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' Friction Welding (FW)

" Heat Affected Zone (HAZ)
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' Rotational Frictional Welding (RFW)

" Forging Force
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' Continuous FW

¥ Inertia drive FW
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¢ contact interaction
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¥ Central composite
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3
# Moal and Massoni pipe inertia weld with remeshing

$# Axisymmetric model using axisymmetric twist element (CGAX4HT and CGAX3T)
S S —— — ——

import os, sys, re, osutils

import driverUtils, sys

from driverConstants import *

from abaqusConstants import *

from driverExceptions import *

from driverStandard import StandardAnalysis
from analysis import AnalysisApplication
sys.path.append(os.getcwd())

from inertiaweld utils import *

import uti

print "start inertiaweld.py"”
platform = uti.getPlatform()

# Setup user subroutine file name

userSubFileName = "inertiaweld sub.for"

command = "abagus make library="+userSubFileName
os.popen (command)

#userSubFileName = "inertiaweld sub-std.obj"

# define basic job parameters

execfile('inertiaweld job_param.py')

# define initial solver parameters
execfile('inertiaweld solver param.py')
# define utility functions

execfile('inertiaweld utils.py')

# Start from the beginning

logFile = openLogFile (primaryJobName)

writeHeading (logFile)

totalTime = 0.0

HeatingTimeRemaining = HeatingTime - totalTime
timeRemaining = HeatingTimeRemaining
totalTimeRemaining = HeatingTimeRemaining+ForgingTime
appliedPressure = HeatingPressure

# Create the original analysis model
execfile('inertiaweld original build.py')
# Run the original analysis

$#bad

#cptions = baseOptions

$options(['job'] = primaryJobName

#options['input'] = primaryJobName
#options['user'] = userSubFileName

cmd = []

cmd.append('-job')

cmd.append('$s' % primaryJobName )
cmd.append('-input')
cmd.append('%s' % primaryJobName )
cmd.append('-user')
cmd.append('$s' % userSubFileName)
cmd . append (' teractive')
cmd.append (' us')
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70 cmd.append('10')
71 sys.stdout = sys.__stdout__
72 job = AnalysisApplication (cmd)
73 writeModelInfo(logFile,primaryJobName,timeRemaining,
74 %try:
75 job.run()
76 except:
77 print "Oops..."
78
79 $analysis = StandardAnalysis (options)
80 #status = analysis.run()
g #plotShape (primaryJobName)
82 totalTime = totalTime + elapsedTime (primaryJobName)
83 timeRemaining = simulationTime - totalTime
84 writeAnalysisInfo(logFile,primaryJobName,totalTime,t
85 HeatingTimeRemaining = HeatingTime - totalTime
8 [Flif HeatingTimeRemaining>l.e-5:
87 timeRemaining = HeatingTimeRemaining
88 totalTimeRemaining = HeatingTimeRemaining+ForgingT
8 ~ appliedPressure = HeatingPressure
20  [Helse:
91 timeRemaining = ForgingTime - totalTime + HeatingT
92 totalTimeRemaining = timeRemaining
93 appliedPressure = ForgingPressure
94 ~ flywheelStartVelocity = 0.0
95
96 $# add U to odb for 2D plot
97
8 fadd_unew_odb (primaryJobName)
99
100 # Remesh, if necessary
101
102 remeshStart = 0
103 timeRemaining0 = timeRemaining
104
105 Eif timeRemaining >= 1.e-6:
106 = for remeshIndex in range (remeshStart,maxRemeshings):
107 remeshNumber = remeshIndex + 1
108 cleanupOldFiles (logFile,primaryJobName , remeshNumber)
109 remeshJobName = newJobName (primaryJobName , remeshNumber)
110 ancestorJobName = priorJobName (primaryJobName, remeshNumber)
111 execfile('inertiaweld remesh build.py')
112 writeModelInfo (logFile, remeshJobName, timeRemaining, remeshNumber)
113
114 # bad
115 £ options = baseOptions
116 E options(['job’'] = remeshJobName
117 £ options(['input'] = remeshJobName
118 E options['user'] = userSubFileName
119 % options|['rezone'] = ON
120 £ options['oldjob'] = ancestorJobName
121 cmd = []
122 cmd.append('-job')
123 cmd.append(’'$s' % remeshJobName )
124 cmd.append('-input')
125 cmd.append('$s' % remeshJobName )
126 cmd.append('-oldjob')
127 cmd.append('$s' % ancestorJobName )
128 cmd.append ('-user')
129 cmd.append('$s' % userSubFileName )
130 cmd.append('-interactive')
131 cmd.append (' -cpus')
132 cmd.append('10')
133 sys.stdout = sys._stdout__
134 remeshJob = AnalysisApplication(cmd)
335 ] try:
136 remeshJob.run()
137 = except:
138 - print "Coops..."
139 £ remeshAnalysis = StandardAnalysis(options)
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% remeshAnalysis.run()
3 plotShape (remeshJobName)
totalTime = totalTime + elapsedTime (remeshJobName)
timeRemaining = simulationTime - totalTime
HeatingTimeRemaining = HeatingTime - totalTime
if HeatingTimeRemaining>l.e-5:
timeRemaining = HeatingTimeRemaining
totalTimeRemaining = HeatingTimeRemaining+ForgingTime
appliedPressure = HeatingPressure
else:
timeRemaining = ForgingTime - totalTime + HeatingTime
totalTimeRemaining = timeRemaining
appliedPressure = ForgingPressure
flywheelStartVelocity = 0.0
writeAnalysisInfo(logFile, remeshJobName,totalTime,totalTimeRemaining)
$#add_unew_odb (remeshJobName)
if timeRemaining < l1l.e-6:
break
# cleanup the last few files before exit
Filename = primaryJobName + " remesh " + '$i' % remeshNumber
cleanupOldFiles (logFile,Filename,2)
remeshNumber=remeshNumber-1
Filename = primaryJobName + " remesh " + '%¥i' % remeshNumber
cleanupOldFiles (logFile,Filename,2)
writeEnding(logFile)
print "Job completed successfully!"
sys.exit()
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26

