. Cementite dissolution has been

confirmed with a number of experimental techniques. What is driving the cementite
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dissolution, however, remains an open question. Several mechanisms have been proposed,

but none are universally accepted.

An increased understanding of strain ageing would be adymaas formanufacturers and
end usersThe changes in microstructure which occur due to strain ageing also impact work
hardering rates limiting the development of wires with increased strendfhere is a strong
drive inmarkets such as automotive tyre rcbreinforcementto increase strengthnkcreased
strength would provide a weight saving, improving fuel efficieMgires with more stable
properties could increase the service life of wire products, which is especially important for
certain applicationssuch as lifting ropes. Whilst the cost of replacing a rope is not always

significant, machine or platform downtime can result in severe costs to end users.

The varietyof experimental approaches, rod production methods, wire drawing parameters
and heat teatments make combining published resuits strain ageing &halleng. The
heterogenous nature of strain ageimgherently produces large variation, especially in high
resolution or atomic scale techniques. A number of variables have been shown to adluen
the rate of cementite dissolution. Initial pearlitic microstructure, for example, has been
shown to influence the amount of cementite dissolution. Increased wire drawing speed and
temperatures hae also been shown to increase cementite dissolution. &sidon
composition are often limited to one or tweariations inalloying elements and are targeted

for specific applications. A comprehensive review of the influence of composition is yet to be
completed. Hence, this EngD will attempt to isolate compasias a variable and study its

effect onthe strain ageingesponse of a wire
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1.1 Aims & Objectives

The aim of the EngD research was to identify if compositional adjustments can be made to a
commercial high carbon steel to ascertain if steel compositianinfluence or retard the
strain ageing repose of a wire microstructurghe influence of composition was assessed via
the production of several experimental steel compositions. The experimental steels were

characterised alongside a commercially produsezkl composition for comparison.

The omposition has been selected as the focus of this research due to the following:
1 Investigating the influence of composition may lead to a better understanding of strain
ageing and initiate the development of alloy®re resistant to strain ageing.

1 A study of composition may reveal which mechanisms of strain ageing are dominant.
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2 Literature Review

This literature review has 3 main objectives. To review the current understanding of strain
ageing, to identify effect experimental techniques used to characterise strain ageing and
to identify alloying elements which may influence the strain ageing response. As several
features of the microstructure and the production of steel wires has been correlated with
strain ageily, wire production and drawn pearlite must be discussed before delving into strain

ageing.
2.1 Steel Wire Production

To produce steel wire, a cast bloom or ingot must first be hot rolled to rod via reaustenitising
and hot rolling to the required diameter folleed by controlled cooling through the austenite

to pearlite transformation to produce a randomly orientated pearlitic microstructure. Both
the austenite grain size and cooling rate influence the transformation kinetics and hence
microstructure of the finised rod. The majority of rod feedstock is utilised for wire
production, whereby the rod feedstock is drawn through multiple dies of reducing diameter

to produce the desired diameter of cold drawn wire.

Prior to wire drawing, rod must bdescaledcleanedand coated. Rod isither mechanically
worked (rollers and brushingy acid cleaned (pickledy remove scale. A phosphate coating
is then added for temporary corrosion protection and a carrier to promote adhesion of
drawinglubrication prior to die entry If corrosion protection is required, a further cleaning

and coating process is required after wire drawing. Wires can be coated in polymeesads m
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to provide corrosion protection. Hot dip galvanising is commonly used to coat wires. This

procedure dips wire into a bath of moltezing up to 45@ , for short periods of time.

For high strength applications relevant to this research, steel composiare generally near
eutectoid compositioror hyper eutectoid. A commercial steel grade for wire drawing usually
contains a manganese addition between -0.8 wt.%, to reduce the adverse effects of
sulphur, but also to improve hardenability. Improved rdenability can influence
transformation kinetics to produce finer pearlitic microstructure, which increases tensile
strength. Silicon and chromium are also common alloying additions, used to improve the
tensile strength of as drawn wire. Commercial stgaldes for wire drawing generally contain
low levels of alloying additions. Richer compositions can affect drawability and the work
hardening rate of the material during wire drawing. Pabeel cleanliness can result in

inclusions, which lead to wire bagages during wire drawing.

2.2 Drawn Pearlitic Steel Wire

Pearlite is essentially a composite material, made from alternating lamellae of ferrite and
cementite. Ferrite is the relatively ductile body centre cubic (BCC) phase of steel. Cementite
is muchharder, due to its composition and atomic bonding and has an orthorhombic crystal
structure[2]. The stoichiometric composition of cementite is 3:1 FENR @). The mechanical
properties of each phase contribute to the overall exceptional prope of near eutectoid

drawn pearlite.
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Cold drawn pearlitic steel wires can achieve exceptional strengths of up to 5GPa whilst
maintaining reasonable levels of ductility. Wire drawing is a cold deformation process and so

work hardens the material, refirsegrains and produces a strongly textured microstructure.
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Pearlitic lamellae realignment towards the drawing direction also changes lamella
morphology. Pearlite grains which are orientated within&W of the drawing direction
genaally realign with minor bending of lamellae and subsequently undergo thinf@hg
Pearlite grains whickay between60 and 90 to the drawing direction undergo the greatest

degree of realignment, often resulting in buckling or fragmentation of cementite lami@ljae
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Whilst Fang et al. demonstrated with XRD the development of fH)(texture in ferrite is

not fully completed until a drawing strain of 28], 97% of lamellae are realigned to within

