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BACKGROUND OF THE | NVENTI ON The present application is a
continuation-in-part of co-pending U S. Patent Application Serial No.

08/ 389, 884, W9 bruary 15, 1995. The entire text of thePCInUSs9s/02074
above-referenced 5 di sclosure is specifically incorporated by reference
herein wi thout disclainer. 1. Field of the Invention The present

invention relates generally to the fields of welding and wel di ng processes.
More particularly, it concerns nethods for determ ning and controlling the
cooling rate for nmetal 10 alloys in electrical resistance wel ding
processes. 2. Description of the Related Art Honopol ar pul se wel di ng
(HPW wutilizes a high current, |ow voltage pul se produced by a honopol ar
generator to rapidly resistance heat the interface between two conponents
to forging 15 tenperature. An upset force is then applied to produce a
forge weld at the interface. Only a few seconds is required frominitiation
of the pulse to conpletion of the weld. HPWis being investigated as a

nmeans to rapidly join | ths .of pipe in pipeline construction. It is
particularly attracti veﬁ?r%'"'%ﬁ}ﬂgi &antrodling prical Resifanber e pi pel i ne
construction systens including the J-lay



system Early HPWwelds in APl 5L X-52 carbon steel |inepipe have exhibited
full tensile 20 strength but unacceptably |ow inpact toughness. Wile
honopol ar wel ding has great potential as a wel ding process in pipelaying,
sui t abl e mechani cal properties must be reliably and repeatedly achi evabl e
in the weld zone. Previous research has shown honopol ar wel din f AP

pi peline steels WO%2¥%cking in this, particularly in 25 acﬂ’FE’\"’Fﬁ@“n
accept abl e i npact toughness. In that regard it is an objective of the
present invention to address thedB ROUND OF I

PCT/ US96/ 02074 The honopol ar generator is based on the principle that a
conductor noving normal to magnetic fields generates an electric potenti al

di fference between t hgnepriséhtapplicattonds a crtinGationtiv-part 6f cospenling UIS: Patedt Applicitvn
corductor is a disk rotatlngsnormal to the direction of a magnetic field

generat ed by fi ebegiabp|08/388.884 filed Fehruapil 31290, The utire txt of thejaboverreferenced s
gener at ed betwee t: . . ' ' e _ . r haft.
Sliding cont gct s&%cﬁos{] ﬁe’pgﬁg’? %ﬁfgﬁ rot o?d 5siS}eltj"i:ve aéh%ﬁﬁr“éﬁtg utcdg%cf%ie%?i on
devices. This "disk-type" of generator was enployed in connection with the

present inventiop. A%'Il%ﬂgt;m &.onsi deration in any wel ding process is the
structural integltity | ded material follow ng the wel ding
process. This is genemslpteserd aivenitionteldtedyenatally yrthe Geldbiof weldiag kit wéldiak processes.

properties of test welds in _and near the weld zone, and determ ni ng what
pre- and More particularly, it concerns methods for determining and controlling the cooling rate for metal

10 alloys in electrical resistance welding processes.

2. Description of the Related Art
Homopolar pulse welding (HPW) utilizes a high current, low voltage pulse produced by a
homopolar generator to rapidly resistance heat the interface between two components to forging
15  temperature. An upset force is then applied to produce a forge weld at the interface. Only a few
seconds is required from initiation of the pulse to completion of the weld. HPW is being
investigated as a means to rapidly join lengths of pipe in pipeline construction. It is particularly
attractive for application in deep water offshore pipeline construction systems including the J-lay
system. Early HPW welds in AP] SL X-52 carbon steel linepipe have exhibited full tensile
20  strength but unacceptably low impact toughness.