30
31
32
33
34
35
36

k define job control

primaryJobName = 'RodInertiaWeld’
meshSize = 0.25
nearWeldMeshSize = 0.1
distortionLimit = 0.8
nearWeldZone = 1.0
remeshFeatureAngle = 10.0
HeatingTime = 4
ForgingTime = 0.2
simulationTime = HeatingTime+ForgingTime
maxRemeshings = 9999
maxUpset = 0.05
outputFrequency = 0.02
flywheellInertia = 0.05
flywheelStartVelocity = 6000
HeatingPressure = 300
ForgingPressure = 500
selfContactDistance = 0.01
selfContactPressure = 10000.
weldContactDistance = 0.1
weldContactPressure = 18000.0
#Top Rod

RodTopR = 1.2
RodTopL = 1

# Bot Rod

RodBotR = 1.9
RodBotL = 10.

#Time Incrementation Parmeters

TimeIncini=0.00001

TimeIncMax=0.02

parameters
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1 ltro- abaqus import *

2 from abaqusConstants import *

3 import odbAccess

4 import annotationToolset

S from odbAccess import *

6 from caeModules import *

7 from driverUtils import executeOnCaeStartup

8 executeOnCaeStartup()

9

10 [Fldef MakeXY (baseName,historyVariable,remeshPoints):

11 remeshNumber = 0

12 totalTime = 0.0

13 totalUpset = 0.0

14 cont = True

15 totallist = []

16 remeshPointslList = []

17 while cont:

18 print "Processing remesh number ",remeshNumber

i9 if remeshNumber == 0:

20 fileName = baseName + ".odb"

21 else:

22 fileName = baseName + " remesh " + "3%i" % (remeshNumber) + ".odb"
23 try:

24 odb = session.openOdb (name=fileName)

25 frameCount = 0

26 for frame in odb.steps['Weld step'].frames:

27 maxTemp = 0.0

28 stepTime = frame.frameValue

29 for value in frame.fieldOutputs(['NT11'].values:
30 thisTemp = value.data

31 if thisTemp > maxTemp:

