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 Funding provided by the Office of Naval Research and the State of UtahPCBN materials provided by SiiMegadiamondTime on FSW machines provided by Boeing Huntington Beach and MTS Corporation

Page 3
                        

CAJMCAJMPresentation Topics
 PCBN OverviewTool DesignTool Materials and LifeWeld PropertiesFSW Machine EvaluationsFuture Plans
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CAJMCAJM
 Polycrystalline Cubic Boron Nitride (PCBN)
 Second in hardness only to diamondDiamond crystal structure, with C and B occupying alternate lattice sitesCBN powder Created in HT-UHP presses (1700 K, 6,000 MPa)
 GasketingGasketing MaterialMaterial
 SGMSGM ButtonButtonSteel Current RingSteel Current Ring
 Current DiscsCurrent Discs Mica Mica BaffleBaffle
 Boron Nitride Sealed Container
 GraphiteGraphite HeaterHeater
 SaltSalt
 CBN powder sintered in HT/UHP press to form polycrystalline blank
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CAJMCAJMTool Materials
 MN100– High PCBN content– Difficult to machine– Expensive
 MN50– Lower PCBN content– Easier to machine (e.g,
 EDG possible)– Less expensive
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CAJMCAJMPCBN Properties
 Hard, wear resistant, survives temperatures to 1500 KChemically inertPoor tensile strength, low toughnessDifficult to manufactureLimited to relatively small pieces High thermal conductivity
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CAJMCAJMSpecific Tool Design
 19 mm WC shank19-25 mm φ CBN disk6º face anglePin L/D about 0.5
 – Lengths up to 6 mm
 Radii about 1 mmPin
 – Smooth for short pins– Flats on end for long pins

Page 8
                        

CAJMCAJMManaging Thermal Load
 Stainless steel: 15 W/m-KPCBN: 250-300 W/m-KWC: 70 W/m-KMore heat flows into tool holder than weld!Need for insulator to keep heat in weld zoneNeed to protect machine bearings
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CAJMCAJMTecnara Tool Holder
 Chilled water-glycol recirculator on shankAir/gas cooling on locking collarFits in milling machine (#50 Taper)Instrumented for tool temperatureVery low runout -- 0.005 mm (0.0002") at 20 cm (8") below holder
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CAJMCAJMFSW of Stainless Steel
 Play Video
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CAJMCAJMA Completed Weld
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CAJMCAJMTool Materials
 Fabricate tools from MN100 and MN50Test weld on 6mm 316L plateMN100 has clearly superior life, but MN50 works alsoPotential for intermediate material– Future program
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CAJMCAJMTool Life
 Failure Mechanisms– Wear when temperature is too high
 or too low– Pin fracture when retracting tool– Shoulder fracture during welding
 Fracture elimination– Tool redesign– Better process control– Design of custom CBN grades
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CAJMCAJMTool Wear-- Before and After
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CAJMCAJMRecent Tool Life Results
 Tool life is currently in excess of 13 mFractures continue, but current failure mode is wear due to improper welding parameters
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CAJMCAJM
 Materials Welded -- Short Pin (approx. 2.5 mm)
 1.5 mm 301L stainless3.2 mm 316L stainless6.4 mm 316L stainless (two-sided weld)3 mm Invar
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CAJMCAJM
 Materials Welded -- Long Pin (4.5- 6 mm)
 6.4 mm 316L stainless– single-sided weld, good properties
 7 mm AL6XN stainless– two-sided weld, pin channel heals, then cracks– Ran tool for 40 minutes (0.5 ipm), then ran weld in hi hard armor
 6.4 mm Hi-Hard Armor Plate– both two-sided weld and one sided weld
 6 mm Invar– Single sided
 6 mm Cu-Ni-Cr– Single sided
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CAJMCAJMFSW Hi-Hard Plate
 6 mm Thick