While homopolar welding has great potential as a welding process in pipelaying, suitable
mechanical properties must be reliably and repeatedly achievable in the weld zone. Previous
research has shown homopolar welding of API pipeline steels to be lacking in this, particularly in

25  achieving acceptable impact toughness. In that regard it is an objective of the present invention

to address these problems.



post-wel d paraneters are necessary for achieving a weld with opti nmal
paraneters. These paraneters necessarily depend on the particular use fe+— -
the wel ded material. 15 SUMMARY OF THE | NVENTI ON The present invention
results in part froman observation that the nmetal lurgical properties of a
wel d are dependent upon the cooling rate of the netal bein | The
i nvention alY@9%®267 results in part froma recognition tha?’%sgﬁ@?ﬁ be of
great benefit to control the nmetallurgy in the weld zone, and thereby the
mechani cal pr opefrhé hdmépolhr ighteratorGs based ot the peihciple dpea tormiactof mbving nermil toThe

I nvention acconplishes this by varying.t cooling rate w fhout haying to -
resort to ti%n“&ffﬂ%ﬁcﬂﬁa‘ﬁﬁ{dmw‘ﬁﬁw . &o Pfgﬂrsa’f ® the

i'nvention proyd g hfa?en&aﬁﬂ'ﬁé&hh&%r@@bimﬁdtﬁﬁ fortfal fthe iFechibsl of Bhnagnedt | OY'S
t hat have been wel ded together usi ng an electrrcal 25 resi stance wel di ng

process. Rediebt generated by dieldgoils: githe disk, Arpotentialdlifirrence issgenerated betwieerar ge

current thr h. el LS Y | = 0| and

vl d t hefn t SHEONE piSiiE AR Tad B2 ol s IR collBe on B il W ik 188 O

i n the presecirenteuleetiondevices.t Tisis Mdiskoyype"of gérerayer wasledipluyed indonnegtien with the

WD 96/ 25267 ) ) PCT/ US96/ 02674

The presentHWW%@MWQWP%ontroIS the cooling rate of two netal work-pieces in
a hornopol ar pul se wel di ng process by varying the di stance between the

el ectrodes attached to the work- . . .
An important consideration in any welding process is the structural integrity of the

10  welded material following the welding process. This is generally determined by analyzing the
metallurgical properties of test welds in and near the weld zone, and determining what pre- and
post-weld parameters are necessary for achieving a weld with optimal parameters. These

parameters necessarily depend on the particular use for the welded material.

15
SUMMARY OF THE INVENTION

The present invention results in part from an observation that the metallurgical properties

of a weld are dependent upon the cooling rate of the metal being welded. The invention also

20  results in part from a recognition that it would be of great benefit to control the metallurgy in the
weld zone, and thereby the mechanical properties and the microstructural properties of the weld.
The invention accomplishes this by varying the cooling rate without having to resort to time-
consuming post-weld heat treatment. More particularly, the invention provides for a controlled
cooling rate of metals and metal alloys that have been welded together using an electrical

25  resistance welding process. Resistance welding, as used herein, means processes that discharge
current through electrodes to resistively heat metal alloy work-pieces and weld them together. A
resistance welding technique of particular interest in the present invention is the homopolar forge
welding technique.



pi eces, and thereby the di stances between the el ectrodes and the weld
interface. The fornmer 5__distance is referred to as the el ectrode gap, and
the latter distance as the el ectrode distance. The postweld cooling rate is
via thermal conduction, and is determ ned by the pipe and el ectrode

physi cal dimensions, with the copper electrodes acting as a hea%cﬁé 02074
during cooling. ™@%¥R¢me of material in the el ectrode distanc

resistively as the current passes through it, 10 thereby creating a

thermal barrier to rapid cooling of the weld interface. Thus, by increasing

the _el ectrode gap, th coo ing rate of
zone) may be sl owed; B?"?"&‘i?fgﬁ%ﬁwk‘ﬂ%mgﬁ 036{"? 5§Fw %’pl%%{n%gngfn oHolar
rate of the weld %fdﬁﬁ rocays Wﬁé‘dﬁdnce]lﬁtween the elecﬁ'didé&emhmotﬂkbawork-