32 maxTemp = thisTemp

33 if frameCount != 0: # The first frame is redundant with the previous job's last frame
34 totallist.append((stepTime+totalTime,maxTemp))
35 if frameCount == 1 and remeshNumber > O:
36 remeshPointsList ._gppeng( (st_:epl'ime+toca11‘i_me,mx‘§ggp) )
37 = frameCount = frameCount + 1

38 remeshNumber = remeshNumber + 1

39 totalTime = totalTime + stepTime

40 - session.odbs([fileName] .close()

41 B except:

42 - cont = False

43

44 xQuantity = visualization.QuantityType (type=NONE)

45 yQuantity = visualization.QuantityType (type=NONE)

46 =] session.XYData (name=historyVariable, data=tuple(totallist),
47 axislQuantityType=xQuantity,

48 B axis2QuantityType=yQuantity, )

49 =) if remeshPoints == True:

50 session.XYData (name='RemeshPoints', data=tuple (remeshPointsList),
51 axislQuantityType=xQuantity,

52 axis2QuantityType=yQuantity, )

53

54

S5

56 xyPlotName = 'XYPlot-1"'

57

13 viewport = session.viewports['Viewport: 1']

59 viewport.makeCurrent ()

60 viewport.restore()

61

62 MakeXY (baseName, 'maxTemp',True)

63

64 [%try:

65 Xyp = session.XYPlot (xyPlotName)

13 except:

67 Xyp = session.xyPlots[xyPlotName]

68 chartName = xyp.charts.keys() [0]

69 chart = xyp.charts[chartName]
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xy0 = session.xyDataObjects|[ 'maxTemp']

c0 = session.Curve (xyData=xy0)

xy2 = session.xyDataObjects['RemeshPoints']

c2 = session.Curve (xyData=xy2)

chart.setValues (curvesToPlot=(c0, c2, ), )

session.viewports['Viewport: 1'].setValues(displayedObject=xyp)

session.curves['RemeshPoints’'].symbolStyle.setValues (show=True)

session.curves|['RemeshPoints'].lineStyle.setValues (show=False)

session.curves|['RemeshPoints’].symbolStyle.setValues(size=2)

session.charts['Charc-1'].axesl[0].axisData.setValues (useSystemTIitle=False,
title='Time (s)')

session.charts['Chart-1'].axes2[0].axisData.setValues (useSystemTitle=False,
title='Maximum Temperature (C)')

session.charts['Charc-1'].axes2[0].axisData.setValues (maxValue=1400,
maxAutoCompute=False)

session.charts['Charc-1'].axes2[0].axisData.setValues (minValue=0,
minAutoCompute=False)

session.charts['Charc-1'].axes2[0] .axisData.setValues (labelFormat=DECIMAL)

session.charts['Chart-1'].axes2[0].axisData.setValues (labelNumDigits=0)

session.printToFile(fileName=baseName + ' maxtemp plot', format=PNG,
canvasObjects=(session.viewports|['Viewport: 1'], ))
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# create remeshed model and restart input file

import os, sys
sys.path.append (os.getcwd())
from inertiaweld utils import *

vpl = session.Viewport (name='Viewporc:
vpl.makeCurrent()

i)

session.viewports['Viewport: 1'].maximize()

Mdb ()

#ancestorJobName = primaryJobName
openMdb (primaryJobName + '.cae')
mdb . saveAs (remeshJobName + '.cae')
openMdb (remeshJobName + '.cae')

model=mdb.models['Model-1"']
a = model.rootAssembly

try:
T a.deleteFeatures(('Datum plane-2',
a.deleteFeatures(('Datum plane-1',
?except :
pass
a.regenerate()

'Partition face-2', ))

'Partition face-1', ))

# Replace the Rods with the deformed configuration outlines

updateGeometry('bottomR

p = model.parts['bottomRod weld']
p.ReferencePoint (point=(0.0, -RodBotL,
p = model.parts['topRod weld']
p.ReferencePoint (point=(0.0, RodTopL,
from part import *

from assembly import *

a = model.rootAssembly

a.backup()

a.regenerate()

# Re-establish attributes

# materials

from caeModules import *

p = model.parts['bottomRod weld']

f = p.faces

faces = f.getSequenceFromMask (mask=("'

d_weld','BOTTOMROD WELD-1',ancestorJobName + '.odb',remeshFeatureiAngle)
updateGeometry(’'topRod weld', 'TOPROD_WE

iD-1*, ancestorJobName + '.odb',remeshFeatureAngle)

