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of welding and welding apparatus. More particularly, it
concerns methods of in process control and assessment of
20 weld quality in howopolar pulse welding operations.

CRIPTION | R) AR _

: Homopolar pulse welding (HPW) utilizes the 'high
25 current, low wvoltage pulse produced by a homopolar
generator (HPG) to rapidly resistance heat the interface
between two components to forging temperature. A force is
then applied te the components to produce a forge weld at

the interface, vequiring only a few seconds from initiation

30 of the pulse tc completion of the weld. Because of its
speed, HPW ig an attractive candidate for pipeline
construction in which lengths of pipe are joined together
end-to-end. It has especially great potential for
application ip deep water offshore pipeline construction

35 techniques, including the J-lay technique. It is essential
in welded pipeline that suitable mechanical properties must

be reliably and repeatedly achievable in the weld zone.



DESCRI PTI ON OF THE RELATED ART Honmopol ar pul se welding (HPW

utilizes the high 25 current, low voltage pulse produced by a
honopol ar generator (HPG to rapidly resistance heat the interface
bet ween two conponents to forging té€nperature. A force is t hen applied
to the conponents to produce a forge weld at the interface, requiring

only a few seconds frominitiation 30 of the pulse to conpletion of the
wel.d. Because of {Joyensnas SPpeed, HPWis an attractive candi dat pCTns9602402
pi peline construction in which | engths of_pjpe are joined together
end-t o- end. It has especially great pot e%t ial for application

in deep water of fshor g RinRghhNEe MO IHproBes® paiffdtairdUtavei Béen didtd tiie

J-lay technique. It is esséntjal _ LN | ded. pi pel,ine t suitable .
mechani cal properties past t%ecmri"&bﬁ\égaﬁﬁr’r éﬁléaw&g’i‘m é\}‘aﬁﬁscgﬁlfﬂe
wel d zone. resistance welding processes such ag. spot waldhegighthey
certain in-process pangiRt ensrhanerbesfbréSetheeR suckdfsNAIly t @reonpted and
verify wel d-qual i tg | r]‘el ecs_ri cal i stance wel di ng processes such as

e
spot wel ding, they PP AL PHRARS B'Fgé’en%'een successfully attenpted in 5

honopol ar pul sed wel di ng.

The present invention demonstrates that weld quality
10 may be monitored and controlled, and that such quality may
be verified by post-weld quality verification. The present
invention in a broad aspect provides a method and apparatus
by which weld-quality in a homopolar pulsed weld may be
controlled an& verified by means of in-process parameters.
15 More specifically, the present invention enables an
automatic controller in a homopolar pulsed welding process
to examine a small set of measured parameters, to make
adjustments to help insure weld-quality based upon those
measured parameters, and then to verify, if required, the

20 quality of the resulting weld.

To determine in-process parameters that relate to the
resulting weld-quality of a homopolar pulsed weld, the
' _homopolar genhsrator-based welding system is .first
25 characterized so that its performance may be predicted with
simple mathematical models. This characterization allows
for a methodology to be created to quickly identify welding
parameters that correlate to weld-quality for existing
materials and geometries, as well as for new materials and
30 geometries. ﬁfter this characterization of the system,
various paranéters may be measured and evaluated during
controclled welding tests to quantify dependable weld-
qual'ity indicators. These in-process weld-quality
indicators may form the basis of a real-time quality
35 assurance system for homopolar welding systems. Furcher,
these parahéters may be used to verify weld-quality after

the process has been completed.



SUMVARY, OF THE | NVENTI ON The present invention denonstrates that
weld quality 10 may be nonitored and controlled, and that such quality may

be verified by post-weld quality verification. The present i nvention in
a broad—aspect provi des a net hod and—apparatus by which weld-quality im
a honopol ar pul sed wel d may be controlled and verified by nmeans of

| n-process paraneters. 15 More specifically, the present invention

enables an woosHdspagati c controller in a honopol ar pul sed pEpekobghaet OCESS
to exam ne a_small set of neasured paranet eLs, to make adj ustnments to
hel p i nsure wel d-quality based upon those™ ® “neasured paraneters, and then

to verify, if requiredpd hf)rggenﬂuﬁdvteﬁtgi' ”Fav%esf'ﬁﬁﬂcf‘g t‘fﬁ'td h opolar
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i n-process wel d-gHedR4y I ndi cators may formthe basis of a real~tine
quality 35 assurance system for honopol ar wel di ng systens. Further,

these paraneters rmay %eusﬁﬂ-pto%eveéffi{h&erea uainl‘éty a{ quallty tc%%t '

has been conpl et ed.
group is to use parameters measured during the weld process

for feedback control to assure that a high quality weld is
produced, One measurable parameter that has been
is identified in the invention for this control group is the
back-off displacement. The back-off displacement is the
thermal expansion experienced by the work-pieces during the
initial heating of the interfaces due to the electrical
current pulse. It is also a measure of the energy to the
20 weld interface. The weld interface is the interface
between the two work-pieces being welded together using the

~ homopolar welding system.

An important part of the back-off displacement is a

25 servo-valve controlled hydraulic system that allows the
thermal expansion to take place by maintaining a constant

or controlled load on the work-pieces. By a controlled
load, it is meant that the axial force that maintains
contact between the two pipe ends is actively measured by

30 & load cell and is made to follow a predetermined curve in
time by means of the hydraulic servo-valve, feedback
control loop. This hydraulic system provides an axial load

at the weld interface between the work-pieces being welded.

It has been verified by various studies that there exists

35 a direct correlation between the magnitude of the back-off
displacement and the tensile strength of a weld produced by
homopolar pulsed welding. The value of the back-off



- 3- The present inventors have found that honopol ar wel di ng
systens are anenable to in-process nonitoring of wel d-quality and
post - process verification of weld-quality. The present invention
allows the characterization of the 5 honopolar welding system

i dentification of paraneters that I ndicate weld-quality, and the
‘separation of these paraneters into two distinct groups; (1) a

real -tinme wel d- wosgeabs ty control group, and (2) a wel d- qual PCEUSY602402
verification group. 10 The purpoge _of the real-tine

wel d-quality control group is to use paraneters neasured during the
wel d process for displheehertonhuel piahiresubcstivis Webdofaybal Béterandd

S pr oduced. ?ﬁ{; t t gg?

identified in the i nvga‘?l on or aﬁl S contlggp t‘g';érsotust 8¢ sﬁ'%% Euilégesfg%rior
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of the energy to the 20 . we I n e we I nterface

i nterface bet weeforkaP ?&PM’% ﬁﬁ@c%@ ‘Be’r’f&?qﬁéFGed“i%g}'ﬁsh‘éFlﬂﬁlwlﬂﬁE
honopol ar wel di ng systdnthe weld may béncompmliiadt ipardaletimée back- of f

di spl acenent is a 25 servo-val ve controlled hydraulic systemt hat al | ows

. . n
the thermal expansion 8 é@e@g&pkgcghgywm-gzglcgé nagnc? % %:te d interface

10 may be controlled in a variety of ways, including
controlling the current to the work-pieces during the weld
process and/or by controlling the resistance of the work-
pieces during the weld process. For example, the current
to the work-pieces may be controlled by adjusting the

1s voltage of the homopolar generator, and the resistance of
the work-pieces may be controlled by adjusting the axial
load on the work-pieces at the weld interface (e.g.,
increasing the axial load decreases the resistance at the
weld interface). As a further example, one potential

20 application is to use the field current to the homopolax
generator ag an input control parameter and the back-off
displacement as a feedback control parameter, such that the
quality of the weld can be controlled and assured in real-

_ time. Altérnatively, of in addition, the axial load on the

25 wo_rk-piecés may be used as an input control parameter.

Apart from the real-time weld-quality control group,
the purpose of the weld-quality verification group is to
use parameters measured during the weld process to verify

30 that a high guility weld has been achieved. Twc measurable
parameters thit have been identified for this group are the
bulk energy into the work-piece, and the forging
displacement ¢f the work-piece. The bulk energy is the
electrical energy deposited into the work-pieces and is

35 determined by measuring both the electrical current through
and the wvoltage drop across the work-pieces, then
integrating the (current)x{voltage) power. A threshold



or controlled | oad on the work-pieces. By a controlled load, it is
nmeant that the axial force that maintains contact between the two pipe
ends is actively nmeasured by 30 a load cell and is made to follow a

pr edet ermrnee—edrve in ——tine b : = ;

f eedback control loop. This hydraulic system provides an axial | oad

at the weld interface between the work-pieces being wel ded It has

been verified b us studies that there exists 35
correl ation bewﬁe magni t ude of the back-off di spl kggf%%fm%d t he
tensile strength of a weld produced by -h®mopol ar pul sed wel di ng. The

val ue of the back-off . _ L . -4-
di spl acenent that §3®ieEion basohgencrupimicaddyddicund egween thepbuilkal |y
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of ways, incl Udl threshold correlation parameter, and represents the
dzsplacement of the work-pieces due to the forging load
applied during the homopolar pulsed welding process. XAs
10 with the back-off displacement, the values that correlate
to a strong weld for both the bulk energy and the forging
displacement may be determined by controlled studies prior
to actual work-piece welding.

15 It has been determined that the slope of the
displacement c¢urve during forging is indicative of weld
quality. In general, it is desirable for the rate of
travel to be high during forging. A high rate of travel,
or a step slope in the displacement curve is indicative of

20 sufficient heating or energy deposition in the weld zone.
Insufficient heating in the weld zone will produce both a
reduced rate of travel and final forging distance. It may
be said that the rate of displacement (or slope of the
displacement curve) is sufficient when the weld zone

25 material is soft enough from heating that it does not
appreciably effect movement of the pipes during forging
displacement.

Thus, three measursdble parameters have been identified

30 as particularly good weld-quality indicators: (1) the
electrical energy deposited in the bulk material of the
work-pieces around the interface; (2) thermal expansion of

the work-piece due to the rapid temperature rise at the
interface {i.e., the back-off displacement); and (3) the .

35 displacement due to forging of the work-pieces. The bulk
energy deposition and the forging displacement were found

to be well-suited for post-process nondestructive



controlling the.current to the work-pieces during the weld process

and/or by controlling the resistance of the work- pi eces during the
wel d process. For exanple, the current to the work-pieces nay be
controlled by adjusting the 15 vottage of the ‘homopol ar generator, and the
resi stance of t he wor k- pi eces may be controlled by adjusting the axial

| oad on the work-pieces at the weld interface (e.g., I ncreasing the

axi al | oad decreasQg;dshgess€Si stance at the wel d i nterface). pcrisssdin
further exanple, one potential 20 application is to use the field current
to the honopol ar generator as an input contrdI~ paranmeter and the

back- of f di spl acengply A% ;8af ‘gﬁq%ggg oL P! gﬁ%ﬁgﬁéﬁ?ﬁyg&%gﬁ%&e}@%ﬁ

quality of the weld can be contr assure

Alternatively, or in afRHR3 &° Ren&ediranited, £ nemd-die \WBiadityve cortred ofe
used as an input contrehe peldrgbsElity because it wigpite fubly elalnatdd prier to
wel d-quality control gg . t he purpose of the weld-quality
verification group_is to use paraneters measured during the weld
process to verify 80 that a hi gh quality weld has been achieved. Two
measur abl e par anet er s tlmatehtain lsabodivenits,f tbd Hagk-offifsdigplarement t frx

bul k energy into the wgikeddefte welll t88td Ohidyde coﬁlb&i%di.cerfeﬂ&e ObakREofs
wor k- pi ece. The bul k el ectr %al energ%/x??ge osited.into
|

ner is_the
the work- pi eces and i 3‘9’3?1 ,&f“&?%‘n’ 8 gdgteImEned) PXg "5AEH & $iFpdarFement
current through andithaespeetife deop ofc theslavastupeintiforeeach fest-lime

integrating the (gurreptior W th@CLiA@VSE - fording)l eSMBkdforging displacement
for each of these tests is determined by measuring the
displacement with réspect to zero for each test-line during
and after the time of forging.

15 The present invention, therefore, provides a method
for in-process control of the weld-quality and a method for
post-proceés verification of the weld-quality to be
utilized in a weld-quality control system for homopolar
pulsed welding. The present invention contemplates that

20 the parameters for different work-piece materials and
geometries may be empirically determined for each separate
work-piece material and geometry. Although generalized
preferred parameter magnitudes may not be applicable, the
lack of.'.éenei’al magnitudes is typical for other weld’

25 processes incorpoerating feedback control.

In a general aspect; the system includes a homopolar
generator, a hydraulic forging press to hold the work-
pieces to be welded, electrical connections to provide

30 current through the weld interface, and a contrecl system
for utilizing in-process measured parameters to control the
weld-quality during the homopolar welding process. The
system may also include a verification system for utilizing
in-process measured parameter values to verify the weld-

35 quality after the homopolar welding process.



- 5- correl ation has been enmpirically found between the bul k

energy and the tensile strength of a weld produced by honmopol ar pul sed
wel ding. This indicates that if the bulk energy into the

wor k- pteees—reaches a—predetermn

forging di splacenment occurs), a strong weld is assured. The forging

di spl acenent is al so a threshold correl ation paraneter, and represents

t he di spl ﬁ@ﬁi" of the work-pieces due to the forging hq?%“f

appl i ed duri nﬁ onopol ar pul sed wel di ng process. As 10 PG -y
back-of f di spl acenent, the values that corvré ate to a strong weld for
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of travel and final r)glng di stapce._It ma . %e sal .tﬁa{: e rate of
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Thus, three asurab&e‘iﬁara te‘ul_'s have been . dentified 30 as particularly
good wel d- qudl’i t y PR t GPRFEOL (RaY used, a8 PP c AP -BYRTYP JBeARNTEEd i n

t he bul k mat eri al Parangker to control weld-quality during a homopolar pulsed
welding process. It will be recognized that it may be
preferred to empley a combination of in-process parameters
to assure weld quality.

15
In a more detailed aspect, the present invention
provides a system for real-time weld-guality control for
homopolar pulsed welding which includes determining a
desired level of back-off displacement that correlates to
20 a desired weld-quality followed by measuring a back-off
displacement during a homopolar pulsed welding process.
The measured back-off displacement is fed to a control
system to control the energy to work-pieces being welded so
that the back-off displacement is substantially equal to,
25 or corresponds to, the desired level of back-off
displacement. It is understood that the desired level of
back-off displacement may be a range of levels, if
appropriate.

30 In a still further aspect, the present invention
provides a system for post-process weld-quality
verification for hemopolar pulsed welding. This includes
characterizing a homopolar welding system and conducting
controlled weld tests to determine at least one in-process

35 parameter that correlates to a resulting weld-quality of a
weld. Each such in-process parameter may then be used as
a post-process weld-quality verification parameter. At



wor k- pi eces around the interface; (2) thermal expansion of t he

wor k- pi ece due to the rapid tenperature rise at the I nterface (i.e.

t he back-off displacenent); and (3) the 35 displacenent due to forging of
t he work-pieces. The bul k energy deposition and the forging

di spl acenent were found to be well-suited for post-process
nondestructi ve - 6-

eval uation of wel dysghdelsy. The back-of f displacenment was f pOTSYsAR4E2e
wel |l -suited for real-tinme quality control of 8 the wel d-quality because
It may be fully evaluated prior to upset. b In certain

enbodi ments, the baCk'l%Ia%tdi&@dfggf?ﬁmpofsetpmcee@ f{,@;[@ng.u\g,giglyt QekSEicEARE

conpar ed. The back-0 cement 'S getertm ne measur, | ngrtchee
di spl acement Wi t h RAZSPEEET { 387 AP0 YRS b HEMAPRE 25 Fh R Process
test-line 10 prior tomesserednpaxsmetergkagverifphdhieorgldodunldsyapeageged by

for each of these testfel geli@ing BrdResby nMeasuring the di spl-acenent
with respect to zero for each test-line during and after the tinme of

f or gi ng. 15 5 The present invention, therefore, provides a nethod
In a more detailed aspect, the present invention

provides a method for post-process weld-quality
verification for homopolar pulsed we}.'ding wherein a desired
level of bulk energy deposition and a desired forging

10 displacement are determined to correlate to a desired weld-
quality. The bulk energy deposition, and a forging
displacement are measured during the weld. The weld-
quality may then be verified by simply comparing the
measured bulk energy deposition and the measured forging

15 displacement to the desired level of bulk energy deposition
~and the desired forging displacement.

B CRIPTT

20 The following drawings form part of the present
specification and are included to further demonstrate
certain aspects of the present invention. The invention
may be better understood by reference to one or more of
these drawings in combination with the detailed description

25 of specific embodiments presented herein.

FIG. 1 - Flow diagram of a process 100, including process
steps 102, 104, 106 and 108, that embodies the present
invention.

30
FIG. 2 - Flow diagram of a process 200, including process
steps 202, 204 and 206, that represents another embodiment
of the invention.

35 FIG. 3 - Flow diagram of a process 300, including process
steps 302, 304, 306 and 308, that represents anot;her
embodiment of the invention.



for in-process control of the weld-quality and a nmethod for
post - process verification of the weld-quality to be utilized in a
wel d-quality control system for honopol ar pul sed wel di ng. The present

I nvent+er—eontenpl ates that 20 the—parameters—for—drTTErent wor K- pi ece
materials and geonetries may be enpirically determ ned for each

separate wor k- pi ece material and geonetry. Al t hough generali zed

preferred par gnitudes may not be applicable, the permiipssePf
gener al mgni%ﬁ@o?gﬂtypi cal for other weld 25 processes Flr.lcor porating

f eedback control. In a general %spect, the systemincludes a

honopol ar g at,or, Y, Lic_forgin e to | k.t he K-
pi eces to be wel ?&? gl écF??‘gaga or?neg%i %%ér%oe[%r %@Pdeﬂg‘%&@’&% B%?é?sﬁsr ough
the wel d interfaddePind482corAG4l addst 406, thatyr rgpresentsy iEn- Srsthen

measur ed par anet efntbolddmentts®ltHehénventidsl d-qual ity during the honopol ar
wel di ng process. The systemnmay al so include a verification system

for utilizing i n-process neasured paranmeter values to verify the weld-
35 quality afterFiheShoMEpEFaR GREPArHRd sispiacement characteristics for
-7- six different weld tests -- test numbers 4.2, 4.3, 4.4,

4.5, 4.6 and 408.