. .
di skance bet ween e el ectrodes heats a | arger. bulk of the e on
side of the wel dp;qgcmndenheteb)hfbré'a%SW% ﬁbﬂ@ﬁ‘ﬂ'&t@?’?‘gﬁﬁ) “o‘Jg

zone, slow ng, 2?1‘53’{“%#82&%&8 as the %le@t?&&eiéang,y qu}ﬁ distafice s é e!e'%{r&lef didighck.n

an electrlcal ' Ng process erefore be controlled
t hrough mani pul ati on of the el ectrode gap, and a desired cooling rate may

ot oot ot zones T Has, Theptoreigeroing s S el GRE0E dnd s deltinilEd by she pipe and

oo f ace was or{AERRbAIHY AN daN0DAS With e oppi °'§F‘§°n‘”* %;‘332“"&‘3? ‘e’?edmqu‘”"“éh

ei ther side of t@emlmepémwmlépélq%ﬂmeF “Bﬁ‘ét? £ it,

netal | urgicaj ,pr Qi?&él{)}ﬁ?éuﬂ% d‘}ﬁ{l@?{?ﬁ%%ﬂ Bodliftg 8£the dkld ihtedite! ﬂ'ﬁu&BPink:féﬂsmgthe
5 met’a erla te

rate of the r it has been resistively heated and
wel ded. Thus, thmupdwp;me emlinpsatdaf theweld cont (otiest affecte soned may bie slowed;

nventton enabl o oRERePY BHSHEBRSEE “%&86“““%%@&* of B Sl Ly be

controlling the m&ggeu.cal - 4-

15 Increasing the distance between the electrodes heats a larger bulk of the pipe on either
side of the weld joint and increases the conduction path from the weld zone, slowing the cooling
rate. The cooling rate for the weld interface in an electrical resistance welding process may
therefore be controlled through manipulation of the electrode gap, and a desired cooling rate may
‘be determined by analyzing the metallurgical properties of the heat affected zones (HAZ) created

20  with varying electrode gaps. The weld zone is a narrow region (approximately 1mm) at the place
where the weld interface was prior to heating. The HAZ is a region (approximately 5 mm) to
either side of the weld zone where the microstructure has been changed.

The metaliurgical properties of 2 weld depend in large part upon the cooling rate of the
25  metal material after it has been resistively heated and welded. Thus, these properties may be
enhanced through the methods disclosed in the present invention. More particularly, the present
invention enables control of the metallurgy in the weld zone, thereby controlling the mechanical
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PCT/ US96/ 02074 properties of the weld Further post-weld heat-treathrent—
may al so be avoi ded, thereby inproving total process speed. The present

i nvention in a general aspect provides a nmethod and apparatus for
controlling 5 the pulse-weld cooling rate of nmetal alloy material . This
cool i ng rat e Wa9@S¥3ndent upon the el ectrode gap, which is REEUSAs02p7 fy t he
distance froma first electrode to the weld interface plus the distance
from a secongropésies 6faHewtld. Fiktherglost-weld bédtaeatmeht m@ diabediRoided, dherétiye

I nvention, the two el ectrodes may be positioned so that the weld interface
I S equi di st affaprpying fatal precess ‘two el ectrodes. Variations on this

pl acement, however, nmay be made wit hout departing fromthe 10 scope and
spicit of the |nvent|on The netal work-piece of the present invention may
be pipe, alt houghThnprmntmmaon inst geperal aspert prowiskes amedwqdanctanpmmgormomaolﬁnat

pl at e, y al.so t e oI| rate
of the h‘ 643?8' g%ﬁ%@ﬁg&?ﬁ Ll'ﬁ rgtg?sodepgnd PES. For
the purpos es elettrddeigs dp dvlﬁcli i® mamedfbyttlmadxstmrﬁonom' ﬁrst élmae toithé wenenteme; phs
considered tq include

ot her suitab]e for ui t I ncl uding tubin
15 The desi rgﬁql%%ﬁ‘P@r”Fﬂ@ 6'5”61"?4? ‘B’r“t g : B’G?‘Fﬁgﬂ‘f’éﬂ"ém!%g’ﬁny
particul ar mpLaliedt monws&mamemhmasé@mwmﬁlwofﬁéﬁﬁl