0.0))

0.0))

131 3% %)

region = regionToolset.Region(faces=faces)

p = model.parts(['bottomRod weld']
p.SectionAssignment (region=region, se
p = model.parts(['topRod weld']

ctionName='Rod material',6 offset=0.0)

session.viewports['Viewport: 1'].setValues (displayedObject=p)

p = model.parts|['topRod weld']

f = p.faces

faces = f.getSequenceFromMask (mask=("'
region = regionToolset.Region(faces=f
p = model.parts(['topRod weld']
p.SectionAssignment (region=region, se

# sets

from assembly import *

lowestEdgeSet (model.rootAssembly, 'bo
highestEdgeSet ('topRod weld-1','topA

t

(#1 1% )i )
aces)

ctionName='Rod material', offset=0.0)

tomRod weld-1', 'bottomAttachment’)
tachment')
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97
98
99
100
101
i02
i03
104

118
120
121
122
123
124
125
126
127
128
129
130
131
132
133
134
135
136

138
139
140

refSet ('topRod weld-1','topFlywheelAttachment')
refSet ('bottomRod weld-1', 'bottomFlywheelAttachment')

# surfaces
highestSurface ('topRod weld-1','pressureSurface')
perimeterSurface ('topRod_weld-1', 'topWeldSurface')
perimeterSurface ('bottomRod weld-1', 'bottomWeldSurface')

# Redefine the step

from step import *
model.steps['Weld step'].setValues(
lf description='Weld step',6 timePeriod=timeRemaining,
maxInc=timeRemaining, initialInc=l.e-5, minInc=2e-08)

try:
!E del model.predefinedFields['Predefined Field-1"']

[? except:
pass

# Remesh

# Apply partitions
#
# Find the lowest point on the top Rod
e = a.instances|['topRod weld-1'].edges
v = a.instances['topRod_weld-1'].vertices
upperCutPosition = 0
lowestLocation = 3999399
for k in range(len(v)):
((x,v,z),) = v[k].pointOn
if y < lowestLlocation:
lowestLocation = y
upperCutPosition = nearWeldZone+lowestLocation
upperCutPosition = sliceTopInstance('topRod weld-1',upperCutPosition)
#surfaceNearBottom('topRod_weld-1', 'topWeldSurface',upperCutPosition - 0.001)

# Find the highest point on the lower Rod

e = a.instances|'bottomRod weld-1'].edges
v = a.instances['bottomRod weld-1'].vertices
highestLocation = -9999%
for k in range(len(v)):
((x,v,2),) = v[k].pointOn
if y > highestlocation:
highestLocation = y
lowerCutPosition = highestLocation-nearWeldZone
lowerCutPosition = sliceBottomInstance ('bottomRod weld-1',lowerCutPosition)
#surfuceNearrop('boccomRod_weld-l','botcomﬂeldSurrace',1owexCucPosicion + 0.001)

removeEdgeSeeds (' topRod weld-1')

removeEdgeSeeds ('bottomRod weld-1')

seedNearZero('topRod _weld-1',nearWeldMeshSize, (0.25*nearWeldZone) + upperCutPosition)
seedNearZero('bottomRod _weld-1',nearWeldMeshSize,abs(lowerCutPosition - (0.25%*nearWeldZone)))

a = model.rootAssembly
fl = a.instances['topRod weld-1'].faces

facesl = fil.getSequenceFromMask(mask=('[%1 1', ), )
£f2 = a.instances|['bottomRod weld-1'].faces
faces2 = f2.getSequenceFromMask(mask=('[(%1 ]', ), )

pickedRegions = facesl+faces2
Ea.setMeshConcrols(reqions=pickedneqion=, elemShape=QUAD, technique=FREE,
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L allowMapped=True)

partinstances =(a.instances['topRod weld-1'],

a.instances['bottomRod weld-1'], )
a.generateMesh (regions=partInstances)

ndb . save ()