30J of the drawing direction at a drawing strain of 4. Therefore, the microstructure is
considered predominantly realigned towards the drawing direction at a drawing strain of 1.5
Above a strain of 3.7, Zhang et al. reports a limit of lamella refinement as cementite lamella
thickness approaches the critical edge length of a cementite unit @8nm. A significant
change in lamellae morphology is also noted at such high drawing strains, the lamellae
become predominantly platelets which are distributed along the interphase interfpjes

This change in microstructure is brought about via the dissolution of cementite lamellae
during and after wire drawing. The driving forces behind eptfite dissolution are unclear,
although cementite dissolution has been correlated with the change in mechanical properties
which have been observed with strain ageing. Cementite dissolution will be discussed in

section:2.5 Cementite Dissolution
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The bulk properties of cementite are known to betthei with a limited capacity for slip or
plasticity. However, the ability of cementite to plastically deform within a steel microstructure
has been reported since the 196(0%][6]. More recently, Fang et al. completed
comprehensive HRTEM analysis of cementite deformation in pearlitic drawn wire. Fang et al.
summarised the findings in the following way: for low strains, deformation is controlled by
dislocation motion from adjacent ferrite layers through a coherent interface, creating many
sub grains within cementite at the interface. Higher drawing strains reduced the coherency
of the ferrite cementite interface, increasing accumulation of dislocatairtee interface. To
further accommodate deformation, the newly formed cementite sub grains at the interface
slip and rotate providing a much greater ductility that bulk pearlite has the capacifyltor

This mechanism of cementite deformation is summariseigure2:4 and Figure2:5.

- ferrit +cementite

Figure2:5 - a. Undeformed cementite, b. lowstrain deformed cementite and c. heavily deformed cemerfite
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Whilst the sub grains present at the interface can be clearly seleigine2:4, the mechanism
responsible for the rotation of cementite can be alumore simply explained. Borchers and
Kirchheim suggested dislocation motion across the interface alters the orientation sjightly
The inherently different slip systems in ferrite and cementite mean dislocations must change
slip systems whilst moving across the interface, resulting in individual changes to the
orientation of each phase. With increased drawing strain theiandation of slight changes

in orientation, manifests as changes in overall orientation relationships between ferrite and

lamella cementite.

During wire drawing, a wire microstructure also undergoes changes in the transverse cross
section of a wire, as slwn in Figure2:6. Pearlite grains begin to curl under bending and
stretching[8]. Curling can appeas inconsistent lamellae spacing as show by Guelton et al.

in Figure2:7 [9]. This effect can also be seerHigure2:8.

Figure2:6 - Transvese cross section of a drawn wire undergoing curling of pearlite grains due to wire di@ling
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Transverse section

Longitudinal section A-A

il

Fig. 6—Apparent variation in interlamellar spacing in longitudinal
section due to curling in transverse section.

Figure2:7 - Curling resulting in apparent lamellae spacing variafgin

Lamellae thickness is drastically reduced during wire drawing. Even a relatively mild drawing

schedule{ 2) can result in an interlamell spacing as fine as 50 hanometres.
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The thinning of lamellae during drawing increases the interfacial free energy per unit area of
cementite lamellae. The differing mechanical properties and slip systems between ferrite and
cementite results in complex interface interaction and results aearof increased localised
plasticity throughout the microstructure. Plastic deformation, therefore, increases both the
surface area and produces a great deal of variation in lamella morphology, as shenyuarin

2:9.
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Figure2:9 - 180J Clockwise rotation of atom probe tomography approximation of cementite lamellae morphology (7 at. %C
iso-surface) Imagecorrespongto atom probe data set shown Figure5:36.

Heterogeneous plastic deformation results in differing orientation relationships (OR)

between ferrite andcementite. The three most commonly observed are:

The Isaichev ORO]:

PMOAPPT TPTAEPPP OCPpPBPR €App

The Bagaryatskii JRO]:

nMmpApPC PUTATPP TPTAEPPP

The PitscHPetch OR10]:

MAPAVGCP PHTPPA E@op TP PN E@po
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However, Zhang et al. report these orientation relationships have been determined by
selected area electron diffraction, where experimental error can be as largecasv J
Zhang et al. suggest that in factetfe are inaccurate. Zhang et al. used convergent beam
kikuchi line diffraction patters to confirm the Isaichev orientation relationship, whilst
identifying several new orientation relationships, concluding the two most commonly
observed, the PitscRetch ad Bagaryatskii orientation relationships, probably do not exist
[10]. Kim et al. alsgonfirmed the Isaichev OR, a near Bagaryatskii OR and near-Pé&tth

OR. The interfacial energy associated with each OR differed. The possible orientation
relationships further contributing to variation in lamella and interface morphology, as
orientation relationships effect the Burgers vectors and spacing of dislocations at the

interface[11].