al l oy, netal matrlx mat erla etc.) depends upon its ‘el emental constituency

and its ulti n&cteoqwrmonmmhumtdwmewﬂgmsab@mmww%mmmm from the
oot AT gt 85 S5 o i iR e etk £ ekd Sk thd eI fibdton 3R be pipe,

i nvesti

although other conduit structures, such as square tubing or a flat plate, may also be welded. By
adjusting the electrode gap, the cooling rate of the welded conduit segment between the
electrodes may be controlled. For the purposes of this disclosure of the invention, the terms
"pipe" may be considered to include other suitable forms of conduits, including tubing.
15
The desired range for the cooling rate or a desired cooling rate for any particular metal or
metal alloy (e.g, nickel alloy, titanium alloy, steel alloy, metal matrix material, etc.) depends
upon its elemental constituency and its ultimate purpose. The desired cooling rate for a
particular material may be determined, therefore, by testing the material and investigating the
20  resulting metallurgical properties of the weld interface for a variety of electrode gaps.

In one preferred general aspect, the system includes a homopolar generator, a hydraulic
uniaxial press to hold the structures to be welded, electrical connections to the generator, which
lead and are connected to electrodes set at selected distances from the weld interface to provide a
25  desired cooling rate. In more detailed aspect, the present invention resides in a method for
determining a cooling rate for a metal alloy pipe in an electrical resistance welding process in a
homopolar welding system.



20 resulting nmetal lurgical properties of the weld interface for a variety
of electrode gaps. In one preferred general aspect, the systemincludes a
honopol ar generator, a hydraulic uniaxial press to hold the structures to
be wel ded, electrical connections to the generator, which | ead and are
connected to el ectrodes set at selected distances fromthe weld interface
to provide a 25 WQa53dd cooling rate. In nore detailed aspect® 602674
present invention resides in a nethod for determning a cooling rate for a

netal alloy pipe in apheh&kitd préfetablycndlodes fiest prepariiignke ¢nde 6Fsfirst plpeandarsesald pipe
wel di ng system WO 96/ 25267 .. . .
PCT/ US96/ 02074 T cleetrisgjdesistance pelding i a hpmepalaryelding systemeand ceptaqting the sod gf the

first pipe and agag gfﬁg AndthP End SthedeBsild piget forfisd Wil Rt fade! Nexih first dlectrode is
honapol ar wel di ng system and contacting the end of the first pipe and the
end of the seconthopntpdon thefioyt pipg apda secpad eledtrgdeis mqunted op thejseepnd pipscsuehthat 4 s

nmounted on the figst pipe a S t |

pi pe, such tITat glséncqu?vﬁegrr{l&%eﬂ% teeyc\%\eg’g%?%hg&f%rs ejeei ect ;&(@) e gﬁgle%tg(ge?g%on weld
ﬁl ect :‘j oge g_efl Rem&mc_ eiseedisﬁodf? heaal bdeischmg}ng energyefrbmmdlonmﬁolesg?emmet}?qugh the first
eat ed by di scharging energy fr a hono r generator, t.hro t i f St

el ectrode and théeg‘é‘@GﬁB‘? @gé@f’?‘w&@ge Weﬁad?'ﬁéﬂﬁtia? f*&‘f&?‘geéégﬂ‘a “ﬁrdg'g Ve

the wel d interf aggmifsod Wil pipe\REdad. ThORmPEARRIVS theeldddpipeiegintrits MEasinRg at
wel ded pi pe segnent liés?‘{ measur ed gl? periodic time intervals t_og{cri‘et erm ne the

cool i ng rate for perrdichimeliateryalsse dsterpring the caqling rate for thegvelded pipersegmenie
cooling rat g Jray be determ ned by adjusting the electrode gap for

A desired range for the cooling rate may be determined by adjusting the electrode gap for
repeated samples and analyzing the resulting metallurgical properties for each sample. The

desired cooling rate or range for the cooling rate may be thereby determined.