# Find the lowest central point on the top Rod

a = mdb.models['Model-1"'].rootAssembly
yvlowestLocation = 99999
v = a.instances['topRod weld-1'].vertices
for k in range(len(v)):
((x,v,2),) = v[k].pointOn
if y < ylowestLocation and x==0:
ylowestLocation = y
zlowestLocation = 2z

vl = v.findAt (((0, ylowestLocation, 0.0), ))

a.Set (vertices=vl, name='RodTopBotCenter')

# Find the highest central point on the lower Rod

a = mdb.models['Model-1"'].rootAssembly
vhighestLocation = -99999

v = a.instances|['bottomRod weld-1'].vertices

for k in range(len(v)):
((x,v,2z),) = v[k].pointOn
if y > yhighestLocation and x==0:
yhighestLocation = y

vl = v.findAt (((0.0, yhighestLocation, 0.0), ))

a.Set (vertices=vl, name='RodBotTopCenter')

mdb.save ()

#Create assembly set Centre and apply X symmetxry BC

a = mdb.models['Model-1'].rootAssembly
el = a.instances|['bottomRod weld-1'].edges

edgesl = el.getByBoundingBox (xMin=-0.01, xMax=0.01,yMin=-9999., yMax=9999.)

e2 = a.instances['topRod weld-1'].edges

edges2 = e2.getByBoundingBox (xMin=-0.01, xMax=0.01,yMin=-9993., yMax=9999.)

a.Set (edges=edgesl+edges2, name='C exr*)
a = mdb.models['Model-1'].rootAssembly
region = a.sets(['Center']

i3

mdb.models['Model-1'].rootAssembly.SetByBoolean (name='Attachments', sets=(

mdb.models [ 'Mod
mdb.models [ 'Mode

1'].rootAssembly.sets['bottomAttachment'],
1'].rootAssembly.sets['tcopAttachment']))

mdb .models['Model-1"].TemperatureBC (amplitude=UNSET, createStepName='Weld step'

, distributionType=UNIFORM, fieldName='",
'Attachments', region=

fixed=OFF, magnitude=100.0, name=

mdb.models['Model-1"'].rootAssembly.sets['Attachments'])
mdb.models['Model-1"'].ActuatorSensorProp (name="'flywheel inertia',
realProperties=(flywheelInertia, maxUpset,flywheelStartVelocity

) » integerProperties=())

region = a.surfaces['pressureSurface']

mdb .models['Model-1'].Pressure (name='Load-1', createStepName='Weld step',

region=region, distributionType=UNIFORM,
amplitude=UNSET)

## Add additional keywords
%

import job

from job import *

model. keywordBlock.synchVersions ()

model . keywordBlock.setValues (edited = 0)
model.keywordBlock.synchVersions ()
modelBlock = whereIsLastBlock("*Step”) - 1
model.keywordBlock.insert (modelBlock, """*map
historyBlock = wherelsLastBlock("*End Step")

;=

ield='"', magnitude=appliedPressure,

ionmmn)
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model . keywordBlock.insert (historyBlock, """*con
model.keywordBlock.insert (historyBlock, """, ,
model.keywordBlock.insert (historyBlock, """+
model. keywordBlock.insert (historyBlock, """*cont

as” %)

mdb . jobs.changeKey (fromName=primaryJobName, toN =Y nJc )
mdb . jobs [remeshJobName] .writeInput ()
ndb . save ()

ials 90 po alold Laas o oolaiul 090 0

from abaqus import *

from abaqusConstants import *

import odbﬂccess

import annotationToolset

from odbAccess import *

from caeModules import *

from driverUtils import executeCOnCaeStartup
executeOnCaeStartup()

[Fldef MakeXY (baseName,historyVariable,remeshPoints)
remeshNumber = 0
totalTime = 0.0
totalUpset = 0.0
cont = True
totalList = []
remeshPointsList = []

=l while cont:
= if remeshNumber = O0:
fileName = baseName + ".odb"
= else:
fileName = baseName + "_remesh " + "%i" % (remeshNumber) + ".odb"
= try:
odb = session.openOdb (name=fileName)
= for key in odb.steps[’'Weld step'].historyRegions.keys():
= if key.find('TOPROD') != -1:

dataCbject = odb.steps['Weld step'].historyRegions[key] .historyOutputs['U2'].data

xyName = baseName + " remesh " + "3i" % (remeshNumber)
frameCount = 0
= for xyPair in dataCbject:
jobUpset = -xyPair([1]