FIG. 6 - Workpiece setup with physical location of the
10 voltage probes used to measure the assumed workpiece
voltages.

FIG., 7 =~ Plot of current and workpiece wvoltages for
continuous pipe test SP6.5.

15
FIG. 8 - Plot of interface power and resistance curves for
continuous pipe SP§.5.

FIG. 9 - Plot of interface resistance vs. voltage curve for
20 the continuous pipe test SP6.5.

FIG. 10 - Plot of temperature and displacement curves for
the continucus pipe test SP6.5.

25 FIG. 11 - A plot of the test current and workpiece voltages
for the coenstant load test (NSF 4.2).

FIG. 12 -~ Temperature and displacement curves for the
constant load test.

30
FIG. 13 - A comparison of the various currents for the
upset weld tests [ﬂsf-‘ 4.3-4.8).

FIG. 14 - Comparison of the displacement for the upset weld
35 tests NSF 4.3-4.8. '



I n anot her general aspect, the present invention provi des a nethod for
real -time weld-quality control in a wel d-quality control systemfor
honopol ar pul sed wel di ng, i ncl udi ng characterizing a honopol ar wel di ng
systemand 5 conducting controtted-—weld tests~to determ ne at | east one

I n-process paraneter that correlates to a resulting weld- quality of a
wel d. The tests identify at |east one in- process paraneter that my
be used as a real-tine %d- quality control paraneter.. pEggdetiden
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| east one in-process 3p 3 RY PR Glheh "HetUiGEMEScHAg8 5SS ldd1Ghe varying

wel d-quality of a

input parameter.

15
FIG. 19 - Interface power and tensile strength for upset
welde 4.3 to 4.8 with increasing discharge speed as the
varying input parameter.

20 FIG. 20 - Bulk power and tensile strength for the series of
five upset welds (tests 4.3-4.8) with increasing discharge
speed as the varying input parameter.

FIG..ZI - Intérface and bulk power and tensile strength for
25 the series of five upset welds (tests 4.3-4.8) with
increasing discharge speed as the varying input parameter.

FIG. 22 - {A) - Interface energy and tensile strength, (B)
bulk energy and tensile strength, (C) interface and bulk

30 energy and tensile strength, (D) sum of interface and bulk
energy and tensile strength; all for the series of five
upset welds {tests 4.3-4.8) with increasing discharge speed
as the varying input parameter.

35 FIG. 23 - Back off displacement and tensile strength for
the series of five upset welds (tests 4.3-4.8) with
increasing discharge speed as the varying input parameter.



wel d. Each such in-process paraneter may then be used as a post-process

wel d-quality verification paraneter. At | east one such
post-process weld quality verification paranmeter is also typically
util i zed—as—anR—A—process- - neas ' ' -
produced by t he wel di ng process. 5 In a nore detail ed aspect,
the present invention provides a nmet hod for post - process

wel d-qual ity | fication for honopol ar pul sed wel di ng pppRERINR
desired Ig5EF¥§%£bulk ener gy deposition and a desired fbrging 10

di spl acenent are determned to correl ate t@la-desired wel d- quality.
The bul k energy deposition,_, apnd,a forgin di spl,acenent are _neasured
during the wel d. FiGnh&4neal g:maf d*ﬁ?&@??%fﬂ%éﬁ“ﬁé%eﬁ?‘?’&fhbf°§i Fey
conparing the sercizsupédf hee ipsetrweldedaests oh. 3xdd 8) heithedswredsing gi ng

15 di spl acenent egy ard@aeskt i on and the
desired forging d?fshpﬁ%%ggneﬁ%@&i d°the Pdnplilg 1RHGE BaRRREEL L ON | P10

DRAW NGS
5 FIG. 25 - (A) Bulk energy and tensile strength , (B)

Interface and bulk energy and tensile strength, (C) tensile

strength and back off displacement, (D) tensile strength

and final displacement; all for the four series of upset

welds. ' -
10 ,

Fi1G. 26 - Raw voltage output from the NSF 4,21 constant

load voltage gradient test.

PIG. 27 - Derived energy gradient for the SP 10.1
15 continuous pipe test.

FIG. 28 - Derived energy gradient for the NSF 4.21 constant
load test.

20 : DETAILED DESCRIFPTION

The present invention addresses parameters to be used
to characterize a homopolar weld process as well as basis
25 for non-destructively examining the quality of a homopolar
weld. The characterization tests comprise a three step
approach to developing baseline process parameters. This
three step approach comprises tests on continuous pipe,
tests with the pipe-to-pipe interfaces under constant load,

30 and testing of upset welds.

In a general sense, the invention first characterizes

a homopolar weld process, resulting in data that may be
used to non-destructively evaluate the quality of a weld

35 and further used as a real-time quality assurance method.
Since weld dynamics occur primarily at the weld intérface,
certain parameters are directed to isolating these



20 The follow ng drawings formpart of the present

specification and are included to further denonstrate certain aspects
of the present invention. The invention may be better understood by
reference to one or nore of these drawi ngs i'M conbi nation W'th the
detail ed description 25 of specific enbodi nents presented herein.

FIG 1+ Flow diagramof a process 100, including process steps 102,
104, 106 and 108, ‘23 gbodi es the present i nvention. 30 peymussduaiez 2
- Fl ow di agr am of rocess 200, including process steps 202, 204 and
206, that represents another enbodi nent of 8he i nventi on. 35 FIG 3

- Fl di f 300, .i di .
and 308, (hat T opr eserisEaRIGEner 18 €4 ANt b mee{Ghh, pifanetils 310

et
- 9- FIG 4 - Fl cinttiregt saneisepaprtribdn 100 waysel udIngyYplimisating the
steps 402, 404 and 406;pddi¥hce cRbRfEtel A dnd igeforming eo@oEE eidh o &iifyle
I nvention. continuous pipe, and (b) by using two pipes and an
§ interface just like a typical weld, but delivering the
upset load and maintaining a constant load throughout the
duration of the current pulse. The results of these two
tests are then compared to a series of weld tests in which
only one input parameter was varied in each test (see Table
10 1)}. 1In this manner, the dynamic response of the interface
may be isolated and examined, revealing guantitative
indications whether a quality weld had been achieved.
Table 1

utput Parameters

Electrical
Current vs. time
Current uniformity
Voltage vs. time
Resistance vs. time
Power vs. time
Energy deposition

15 HPG
Initial energy stored
(rotor speed)
Magnetic field vs.
time

20 Weld Specimen
Material
Interface geometry

Surface preparation
Electrode distance "Thermal .
Temperature vs. time
- Temperatuye uniformity

25 Forging Process Mechanical
Initial load Load vs. time
Upset load Displacement vs. time
Upset time Destructive test
Deformation properties

{toughness, tensile
strength, etc.)
Microstructural

characteristics
{morphology,
uniformity, ete.)

Turning to FIG. 1, a flow diagram of process 100
includes process steps characterizing a homopolar welding
system 102, conducting controlled weld tests to deter@ine

35 weld quality parameters 104, identifying real time weld

30



5 FIG 5 - Diagram conparing displacenent characteristics for Si X

differént weld tests -- test numbers 4.2, 4.3, 4.4, 4.5, 4.6 and 4. 8.
FIG 6 - Wrkpiece setup with physi cal | ocation of the 10 voltage pr obes

£

used to—ueasure the assuped wor kpieee———pat-ages- -G—F PHot
current and wor kpi ece vol tages for continuous pipe test SP6.5. 15

FIG 8 - Plot of
pi pe SP6. 5.

I nterface power and resistance curves for conti nuous

Ul

FIG 9 - Plot of interface resistance.vspc§ﬁ§%@ curve
for 20 the coWOIH¥E¥S pi pe test SP6.5. FIG 10 - Plo %ger ature
curves for - t he conti-nudus pi pe test SP6.5. 25 FIG

11 - A plot of the test current and workpi ece voltages for the
constant | oad tesMmality parameters 106 @ndlztllflﬁmei’-hﬁﬁ randd tdrs prekd nent

and di spl acenent

curves for t he

al‘iﬁ?StﬁdﬁauleQadst asd . céfitrol Meld 1aua1ﬁ3comnein§ora of

the various curr qs (01, (15 cug wiPESly Wikdek§sicn (NSF 4.3-4.8).

5

10

15

20

25

30

35

FIG. 2 depicts a flow diagram of process 200,
including process steps of determining a desired level of
back-off displacement correlating to a desired weld quality
202, measuring' the back-off displacement during the
homopolar pulsed welding process 204, and feeding the
measured back-off displacement to a control system to
control the energy to the work pieces 206.

FIG. 3 is a flow diagram of process 300, including
process steps of characterizing a homopolar welding system
302, conducting controlled weld tests to determine weld
quality parameters 304, identifying post-process weld
quality verification parameters 306, and utilizing the
post-process weld quality verification parameters to verify
weld-quality after the homopolar welding process 308.

FIG. 4 is a flow diagram of process 400, including
process steps of determining a desired level of bulk energy

deposition and displacement 402, measuring the bulk energy
" deposition and the forging displacement after the homopolar

pulsed welding process 404, and verifying the weld quality
by comparing the measured values to the desired levels 406,

FIG. 5 shows displacement wversus time curves that
trace a typical forge welding sequences in gix different
weld tests -- test numbers 4.2, 4.3, 4.4, 4.5, 4.6 and 4.8,
in which pipes were placed end-to-end prior to welding.
The back-off displacements shown were determined by
measuring displacement with respect to zero of the lowest
point for each test-line prior to the time of forging. The
forging displacement for each of these tests is determined

by measuring the displacement, with respect to zero, of the

highest point for each test-line after the time of forging.



FIG 14 - Conparison of the displacement for the upset weld 35 tests NSF

4. 3-4.8. - 10 - FIG 15 -
Conpari son of workpiece | oads for the upset weld tests NSF 4. 3-4. 8.
FIG 16 - Tensile testing data for—the series of five upset 5 welds (tests
4.3-4.8) wth increasing discharge speed as t he varying i nput

par anet er. FIG 17 - Discharge speed and tensil.e strength for the
series of five ups&&%ﬂs (tests 4.3-4.8) with increasing 10 pbTAsha202
speed as the varying I nput paraneter. FIG 18 - Peak current and
tensile strength for upset welds 4.3 to 4:8%ith increasing discharge

Speed as, the varyi no. sopel B cR8LYIP\Rias s seen, FrBoably add "B/ LANGLAGHE"

and tensile strength
in heating, and therefore softening of the metal. It should

.

also be noted that test 4.2 represents a homopolar pulsed
weld done without forging.

Before discussing the examples, attention is directed
to F1G. 6a, which is a schematic diagram of the apparatus
employed in the examples. The apparatus shows the physical
location of the voltage probes used to measure the assumed

10 workpiece resistances. Also shown 1is the setup of
measuring the interface resistance by one leg each of two
thermocouples located on either side of the interface.

In conducting a test, current is delivered to the
15 interface of the pipes by the copper electrode pads clamped
to the outside surface of both pipes. Current flows
axially through the electrode fingers into the pipe, across
the interface, and through the other pipe and electrode to
complete the circuit. A positive stop limits the
20 displacement of the pipes during application of the upset
" load. When the upset load is applied, the pipes are
typically hot enough to deform plastically at the weld
interface. The positive stop acts to limit deformation and
‘minimize the upset region that protrudes out from the

25 inside diameter and outside diameter of the pipe.

Controlling the load under which the two pipes are
butted together is a hydraulic cylinder and servo-valve
feedback loop (FIG. 6B). Using the output of a load cell

30 to measure the axial force on the pipes, a controller
maintains the initial load by making constant adjustments
with the servo-valve and delivers the predetermined upset
load at the upset time.

35 The following examples are included to demonstrate
preferred embodiments of the invention. The techniques
disclosed in the examples were discovered to function well



welds 4.3 to 4.8 with increasing discharge speed as the varying input
paraneter. 20 FIG 20 - Bulk power and tensile strength for the series
of five upset welds (tests 4. 3 4.8) with |ncrea5|ng dlscharge

speed as—t+he—vwaty+ng i nput par anet e+ H-G—2% Hter-face—and—butk
power and tensile strength for 25 the series of five upset welds (tests

4.3-4.8) wth i ncreasing discharge speed as the varying input

par anet er . I 22 - (A) - Interface energy and tensi th, (B)
bul k energy aH‘EP%‘Eﬁ‘gﬁ e strength, (C) interface and bul k 33@@%%‘?"%@9%(1
tensile strength, (D) sumof interface andjBulk energy and tensile

strength; all for the series of five upset welds (tests 4.3-4.8) wth
i ncreasi ng di schakye thgeepracticeasof hethear \inwgntimpyt padansiuex . can3%e FI G

23 - Back off di 3&311%@.@@9@& @adc&z@t&theesgféfwaf Qﬁ\bodxmenttlﬁe S@hbES -ef lve

upset welds (test 3 jngreasin | schar ee as t
varying i nput par o e k" will, in light o é%e pre ¢losure,

appreciate that many changes can be made in the specific

5 embodiments which are disclosed and still obtain a like or
similar result without departing from the spirit and scope
of the invention.

Contipuous Pipe Test Example

10 This test eliminated the welding interface from the
discharge circuit by installing a single continuous pipe
between the pipe weiding electrodes. The purpose of the
test was to provide a baseline set of process curves to be
compared to subsequent tests when the interface is put back

15 into the circuit,. In addition, this test was used to
derive the values for the lumped electrical elements used
as a baseline for developzng a state-variable model of the
entire system.

20 The value for the discharge speed (initial energy
stored) was chosen to approximate the range in which the
subseguent constant load and upset weld tests were to be
performed. This discharge speed for the continuous pipe
test may be less than the final value used in the upset

25 weld tests. With an initial energy stored value of 1406.6
kilojoules at 2000 rpm, a magnetic field v. time of 0.66
constant Tesla, an electrode distance of 0.5 in, an initial
load of 13.5 kip, the output parameters for the continuous
pipe test are presented in FIG. 7 through FIG. 10, using

30 Sch. 160, X52 medium carbon steel pipe.

FIG. 7 shows the current pulse measured in the
discharge circuit and the derived workpiece wvoltages. The
locations of the voltage measurement probes are the same as

as presented in FIG. 6. The interface voltage curve is the
voltage measured by interface voltage probes, and serves as



- 11 - FIG 24 - Final displacenent and tensile strength for the
series of five upset welds (tests 4.3-4.8) with increasing di schar ge
speed as the varying input paraneter. 5 FIG 25 - (A Bulk energy and
tensile strength (B - | nt erface and bul k'enérgy and tensile
strength, (C) tensile strength and back off displacenent, (D) tensile
strength and final displacenent; all for the four series of upset

wel ds. 10 FI Gyodnsesfiaw vol tage output fromthe NSP 4. 21 CPOTAISSSM2402

| oad vol tage gradient test. FIG 27 - Derived energy gradient for the
SP 10.1 15 continuous pipe test. FIG ¥~ Derived energy gradient

for the NSF 4. 21 constant .|l gad test 0 - . I D
DESCRI PTI ON a”baseline %&% 5&%?&%\%% ERSEfrEe the mter‘?%;e[é k5

present invention addip&esest paraneters to be used to characterize a
honopol ar wel d process as well as basis 25 for non-destructively

exanm ning the quality of aFf@.erols&E?% he ol fy erf: '\Ckﬁé@e‘it elld YA rhRabs

conprise a three step appr oac dgevel opi ng basell ne Erocess
parameters. This 5  cupves, sGepivghr UALRG cShpr iIETERCE s VRATAMt ARG FOLAL
- pi pe, tests w thditeupt peukdefi pe iThkerdfeaadesanceecureasthovs | aadlight

and testing of UPSet YgkdSase as the bulk ReRPOAIAlre¥AMes 'hdn' PELHLL an
asymptotic value as the energy input from resistive heating
is balanced by the energy lost via conductive heat

10 transfer.

As a check on the value of the derived resistance
curve, an approximate resistance can be calculated from the
known geometry and material property data. The resistance

15 Dbetween the interface voltage probes may be calculated by
the following equation:

p-Pe! _ (0.167E-6) (0.012)
F 2.716E-3

= 0.74ufl Equation 1

20 where:
R = resistance derived from interface voltage probes (Q)
Pe = electrical resistivity of steel at room temperature =
0.167E-6 G-m
1 = distance between Vi .orface PYobes = 12 mm = 0.012m

25 A = cross-sectional area of pipe = 4.21 in? = 2716mm?

Comparing the value for the resistance in equation 1
and the asywptotic value in FIG. 8, it can be seen that the
increased resistivity due to the higher pipe temperature

30 makes a measurable difference. However, the room
temperature assumption for the resistivity proves a good
approximation.