15  Inanother aspect, the present invention resides in a method for controlling the cooling rate of
metal alloy pipe in an electrical resistance welding process in a homopolar welding system. The
method preferably includes preparing the ends of a first pipe and a second pipe for electrical
resistance welding in a homopolar welding system and contacting the end of the first pipe and the
end of the second pipe to form a weld interface, First and second electrodes are mounted on the

20 first and second pipes, respectively, such that the distance between the first electrode and the
second electrode defines an electrode gap that is selected to provide to a desired cooling rate.

The weld interface is resistively heated by discharging energy from a homopolar generator
through the first electrode and the second electrode to weld the first and second pipes to form a
welded pipe segment. Finally, the welded pipe segment is cooled at the desired cooling rate.



repeat ed sanples and analyzing the resulting netallurgical properties for
each sanple. The desired cooling rate or range for the cooling rate may he _
t hereby determ ned. 15 I n anot her aspect, the present invention resides
in a method for controlling the cooling rate of netal alloy pipe in an

el ectrical resistance wel ding process in a honopolar wel ding system The
nmet hod pref e™D¥25263c| udes preparing the ends of a first pig@‘ ¥4 econd
pipe for electrical resistance welding in a honopolar wel ding system and
contacting the end of the fBRIEFDESCRIPTTONOE THIDRAWINGSONd pipe to form
a weld interface, First and second el ectrodes are nmounted on the 20 first
and second pi pes, respectively, such that the distance between the first

el ectrode and t hergasaing uRRhi@ eI (95 Rikehl BESAGHEN BRfl Rhabdto further
sel écted to provide to a desired cooling rate. e we Interrace 1s

resi stively ¢emanstiat gertpirsaspectsofithe pressntinveéntiom) Theiovamtion may bebettentunierstdod dygh

bl pes. 1 o5t or Teenttd o B or bidFe SEAQE Sraufis 18 Binghinefiol St he Sreated ecBRioomt o
cool ed at t hgpecifieiembodiments pregented irerein. 6- WD 96/.25267

PCT/ US96/ 02974 BRI EF DESCRI PTI ON OF THE DRAW NGS The fol | owi ng draw ngs
formpart of the present specification and are included to further

denpnstrate pRY.4a4 Qs&&ﬂﬁfés?noﬂfng&ﬁlf‘eléﬂh‘éﬁ@&i&taﬁ&‘iﬁ@l&tﬂ?ﬂl r%ﬂﬁnbma&' on rmay be
better understood by 5 referéence to one or nore of these drawngs in

combi nation with the detailed description of specific enbodinents presented
herein. ;0 FIG.24 depicts a continuous Cooling Transformation (CCT) diagrams for a low alloy carbon

steel likely to be used as a pipeline material, designated as steel A, which is a low carbon, high
manganese steel. The composition is 0.06% C - 1.95% Mn - 0.29% Si - 0.003% S - 0.010% P -
0.010 Mo - 0.25% V - 0.037% Al - 0.008% N Austenitized at 1100°C (2012°F) for 6 minutes.
FIG 2B depicts a continuous Cooling Transformation (CCT) diagrams for a low alloy carbon

15  steel likely to be used as a pipeline material, designated as steel B. The composition is 0.15% C
- 0.9% Mn - 0.40% Si - 0.05% V - 0.014% N; Grain size: ASTM 11.

FIG. 3 depicts the cooling curves near the weld interface for various electrode gaps tested with
respect to a carbon steel pipe. Weld 423, 1 inch electrode gap; Weld 424, 2 inch electrode gap;
20  Weld 425, 3 inch electrode gap; and Weld 426, 4 inch electrode gap.

FIG. 4 shows the temperature distribution within a welded pipe section upon cooling with a 3.0
inch electrode gap. Open square; 1/8 inch from weld line; closed square, 1/4 inch from weld line;
open diamond, 1/2 inch from weld line; closed diamond; 1 inch from weld line.