Another key feature of wire drawing is the generation of a high dislocation density in the
microstructure. Differing slip systems in ferrite and cementite results inochsions
accumulating at the ferrite/cementite interface. Dislocation motion between ferrite and
cementite is influenced by the orientation relationship between ferrite and cementite
lamellae. This barrier to dislocation motion is partially responsibi¢hi® excellent strength

of drawn pearlite. Severe plastic deformation results in a great deal of energy being stored in
the microstructure, estimated to be in the order of GR2]. As wire drawing strain increases,
ultimate tensile strength and yield strength alsicrease, but so does the severity of the strain

ageing response.
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2.3 The Strain Ageing Response

Strain ageing is definedbywas G  ft & I 4Y G¢KS OKIy3IS Ay YSOKI
2T | RST2NX¥SR &a2ftAR | a | TiBlyNbteAstah ageifig isi A YS |
referred to as unintentional ageing some studiesTime and temperature both contribute

to the change in mechanical properties. Strain ageing occurs at room temperature and even

when wire is kept in a freezer. Freezing wire samples can slow the strain ageing response but
does not stop it entirely. Elevated temperatures accelerate the strain agesgpnse. Strain

ageing which occurs during the wire drawing process is referred to as dynamic strain ageing.
Strain ageing which occurs after production, i.e. when the product is in storage or service, is

known as static strain ageing.

Strain ageing caes the mechanical properties of a wire product to change in service. As a
wire strain ages, a substantial increase in yield strength and a loss of ductility occurs, a slight
increase in UTS has also been reporféd]. When a ope is under tension in service,
individual strands become more brittle and become more susceptible to fracturing due to the
shearing forces generated from the interactions at wire cregsr points within the cross
section of the rope. Therefore, a redutductility during ageing can make individual strands
and even the full rope susceptible to premature failure. After the initial increase in strength,
the microstructure softens leading to the recovery of mechanical properties, eventually
producing an ovengeing effect, whereby the strength is lower and ductility higher than the
original asdrawn properties immediately after wire manufacture. As the strain ageing
response is also dependent on temperature, the coating of wires for corrosion resistance,

suchas galvanising, can involve short periods of exposure of the steel wire to elevated
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temperature up to 458 , further enhancing the strain ageing response of a wiest
drawing heat treatments differ between studies and affect the evolution of the wire

microstructure significantly15][16][17].

Ageing

Ductility

Time

Figure2:10- lllustration of the change in mechanical properties with strain ageing.

During production, manufacturers have found that the wire drawing parameters could
influence the severity of the strain ageing response. More severe drawing speeds,
temperatures, dawing schedules, die designs, lubrication (or lack of) and alignment all
contributed to the asdrawn properties and ageing sensitivif¥4][18]¢[20]. Hono et al.

reported at a drawing strain of 5.1, cementite decomposition is compitg Thus, a balnce

must be achieved between the need to slow production to reduce ageing sensitivity and
maintain high production efficiency, to reduce manufacturing cost. As such, wire drawing

parameters remain closely guarded secrets of manufacturers.

Initially therewere significant improvements to be obtained from wire drawing technology.
Crucially, cooling during wire drawing reduced ageing sensitivity and improved-thawas
properties of wires. Direct cooling during wire drawing was initially difficult andlycost
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implement, with trials utilising water and air directed onto the wire but modern wire drawing
machines now utilise water cooled capstans and water cooled drawing dies, so that the
cooling water does not come into direct contact with the wires. Bhisids the difficulties of
direct cooling on the drawing lubricant and the disposal of contaminated Wa®3r This has

proved a very effective method and is universally adopted for modern wire drawing machines.

The redistribution of carbon atoms has beeorrelated to the change in medmical
properties[22]. Carbondislocation interaction anthe dissolution of cementite lamellae play

a key role in the redistribution of carbon atorfi. The pinning of dislocatiortsy interstitial
atoms in the ferrite in the pearlite (both C and N) are thought to be responsible for the initial
increase in strength. Carbon atoms are the most numerous and are therefore predominantly
responsible. The dissolution of cementite lamellagidg strain ageing significantly increases
the number of carbon atoms available to pin dislocatiofstially, minor cementite
dissolutionoccurs combined with thénterstitial carbonsolid solutionin the ferrite which
diffusesto and pirsdislocationsThis has been referred to #ze first stage of ageind 3][14].
Further @mentite dissolutionwhich begins immediately upon drawirtgpletes the pearlitic
cementite lamellea of carbon atoms, feeding carbon into the ferrite, producing a
supersaturated state. This process has been referred to as thendestage of ageing
[13][14][22]. As pinned carbon atoms begin to cluster and form carbides, dislocations are
freed and the microstructure softensyhich eventually leads to aover ageing effect. This
has been referred to as the third stage of ageing by some autfidis Carbide formation

eventually leads to an over ageing effect.
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Figure2:11- Carbondislocation interaction illustration [23].

Steps 1 and 2, ifrigure 2:11, show the increase in strength and partial dissolution of

cementite. $p 3,in Figure2:11, shows carbon clustering and the recovery process.
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