The measured interface voltage was plotted against the
3s derived interface resistance in FIG. 9. This curve shows



a honopol ar weld process, resulting in data that nmay
non-destructively evaluate the quality of a weld 35

be used to
and further used as a

real -tinme quality assurance nethod. Since weld dynam cs occur primarily
at t he—wetd—nterface, ——certain—paranerers are directed to

I solating these -12-

dynam cs. In the course of the invention, paraneters of I nterest are
separated in tygexmyss (@) by elimnating the i nt er f acepcaayspénioal y and
performng tests wmth a single continuous pipe, and (b) by using two
pipes and an 5 interface just like a typrdd -weld, but delivering the
upset | oad and maintaini,ng a.constant |oad throughout .the .duration of
the current pul sef ?ﬁetbgsGWHEe f RBRHES the Pe1ar e KeREARE O MBAPEd t o

a series of weld cemparisenihizha calowulateshesteasint sratenenishapcearsed in
each test (see TaRbgrdde chrwve &fftf¥dchmnner, the dynam c response of the

I nterface may be isol ated and exam ned, revealing quantitative

i ndi cati ons whether a quality weld had been achi eved.

Table 1 5 | NPEAG Palambowesthe temperatureycyiveP i maasuwredsby HPG
El ectri cal twbERdrocelpley 1dcated 12 mm apaft| I lshvm in MG, 6.

10

15

20

25

30

35

Typical of the thermocouple data presented in this test,
the difference in rise times of the two thermocouples was
not necessarily an indication of a difference in the
material temperature. Rather, the difference may be due to
the difficult nature of establishing a repeatable
thermocouple attachment to the workpiece.

Also shown in FIG. 10 is the displacement of the
workpiece during the current pulse. If the workpiece had

~ become sufficiently hot, a noticeable negative displacement

would be shown on the plot due to the thermal expansion of
the bulk material of the pipe. Since the hydraulic system
maintains a constant load, it allows backward movement of
the platens when the workpiece thermally expands. The
thermal expansion is defined as the back-off displacement
(Dyo) and can be considered an indication of the total
energy deposited into the workpiece since it is directly
proportional to the temperature of the bulk material. The
approximate back-off displacement may be calculated ‘from
the temperature and coefficient of thermal expansion.

Al = alAT = {12.0E-6) (1) {268) = 0.0032 in. Equation 2

where:
a2l = change in distance due to thermal expansion (in.)}
a = steel room temperature coefficient of thermal expansion
= 12.0/°C '
1 = room temperature length = 2(0.5 in.)= 1.0 in.
AT = approximate change in pipe temperature = 268°C



(rotor speed)

VS. Vol t age vs.
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Surface preparation
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Power vs. tine 20
Mat erial
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As can be seen from the lumped elgnﬁgta@pergggaxggnly 11%

uni o €hé ¥energ8iinitddlly stored in Bhendéneratoll £ abrudlly
fl ow di agram of proce

| ess p erizi
Sigdlfien ' O \GESRIIGRRESS SR 3o LB G e on
|F9?n@mP§aJaQi dBtexfare was
introduced into the circuit (as seen later in Table 8).
As used herein, "lumped" means the mathematical convenience
of combining all of the distributed resistances and
inductances in the electro-mechanical circuit into discrete
elements.
Table 2

The standard data synopsis for the continuocus pipe test
(SpP6.5) .

'Descrlptlon Units Data
Experiment No. SP6.5
Experiment Date 3/25/92
Experiment Type continuous
Rotor speed rpm 2200/2000
(setpoint/actual) kJ 1404.6
Initial rotor
energy
Current Pk/time ka/sec 278/0.112
Pulse Length sec . 2.2
Voltages “
Hpg Peak/time V/sec $.0/0.015
Circuit Peak/time V/sec 3.3/0.022
Electrode Peak/time V/sec 0.28/0.105
Bulk Peak/time V/sec 0.86/0.130
Interface Peak/time V/sec 0.18/0.200
Resistances at Peak
current
Bpg pa 16.2
Circuit filed 8.7
Electrode 1y 1.0
Bulk file] 3.1
Intexrface uQ 0.6
Powers -




- 13 - qual ity paranmeters 106, and utilizing these real-tinme weld

quality parameters to control weld quality during a honmopol ar pul sed
wel di ng process 108. 5 FIG 2 depicts a flom/diagran1of process
200, ——ineludi-ng process—steps of—determnrng—a—destredtevet—of

back-of f di spl acenment correlating to a desired weld quality 202,
nmeasuri ng the back-off displacenment during the. honmopol ar pul sed wel di ng
process 204, gﬂgghﬁﬁging the 10 neasured back-off di spl acuprikesh240d
control syste control the energy to the work pieces 206.

FIG 3 is a flow diagram of process 300, ingd uding process steps of
characterizing a rabhbeat afcontligued) system 15 302, conducting controlled
weld tests to detern1ne wel d quallty paraneters 304, identifying

post - process weld___ s 06 __ang zi ng

t he post - pr oc
wel d-quality aft ef
a fl ow di agram of | gp

:ersthaygflfy ]
LU || 4|S

kW/ﬁPchss t eps -of-~det er mjni ng a

desired | evel of KCB £ gosltloﬁw R8Cdi spl ceneﬁ?‘402 ne suring
the bul k energy E éﬁﬂm e for fn8eqi spl 'F bt
honopol ar %2 }Qﬁ &991 s 04, ggrlfyl quallty
by COprarl ng t he [reastret—vattes—to—tire—desrreo—tevet FI G
5 shows di spl ace b Interfacss Enexgycur Vles t hat
Depogition
Time at 25% of sec 0.193 h
final sec 0.372
10 Time at 50% of sec D.660
final -
Time at 75% of
final
Energ;es
i5 Brush final/% of kJ/% 244/17
final kJ/% 643/46
HPG final/% of kJ/% 304/22 h
final kJ/% 34/2
Circuit final/% of kJ/% 121/9
20 final x3/% 28/2
Electrode f£inal/%
of final
Bulk final/% of
final
25 Interface final/%
of f£inal
Energy Budget - -~ | - kJ/% 31/2
Displacement mils/in 1/0.0
back/final :
30 Tensile Strength
with upset lips ksi .na
without upset lips ksi 89/90
Failure wrt weld na
line
35 | Comments nt = not tested
! na = not applicable
-

40 The continuous pipe test also serves as a means of
characterizing the values of the various lumped elements in
the circuit. This was done by comparing peak voltage



trace a typical forge welding sequences in six different 30 weld tests --
test nunbers 4.2, 4.3, 4.4, 4.5, 4.6 and 4.8, I n which pipes were

pl aced end-to-end prior to welding. The back-of f displ acenents shown
wer e determ ned by measur i ng -e¢tspl acenent -wrth respect to~zero of the
| owest point for each test-line prior to the tine of forging. The 35
forgi ng displacement for each of these tests is determ ned by measuri ng

t he di spl acenent, PM fspect to zero, of the hi ghest poi pictivsssness h
test-line after the of forging.

- 14 - Sone variation in welds is seen, 'prZ:Sbany due to variations
I n heating, and therefore softenin 8 of, t he rretal al so,_ be

noted that test 4.2 r&preegnpgedi g3 afn pﬁ?gﬁ?f‘lmatemg‘lua'r’agnglﬁl"?ﬂ%'tjt RLC
forging. 5 Belosed tfisrmussl cuj atiionct@ it cpsakavodtages walye s imeasueed

tgngSa 6|Ae WﬂiTﬁh i S %%f@ﬁ&ﬁt i-ﬁurﬁgémrar&nead hfnaemraisaaarge cQEFEhQNeld By
brobes Ubed i 0 meagyr SERESHERShe FeLerE o U o APAIVARHAY o pefietaiiel 0| 284°
shown is the set upingbctanceseirsuthegelpredrfioamf a?écnéet%qranc@mmnete
l eg each of two LReLepCcaMp o Lapedatted wairkh@évalichedol the 1idientass.
of this type of analysis is that the lumped element values
used in the closed-form solution were assumed to be
constant. Since it has been shown that the workpiece
10 resistance varies significantly during the current pulse
and the homopolar generator inductance can vary as current
diffuses into the rotor (Pillsbury, 1976), the lumped
element values determined in this aﬁalysis can only be
considered to be approximate. However, the lumped element
15 model did prove to be an easy method of examining the
discharge circuit.

Using the peak and time-to-peak values shown in Table

2 as a guideline, RLC circuit values were developed for a

20 closed-form solution that yielded the same results as those
measured. First, a total resistance and inductance was
determined that would produce the same peak current (278

kA) and time-to-peak (112 ms) as was measured in test SP

' 6.5 (continuous pipe). "The total resistance and inductance

25 were then separated and associated with the various lumped
elements in the circuit. The predicted voltage for each
lumped element was then calculated from the complete
‘equation for element voltage, including both the resistive

and inductive texrms (Equation 3). By empirically varying

30 each individual resistance and. inductance and then
comparing the resulting voltage output to the corresponding
measured peak value, an approximate impedance value for
each lumped element was determined. Table 3 shows the
separation of the derived total values for resistance and

3is inductance into the individual lumped values. The values
of the resistances calculated using the measured voltage to
measured current ratio {(at peak current) in Equation 3 are



In conducting a test,

current

pi pes by the copper electrode pads cl anped

is delivered to the 15

interface of the

to the outside surface of

bot h pi pes. Current flows axially through the el ectrode fingers into
the pi pe—across the interface —andthrough the other pipe-and

el ectrode to conpl ete circuit. A positive stop limts the
20 di spl acenent of the pipes during application of the upset | oad.
When the upset load is applied, the pipes are typi cal |y _hot enough to
def orm pl asti c¥® the weld interface. The positivéy to

l[imt deformation and

fromthe 25

mnimze the upsgi +egion that protrudes out
I nsi de di aneter and outside dianeter of the pipe.

Control ling the | @d@oustievn i cfakiliec 3t w8 pi pewpatrison to bhetRUC tdygsivedr s

a hydraulic cyli nd@uuagd S@aNTe \@ldpares éﬁ@mmawoiﬂ&

t he output of a IQ%Q glgﬁ%eﬁﬁﬁnqggﬁarggﬁthe axt$

naln

controll er

upset tinme. 3b

preferred embodi ments of the invention.

force on th
GEEIRY HHRNERY: v

with the servo- vaﬂ?@lanﬂ delivers the predetern1ned upset

éﬁ?ﬁﬁsp gnga
“ﬁ§tﬁ€hts

| oad at the

The foll owi ng exangagleage i ncl uded to denonstrate

Therpechn[ques

di scl osed in

t he exanpl es were .|%§overe.
umped Measured
Element Resistance Resistance Inductance |}
(u0) (uQ) (#H) f
Hpg 16.2 16.3 0.240 41
10 Circuit 8.7 11.2 0.315 E
§ Electrode 1.0 1.0 0.006
Bulk 3.1 3.1 ~0.080
Intexrface 0.6 0.4
Additional ———- -4.8
15 Total 29.6 'I 27.2
e e
Table 4
20
— =~ peere = T
Lumped Measured Vbltages I Calculated Voltages
Elements s
peak time of peak time of
(V) {V) peak (V)
| _Hpg |
ﬂ Circuit |
25 Flectrode * 0.28 105
Bulk ‘ 0.86 131
30 V.=V +V, =R I+ L EZ .
e ' f . s g Equation 3
where:

Ve = total lumped element voltage drop (V)



- 15 - in the practice of the invention, and thus can be

considered to constitute preferred enbodi nents. Those of skill in the
art will, in light of the present disclosure, appreci ate that nany
changes can be made in the speci f+c—5 enbodi memts~whi ch are di scl osed and
still obtain a like or simlar result w thout departing fromthe
spirit and scope of the invention. Conti nuous Pi pe Test Exanple
10 Thi's testggldmdesiat ed the welding interface fromthe perudbsiaiar ge
circuit by installing a single continuous pipe bet ween t he pi pe

wel di ng el ectrodes. The purpose of the tes#h2 ias to provide a baseline
set of process curves o be . _. co red t.o suhsequent tests en,t he
interface i s put back '£5% “ﬁ‘?‘ts&"?ﬁe%i %?"P afb"‘n aagam%rﬁie?‘ﬁf' St was
used to derive tNg wainductive voldagengvop diteé@ Aumped @lement s(Wsed

as a baseline for devel opi aSkRéfentaireg D Cardud qluopf t he entire
system 20 TheI\?aI ue far the_ di sc(I%‘ rge speed (initial energy
stored) was chosen to aﬁp‘f”b&?% SUFRSY a‘pge in which the subsequent
constant | oad and %upsde nelurpedselengnte ipgugeance (Hyerformed. This

di scharge speed for the continuous pipe test may be |l ess than the
final value used in the s. Wth an initial energy

stored val ue of 1406, cone= a magnetic field v.

0] 0 OO0 rpm fie )
time of 0.66 const ant TR SORStARE Joad: Fesfe Whss ThAREXH sbeB im isplating
initial | oad of &8a5ekiapinidte the pittexfeaseidynanics. t husingt twoopipes
pipe test are pfeﬁfnt 9dsbfrdd Gn 7ehél Eéfajhnyle tRgged exé%&y 1P{ke %02
medi um car bon st ee plgg‘ | 7 shows_ the _current pd] se
measured in the typical weld test, the initial load on the pipes was

maintained constant throughout the duration of the current
pulse. In this manner, the interface voltage and
resistance could be examined without the upset required to
15 produce a strong weld. The input parameters for the

constant load -test are shown in Table S.

-




di scharge circuit and the derived workpi ece voltages. The | ocati ons of
t he volt age nmeasur enent probes are the same as 35 presented in FIG 6.

The interface voltage curve is the vol t age neasured by interface
vol t age—pr obes—and serves-as -
16 - a baseline for subsequent tests where the interface is
present. FIG 8 shows the "interface" power and resistance S
curves, derived u5|ng the interface voltage and total %h@ i gurrent.
The resistanc®WaHSshows a sl ight i ncrease as the bul ture
ri ses then reaches an asynptotic val ue ;as.the energy input from
resistive heating I s bal anced by the energy | ost via conductive heat 10
transfer. As a check on the vafltablef5the derived resistance
curve, an approxi mate resistance can be calculated fromthe known
geonetry and mater al,gg erz% data. _The e5|stance 5 _between the
i nterface vol t age #S‘Fob ‘gﬁ? peters fiox: the sPnstant foad fiest,ilhgse ISR i on:
4.2),
5
Input Parameters Value Units
HPG
Initial energy 1980.6 (2375) kilojoules
stored {(rpm) (rpm)
1o Magnetic field wvs. 0.66 constant Tesla
time .
Weld Specimen
Sch.160
X52 medium
15 Material carbon steel na
' Area = 2.716E-3 m?
4.21 in?
Intexface geometry flat na
Surface 63 lathe turned ms
20 preparation
Electrode distance 0.5 (12.7) in (mm)
Forging Process
Initial load 13.5 {60) kip (kN)
Upset load none kip (kN)
25 Upset time  none sec
| Deformation none in (wm)
| (positive stop)
na = not applicable
30
The value for the discharge speed was increased over
the continuous pipe test since the heating in that test was
observed to be less than that expected to produce a strong
weld. These results indicate the processes for
35 quantifying the proper weld parameters. Like the

continuous pipe test, an additional constant load test was
performed at the final upset weld parameters after they had
been determined.



R=Pe[err] = (0.167E-6) (0.012)= 0.74uQ Equation 1 A

2. 716E- 3 0. 74pQ Equation 1 20 where: R = resi stance derived
frominterface voltage probes ([err]) Pe = electrical resistivity of
steel at roomtenperature 0. %676 [err]-m— 1 = distance between
Vinterface probes = 12 mnm = 0.012m 25 A = cross-sectional area of pipe =
4.21 in[err] = 2716mjerr] Conparing the value for the

resi stance in equa&bgauiﬁ and the asynptotic value in FI G pgrusssnsftp be
seen that the I'ncCreased resistivity due to the higher pipe tenperature
30 nmakes a neasurable difference. Howeve?f4 - the room

tenperature assunption for the re ist'vi%¥@&roves a

.oogl_,m - .
appr oxi mat i on. FREPHESE fPeF Fﬁ'&%“?/(ﬁ‘gﬁg (s 73K ofR ctperease
agai nst the 35 deriveih itheerindevfacsivildage is Fheynoln MIG.s 1dudue $Rokde

- 17 - addition of the interface in the constant load test. The
existence of the interface also produces a noticeable
5 effect in the bulk voltage. After it reaches its peak
value, the bulk voltage decreases more slowly than the
interface and electrode voltages because of an increase in
resistance due to the increasing bulk temperature of the
pipe. Since there is essentially no bulk heating in the
io0 interface or electrode voltage measurements, these two
curves follow the current pulse closely. The slight knee
in the interface and bulk voltage curves at approximately
0.7 is usually an indication of some non-uniformity in the
current distribution and subsequent heating pattern in the

15 workpiece.

The data synopsis for the continuous pipe and constant
load test are shown in Table 6. Even with a higher
discharge speed in the constant load test (NSF 4.2), the

20 peak current is seen to be lower than that produced in the
continuous pipe test. This is because the interface
introduces enough increase in the total circuit resistance
to reduce the resultant current. This increase can be seen
by comparing the interface resistances at peak current.

25 The internal HPG resistance, which is the inherent (or
internal) resistance of the homopolar generator, is also
seen to show an increase that would further reduce the
current output. This variation in HPG resistance was seen
throughout the testing and is thought to be variability in

30 the contact force of the brushes in the generator. The
existence of the interface between the pipes can alsoc be
seen by comparing the energy deposited in both the bulk and
the interface. While the bulk energy deposited for both
tests remains at 9% of the initial energy stored, the

35 interface energy increases from 2% in the continuous pipe
to 7% in the constant load test. As shown in FIG. 12, the



t hat the pul sed nature of the honopol ar

cal cul ated steady state resistance vs.
FIG 10 shows the tenperature curves as neasured by

| ocat ed—t2—rrapart,

data presented in
thernncouples was
t hem 10

the difficul
attachnment to the

di spl acenent of the 15
bagiceffedigrlacement 1iF A
thintdebeasdhown on the plot due to the thernal
d5% he hydraulic system

the platens
expansion is

wor kpi ece had
di spl acenent

of the bul k materi al
mai nt ai ns a const ant
when t he workpi ece thernally expands.