25



FIG 1 is a schematic showi ng the el ectrode distance in electrical

resi stance welds. 10 FI G 2A depicts a continuous Cooling Transformation
(CCT) diagranms for a low alloy carbon steel likely to be used as a pipeline
material, designated as steel A which is a |ow carbon, high nmanganese
steel. The conposition is 0.06%C - 1.95% M - 0.29% Si - 0.003% S - 0.010%
P - 0.010 Mo - 0.%896%267 0 0379% Al - 0.008% N Austenitized at 1RGUIPISEPI0TS
(2012[err]F) for 6 mnutes. FIG 2B depicts a continuous Cooling

Transformation (®K¥)5 depigs eovling ourves fonsttaipht, 8ylid i @btiohs. Opehlsgitire, 11 ik gap With 300
be used as a pipeli e, f terjal, esignate'g ag steel B. The conposition is

0, 15% C - 0. 9% VAP sidy glopedisauire, 1 Gasizap with 250 smmpfilc; epedinmanides inslsgam vith 300 amp
FIG 3 depicts tliggldgcool ing curves near the weld interface for various

el e€trode gaps tested with respect to a carbon steel pipe. Weld 423, 1 inch
el ectrode gap; Weld 424, 2 inch electrode gap; 20 Weld 425, 3 inch

| d : . ' . Fl 4 sh h
Cenper at ur o st 1B LepideRprefentdol uPloish pO e BBying chived meat i 11335k rom g weld
3.0 inch el ectrolise.g@pen sGyere) veelilpuise; cldsed squaed) pbstweld wornthlibing pulse;| osed

square, 1/4 inch fromweld line; open dianond, 1/2 inch fromweld I|ine;
closed dianond; 1 inch fromweld line. 25 -7- WO 96/ 25267

PCT/ US96/ 02074 FFf&. 75déhiits Sdrfaki@m) pulé cﬁbli%%gnfe%ti V%%‘igl_%i didtncesSRdrh 8§ wRid e Open.

sections. Open square, 1 inch gap with 30 mp field; closed square,
gap with 200 anpsquaes &8 inpbdromywelddine; closed squareghifh ingh filom3eeld Ling) open diamond, 1/2 inch

10 from weld line; closed diamond; 1 inch from weld line.

FIG. 8 depicts Rockwell B hardness measurements taken at the weld line and every quarter inch
from the weld line to a distance of three inches on both sides of the weld line.

15
DETAILED DESCRIPTION
OF PREFERRED EMBODIMENTS

FIG. 1 shows the variable electrode distances in an electrical resistance weld. As used
20 herein, the distance between an electrical resistance weld interface 103 and each electrode 101 is
called the electrode distance 104. The electrode gap 105 is defined as the sum of the distance
measured from a first electrode to the weld interface plus the distance from a second electrode to
the weld interface. A metal alloy work-piece 102 may be a pipe, although other structures, such
as square tubes, are also contemplated within the scope of the present invention. By moving
25  electrodes 101 along the centerline 106 of work-piece 102 and thereby adjusting the electrode
gap, the cooling rate of the welded work-piece 102 may be regulated.



field. 5 FIG 6 depicts representative weld and postwel d cooling curves
measured 1/4 inch froma weld line. Open square, weld. pulse, closed-sguarer- —
poStwel'd normal i zing pulse. FIG 7 depicts normalizing pul se cooling curves
at various distances froma weld line. Open square; 1/8 inch fromweld
l'ine; closed square, 1/4 inch fromweld |ine; open dianond, 1/2 inch 10
fromweld |imoetseesed di anmond; 1 inch fromweld |ine. FIG PEI/H6§{02074
Rockwel | B- hardness neasurenents taken at the weld |line and every quarter
inch fromthe weld line to a distance of three inches on both sides of the
weld line. 15 DETAILED DESCRI PTI ON OF PREFERRED EMBCDI MENTS FI G 1 shows

t he ‘vari abl e TRANSFQRMATIONS THAT, QCEVRVRON HEATINGAND LOQLNG]. As used
20 her ei n, ' ween an el ectrical resistance weld interface
103 zand each%’?@’c‘ﬁ#%@g% I's called the el ectrode distance 104. The

el ectrode gap 105In sc weklingad steel pigecths mairproblem withdhereasingrwedd drpositién ates is