=] if frameCount != 0: # The first frame is redundant with the previous job's last frame

totallist.append( (xyPair[0]+totalTime,totalUpset + jobUpset))
= if frameCount = 1 and remeshNumber > 0:
remeshPointsList.append((xyPair[0]+totalTime,totalUpset + jobUpset))
frameCount = frameCount + 1
stepTime = xyPair[0]
del session.xyDataObjects[xyName]
remeshNumber = remeshNumber + 1
totalTime = totalTime + stepTime
totalUpset = totalUpset + jobUpset
r session.odbs[fileName] .close()
=] except:
r cont = False

XQuantity = wvisualization.QuantityType (type=NONE)

vQuantity = visualization.QuantityType (type=NONE)

= session.XYData (name=historyVariable, data=tuple(totallist),

axislQuantityType=xQuantity,

- axis2QuantityType=yQuantity, )

= if remeshPoints = True:

session.XYData (name='RemeshPoints', data=tuple(remeshPointsList),
axislQuantityType=xQuantity,
axis2QuantityType=yQuantity, )

baseName = "RodInertiaWeld"
xyPlotName = 'XYPlot-1"'
viewport = session.viewports['Viewport: 1']

viewport.makeCurrent ()
viewport.restore()

MakeXY (baseName, 'Upset’',True)

%tt’y:
Xyp

%except:
Xyp = session.xyPlots[xyPlotName]
chartName = xyp.charts.keys() [0]
chart = xyp.charts[chartName]
xy0 = session.xyDataObjects['Upset']

= session.XYPlot (xyPlotName)
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c0 = session.Curve (xyData=xy0)
xXy2 = session.xyDataObjects['RemeshPoints']
c2 = session.Curve (xyData=xy2)
chart.setValues (curvesToPlot=(c0, c2, ), )
session.viewports|['Viewport: 1'].setValues(displayedObject=xyp)
session.curves[’'RemeshPoints'].symbolStyle.setValues (show=True)
session.curves['RemeshPoints'].lineStyle.setValues (show=False)
session.curves['RemeshPoints'].symbolStyle.setValues (size=2)
%session,charts[':ha:t—; ].axesl1[0] .axisData.setValues (useSystemTitle=False,
title='Time (3)')
%session,charts['Cha:t—l'].axesZ[O].axisData.setValues(useSystemTit1e=False,
title='Axial shortening (mm)')
Tsession.prinCToFile(fileName=baseName + '_upset_plot', format=PNG,
rct

canvasObjects=(session.viewports['Viewport: 1'], ))
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Abstract

Rotational friction welding, is a solid state welding method, applied to join axial metallic
components. The first stage of welding involves applying a compressive axial load to the
components spinning at a relative speed. This produces a contact pressure and thus a frictional
dissipation at the interface. As a result of heating, temperature increases near the contact zone and
the metallic materials soften. This is followed by a second stage in which an axial forging load is
applied and which leads to considerable flow of metal, called flash, and the two parts are joined. In
this dissertation, friction welding of Inconel 1+ rod ¢ mm in diameter and Kovar alloy rod ¥ mm
in diameter, is studied through finite element and experimental studies. The parameters considered
include heating time, spin speed and forging load. For finite element analysis, an axially symmetric
model including twist effects is employed in a fully implicit coupled temperature-displacement
analysis. The bodies were discretized using GGAX T finite elements. To avoid sever distortion of
the elements, the analysis is stopped after the moving rod displacement reaches a specified value.
Subsequently, the analysis restarts with the fresh mesh using the “mesh to mesh solution mapping
capability of Abaqus/standard. Due to large number of restarts required, a python script was
developed for convenient. Based on a table of experiment design, effect of parameters were
analyses and optimum values for a successful weld were obtained. Based on these results, a welding
setup was designed and employed for experimental studies. Friction welding experiments were
carried out on the samples successfully. The recovered samples were subjected to tensile test and
the results showed that the joint strength was larger than the weaker base metal.

Keywords: Rotary Friction Welding, Abaqus scripted, Inconel and Kovar alloys, Tensile strength
of the weld
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