TRl Gl Bk

as shoewn—in Fl
this test,

heati ng makes
vol tage curve difficult.
two thernocoupl es

conparison to a

not necessarily an indication of a difference in

rrper at ure.

morkplece

| oad,

Rat her,
establlshlng a

of . t he pi pe. St
|t al | ows backward novenent. of 20

The

the difference na*c?
repeat abl e

wor kpi ece during the current pulse.
gso greaser clughte thydeppéng of

t her mal

fosstiSes

(0]

5

t he d|fference inrise tines of the two

rmocoupl e
-Akso-shown in FIG 10 is the

| f-the

expansi on

defined as ths back-THd siaaﬂkﬁmew&ﬂtsynopsiéﬂb&hbiixﬁyuihéa&cﬁfﬁﬁuﬁﬁﬂ dered an

i ndi cation of the tot ltp grge,r g#ddggggdér&d 10950 ﬁ%&e Eé%ﬁe since it
Is directly pr op o t erature o h ul K- mat'eri al
25 appr oxi mat e back off dlsplacenent nay be calculated "from t he
tenperature and dOErTT1Clent ‘ QG ap = rr
(12. CE-6) (1) (2;< P nu&hﬂ- 3dpata ata re:
[err]] = change wgﬁegtiq,ggg fie to t her mal expnsigpg . §i n. NSF4.2
10 Experiment Date 3/25/92 3/17/92
Experiment Type continuous const.
load
Rotor speed rpm 2200/2000 | 2500/2375
{setpoint/actual) kJ 1404.6 1980.6
Initial rotor
s energy
Current Pk/time kA/sec 278/0.112 | 267/0.122
Pulse nggth sec 2.2 2.8
Vbltgggs
HPG Peak/time V/sec $.0/0.015 | 5.3/0.015
20 Circuit Peak/time V/sec 3.3/0.,022 | 3.3/0.020
Electrode V/sec 0.28/0.105 | 0.35/0.11
Peak/time V/sec 0.86/0.130 0
Bulk Peak/time v/sec 0.18/0.200 | 0.88/0.16
Interface 0
25 Peak/time 0.79/0.16
: _ A
Resistances at Peak Current
BPG UQ 16.2 19.9
Circuit e 8.7 8.7
Electrode e 1.0 1.3
30 Bulk ue 3.1 3.3
Interface p 0.6 2.9
Powers
HPG Peak/time kW/sec - ———-
Circuit Peak/time kW/sec ———- ———
35 Electrode kw/sec ———- ————
Peak/time kW/sec 240/0.120 | 233/0.130
Bulk Peak/time kW/sec 48/0.138 208/0.130
Interface
ff Peak/time
40 uInterface Energy Deposition

The



a = steel roomtenperature coefficient of thermal expansion

12.0/[err]C 1 = roomtenperature length = 2(0.5in.)=1.0in. 35
[err] T = approxi mate change in pipe tenperature = 268[err]C

- 18 - A synopsis of standard data i s~presented in Table 2.

As can be seen fromthe |unped el enent energies, only 11% of the energy
initially stored in the generator is actually deposited in the

wor kpi ece. This percentage deposition 5 increases to apprGgrigbdzsnzl7%
when an interface &EE“““”sintroduced into the circuit (as seen later in
Tabl e 8). As used herein, "lunped" neans ties mat hemati cal

conveni ence
of conbining all of tmabdesé r({duntdduedlsi st ances and

i nduct ances in the

el ectronmechanical circuit into discrete 10 el enents.
Table 2 The g ' nansi o ~Aont i
(SP6.5). 15 Dej
Time at 25% of sec 0.193 0.205
final sec 0.372 0.410
Time at 50% of sec 0.660 0.755
final
5 Time at 75% of
final
H Energies
Brush final/% of kJI/% 244/17 366719
) . " K £inal k3/% 643746 912/46
10 HPG final/% of kJI/% 304722 374/18
final o kJ/% 34/2 52/3
Circuit final/% of kJI/% 121/9 181/9
final kJI/% 28/2 134/7
Electrode final/%
15 of final
Bulk final/% of
final
Interface final/%
of final
20 Energy Budget kJ/% 31/2 (-)?g/(-
Displacement mils/in 1/0.0 9/0.0
back/final
Tensile Strength
with upset lips ksi na nt
25 without upset lips ksi 89/90 .. nt
Failure wrt weld ' na nt
line
H Comments nt = not tested
H Notes na = not applicable I
30 )
Upset Weld Tests Example

The purpose of this series of testing was to hold all

process control parameters constant while increasing the

35 energy deposited at the interface by increasing the
discharge speed of the generator. This produced a series

of welds that began with insufficient heating at the
interface (discharge speed, or stored energy, too low) ;nd

ended with slightly more than enough heating (discharge



Experi ment No. SP6. 5 Experinment Date

3/ 25/ 92 " Experinent Type conti nuous 20 Rot or
speed rpm 2200/ 2000 (set point/actual) '
kJ 1404.6  ——no4niti al +ot-ef SREgY Corrent—PkHtTme
KA/ sec 278/ 0.112 -25 Pul se Length sec

2.2 Vol t ages Hpg Peak/tine - VI sec 5.0/0.015
Circuit Peak/tine V/ sec 3.3/0.022 El ectrode Peak/tine
V/ sec WOg62883%0. 105 30  Bul k Peak/tine v/ R LUS96/02402
0.86/0. 130 Interface Peak/tine V/ sec 0. 18/0. 200

Resi st ances at Peak Cur r ent Hp&v - [err]
16.2 35 Circuitgpeed, or stored energy, higher thard: recessaxyF.€Clipée
[err] Bul k . fer-uf . . ?(:"1 Inéerface
0.6 Power s determination of whether sufficient heating occurred was

based on the tensile strength of the weld joint, and
whether the joint failed at or outside of the weld line.
S Although tensile strength alone is not a clear indication
of a quality weld, the intent was to use a standard,
quantitative method of comparing the weld tests. Table 7
shows the input parameters for the upset weld series of

tests.
10
Table 7
The input parameters for the upset weld tests (NSF 4.3-
4.8).
15
e e T e ———a e ———————— 2
|__tnpuc Parameters |  value |  units |
| HPG | ' '
Initial energy increasing kilojoules
stored (rpm) {rpm)
20 Magnetic field vs. 0.66 constant Tesla
time B
Weld Specimen ' . j
- Sch. 160
X52 medium
25 Material carbon steel na
Area = 2.716E-3
mz =
4.21 in?
[ Interface geometry flat na
Surface -} 63 lathe turned . rms
3o preparation
Electrode distance ¢.5 (12.7) in (mom)
Forging Process
Initial load 13.5 (60) kip (kN)
Upset load 84.2 (375) . kip (kN)
35 Upset time 1.0 sec
Deformation 0.063 (1.6) in {mm)
(positive stop)
. e -




- 19 - Tabl e 2 (continued) Description Units

Dat a Hpg Peak/tine kKW sec Circuit Peak/tine

kW sec El ect r ode Peak/ti nme kW sec Bul k Peak/tine

kW sec 240/ 0.120 5 | nterface Peak/tiae kW sec

48/ 0. 138 I nterface Energy Deposition Time at 25% of

sec 0.193 final ‘ sec _
0.372 10 Time at 50% of sec 0. 660 ' | .
Time at 75% of WO 95126938 Ener gi es rcrmsmz 15
Brush final/ % of kJ/ % 2441 34 _ fina

kJ/ % 643/ 46 HPG fi nal / % of kJ/ %

304/ 22 final na = not applicablekJ/ \% 34/ 2 . Crcuit
final/% of kJ/ % 121/9 20 final

kJ/ % 28/ 2 El ectrode final/ % of final Bul k
final/ % of final 25 Interface final [ % f fipal . Ener
Budgét ’ kJ/ % The upset 1gadwas C{"c‘gﬁ ?ﬁﬁﬁge‘?ﬁeﬁge assumption t}%‘
mlelin E 0. fhe weld benk/dhondfl Bfach approximat8lychififC. Standarxd

forging practice {(Metal Handbook, 9th Ed., Vol. 14) 1lists
the optimum forging pressure at 1100°C to be 20 ksi (this
corresponds to B84.2 kip with a 4.21 in? weld area). The
upset time was intended to occur near the peak temperature

10 of the weld =zone, determined £from the temperature
measurements and video of the previous constant load test.
In order to begin examining the trends in the data during
this series of tests, the data synopsis is presented first
(Table 8).

1s



na

i ps

Ksi na Wi t hout upset
Failure wt weld
Not es

89/ 90

Coment s

l'i ps

W th upset
ksi '

not tested

nt

line 35

not_applicable —lunped El enspi—Bvaliation ~—Conti-rtous—Ppe—TFest—

na
40
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10 resistance varies significantly during the current pul se and the
honmopol ar generator inductance can vary as current diffuses into the
rotor (Pillsbury, 1976), the | unped el enent val ues determned in this
anal ysis can only be consi dered—to be approximate. However;—the | unped
el ement 15 nodel did prove to be an easy nethod of exam ning the

di scharge circuit. Usi ng the peak.and tine-to-peak val ues shown
in Tabl e 2 as yjdeline, RLC circuit values were develogﬁgﬁégéﬁﬁ)ZO
cl osed- forn1so|ut|8W yi el ded the sane results as those 2
First, a total resistance and |nductance was -3odetern1ned t hat woul d
produce the sanme peak curpme . - S

was neasured in test SP 6.5 (co1tiqggy5$gbpe) nde
and inductance 25 were thef §eparat ed |ane 3$Hci at ed
in th e lpded B d vol
| unped el ements in tf e1C T eg;gstaste vol t
| unped el ement was then gabRduk 2L T o blkeESRP! et e
. . . e O o
el ement voltage, includirg Both the [egien Qet® and
. .. i . P . ..
(Equation 3). By enpiricgly varyingt 30 _&ach _indjyj dL@I [esistance} dnd.
I nductance and then | ¢onparing| theoresy Li ng voItageJoutput to Lhe
correspondi ng measurfed {peak val pe, ﬁmagpnoxi mat e |i npgdance val ug flor
, L T O et et )
each [ unped el emrent was ¢ é*r‘r&bned»u 'Iaglce- ghovvs t he ase@ar at i pn |of
the derived total values [f ] & eshstdhcg };Qﬁ%\ i nduct gnce |i 8%t he
i ndi vi dual |unped values.] fhe valuep |2<8R%&he residtandeS 8l cul ateq -
usi ng the neasured vol tade fo neadqur & &iPrent ratfi o (Jat peak cufrént)
in Equation 3 are
Somow
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16. 2
11. 2

PCRUR2402

| nduct ance
Hpg
8.7
1.0

[err]

Crcuit
1.0

Resi st ance

[err]

0.240 10

al so shown in Table 3 as a conparison to the RLC derived
t hose
el enent values in Table 3. 5
Lunped—7— Measu-8gm———Derived———Pberved: —
VO 2626038 e

Tabl e 4 conpares the neasured vol tage curves to
Resi st ance

cal cul at ed using the individual

21 -
val ues.
El ement
_[err]

Tabl e 3

3.1
peak

peak (V)

Measur ed Vol t ages

0.315
Bul k
time of
(V)

0.6
0. 864

16. 3
-4.8

(penupaucd) § oTqwlL

o = sTqed1Tdd
m T X © Tqed11dde jou = eu 8330\
= - m.%.o. pe3sey j0u = Ju SUDUNLO))
(D) —)
v 3 auty
—_ M JaMm aanTre,
apTsINo SPTHINO pPIos Je pPTams je PIaM e P ? Mmﬂwr o
ommmb 06/06 u u Ju 8 jJ98dn anoy3m
D,\ L8/88 89/%L z9/€9 v'e6/8'8 I8y sd11 328dn yaIM
() y3ibuaxys ayrsus]
jo o Ll . ur Teutr3/soeq ST
m. &Qﬂé\mﬁ LOT 0/€T ¥80°0/L 690°'0/0°0 820°0/L /STTW uaosoomﬂmmwn
& < 0T ( 6( 9(
; 09/891 -V /182 (-) ~)/66T(-) | ~)/8EY(-) £(-)/T9(~) /0% 3abpng Abasug
. TeuT3 qu
1/Teuty @oejyxajur
TeuT3 0t
30 g/Yeutry uIng
y Teutry Jjo
: 3/TeuUt3y Spo130aTd
— 7voe L/LLT L/2LT 8/2LT 8/SST £/09 Teur3 3o
™ 0%/L9T TT/%9¢ 6/861 6/%61 L/TIYT /0% %/Teuty ITNOIId S
15 T/Ss £/v9 z/6v g/9v A/0y Teuty
£55 ce/Les 0Z2/vS¥ 0z/o0tv 6T/€8¢ 3/0% 30 %/Teutry HAH
TvA6ETT 6%/E6TT zs/2611 6v/6LOT 8¥/S%6 3/09% Teury
wﬁxmmm BL/S¥¥ 6tT/62Z% 6T/0T¥ 6T/G9¢ 3/0Y 30 %/1euUr3 ysnag
gaeq ejeqa ejedq ejeq e3edq s3Tun uotrydraosaq
- AT .



Hp 4.55 91 4.55 91 Circuit 3.3

22 3.3 22 25 El ectrode 0.28 105 0.28
105 Bul k 0. 86 130 0. 86 131

I nterface 0.18 200 —— 0. 18 198 30 ‘V[err] =
Vlerr] + V[err]= Re[err] | + L[err] dI Equation 3
wher e: V[err] = total l|unped el enent voltage drop (V)

- 22 - _ V[err%w stive voltage drop at a | unped el enerﬁ:r(ﬁg)muog
V[err] = inductive voltTage drop .at a |unped el ement (V) Rerr] =

| unped el ement resistance [err] | = circuit current (A) 5 Llerr] =
| unped el enment i nductance (H) - 32 -

.FIG. 13 shows a comparison of the current profiles for

the five upset weld tests. Each is seen to have a

progressively higher peak, with test 4.8 having a

substantially higher peak than the rest. The length of the

5 pulse seems to have no correlation with the initial energy
stored in the rotor.

FIG. 14 shows the displacement curves, where the back-

off and upset displacement can be identified for each test.

10 In addition, tests 4.6 and 4.8 both show more back-off

displacement prior to upset and a rapid rise to the

positive stop after the upset load is delivered. Since the

back-off displacement is a direct indication of increased

temperature in the workpiece, tests 4.6 and 4.8 show higher

15 temperatures {and thus, more energy deposition}. This is

verified by the upset displacement, since the forging

deformation can take place rapidly only if the forging load

is higher than the bulk strength of the workpiece. The

upset displacements ©¢f test 4.3, 4.4, and 4.5 show that

20 full deformation does not take place below a particular

energy deposition. Closer examination of the upset

displacement curves for tests 4.3, 4.4, and 4.5 indicate

_that the workpiece started to deform rapidly,. but

encountered colder material after a small deformation.

25 When the colder material was encountered, the deformation
rate reduced considerably.

An additional point of interest in FIG. 14 is the lack

of back-off displacement in test 4.3. The electrical

30 measurements (Table B8) show that test 4.3 had as much
energy deposited in the workpiece as test 4.5, yet did not
experience any thermal expansion prior to the upset. This

is characteristic of non-uniform current (and heating)
distribution, where the energy is deposited in smaller

35 localized areas at the interface rather than uniformly
around the circumference of the pipe. To achieve the back-



Constant Load Test Exanple The constant |oad test was the next

step in isolating and exam ning the interface dynamcs.  Using two
pi pes 10 inserted in the pipe welding el ectrodes exactly I!kg a

typi calwetd—test— the inrtial | oad—omtireprpes—was e Tt ar TTet
constant throughout the duration of the current pul se. In this
manner, the interface voltage and resistancelgould be exam ned

wi t hout the u ehdaui red to 15 produce a strong wel d. ﬁ}ﬁ@éﬁﬁﬂ

par anet ers fopaﬁhe i constant |oad test are shown in Table 5. b

- 23 - Table 5 The input paraneters
for the constant | oad test (test NSF -432)- | nput Paraneters
Val ue Uni t )

offsdisplacement. the increase in load at the interface due
to thermal expansion must increase the load measured by the
load cell. This forces the servo-valve to back off on the
hydraulic cylinder displacement in order to maintain the

5 setpoint load. Thermal expansion at the interface
manifests itself as an increase in local pressure angd,
therefore, the effective increase in load is directly
proportional to the total area that is undergoing thermatl
expansion. If less than the total cross-sectional area of

10 the pipe expands thermally (as happens in the case of non-
uniform current distribution), a decrease in the back-off
displacement is detected.

This leads to a significant discovery in identifying
15 indicators of weld quality. Because the back-off
displacement is measured during the current pulse and is a
very reliable indicator of both quantity and uniformity of
energy deposition, it can be used as a real-time process
control parameter. In addition, the upset displacement can
20 be used conditionally for post-process evaluation of the
weld. As long as the servo-valve hydraulic system does not
artificially limit the deformation rate, a clear indication
‘of .extent of heating at (and arbund) the interface can be
found from the displacement after the upset load is

25 applied.

Corresponding closely to the displacement curves, FIG.