first electrode,to the weld i.nterfac | ps t di stance frama secaqnd
el ectrode t o'%%llfefiaﬂit@PFé'é Phﬁf“ﬁgf‘gf&@nﬁgéu%?by 5?"&:@"@5%%@? a
pi pe, al t houghnéhffiorianpCs bR 926°C: Ha8enabilify iS cdritdlled bypdhemiiy@nd austenite

contenplated within the Scope of the present invention. By noving 2 5

el ectrodes 18@'&%9@*”@0@@88& ﬂbhébiﬁgﬁo ebtaindromogeneeus angienite gzaip Ftinewpgnt and
adj usting the oggﬁﬁ&erd%anga& is b REy SO0} inhiiAhEnigh 16V8E o BhgiRlss 1R RN FILE 2

may be regul av
High Strength, Low Alloy (HSLA) steels (DiMicco and Davenport, 1982).

10
As used herein, a grain coarsening temperature for a metal alloy is a temperature above
which undissolved precipitates can no longer suppress grain growth. For example, the grain
coarsening temperature for aluminum and niobjum steel alloys is about 1050-1100°C, whereas
vanadium steel alloy may coarsen at about 950°C.
15

Pearlite
At carbon levels in the range found in mild steels, changes in pearlite content have little
effect on yield strength but serve to raise the impact transition temperature. In investigations of
fully pearlitic steels, it was determined that refining the interlamellar spacing of pearlite
20  increased the strength but decreased the impact toughness (Lagneborg ef al, 1985).
Transformation temperature controls pearlite interlamellar spacing, and is indcpendeﬁt of prior

austenite grain size.

Fracture toughness has, however, been found to strongly depend on austenite grain size,
25  with pearlite colony size having little effect. Low temperature cleavage in pearlite follows the
ferritic {100} planes, just as it does in ferrite. Reference is made to a review by Ridley (Ridley,
1983) for a more complete analysis of pearlite formation.
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TRANSFORMATI ONS THAT OCCUR UPON HEATI NG AND COOLI NG Austenite Grain Growth
In arc welding of steel pipe, the main problemw th increasing weld
deposition rates is 5 rapid growh of austenite in the heat affected
zone, followed by slow cooling through the transformation range_of ?938 LI
920[err] C. Harder®®P#25267 i s controlled by chem stry and austeni f‘é”ﬂ |ﬁ”
size (Kirkwod, 1987). The ability to obtain honbgeneous austenite grain
refinement and avoid m xed-grain sizes is a key factor in obtaining high

| evel s of toughness in controlled-rolled Hi gh Strength, Low Alloy (HSLA)
steels (D Mcco M'Bavenport, 1982). 10 As used herein, a grain coarsening

tenperature for a netghmadl @émhds,2986)BeAhA bdinfe adPMRectd SinsEitMbSSHArYAM! consisting

preeipitates can no | onger suppress grai pe%rowt h. For exanple, the grain .
coar seni ng t enperodfarite ahda fing dispersion eficarbidedommedgenesally af tempgratyres below 450-500°C.

1050- 1100[ err] C, er.eas vanagli . |§||| %ﬁ ﬁ%me °oC
950[err]C. 15 Peéﬁ%ﬁt‘%a f&fm%%'f%gwaél&/@%e I'n é’%r?gﬁem‘? (ﬁ?gﬁr} |trt1 s% aebglves::}";o
changes in pear| izhe iowenbsnite foawel dt idwer eemiplefatizes. on yi el d strength but serve

to raise the inpact transition tenperature. In investigations of fully
pearlitic steels, it was determned that refining the interlanellar spacing

of pearlite 20 increaasd weltng ithBSBdeh obstived @t £5afsbnchtertt P Seé] decret@in) e s

(Lagneborg et al., 1985). Transtormation _tenperature controls pearlite

interl amel | ar spaeopegtionofainite inthrqearse grain zome glso decreases; Bainjtic phase; steelsitend to

10  produce a continuous stress-strain relationship in tensile testing, and upper bainite may have very
low impact toughness (Fairchild, 1987), which is less than lower bainite at comparable strength
levels (Irvine and Pickering, 1963). The largest dimension of a ferrite plate in bainite may
approximate the prior austenite grain diameter, and an effective way to improve impact
properties of bainite is to reduce the prior austenite grain size.