Page 19
                        

CAJMCAJM
 Weld Characterization:Hi-Hard Armor
 6 mm single sided full penetration weld– Fully consolidated weld
 1 mm
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CAJMCAJMTensile Properties in Hi-Hard Armor
 Property YieldStrength
 UTS Elongation
 As Received 204 ksi1400 MPa
 248 ksi1710 MPa
 9.5%
 Weldment 151 ksi1040 MPa
 178 ksi1230 MPa
 2.6%
 Ratio 74% 71% 27%
 Failure in HAZ, advancing side
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CAJMCAJMMicrohardnessMicrohardness Hi-Hard Armor FSW
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CAJMCAJMFailed Specimen
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CAJMCAJMFSW Machine Evaluation
 ESAB SuperStir– Boeing Huntington Beach
 MTS FSW PDS– MTS, Eden Prairie MN
 Evaluate welds on a variety of high-temperature materials
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CAJMCAJM316L Stainless Steel
 Boeing Huntington BeachVarying Parameters
 Courtesy: Doug Waldron and Keith McTiernan, The Boeing Company, Huntington Beach, CA
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CAJMCAJM
 316L Stainless Steel
 Boeing Huntington BeachForce control
 Excellent weldsCourtesy: Doug Waldron and Keith McTiernan, The Boeing Company, Huntington Beach, CA
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CAJMCAJM
 Cu-Ni-Cr Alloy
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CAJMCAJM
 FSW Machines for High Temperature Materials
 Strengths of existing FSW Machines– Measurement capabilities– Automatic operation
 Concerns– Spindle runout– Shock response– Response time for making changes– Load capacity/Rigidity -- 8500 lbf axial for welding– Consistent thermal environment
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CAJMCAJMSummary
 PCBN works well on ferrous materials– In excess of 50 feet of weld per tool
 Welds made in variety of materials– 3 mm 316 L, 6 mm Hi-Hard Armor, HSLA 65 successful– 6 mm 316L, 6 mm AL6XN need more work
 Getting a better handle on PCBN/base materials– HSLA 65, 316L, Hi Hard Armor, A-36 steell
 Operating window of PCBN– Within it, EXCELLENT tool life– Boundaries need definition
 FSW Machine tools– Need to better define requirements– Spindle quality is critical for HTM
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CAJMCAJMQuestions/Discussion
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CAJMCAJMFuture Plans
 Need to focusSelect a candidate material, HSLA 65
 – Continue evaluate 6.4 mm one-sided weld in HSLA 65Tool development
 – Need to define operating window of PCBN– Need to determine tool life
 Process Development– Implement tool thermal instrumentation– Define process parameters to stay within tool operating window– Etc…..
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CAJMCAJMManufacturing Process
 Metals: MachiningSuperabrasives: Net shape or grindingOur tools: diamond grinding from PCBN blankFuture potential -- EDG
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CAJMCAJMSupporting Loads
 Thrust up to 50 kN– WC Shank
 Lateral -- several kN– Superalloy locking collar
 (Rene 41)Torque– Flats on locking collar
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CAJMCAJMThermal Modeling
 One-Dimensional, Steady-State ModelHeat flow only in axial directionConduction only -- no convection or radiationInterfacial resistance ignoredConstant weld temperature, shank temperature
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CAJMCAJMMaterial Properties
 Material
 ThermalConductivity,
 W/m-KCBN 250WC 70
 Titanium 10Ceramic 1Rene 41 23
 W
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CAJMCAJMModel Results
 Predicted Tool Temperatures
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CAJMCAJM
 Predicted Heat Flux and Temperature
 1200C tool surface temperature, 100C shank surface temperature, 0.5 mm insulator
 MMaatteerriiaall CCoonndduuccttiivviittyy((WW//mmKK))
 IInnssuullaattoorrTT ((CC))
 SShhaannkk TT((CC))
 QQ((WW))
 TTiittaanniiuumm 1100 11116666 11003355 559955
 RReennee 4411 2233 11116644 11110033 663355
 TTuunnggsstteenn 113300 11116622 11115511 666688
 FFuusseeddQQuuaarrttzz
 33..44 11117733 886600 448833
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CAJMCAJMTool Life
 Failure Mechanisms– Wear– Pin fracture– Shoulder fracture
 Fracture elimination– Tool redesign– Better process control– Design of custom CBN grades
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CAJMCAJMPreliminary Tool Life Results
 Tool Life FailureMechanism
 2,3 60 cm Fracture4 4 m Adhesive wear
 5-7 30-60 cm Fracture8-9 2-3 m Pin fracture10 15 m Fracture
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CAJMCAJMRecent Tool Life Results
 Tool life is currently in excess of 13 mWe have turned attention to pursuing welds in a variety of materialsFractures continue, but current failure mode is wear due to improper welding parameters
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CAJMCAJM
 Weld Base
 YieldStress
 63 ksi 49 ksi
 UTS 93 ksi 98 ksi
 Elongation 12% 56%
 Weld Characterization: Stainless
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CAJMCAJM
 Weld Characterization:High Hard Armor
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CAJMCAJMStir Features in Weld
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CAJMCAJMLack of Fusion Defect
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CAJMCAJMSingle-Sided Weld
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CAJMCAJMProperties Summary
 Coupon #0.2% Yield Stress (ksi)
 Ultimate Tensile
 Strength (ksi)
 Elong. in 2 in. (%)
 Fail. Loc. 1 =D XZ, 2 =LS -TMA Z, 3 =TS -TMA Z, 4 =HA Z
 1 153.24 178.31 2.40 42 150.86 179.31 2.55 43 148.07 178.89 2.80 4
 Average 150.72 178.83 2.58Stand. Dev. 2.59 0.50 0.20
 High Hard 545 rpm 5 1/4 ipm

Page 46
                        

CAJMCAJMFuture Plans
 Implement tool thermal instrumentationDevelop 6.4 mm one-sided weld in High Hard ArmorExplore DH36, Mild Steel, Titanium, CopperDevelop tool and operating conditions that work with AL6XN
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CAJMCAJMSummary
 PCBN works well on ferrous materials– In excess of 50 feet of weld per tool
 Welds made in variety of materials– 3 mm 316 L, 6 mm High Hard Armor
 successful– 6 mm 316L, 6 mm AL6XN need more work
 Custom grades may improve PCBN– MN100 has longer life– MN50 is easier to make
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