15 shows the load on the workpiece for the five tests. A
small increase in load can be seen immediately after the

30 current pulse is initiated (at time = 0), giving an
indication of the response time of the servo-control
system. However, after the initial increase, the load is
maintained reliably until the upset load is delivered. 2as

the load is increased during upset, tests 4.6 and 4.8 show

35 distinctly different responses from the other tests. The
knee in the curves of tests 4.6 and 4.8 before the upset
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Wel d Speci nen Sch. 160 L
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(12.7) i For gi ng Process Initial |oad

13.5 (60) kip (kN) Upset | oad none Kip
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The val ue for the di s&ﬁﬁ‘?ge‘% S ?%é"asovgsat s?fﬁe &%FFﬁﬁgu was
pi pe test since the hoacowg:emdb hatspi-@sdeﬁmatwnoﬁ%%rmnaop@eceessrl@htahﬁ

that expected to prod He8raulild WA inder R4S unablel NES edelitel ithe |p&@'s@§i8ed
the processes for

nt_i f t he a ters
the | continuous pi ags%q% Bad " Edaniele, Pt Shp APt 1y ELF e reacns
performed at the f% nalthapimetv\épadp?éﬁrsaﬁébé?%e%fté‘ﬁsﬁhéﬁi"haél -4, angbdns ShOW
det er m ned. no knee in the upset load curve because the bulk stxength

of the workpiece material had not been reduced
sufficiently, and the hydraulic cylinder was able to
deliver the upset load immediately. Although less

10 quantifiable than the displacement, the shape of the
workpiece load curve also gives some indication of the
performance of the weld.

IN-PROCEBSS EVALUATION OF THE WEI.D QUALITY
15 i Dest v alu
The five upset welds (NSF 4.3-4.8) were all tested for
tensile strength as a means of guantifying their relative
quality. The last two welds of the series of five proved
to be as strong as the parent metal and fractured outside
20 the weld line (Table 8, (Haase, 1993)). The goal of the
non-destructive evaluation was to determine a set of
measurable parameters that distinguish the last two tests
(NSF 4.6 and 4.8) from the first three (NSF 4.3, 4.4, and
4.5). The two sgtrong welds have already been shown
25 qualitatively to exhibit different behavior as indicated by
the displacement and workpiece load as functions of time
(FIG. 14 AND FIG. 15, respectively). The £following
information utilizes data summarized in the standard
synopsis (Table 8) to examine more gquantitative means of
30 finding the same distinguishing characteristies.

FIG. 16 shows the tensile test data for the series of
five upset welds (tests 4.3-4.8). The horizontal axis is
arranged in ascending order based on the single input

35 parameter allowed to vary in the test series; the discharge
speed {or, the initial energy stored in the rotor). The



- 24 - _ Conmpared to the continuous pipe (FIG 7), an increase
in the interface voltage is shown in FIG 11 due to the addition of the
interface in the constant |oad test. The exi stence of the interface

al so preduces—a—not i ceable—5~ ef f ect—A—tfre—botk—vol-tage: After—t
reaches its peak val ue, the bul k voltage decreases nore slowy than the
I nterface and el ectrode voltages because of an increase in resi stance
due to the increasinﬁ bul k tenperature of -the pi pe. Si s oS S
essentially nS¥ R0 eating in the 10 interface or el ectiode voltage
measur enents, these two curves follow the current pulse closely. The
slight knee in the interface and bul k y9liage curves at approximately
0.7 is usually an indication of sone non-uniformty in the current

di stribution and wrdtseglieaxifecaslionjngather vensiliehestiengbbr&pi ebich the

The data synopsi ssdeimbhessO0dd,NURUSAREPER KL AR ARk lowest OR&1dL Yy ar e
shown in Table 6. Even with a higher di scharge & eed in.the constant
Toad test (NSE 491 THP JEOHSHEoRHP, &, §he Sheredt, TALYGueP |
produced in the seriegent Simukarlyi pthe duighest Thxis i valyecdgsthehhigheass f ace
it Et r oduths ethUQh:éé&C rvaaﬁ_e‘ | N4 hgnd Cﬁc&hoﬁ%ﬁQ UbiotsSitHed pa®ameter t&ﬁgduce
nter face resi ot Bere hS PRE RE Pectadi e pptPlart e o bR
which is the inhewaaser ¢pthe righthside Axis, cwith dfscsenle rornesppruling
generator, is al s the test values of that particular parameter. In this’
manner, each parameter can be directly compared to the
10 tensile strength to identify the relative sensitivity of
weld strength to the parameters being evaluated. In
addition, a percentage difference of the measured values is
shown between tests 4.5 and 4.6, which bound the division
between weak and strong welds. This is done to provide a
15 "threshold" comparison, where the parameter of interest
must obtain a threshold value to be indicative of a strong
weld. Using both the threshold and direct comparisons,
conclusions are made about the validity of the correlation
between the tensile strength and data measured in-process.
20
FIG. 17 shows a comparison between the tensile
strength and discharge speed. In general, the expected
result is shown to be that increasing stored energy
corresponds to increasing strength of the weld. However,
25 the small difference in discharge speeds that correlates to
a difference in weak and strong welds (test 4.5 and 4.6,
respectively) indicates the importance of close control of
generator speed in homopolar welding.

30 FIG. 18 compares the tensile strength to the peak
current in the discharge circuit. Since the peak current
is directly proportional to the discharge speed, a similar
correspondence occurs between the tensile strength and peak
current as was shown in FIG. 17. Also as with the

35 discharge speed, a relatively swmall increment in peak
current between tests 4.5 and 4.6 produced a noticeable



seen to show an increase that would further reduce the current output.
This variation in HPG resi stance was seen t hr oughout the testing and
is thought to be variability in 30 the contact force of the brushes in the
generator. The exi stence of—the—i nterface between the pipes can al so
be seen by conparing the energy deposited in both the bul k and

the interface. Wiile the bulk energy deposited for both tests remains

at 9% of the initL@h,&ﬂ&&gy stored, the 35 interface energy i ngcgmRsssidos om
2%in the continuous piI pe to 7%in the constant load test. As shown in

FIG 12, the - 25 -

back-of f di splacenent is also greater due to th¥ heating of t he

i nterface. . . _ Tabl e 6, 5 . The, st andard
data synopsis conpari i} EERESRS i fsngile strengthy; Agaigpghis @ANeS She
| oad (NSF 4.2) tests. importancdesiré¢lmiseorcontrol of thmi déscharge Epead (and

Data Experinment f¥Q14 current, as well). SEEGY 18 showdSEfla€ géak current
Experinent Date 3/ 25/ 92 %{1@/92.
could be used as an approximate guide to producing a strong

§ weld. Under these particular process conditions, the peak
current must be at least -~300 kA (corresponding to ~70
kA/in? for a 4.21 in? weld cross section).

FIG. 19 compares the tensile strength to the interface
10 power, as derived from the circuit current and interface
voltage. As addressed earlier, FIG. 19 shows how test 4.8
overpowered the interface compared to the other tests.
Although little correlation is shown between the tensile
strength and the interface power, as in the case of the
1% discharge speed and peak current, a threshold value seems
to exist that signals the lower edge of the acceptable
window for strong welds. For a strong weld to occur in
this particular material and weld geometyry, the peak
interface power should be at least about 240 kW.
20 '
The bulk power (FIG. 20) shows a stronger threshold
correlation to the tensile strength. As evidenced by the
- .. Y percentage increase between tests 4.5 and 4.6, there is
significantly more sensitivity in the response of the bulk
25 power curve.

An interesting result is produced by putting both the
interface and bulk powers on the same plot with the tensile
strength (FIG. 21). The first test {4.4) shows the

30 interface power greater than the bulk, and resulted in a
very weak weld. The next two tests (4.3 and 4.5) show that
the interface and bulk power are relatively balanced and
produced stronger, but still weak welds. The last two
tests (4.6 and 4.8) show the bulk power to be increasingly

3s larger than the interface power and resulted in strong
welds. This indicates that under a given current puise



Experiment Type cont i nuous const .

| oad - ROt or speed rpm 2200/ 2000 2500/ 2375

(set point/actual) kJ 1404. 6 1980. 6 Initial rotor 15
ener gy Current Pk/tine KA/ sec 278/ 0.112 267/ 0 122

Pul se Length sec 2.2 2.8 Vol t ages HPG
Peak/ti me V/ sec 5.0/0.015 5.3/0.015 20 Crcuit Peak/time

V/ sec 3.3/0.022 - 3.3/0.020 El ectrode V/ sec
0.28/0.105 0. 95/5626035 Peak/ ti nme V/ sec PCEEPE024990

0 Bul k Peak/tinme V/ sec 0.18/0.200 0.88/0.16

I nterface ' .37 .025 Peak/ ti me

0.79/0. 16 Resi st ances at Peak Currernt MPG

[err] 16.2  conditib® €he inter€héd Power appeafsoto reacflﬁérléztuggtionB I8k7
?éZr] El ecg.ri.dt‘fmit wher?,,. any [aed’d’i]f:ﬁ?xéﬂ a gcreiase in powe[rér 1]1st be -
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I nterface peakanqenbesyeen the dntgrfacscanfy odkopPyedn then, could

possibly result in an early indication of weld strength.

Integrating the interface and bulk powers, the

10 respective energies deposited are shown in FIG. 22(a), FIG.

22(B), FIG. 22(C) and FIG. 22(D). FIG. 22(A) compares the

interface energy to the tensile strength and shows some

similarity between the curves, but still less than adequate

response of the interface energy to changes in the tensile

15 strength. The bulk energy curve in FIG. 22(B) shows very

good response to the tensile strength, even to the point of

- reaching a deposition limit at the same time the tensile

strength reaches its material limit. In addition, the bulk

energy shows the first strong threshold correlation, where

20 the percentage increase at test 4.6 is larger than that for
the tensile strength.

Similar to FIG. 21, FIG. 22(C) shows the interface and

bulk energies separately but on the same plot as the

25 tensile strength. Following the same scenario as the
power, the interface energy is higher than the bulk energy

in test 4.4 and results in a weak weld. Then, the
interface and bulk values in tests 4.3 and 4.5 are again
relatively equal and follow the same trend. However, the

30 balance of energies is significantly different in tests 4.6
and 4.8. The bulk energy increases dramatically between
tests 4.5 and 4.6, while the interface energy remains
relatively constant. Again, as with the balance between
interface and bulk power, the interface appears to reach a

35 saturation limit where any additional energy must be
deposited into the bulk of the pipe material. Note that



- 26 - Tabl e 6 (continued) Description Units Dat a

Dat a Time at 25 of sec - 0.193 0. 205 f inal

sec 0. 372 0.410 Time at 50% of sec 0. 660

0. 755 final 5 Time at 75% of—— final =~~~ Energies  ~~ “Brush
final /% of kJ/ % 244/ 17 366/ 19 f inal

kJ/ % 643/ 46 912/ 46 10 HPG fi nal / %.of kJ; % 304/ 22
374/ 19 final kJ/ % 34/ 2 52/ 3 lakelq Ui T
final /%of  kJ/ 9028519 181/ 9 final reTssital
28/ 2 134/ 7 El ectrode final/% 15 of final - Bul k final/%
of final Interface final/% ofzd i-nal 20 Ener gy Budget

kJ/ % 31/ 2 . . Y . ] )
this results in a significant increase in workpiece heating

efficiency, where a very small (2%) increase in discharge
speed {or a 4% increase in stored energy) produces a large
(33%) increase in bulk heating.

Converse to the difference between tests 4.5 and 4.5,

a comparison of tests 4.6 and 4.8 shows that the interface

energy increases when the bulk energy remain stable. Thé

higher and sharper peak interface voltage in test 4.8

10 appears to be seen directly as a large increase in

- interface energy. Also, as with the interface and bulk

powers, the balance between the energies results in a good
indication of weld strength.

15 FIG. 22(D) shows again the easily measured combination
of interface and bulk energies. Again, although the
combination of bulk and interface energy is easier to
measure, the weld dynamics are best observed by separating
the two.

20

As shown earlier in FIG. 14, the displacement curve
produces a gualitative correlation to the tensile strength

. of the weld. FIG. 23 and 24 quantify this relationship by
separating the back-off displacement due to thermal

25  expansion and the €final displacement due to forging
deformation. FIG. 23 shows that the back-off displacement
produces the strongest threshold correlation to tensile
strength. Since the percentage change between tests 4.6
and 4.8 is more than three times that found with the

30 tensile strength, the back~off displacement can be
considered a strong threshold indicator of weld strength.
Note, however, that the back-off displacement does not
produce a. strong direct correlation to the tensile
strength. The back-off displacement intuitively should be

35 a direct indication of the energy deposited in the
workpiece, but examination of FIG. 22(D) shows this not to



Di spl acenent mls/in 1/0.0 9/0.0 back/ fi nal

Tensil & Strength w th upset |ips Ksi : na nt 25
Wi t hout upset 1ips Ksi 89/ 90 nt Failure wt weld

na nt line ... Comments AH——hoi—t-ested
Not es na = not applicable 30 Upset Wl d Tests
Exanpl e The purpose of this series of testing was to hold all
process control paraneters constant while-increasing the 35 ener
deposited atwo®és0si nterface by increasing the dim“&’gé’peed of
the generator. This produced a series of welds that began with

I nsufficient heating at the . interface §di scharge speed, or stored
energy, too |ow) and ended with sli Qh? y nore than enough heating

(di scharge be case for the two lower energy teste.2/ There are two
probable causes for the lack of direct correlation; non-
uniform current distribution and axial thermal gradients
away from the weld zone. The lack of back-off displacement

5 in test 4.3 is characteristic of non-uniform current {(and
heating) distribution. Yet, as shown in FIG. 22(D), test
4.3 had similar energy deposition to test 4.5 with
significantly less back-off displacement. Therefore, the
back-cff displacement can be recognized as more of a

10 r"global" indicator of weld quality, taking into account
both the energy deposition and the current uniformity.

As previously set forth, the slope of the displacement

curve during forging is indicative of weld quality. The

15 slope of the displacement curve is sufficient when the weld

zone material is soft enough from heating that it does not

appreciably effect movement of the pipes during forging

displacement. As seen in tests 4.6 and 4.8, the hydraulic

servo-valve circuit was the only restriction to the

20 movement of the pipes during forging displacement [measured
at approximately 0.3 in./sec. in test 4.6).

The existence of variations in axial thermal gradients

between tests is another cause of the back-off displacement

25 not producing a direct correlation to the tensile strength.
As shown in FIG. 22(C), the balance between the interface

and bulk energy deposition is dependent upon the total
energy delivered to the workpiece (i.e. the initial energy
stored in the rotor}. The balance between the interface

30 and bulk energies also produces a difference in the back-
off displacement, which of necessity sums up the total
displacement due to all energy deposition. Because the
interface energy deposition is more concentrated, it
results in more heating, and wmore thermal expansion.

35 Alternatively, the bulk energy deposition is more
distributed, resulting in less thermal expansion.



speed, or stored energy, higher than necessary). The determ nati on of

whet her sufficient heating occurred was based on the tensile strength
of the weld joint, and whether the joint failed at or outside of the
weld line. 5 Although tensile strength al-one-rs—not a clear indication

of a quality weld, the intent was to use a standard, guantitative

nmet hod of conparing the weld tests. Table 7 shows the input paraneters
for the upset weld ' of tests. 10 FUS96/0 bl e
7 pThe inpdygﬁé*gﬁeters for the upset weld tests (NSF 4?5! mﬁ?B).
15 | nput Par aneters Val ue Units HPG

Initial energy I ncreasi ng kil oj oulego - stored (rpm

(rpm 20 Magnetic field vs. 0. 66 const ant Tesl a time

Vel d Speci nen Therefore, the balance ofSenerayodeposition also affects
X52 medi um 25 Mot ed aback-off displdcemeff HsLek direct &Srrelation to
SR ETIOES  consins srpesgan. , Hovever JHER 1o o doype avone che
Sur f ace 63valddisy: pfhelihe backreff 3disppaegmanstijam a thréeshold
El ectrode distancg indi@atotl?.7) in (mm For gi ng Process

The final displacement (FIG. 24) produces a very
strong direct correlation to the tensile strength through
the entire upset weld test series. Also, as in the case of

10 the bulk energy, the final displacement reaches a limit at
the same time as the tensile strength. Taken together, the
pack-off and final displacement values result in good in-
process weld monitoring diagnostics.

15 In summary, it can be concluded that the parameters
measured and presented in this comparison fall into two
categories; threshold correlation and direct correlation
parameters. A threshold correlation is a parameter whose
value must obtain some minimum limit for a strong weld to

20 be produced, but does not necessarily follow the same trend
as the tensile strength through the entire upset weld test
series. A direct correlation is one that follows closely
‘the values of tensile strength through' the entire test
series. The separation of parameters is shown in Table 9.

25



Initial |oad 13.5 (60) kip (kN) Upset | oad

84.2 (375) kip (kN) 35 Upset ti.me 1.0

sec Def or mat i on 0.063 (1.6) in (nmm (positive
st op) ~ =28~ na - not
applicabl e The upset | oad was chosen based on the assunption

that 5 the weld zone shoul d reach approximately 1100[err]C. Standard

forging pract;hﬁgag&st al Handbook, 9th Ed., Vol. 14) lists permdobfiaepPt i MumM
forging press 1100[err]C to be 20 ksi (this corresponds to 84.2

kip with a 4.21 in2 weld area). The upset tinme was intended to occur
near the peak tenperature 10 of the wel4i <zone, determined from the
t enperature measurenents and video of the previous constant |oad test.
In order to begin exam ning the trends iTrbi®e®data during this series
of tests, the data synopsis is presented first (Table 8). 15

A comparison of the in-process, weld quality evaluation
parameters, separating each into either a threshold or

5 direct correlation to the tensile strength of the five
upset weld tests (NSF 4.3-4.8}.

Parameter

Direct

*Threshold

| Correlation . Correlation
Discharge Speed 2%
10 Peak current . 5%
Interface power 4%
Bulk power 18%
IntP/BulkP e some
relative values
15 ﬂ Int+Bulk power 11%
Eﬁmerface energy . 3%
Bulk energy 33% (strong) __strong
'1 IntE/BulkE = | = e---ve- strong
relative values
20 Int+Bulk enexgy 19%
Back-off S 86% (strong)
displacement
| Final displacement 27% (strong) | str%
25

* = This indicatesz the percentage difference in the
measured values between tests 4.5 and 4.6. The weld
tensile strength experienced a 25% increase between tests
4.5 and 4.6, and a parameter is not considered a strong
30 threshold indicator unless it exhibits at least as much
increase between the two tests.
ion o - atio i
The purpose of this section is to compare the weld
3% strength indicators determined in the previous section to
the tensile strength of a new set of upset weld tests.
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This provides the beginning of the data base required for
validation on in-process evaluation of homopolar welding.
The four parameters that are conipared to the tensile
strength in this section are the bulk energy, the relative
values of the bulk and interface energies, the back-off
displacement, and the final displacement. FIG. 25(aA), FIG.
25(B), FIG. 25(C), and FIG. 25(D) show the quantitative
comparison of the output parameters. The left and right
scales indicate where the lower and upper boundaries are
the lowest and highest values in the series, respectively.

The previous comparison of welding process parameters
to weld tensile strength showed that a strong threshold
correlation could be made using the bulk energy, and the
back-off and final displacements. In addition, strong
direct correlations could be made using the final
displacement, and interface and bulk energies. It was also
noted that the balance between the interface and bulk
energies produced a strong correlation to the weld
strength, as well as affecting the direct correlation of
the back-off displacement. To further examine the balance
of the interface and bulk energies and to more closely

. quantify the location of energy deposition, voltage

gradient tests were conducted using continuous pipe (test
SP 10.1) and constant locad (test NSF 4.21) setups. The
voltage gradient tests consisted of attaching (by spot
weld) a ribbon cable to the surface of the pipes between
the electrodes, straddling the interface. This axial
voltage probe array had the effect of separating the bulk
and interface lumped elements into several smaller lumped
elements. By characterizing each of the smallexr lumped
elements by its individual voltage drop, a more refined
examination could be made of the energy deposition in the
workpiece.
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To calculate the energy deposited at each discrete
interval between the ~voltage probes, the voltage
measurements were separated as shown in Table 10. Using
the measured current and taking only half the voltage drop
(to calculate the energy deposited into a single pipe), the
axial energy gradients were determined for both the
continuous pipe and constant load tests (FIG. 26 and FIG.
27). Shown in the energy gradient are the individual
energies, as well as the energy deposited between the bulk
voltage probe and the furthest voltage gradient probe
outboard of the interface (V, for test 10.1, and V, for test
4.21). Also shown in the figures is the energy balance
comparing the sum of the interface and bulk energies (as
measured by the standard voltage probes) and the sum of the
energies calculated using the voltage gradient
measurements. Since these energies balance in beth test
cases, the voltage gradient measurements are shown to be
valid.
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Table 10

Separation of the raw voltage gradient measurements and
the energies calculated from them. The energies are
calculated to be the energy deposited in one pipe in the
increment between individual voltage probes.

| Derived Voltage | Calculated from |

—— pagrem—— —

Dete ation of Weld Parame

A determination of proper weld parameters may be
separated into threé steps: continuous pipe tests,
constant load tests, and upset weld tests.

The continuous pipe tests serve three purposes in
characterizing a homopolar weld system:

1. understanding input parameter tradeoffs between
discharge speed and field current

2. quantifying energy distribution in the system

3. determining electrical lumped element values for
model development.

With a continuous pipe (no interface) as the workpiece
lcad in the discharge circuit, the effects of varying the
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field current and discharge speed on current pulse length,
peak current in the workpiece, and the time of peak for the
current are determined. In general, increaaing the field
current produces a higher current and shorter pulse length
by increasing the power output (removing énergy from the
genexator more quickly). Increasing the discharge speed
results in higher current and longer pulse lengths by
storing more energy in the generator. For the weld program
described here, the field current was maintained at an
empirically determined constant value throughout all tests.
The field current value (300 A} was found to produce a
sufficiently slow current pulse (approximately 100 ms to
peak and 3 s total pulse length) to ensure uniform current
distribution at the interface. As a rule-of-thumb for peak
current values, the steel welds in this program required a
minimum of 70 kA/in? to produce a strong weld.

Quantifying and balancing the energy distribution in

the system is a useful tool for determining the accuracy of

" the data acquisition system. If errors are found in the

energy balance during the continuocus pipe tests, it is

. easier to refine the data acquisgition and analys:.s before

an interface is 1ntroduced into the discharge circuit. For

the weld program described here, the measurements were

considered correct if the energy unaccounted for in the

energy balance was less than 10% of that originally stored
in the rotor.

To determine the lumped element values in the
discharge circuit, each lumped element resistance and
inductance can be quantified by using the closed-form
solution to the RLC series circuit and the voltage measured
across the individual circuit impedances. These values
form the basis for developing a state-variable model to
accurately predict the system performance for varying input
conditions.



positive stop after the upset load is delivered. Since the back- of f

di spl acenent is a direct indication of increased tenperature in the

wor kpi ece, tests 4.6 and 4.8 show higher 15 tenperatures (and thus, nore
energy deposition). This is —ver+fied by the—upset displacenent, since
the forging deformati on can take place rapidly only if the forging | oad
I's higher than the bul k strength of the workpiece. The upset

di spl acenents of tgst 4 4.4, and 4.5 show that 20 full defQarRbifsn
does not take pl acm a particular energy deposition. Cl oser ?
exam nation of the wupset di spl acenent curves for tests 4.3, 4.4, and
4.5 indicate that the workpiece started to4geftormrapidly, but
encountered colder material after a snall deformation. 25 Wen the col der
materi al was encountered, The cpostamtitlicad tests aptec upeduteyl thoBe Derposes:

An additional point of interest in FIG 14 is the Iack of back- of f

di spl acenent in test 4.3. Th | u (Tabl e 9) show
that test 4.3 had as much - ‘}e‘ﬂﬁ%lén %E é?ed"%%g & Wor kpiece as test
4.5, yet did not expeti enéétaﬁy %%Pﬁané?ﬂfd‘ﬁ’éFSH Rt rahe upset .
Thi s is charasteristiz. of deeermindtdem efirugde gangndeati ng)

di stribution, where the energy is deposited in smaller 35 |ocalized areas
at the interface rather than 'uniform¥ .around the circunference_of the
pi pe. To achieve the back-Refinement of the input parameters is typically an

iterative process for each new workpiece material and
geometry; however, some guidelines have been identified in

10 this research. Use of the back-off displacement f£from
thermal expansion in coordination with the voltage-gradient
tests measures whether sufficient energy is deposited at
the interface. For the particular material, geometry,
surface finish, and initial 1locad used in the welds

15 presented here, the minimum back-off displacement was found
to be 13 mils. It is important to note, however, that this
back-off displacement is also highly dependent upon the
electrode distance. With a larger electrode distance, more
bulk material is heated and the value measured for the

20 back-off displacement changes. Therefore, the back-off
displacement required for etrong welds must also be
characterized for each new weld geometry.

The voltage gradient test may be used to verify
25 sufficient energy deposition at the interface. It was
found in this research that within 0.025 in. of the
interface of a strong weld, the energf density for X-52
steel pipe is 535 kJ/in®. 1If the proper current density is
being produced in the discharge circuit, energy
30 concentration at the interface may be controlled by varying
the initial load of the workpiece. The initial load for
the tests presented here was kept at a constant value of
- 13.5 kip because earlier tests had shown that this value
produced sufficient energy concentration while avoiding

35 spitting at the interface.



33 - of f displacenent, the increase in |oad at the interface due

to thermal expansion nust increase the |oad neasured by the | oad cell.
This forces the servo-valve to back off on the hydraul i ¢ cyl i nder

di spl acenent jn order to.maintain the..5 _—setpoint- | oad- Fhetrra
expansion at the interface mani fests itself as an increase in |ocal
pressure and, therefore, the effective increase in load is directly
proportional to the total area that is undergoing thernal ex anS|on.
| f | ess than tWme626038] cross-sectional area of 10 the pi pdP@®

thermally (as happens in the case of non- uni form current
distribution), a decrease in the back-off di spl acenent is detected

This leads to a significant discovery in i’déﬂti’fyi ng 15 indicators

weld quality. Becaﬁedeﬁ%d Q@H&zpf b qua]inﬂr‘ §Qié‘ci@TBH& é}%{"é §6
sagfd

during the curren | se,_an r el’i e |nd|cator

quantity and uni fcﬁ‘ﬁ&??sﬁf“ h"ghe%éﬁeﬁﬁl p%lfstlet“ig&ﬁ asg ¢ h(?aﬂaﬁ%mhérl?&

real -time process fails ouhside qfarthecweld linedihta drensiBe tpstt It is

di spl acenent can %Qcogawé&dtaaedlztewﬂa&\éﬂcfet Rt - m;ﬁﬁ:es aBiidtidlsl ofp of
t he wel d. _ As I as t? ryos valve. rll_‘)cldraullc(ﬁi%g mdoes na
artificially I17m c’8e1"‘0 o?1°’r’¥t'e with: & dreld, t AR an ingpstryon
of heating at (and®cseptable tmammqg@@eseams)e featurepgficchie dmveneion.

di spl acenent after the upset load is 25 applied. Cor r espondi ng
closely to the displacenent curves, FIG 15 shows the load on the
wor kpi ece for the five tests. A small increase in |oad can be seen

i medi ately after the 30 current pul se Tablienildi ated (at tinme = 0),

gi ving an 10 Summary of the generalized testing methodology.

J, = current density in the workpiece (KA/in2)
D}, = back-off displacement of the workpiece (mils)
E, = energy density within 0,025 in. of the interface

(xJ/in3)
1s _
l Test . Purpnse Ganerallzad Milastone
continuous pipe tests | - input parameter tradeoffs Ju =70 kAfin?
- energy distribution
- lumped slement identification
constant load tests | - refining input parameters Dy, > 13 mlls
- workpiace cooldown rate Ew > 535 klfin3
- upset - timing
upset weld tests | further refinement of input depands upon input
parameters to match desired weld parameters
quaity
202 o

The upset weld tests set forth as examples herein wmay
be used to correlate weld tensile strength to a number of
output parameters measured during the welding process.

25 Although several parameters yielded a correlation to
tensile strength, the back-off displacement due to thermal
expansion at the interface, the final displacement due to
forging of the workpieces, and the electrical energy
deposited into the bulk material of the pipe around the '

30 interface produced strong indicators of whether a strong



I ndication of the response tinme of the servo-control system However,

after the initial increase, the load is mai ntai ned reliably until the
upset load is delivered. As the load is increased during upset, tests
4.6 and 4.8 show 35 distinctly -g+-Herent respoenrses fromthe other tests.
The knee in the curves of tests 4.6 and 4.8 before the upset

- 34- | oad i s achieved indicates that soft material was

encountered, rapid deformation was taking place, and the hﬁg@@%%#QWI

cyl i nder was unabM® %8582 i ver the prescri bed upset | oad

after the positive stop was reached, 5 the upset |oad was achieved. Tests
4.3, 4.4, and 4.5 show no knee in the upseggload curve because the bul k
strength of the workpiece material had not been reduced

sufficiently, and thevélydhadl beercyphdedeSinge bbbtk tthe finalialiispdacembet and
upset load i medi attﬁie)’ bulkﬂrie?ﬁ?%pds@%ioﬂ%reﬂH@Eiﬁﬂ@hftei-*}ﬁ-lb BQ?& has
di spl acenent, the ﬁ, € WOr Hﬂgce O%gﬁﬁ. e al so gives some
i ndi cation of the ﬁgj f&Pﬁﬁnce BEY ¢ h2® SECEYAPTRATRAN
OF THE WELD QUALI TY nondestructive evaluation (NDE) of weld strength. However,
5 since the back-off displacement is measured prior to upset,
it is well suited for real-time control of weld strength.
As the requirements for weld quality are refined (e.g.
toughness, upset lip contour, etc.), the in-process, NDE
criteria should also be refined.
10

All of the methods disclosed and claimed herein may be

made and executed without undue experimentation in light of

15 the present disclosure. While the methods of this
invention have been described in terms of preferred
embodiments, it will be apparent to those of skill in the
art that variations may be applied to the methods and in
the steps or in the sequence of steps of the method

20 described herein without departing from the concept, spirit
and scope of the invention. . All substitutes and
modifications apparent to those skilled:  in the art are
' deemed to be within the 'spirit, scope and concept of the .
invention as defined by the appended claims. '

25



15 Correlation to Destructive Eval uation The five upset welds
(NSF 4.3-4.8) were all testedfo i th as a neans of

quantifying their relative wel ds of the series of
five proved— o0 be as—sHong as I'ﬂﬂg ,mﬂ ;
[ of the

20 the weld line (Table 8, (Haase,=* al

non-destructive evaluation was to determ ne a set of measur abl e
paranmeters that distinguish the ast two tests (NSF 4. from
the first thr¥@%R/8&# 473 4.4, and 4.5). The two strong wel ds have
al ready been shown 25 qualitatively to exhibit different behavior as

I ndi cat ed by t he di spl acenment and wor Kpi ece | oad as functions of tinme
(FIG 14 AND FIG 15, respectively). The follow ng i nformati on

utilizes data summarized in the standar €kREME:5ynopsis (Table 6) to exanine
nore quantitative nmeans of 30 finding the same distinguishing

characteristics. 1. A methdd @orlﬁaa%h@.%etm&-‘éﬁﬁlk t&?itz@&tﬁzfao'iveﬁ.ﬁe

series of five.upset welds (tests hor| on I,S 1S
arranged in ascen‘lﬁ’ﬂg‘t& dEPPHR ?e SEF-The %ang‘ém‘?‘?f’l&lﬁ’ D8t | owed
to vary in thé tecemprising: the discharge speed (or the initial
energy stored in the rotor). The

- 35 -

characterizing a homopolar welding system;

conducting controlled weld tests to determine at least
10 one in-process parameter that correlates to a
satisfactory weld-quality of a weld;

identifying at least one of said at least one in-
process parameter that may be used as a real-time
15 weld-quality control parameter; and

utilizing said at least one real-time weld-quality
control parameter as an in-process measured
parameter to control the weld-quality during a
20 homopolar pulsed welding process.

2. The method according to claim 1, wherein the in-
process weld quality parameters include discharge speed,

25 peak current, interface power, bulk power, interface
power/bulk power relative values, interface power plus bulk
power, interface energy, bulk energy, interface energy/bulk
energy relative values, interface energy ;Slus'bulk energy,
back-off displacement, and final displacement.

30

3. The method according to claim 2, wherein the in-
process parameter is back-off displacement.

35



vertical axis, showng the tensile strength at which the speci men
failed, is adjusted so that the Iovvest vaI ue on t he axi s corresponds
to the lowest value in the test i es. Slmlarli, t he hi ghest axis

value is the highest 5 test vaI ue——+n the l"ﬂlﬁmmﬂﬂ ml t he paraneter
bei ng conpared to the tensile strength simlar

manner on the right side axis, with its scale correspondl ng to the
test values of that_particular paranmeter. In this manner ,

parameter can be di 3% conpared to the 10 tensile strength to |59Mt olzy

the relative sensitivity of wel d strength to_the paraneters being
eval uat ed. I n addition, a percent age di ff8?ence of the neasured

val ues is shown bet geen,t g%”? I Gh Qi’:ﬂf%r Vis
bet ween weak and strong wel srg éfé one ?oe\édr%&g gQ SEBEF%%I %degld-
conpari son, where the pHeddEYercATCroht ef¥Eiem fof, HOMIBPARR aP‘tltﬁeéshU?%Fimg'

val ue to be indicative mpa i8LAHNQ wel d. Using both the threshold and
di rect conpari sons, concl usi ons are nade about the validity of the
correl ation bet ween t he tenS| le stren th an%e&a rreas red |algrocess.
20 FIG 17°shows a EBﬁ{f&’r‘t’é’gnabé t efifi 5’% -oT L AL ERGRFENARE
di scharge speed. In general, ttﬁlaa;(pecrethtes tees ufesireds keld-qurlbicyt hat

i ncreasi ng stored energy corresponds to increasing strength of the

wel d. However, 25 the small differ ence | P é arg R ds, t hat cofr el atles
to a difference in weak Eﬁﬁu?t’tgor?g RET T3 €t Sy Ypréng @ homopolar
respectively) indicates the i rrpcpulmdeweldmsa%oseasr (ﬂndof gener at or
speed i n honopol ar ygel ding. 30 FIG 18 conpares the tensile strength

to the peak current in tfhﬁdgl schﬁwe“% SSE%‘E b§| gcg# h%ﬁﬁf&é&t& eNle a

is directly proportional to arges ee
correspondence occurs bet ween t hePRtEPd| FEsLen eﬁﬁgtq?néﬁﬁlm tocPFErRienes

was shown in FIG 17. Al so as weiry weldedSso ditmrhaagd spcedffadiephidcarsne
smal | increment in peak ' is substantially equal to said desired level of

15 back-off displacement.

5. A method for post-process weld-quality verification
for homopolar pulsed
20 welding, comprising:

characterizing a homopolar welding system;

conducting controlled weld tests to determine at least
25 one in-process parameter that correlates to a
resulting weld-quality of a weld;

identifying at least one of said at least one in-
process parameter that may be used as a post-
30 process weld-guality verification parameter; and

utilizing said at least one post-process weld-quality
verification parametexr as an in-process measured
parameter to verify the weld-quality after a

35 homopolar pulsed welding process.



current between tests 4.5 and 4.6 produced a noticeabl e
difference in tensile strength. Again this indicates the | nportance of
cl ose control of the discharge speed (and field current, as well).

{:L)Gpr%%uirg\ssat gﬂ oﬁgag \?\;Irgm"cumummlmgrt I cul ar process conditions,

t he peak current nust be "t ¢l east® - 300 +*kA (corresponding to -70
kKA/in[err] for a 4.21 in[err] weld cross section). FIG 19
conpares the wes#6#38 strength to the interface 10 power, BSTVURMPMBY from
the circuit current and interface vol tage. As addressed earlier, FIG
19 shows how test 4.8 over powered the isu erface conpared to the other
tests. Al though little correlation is shown between the tensile
strength and the ¢nt eMb&cenagtdngr aceerfinghdoclaif $hevberein sthar go-speed
and peak current,pfoddusesdealdd qual vey Spﬁ‘mneterst dnelugé 8ShethsdgEadedd)e

| over edge of (NG A6eeRlabLe,  ithBERNL T Yordl OGPl GRueEOr Bualiang vel d

to occur in I's particular nater;a wel d try,
i nterface power S?R?tﬁre(bb‘éka?°"feé’a§ﬁl%¢‘b’éiﬁ "E%eﬁwmf@rf“e P°Wer Pl“s Bulk

5 power, interface energy, bulk energy, interface energy/bulk
energy relative values, interface energy plus bulk energy,
back-off displacement, and f£inal displacement.

0 7. The method according to claim 5, wherein the post
process weld quality verification parameters are bulk
energy, forging displacement, and slope of the displacement
curve.

15
8. A method for post-process weld-quality verification
for homopolar pulsed welding, comprising:

determining a desired level of bulk energy deposition
20 and a desired level of f£inal forging displacement
that correlates to a desired weld-quality;

-measuring a-bulk energy deposition and a final forging
displacement after a homopolar pulsed welding
25 process; and

verifying weld-quality by comparing said measured bulk

energy deposition and said measured final forging

displacement to said desired level of bulk energy

30 deposition and a desired level of final forging
displacement.’

9. A method for real-time weld-quality control in a given
3s homopolar pulsed welding system for welding two lengths of
conduit end-tc-end, comprising:



The bul k power (FIG 20) shows a stronger threshold correlation to the

tensile strength. As evidenced by the percentage i ncrease between tests
4.5 and 4.6, there is significantley noresensitivity in the response of
the bul k 25 power curve. —AnN i nt enqskk na a§ produced by
putting both the I nterface and bul k pov}mmmﬂulﬂgmymﬁpl ot with the
tensile . strength (FIG 21). The firsts testL . *Shows the 30

i nterface power grs&%@%@&pan the bulk, and resulted in a V epyrvsdetia4n2
wel d. The next two (4.3 and 4.5) show t hat the interface and bul k
power are relatively bal anced and produceq_%arqnger, but still weak '
wel ds. The last two tests (4.6 and 4.8) show the bul k power to be

increasingly 35 larger thathdlaecbpliidptdePR¥RIpARE Wed&idg Gyistefl r ONY
wel ds. This indicates that under a given current pulse

-37 - ~condition the interface power appears to reach a_ saturation
limt where any additional danduesieg|gensomiedwaldsests ofjihgsrharpctaniged.
the pipe bulk material aloneweldiddi Bystem 66t detéiwined 4t t lodst héne in-

interface could possibly be relgted. 5 tQ gl kPl mislgscr sl edactle o a

melting voltage limt. The .
satisfactory weld-quality of a weld;

monitoring at least one said in-process parameter
while homopolar pulse welding the two lengths of
10 pipe; and

maintaining the monitored parameter at a value and for
a time sufficient to provide a satisfactory weld-
quality. '
is

10. The method according to claim 9, wherein the in-
process weld quality parameters include discharge speed,
peak current, interface power, bulk power, interface

20 power/bulk power relative values, interface power plus bulk
power, interface energy, bulk energy, interface energy/bulk
energy relative values, interface energy plus bulk energy,
back-off displacement, and final displacement.

25
11. The method according to claim 10, wherein the in-
process parameter is back-off displacement.

12. A method for welding two conduits end-to-end,
30 comprising: '

abutting the ends of the two conduits to define a weld
interface;

as transmitting homopolar pulse welding energy to the
conduits;



bal ance between the interface and bul k power, then, could possi bly
result-in an early indication of weld strength. Integrating the
interface and bul k powers, the 10__respective energi es deposited are shown

in FIG 22(A), FIG 22(E), FIG. / nd.Fl G 22{D)bl-G—22(A)
conpares-the interface ener gy'l ' ﬂ U :u Ftrength¢and shows sone
simlarity between the curves, but L adequat e response

of the interface energy to changes in the tensile 15 strength.  The bul k
energy curve iwo#R@3s22(B) shows very good response to ISPt o
strength, even to the point of reaching a deposition [imt at the sanme
time the tensile strength reaches its-n@8erial limt. In addition, the
bul k energy shows the first strong threshol thofrrgl ation, where 20 the
percent age increase at MeRitoring fthe|agopnt PfiRReiAtss gfsplacemept AR the o
strengt h. Si m | aridtexfeCe Qirirdg Guch2¢Bnsiswdonheandt erf ace and
bul k energi es separately but on the sanme plot as the 25 tensile strength.
Fol l owi ng the sane scenario as, the ower, the . jnterface eneray.i

hi gher than the bul k efgRggPILing ﬁhFee'Pg‘ﬁ’.’% %d’ﬂi&ﬁ?t%"?’r?”ae"\ﬁé‘é‘%x‘%ﬁﬁﬁ’
Then, the sinterface amtb btk serdidssi rin ossponsg &Ad 4 hs Mosihgued
rel atively equal and foll ovg,{,&gwsa&_ t r&@ﬂ_of@maﬁplﬂaeﬁe bal apBea Ol

energies is significantly different in tes 4. 6 d.4. 8
energy increases dramati cal ?Wéfﬂﬁﬁﬁé'ér‘}’acs""%gs‘?’ss%.age‘é‘%ﬁt Afé’G?f%%]é ?%ieé(

interface energy renmmins  atrssligt igkexfagmstant. Again, as with the .-

bal ance between interface and bul k power, the interface appears to
reach a 35 sgaurati on limt where any additional energy nmust be
deposited into"the bul k of the Aai pe material. Note that

13. The method according to claim 10, in which a forging
load is applied to the conduits when said sufficient
displacement has occurred.



- 38 - this results in a significant increase in workpiece heating

efficiency, where a very small (2% increase in discharge speed (or a
4% increase in stored energy) produces a large (33% increase in bulk
heat i ng Converse-to th X 5,
a conparison of tests 4.6 and 4.8 shows that the interface ener gy
i ncreases when the bulk energy remain stable. The higher and sharper
peak interface volsh”ge intest 4.8 10 appears to be as a
| ar ge i ncr ea® interface energy. Also, as mnth e |nter ace and
bul k powers, the bal ance betmeen thzgg?ergies results in a good
i ndi cation of weld strength. 22(D) shows again the easily
measur ed conbi nati on of i nt erface and bul k energi es. Agai n, al t hough
t he conmbi nati on of i ' ' measure,
the wel d dynam cs are est observed by separating the two. 2(
As shown earlier in Fl t he di spl acenent curve pr oduces 81[8
gqualitative correlatio 23
and 24 quantify this r Iatr m‘éﬁéﬁgﬁ%?"&h@@ﬁgmﬁ&%”@ﬁgﬁﬁeoff
di spl acenent due to thernmal expansion and the final displjacenent
due to forging

Conduct Controlled Weld Tests to _}04

Determine Weld-Quality Parameters

' - 106
’ 00/ Identify Real-Time Weld-Quality Parameters ./

Utilize Real-Time Weld-Quality Parameters 108
to Control Weld-Quality During the L/
Homopolar Pulsed Welding Process

FIG. 1

RECTIFIED SHEET (RULE 91)



deformation. FIG 23 shows that the back-off displacenent produces the

strongest threshold correlation to tensile strength. Since the

per cent age change between tests 4.6 and 4.8 is nore than three tines

t hat fourd—wth—t+he 30 tensile st+ength—the—back=off——disptracenent

can be considered a strong threshold indicator of weld strength.

Not e, however, that the back-off displacenent does not produce a-
strong direct,ﬁﬁﬁb?bgtion to the tensile strengt h. The gatilsodifakoz”

di spl acenent inturtively should be 35 a direct indication of the
energy deposited in the wor kpi e@fgdut exami nation of FIG 22(D)
shows this not to - 39 - be
case for the two |ower energy tests. There are two probabl e causes for
the | ack of direct correlation; non- uniformcurrent distribution and
axi al therrmal gradients away fromthe weld zone. The | ack of back-off
displacenent 5 in test 4.3 is characteristic of non-uniformcurrent (and
heating) distribution. Xet _as shown in FILG _22(D) test 4.3 hag?
simlar energy depositjon to test 4.5 with significantly Iess_ggck of f

di spl acenent. Thereforp, the [ﬁ#@ﬁﬂ ev?f an be recpgni zed as
nore of a 10 "global "}i ndi catgac'?- gjﬁcﬁem CO%&‘&I{C i nto accpunt
to a Desired Weld-Quality

204
: _
Measure Back-Off Displacement During
the Homopolar Pulsed Welding Process
200
l
206
J

_ Feed the Measured Back-Off
Displacement to a Control System to
Control the Energy to the Work-Pieces

FIG. 2

RECTIFIED SHEET (RULE 97)



both the energy deposition and the current uniformty. As
previously set forth, the slope of the displacement curve during
forging is i ndi cative of weld quality. The 15 slope of the dlsplacenent

curve 4+s—sufeirent when—the wel d zoTeTreteTTatTs sof tenougir from
heating that it does not appreci ably effect novenent of the pipes
during forging di spl acenent. As seen in tests 4.6 and 4.8, the

hydraul i c woSénsassval ve circuit was the only restricti onpdrussfess0
novenent of the pipes during forging displacenent (neasured at

approxi mately 0.3 in./sec. in test 4.63/22 The exi stence of
variations in axial thermal gradients bet ween tests is another cause of
t he back-off displacenent 25 not producing a direct correlation to the
tensil e strength. As shown in FIG 22(C), the bal ance betmeen t he
interface and bul k _enerqgy deposition is dependent upon_the t 2

energy delivered to fhe workpiece (i.e. the initial energy ed in
the rotor).  The bal ance between the interface 30 and bul k ene gles al so
produces a differenc¢ in the back- of f di spl acenent, which pf necessity
suns up the total di sGharacterizeddemapalar eldmgSysm tionf Because

t he interface engrgy deposition is nore concentrated, it results in
nore heating, and nofe thermal expansion. 35 AIternativer, the bulk
energy deposition S_nore distributed, resulting in Ifss therm
expansi on. : .

Conduct Controlled Weld Tests to
Determine Weld-Quality Parameters

/

300.
306
. _J
Identify Post-Process Weld-Quality
Verification Parameters :
oge ' . 308
Utitize Post-Process Weld-Quality ]

Verification Parameters to Verify
Weld-Quality After the Homopolar
Pulsed Welding Process

FIG. 3

RECTIFIED SHEET (RULE 97)



- 40 - Therefore, the bal ance of energy deposition also affects
t he back-off" di spl acenent as a direct correlation to tensil e strength.
However, there is no doubt about the validity of the back-off

di spl acement _as a threshald 5 i ndicatos Hhe—-rat—di-sphacerent
(FIG 24) produces a very strong direct correlation to the tensile
strength through the entire upset weld test series. Also, as in the
case of 10 the bulk energy, the final displacenent reacheﬁnﬁnk' j qat

the same time "Rt ensile strength. Taken together, the ack-of f and
final displacenment values result in 900@4%2' process weld nonitoring

di agnosti cs. 15 In sunmary, it be concl uded that the paraneters
measured and presented in this conparison fall into two cat egori es;
threshold correlation and direct correlation paranmeters. A threshold
correlation is a paraneter whose val ue nust obtain some mnimumlimt
for a strong weld to 20 be produced, but does not necessarily follow the
same trend as the_tensile strength through the entire upset test
series. A direct corfrelation is one that follows closely t He | ues of
tensile strength thrgugh the entire test series. The separatj on of

paraneters is shown ijn Table Baterning a Desired Level of Bulk
Energy Deposition and Displacement

400
| 404
Measure the Bulk Energy Deposition ud
and the Forging Displacement After the
Homopolar Pulsed Welding Process
406
_/

Verify the Weld-Quality by Comparing the
Measured Values to the Desired Levels

FIG. 4

RECTIFIED SHEET (RULE 97)



41 -

i Table 9 A conparison of the

I n-process, weld quality eval uation paraneters, separating each into
either a threshold or 5 direct correlation to the tensile strength of the
five ——upset—weld—tests—NSF 4. 348

Paramet [S]
*Thr eshol d Direct Correl ation Correl ation D schar ge
Speed 2% 10 Peak current 5% I nterface power
4% Bul k s 18% | nt P/ Bul kP PCT/US96/02402 - - -
sone relative val ues 15 | nt +Bul k power 11% I nterface
ener gy 3% Bul k ener gy 5/22 33% (strong) st rong
IntEfBUlkE  ------- strong rel ative val ues 20
| nt +Bul k ener gy 19% Back- of f 86% (strong)
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di spl acenent Fi nal di spl acenent 27% (strong) strong 25
* - This indicates the percentage difference in the nmeasur ed val ues
bet ween tests 4.5 and 4.6. The wel d tensile strength experienced a
25% i ncrease between tests 4.5_and 4 6 _and a.paranei-er—s—net

considered a strong 30 threshold indicator unless it exhibits at |east as

much I ncrease between the two tests. Ext ensi on of 1n-Process
Evaluation Criteria The purpose of this section isg%g e the
wel d 3S  streWOW2603Yi cat ors determ ned in the previous se |%ﬁaﬁ%ﬁ& t he
tensile strength of a new set of upset tests.

- 42 - This provides the beginnin the data base required for
val i dation on in-process eval uati on of honopol ar wel di ng. The four
paranmeters that are conpared to the tensile strength in this section

are the bulk energy, the relative 5 val ues of the bulk and interface
energi es, the back-off

lh

TCo

Vbuik

Vinterface Vetdsrode
Q

TG4

__.__________.......,.,_- —-———o,—————-—--—_-.-q S
r— 3
. 3 '- .

-l an w—

FIG. 6
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di spl acenent, and the final displacenent. FIG 25(A), FIG 25(B), FIG
25(C), and FIG 25(D) show the quantitative conpari son of the output
parameters. The left and right scal es indicate where the | ower and

upper houndaries-are 10—the | owest—amd—trygtrest—valrues 1N the series,
respectively. The previous conparison of welding process
paraneters to weld tensile strength showed that a strong threshol d
correl ation cgdsdndess made using the bul k energy, and the I1pcTAmsetedex f and
final displacenents. In addition, strong direct correlations could
-be made using the final di spl aceneiff22and i nterface and bul k energi es.
It was al so noted that the bal ance between the interface and bul k
energi es produced a strong correlation to the weld 20 strength, as well as
affecting the direct correlation of t he back-of f di splacenent. To
further exam ne the bal ance of the interface and bul k energies and to
nore cl osely quangiify the location of energy depositi ong fbl t age
gradient tests were condupted using continuous pipe (test 25] :E 10.1) and
constant |oad (test NS38(H] 21) setups. The vol tage gradfdd tests
consi sted of attachi ngaédzj spot wel d) a ribbon cable to:_t1hg surface of
t he pipes between __ b el e ,Bntstraddl ing the interjace. Thi s
axi al vol tageﬁro@o-array ad the effect of separating ¥He b@k 30

el en

and interface | unpgd o several smaller |unped ] | agrents. By
characterizing eactzof 20l

ey N isipid el ements by i {98ngvidual
vol tage drop, a noige rﬁtaé)jed xam nati on coul d be made Qfoehm ener gy
deposition in the 5 17 L

S 100- electrode tosa =
50- , | 102
04 V = 1o
: interface 3
-50 )u‘l....;....;.,L,:.L;,{....:,...:‘L.. 0.2
05 0 05 1 15 2 25 3 35
TIME (s)
FIG. 7
400 8
o B0 _ 7 g
§, 3001 -6 §
g 250 5 =
S 2004 4 3
w150 3 =
< _‘. _2 [ o
e 1004 Resistance ,, 1° =
E % <o !
= of o 2
.50 ‘J..z....g.‘.%....f...;:...;5..;;:...; 1
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TIME (s)
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- 43 - To cal cul ate the energy deposited at each discrete
intervdl between the voltage probes, the voltage measur enent s
were separated as shown in Table 10. Using t he neasured current and

taking_only half the voltage drop -5 o—cat-et-ate—the—energy—depostted—
into a single pipe) the axi al energy gradients were determ ned for
both the conti nuous pipe and constant |load tests (FIG 26 and FI G

27). Shown in the ergy gradient are the individual | as well
as the ener gyvffé?f@g%?ed bet ween the bul k 10 vol tage probe ang the fot}rthest
vol t age gradi ent probe out board of w?g nterface (Verr] for test 10.1,
and V4 for test 4.21). Also shown in e figures is the energy bal ance
conparing the sumof the interface and bul k energies (as measur ed by

t he standard vol tage probes) and the sumof the 15 energies cal cul at ed

using the voltage gor adi ent measurenents. Since these energies
bal ance in both test Lcases, the voltage gradient neasurengnts are shown

to be val i d. ZE‘ 7-
= 6‘-

1-
o1

INTERFACE RESISTANCE (

-1+ £ } t i } {oemri {
02 0 02 04 06 08 1 12 14 16
- INTERFACE VOLTAGE (V)

FIG. 9
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— 0: :‘J g
-2001 1-0.02
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- 44 - Tabl e 10 Separation of the

raw vol t age gradi ent neasurenents and the energies calculated from
them The energies are 5 calculated to be the energy deposited in one
pi pe i-a-the Hacrenent -betweep—-aewi-duat—vot-tage—probes:
Derived Voltage Cal cul ated from Derived Energy V [err] 0. 5
(V[err]) E[err] 10 V[err] 0.5 (V[err] - V[err])
V[err err] - Verr E[err
0.[5 ! (V[err“%—%r])] [E[e]rZ] 15 £/[er]r] 0.5 Vierrf‘w?
Vierr]) Elerr] V[err] 0.g/22/bul k- Verr]) Elerr]
4007 16
350 14
3004 Current 1.2
S 250 1 £
[ "
'ug: 2004 Vbulk 08 &
& 150- ‘ 06 = .
3 00d Vinterface .
504 02
01 Velectrode - 0
_50 ...;%;.‘.TI....%....El..-.:...‘:....%... '-0‘2
05 0 05 1 15 2 25 3 35
TIME (s)
FIG. 11
1200 012
- 1000 . - For
S 500 TEMPERATURE ~ }0.08 £
—
= 600 Fo06 =
g 1os @
e 400 ros %
S 200 }oo s
B 3 o
0+——— ___ DISPLACEMENT -0
-2004 1-0.02
_400’.:..;:..}_;:.4:. '_0'04
05 0 05 1t 168 2 25 3 35
TIME (s)
FIG. 12
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20 Determ nation of Weld Paraneters A determ nation of proper

wel d paraneters may be separated into three steps: conti nuous

pi pe tests, constant | oad tests, and upset wel d tests. 25 The
continuous_pipe tests serve.-three .pupeses eharactertzrnyga
honopol ar wel d system 1. understandlng | nput par anet er
tradeof fs between di scharge speed and field current 30

2. quantifyigg gy distribution in the system pChiusseBiogr M ni ng
el ectrical |unpe enent val ues for nodel devel opnent -

Wth a continuous p| pe (no interface) 139/2%6 wor kpiece 35 load in the
di scharge circuit, the effects of varylng

- 45 - : fleld caff<ent and di schar gq ufse | engt h,
peak current in the e\%? kpi ece, and thegt % ggggg% hg ’
3501 --- NSF4.5 CURRENT| T
300- — NSF4.6 CURRENT| 1
—_ - — NSF4.8 CURRENT| 3
£ 2509 -
o
é 20(}-L
c 150
= s
e 100-_
504
0 -
-50
-0.5

TIME (sec)

FIG. 13

——NSF4.4 DISPLACEMEN
——NSF4.3 DISPLACEMEN
0.124 |—NSF4.5 DISPLACEMEN
- |—NSF4.6 DISPLACEMEN
0.4 |—NSF4.8 DISPLACEMEN
£ 0.084
= r
& 0064
S o0ed
(&2 Us1
2 ooof
S 0021
on | [
0+
-0.024
_0.04'....5..“% PP SIS SO P SR
05 0 05 1 15 2 25 3 35

TIME (sec)

FIG. 14

RECTIFIED SHEET (RULE 81)



current are determned. In general, increasing the field current
produces a higher current and shorter pulse length 5 by increasing the
power output (renoving energy fromthe generator nore qui ckly).

| ncreasing-the discharge-speed fFesttt-s—rmhrgher-—current _and 1 onger
pul se | engths by storing nore energy in the generator. For the weld
program descri bed here, the field current was maintained at an 10
enpirically q§§§%§b ed constant val ue throughout all testspcrusosnziére field
current val ue ) was found to produce a sufficiently slow current
pul se (approximately 100 ns to pepf/Zhd 3 s total pulse length) to
ensure uni form current distribution at the interface. As a

rul e-of -thunb for peak 15 current values, the steel welds in this program
required a m ni mrum of 70 KA/in2 to produce a strong weld

Quanti fyi ng and bal anc80d¢ t he ener gy dlstrlbutlon in thefsystemis a
useful tool for determni iti
system If errors are
conti nuous pipe tests, #
anal ysis before 0;
For the wel d B ogr
consi dered corrects f
was | ess than 10%gmt §6t
To determ ne the |

| unped el ement rest st ?9
the cl osed-form t
measur ed across th
formthe basis for dev
predict the system per gt

nd in the energy bal ance during the

IS easief jto refine the data agquisition and

terface is inf4oduced into the discfharge circuit.

descri bed herg, the neasurenents weqe 25

ener gy unaccofy E

originally stf

enment val ues ,
and i nquct ancp—carNSE} 4L BAD|f ed by using

fon to the RLG seriep—clrigor4 3 R0ADINE vol tage

dividual cirquit inmpeda 51 st val ues

ing a state-\Jariabl p_.pD

nce for varying iHMH_.Nsﬁfgﬂ AU

L)
.g, P
o

05 0 05 1 15 2 25
TIME (sec)

FIG. 15
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- 46 - The constant |oad tests are used for three purposes:

1. refinement of the input paraneters 2. determ nation of
wor kpi ece cool down rate 5 3. determ nati on of upset timng.
Refinenent of the input_paraneters is—typieatty—ean +-erat+ve—process
for each new workpi ece material and geonetry; however, sone guidelines
have been identified in 10 this research. Use of the back-off
di spl acenent from thermal expansion in coordination w tdarhh t age
gr adi ent PR3, 05 ur es whet her sufficient energy is deposited at
the interface. For the particul ar n'ai %gl , geonetry, surface finish,
and initial load used in the welds 15 g! ented here, the m ni num back- of f
di spl acenent was found to be 13 mls. It is inportant to note, however,
that this back-of f di splacenent is also highly dependent upon t he
el ectrode distance30ith a | arger el ectrode dista 2011 k
material is heath arﬁ t he val ue neasured for the ; +
T 74 12730 €
—~ o - -
n g b pugd
ot - L 2
D 54 1 2640 i
v 1 5
o0 1 .
— Ll
v ] L]
w411 12551
- < <g
5] - : =
(=]
& oel ' 2]
— 25 12461 &
9 r 2371
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+ 90- 360 ;
T 4 1342 _
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© 58 {324 =
L b 0
o 1 0=
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= < o
- 25 1 287
1
9 ¥ 269
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20 back-of f di spl acement changes. Therefore, the back-off

di spl acenent required for strong welds nust al so be characterized for
each new wel d geonetry. The vol tage gradient test may be used to
verify 25 _sufficient erergy depos+ttorr—at—tie—Tmterface. TT Was
found in this research that wwthin 0.025 in. of the interface of a
strong weld, the energy density for X-52 steel pipe is 535 kJ/in[err].
| f the proper t density is being produced in Jhasobisgpharge
circuit, eHZ§§@£§§ concentration at the interface may be cgﬁgyéﬁled by
varying the initial |load of the wR@§§%ece. The initial |oad for
the tests presented here was kept at a tant val ue of 13.5 kip
because earlier tests had shown that this val ue produced sufficient
ener gy concentratiog ile avoiding 35 spitting at the int ?gie.
- 47 - As ined herein, a quality wel #*TS one t xhibits
at | east as highfa tensile strength as the parefit netal andf f&81ls
outside of the wekd,lime in a tensile test. 5% rec Q1b§§d Lhat
refinement of th§§iZ6 t paraneters to roduce a tough jfoi ht mﬁ§@ a weld
t hat has an ind ry _ 4 g
2 58 309 =
= : - o
o < s -
w41 j283 2
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& 1, E
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9 o 231
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accept abl e i npact toughness, is a feature of the invention.

Table Il 10 Summary of the generalized testing nethodol ogy. Jw =
current density in the workpiece (KAin[err]?2) Derr] = back-off
di spl acenent _of the workpiece (mls) _Elerr] = energy—deasity—
within 0.025 in. of the interface (kJ/inferr]) 15 Test
Pur pose Ceneralized M| estone conti nuous pipe tests |nput
paranmeter tradeoffs [err] 70 KA/in[err] - energy
di stributi on WO9626035 - lunped el enent i dentTFHUSE692302
constant | oad tests refining input papﬁaﬁéﬁrs Dierr] > 13 mls

* wor kpi ece cooldown rate E[ferr] > 535 [err] -
upset timng upset weld tests further refinenment of input depends
upon i nput paranmeters to match desired weld

par anet ers quality 20 The upset weld tests set forth as
exanpl es herein may be used to correlate weld tensile strength to a
nunber of out put paramneters measured during the wel ding process. 25

Al t hough several paraneters yielded a correlation to tensil e strength,
t he back-of f di spl acenment due to thernal expansion at the interface,
the final displacenent due to forging of the workpieces, and the

el ectrical energy deposited into the bulk material of the pipe around

the 30 interface produced strong indicators of whether a strong
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- 48 - wel d had been made. Since both the final displacenent and

the bul k energy deposition are evaluated after the weld has been nade,
they are best suited for post-process nondestructi ve eval uati on
(NDE) of—weld—si+engt-h- However, ' = ' '
measured prior to upset, it is well suited for real-tinme control of
wel d strength. As the requirenents for weld quality are refined (e.qg.
toughness, upsef Lip contour, etc.), the in-process, NDE  pofgd |

Shoul d ai 5o bvparidss 10 | - . Pofbbbins

Al'l of the nmethods disclosed and clainefﬁhzaein may be made and
executed wi thout undue experinentation ght of 15 the present

di scl osure. Wiile the nmethods of this i nvention have §6§n
described in terms &0 preferred enbodi ments, it _ent A nt to
those of skill irgthe art that variations maybe applied/tjo the t hods
and in t he stleps ¢ 20

descri bed herei n"gi (744 ~ 194d §§cope
of the inventia&. . nmodi f/cat ifons appar ent

to those skilledZn tHe art are he sgirit, ope
and concept of t§ 58 184 E
. = =
= w
w41 175
oy
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= 25 185 =
9 . — T +155
44 43 45 4.6 4.8
TEST NO.
" FIG. 22A
904 267
t - 25% b
Z 4 o | 242
I 2
e - L
S 581 217 &
= T &
5 f g
y 414 191 x
. =
25 166
g9 " -+ 141
44 43 45 46 4.8

TEST NO.

FIG. 22B

RECTIFIED SHEET (RULE 91)



I nventigon as defined by the appended clains. 25

- 49 - CLAI MS: 1. A method for

real -time weld-quality control in a weld- quality control systemfor
honmopol ar _pul sed wel ding, _5_ conprising: characterizing a
honmopol ar wel di ng system conducting controlled weld tests to
determ ne at |east 10 one in-process.paraneter that correl ates
to a satisfactory weld-quality of a weld;"

i dentifyi ng at™O98R%ne of said at |east one in- PCT/USHO0R s 5

paraneter that nmay be used as a real-ti,rg
/22
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15 wel d-quality control
at least one real-tine weld-quality

par anet er;

and utilizing said
control paraneter as an

i n-process neasured

parameter to control the weld-quality

duri ng_a_20 —honopol ar pused—wel-eh-Ag—process: 2 1he
met hod according to claim1l, wherein the in- process weld quality
paraneters include discharge speed, 25 peak current, interface power,
bul k power, _interface power/ bul k power relative val lnterface
power pl us buI“P"s‘J’gpower, i nterface energy, bul k energy, lf??l‘{uer g@é

ener gy/ bul k energy relative valueaggﬁggerface energy plus bul k energy,
back-off displacenent, and final displ t. 30 3. The nethod
according to claim2, wherein the in- process paraneter is back-off

di spl acenent.
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- 50 - 4. A nethod for real-time weld-quality control in a weld-

guality control system for honopol ar pul sed wel di ng, conpri si ng: 5
determ ning a desired | evel of back-off displacenent that
correlates to a desired. weld-qualiity —Feastt+ag—atack=off

di spl acenent during a honopol ar pul sed wel di ng process; and
10 feedi ng said neasured back- of f di spl acenent to a

control systemto control energy to work-pieces : wel ded
so that sai d WRER2¥% di spl acenent is substaﬁFPHgﬁ@E@ﬁual to

said desired | evel of 15 ibfﬁéi di spl acenent.

nmet hod for post- process wel d-quality v ation for honnpolar pulsed
20 wel di ng, conprlsga -Te - di ng
system nduct i ng e at | east
25 oneli n-p
resul ting wel d- qu |
27
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Identifying at | east one of said at |east one in- process

paraneter that may be used as a post- 30 process wel d-quality
verification paraneter; and utilizing said at |east one

post - pracess.nel d- aual i ty—o ~-e--FcatTon—paraneter —as_an

I n- process neasured paranmeter to verify the weld-quality
after a 35 honmopol ar pul sed wel di ng process.

- 51 - 4; thod according to claim5, wherein t 02
process wel d m paramet ers include di scharge speed, peak current,

I nterface power, bul k power, mterfacecl&/ 2)ower/bul k power relative
val ues, interface power plus bulk 5 pr |2 |nterface energy bul k ener gy,

i nterface energy/ bulgs energy rel s¢d7gy pl us
bul k energy, b+ac - ¢ i #
= .~22 )
3 76 E
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< 59 16 &
ol ud
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10 7. The nethod according to claim5, wherein the post process weld

quality verification paraneters are bul k energy, forging displacenent,
and sl ope of the displ acenent curve. 15 8. A nethod for
post-process weld-quality_verification far homopo :
conpri si ng: determining a desired | evel of bulk energy
deposition 20 and a desired level of final forging displacenent
that correlates to a desired weld-quality; measur.i Kk
ener gy deposi tWOR62¥ a final forging di spl acg*‘?@ﬁ?’zﬁgﬁer a
honopol ar pul sed wel di ng 25 éﬁ@ﬁﬁzss; and verifying
wel d-quality by conparing said neasure ener gy
deposition and said neasured final forging di spl acenent to
said desired |l evel of bulk energy 30 deposition and a desired
| evel of final forging di spl acenent. 9. A nethod for
real -time weld-quality control in a given 35 honopolar pul sed wel di ng
system for welding two | engt hs of conduit end-to-end, conprising:
5007 T2
4507 VBULK o VA48
400.b A v5 -_1 6
& V6 ‘
3507 CURRENT mevees V7( 714
g 3007 — V8112 o
= 2501 i ng 1w
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1} 0
-50 } 1 } t $ -+ $ 0.2

05 0 05 1 15 2 25 3 35
TIME (s)

FIG. 26

RECTIFIED SHEET (RULE 91)



- 52 - characterizing the honopol ar wel di ng system

conducting controlled weld tests of the characterized wel di ng
systemto determne at |east one in- 5 process par amet er

that —ee++elates (0 - .a-mem- ' '

wel d; nonitoring at | east one said in-process paraneter

whi | e honopol ar pul se wel ding the two | engths of 10 pi pe; and
mai nt ai ni ng t l.Lored paraneter at a value and for atinme
sufficient to provide a satisfactory wel d- ng??5§“nf%

10. The nmet hod according to claim?9, In the in- process- wel d

qual ity paraneters include discharge 2&&2& peak current, interface

power, bul k power, interface 20 power/bulk power relative val ues,

i nterface power plus bulk power, interface energy, bulk energy,
I nterface energy/bul k energy relative values, interface energy plus
bul k ener gy,
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back-of f di spl acenent, and final displacenent. 25 11. The met hod

according to claim 10, wherein the in- process paraneter i s back-off

di spl acenent . 12. A method for welding two conduits end-to-end, 30

conpr i siag- : abuttd ng t he —erds—ef—the~two—eontutr-ts—to defrme—=

wel d I nterface; 35 transm tting honopol ar pul se

wel ding energy to the condui ts;

- B3 - nonitoring the amount of back-off displac he

i nterface dur WrRy92688 transni ssion; and %Qﬁﬂhw&&aﬁ
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Energy Balance
Sum of Egraq energies = 228 kJ
0.5 (Einterface + Epulk) = 228 kJ
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controlling the amount of welding energy transnitted 5 1 049 tﬁ%mw
conduits in response to t;he noni torf anount of back of f 7
di spl acenent to obtain v & M Jufficient back of f %P"&rﬂ a@'e_lfeﬂg to

e,

ef f ect—awetd - at sai d-i-nterface 1 3——Fhe—-mret-hod
according to claim 10, in which a forging I oad is appliedgp the
conduits when said sufficient di spl acenent has occurred. g8
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{57) Abstract

The invention provides a method and apparams o 102
control and verify weld-quality in a homopolar pulsed weld by Characterizs Homopolar Walding System ./o
measuring in-process paramelers. Methods are disclosed for
meal-time weld-quality control in 3 weld-quality control system
for homopular pulsed welding (102), including measuring at
least one in-process parametsr that comrelates to a resulting
weld-quality of a weld. Further, methods are disclosed for
post-process weld-quality verification for homopolar pulsed
we!dmg. including a stap (106) of identifying at least one
in-process weld-quality verification parameter and 8 step

{108} of utilizing such 2 post-process weld-quality verificarion Conduct Controlisd Wald Tests to }M
par]a;metcr to vesify the weld-quality after a homepolar pulsad Dstermine Weld-Quality Parametsrs
welding process.

, gfoll identfy Real-Time Weld-Quality Parameters Ve

Utilize Real-Tims Wsld-Quality Parameters 108
to Control Weld-Quality During the 4
Homopolar Pulsed Welding Procsss

Q;)n[. b