15

In continuous cooling applications, such as found in welding, it has been observed in
microalloyed C-Mn steels that the lath structure of bainite coarsens with decreasing cdoling rate,
along with greater amounts of proeutectoid ferrite being present (Faulkner, 1989). Thaulow, ez
.al. (Thaulow et al., 1987), in a study of microalloyed steels, observed that the structure of all the

20  steels they studied was upper bainite at a cooling rate of ty;; = 24 seconds (tgs is the time required

to cool from 800°C to 500°C).

Granular bainite designates a steel microstructure consisting of a matrix of massive
bainitic ferrite containing dispersed martensite-austenite islands (Shouhua et al., 1985). Granular
25  bainite has a higher strength and lower impact toughness than a steel of the same composition
but with an equiaxed ferrite-pearlite structure. The Kurdjumov-Sachs relationships exist between
the austenite and ferrite phases in granular bainite (Hongsheng et al., 1985). In acicular ferrite,
an average grain size of less than 1 micron may be achieved. The high dislocation density found
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Fracture toughness has, however, been found to strongly depend on austenite
grain size, 25 W th pearllte colonv size having little effect—Low
tenperature cleavage in pearlite follows the ferritic { 100} pl anes, just
as it does in ferrite. Reference is nade to a review by Ridley (Ridley,
1983) for a nore conplete analysis of pearlite formation. -9-

96/ 25267 WO 96/25267 PC'F’E%‘(‘J%!%/ 02074
Bai nite Samuel s (Samuels, 1980) defines bainite as a eutectoid

t ransf or mat i GRbahRiEicds MeVEl grederGuergth MtrehdeqhatHis @rdin R€inéhént aloné (mmf etal.,

car bi de fornedﬁgfnerally at tenperatures bel ow 450-500[err]C. 5 There is
a cormon di stlP I on made between upper bainite fornmed at tenperatures
above 350[err]C and | ower bainite forned at |ower tenperatures. In flash
wel ding, it has been observed that as carbon content of steel decreases,
the proporti MMaxsénsitei nite in the coarse grain zone aI so decreases. Bai nitic

phase steels tend,;jo 10 . produce a .ous tra
in tensil® testind, “d‘bgﬁeﬁ‘%“a‘f‘ﬁ'ﬁ?“gﬁ%@‘sﬂ‘%}@ ry I V\?'fer?%ﬁ#tc{rﬁ?ﬂﬁ
(Fairchild, Xkttotie fortiedby idiffusioniess thasfolmatioh of austdnite atrelativelpoeemperatufesN gt h

| evel s (lIrvine and Pi ckerl ng, 63). The | ar est dinmension of a ferrite
plate in bai iYirtsnsighag ?W?M’E%F‘Feoﬂo %rtdeﬂ%ll}eclgqvamlmeamééfﬁmam- an

e: f ﬁft ;vet \Qﬁ?a?;et&aireggﬁmé I%rzeemmy%ﬁaﬁhwmﬁfmms%umom&é ihds BE as
pri us
deformable particles in ductile tearing, but act as nondeformable particles in cleavage of ferrite

10 matrices.

Precipitation
In a study of vanadium microalloyed 0.15% C steels, Bepari (Bepari, 1989) determined
that the volume fraction of precipitates and their size or distribution are responsible for ferrite
15  grain size refinement. Recrystallization and grain growth are inhibited by the pinning of
austenite grain and subgrain boundaries by fine carbide or carbonitride precipitates. The
precipitates formed in steels with multiple microalloying elements are complex, with various

compositions and morphologies present in the same steel.

20 METHODS TO IMPROVE TOUGHNESS IN HPW WELDING
There are two microstructures potentially achievable in HPW without using filler metals
that would lead to optimum impact properties; acicular ferrite and a fine-grained ferrite-pearlite.
The choice of which of these microstructures is most easily achieved will be strongly dependent
on the chemistry of the pipe being welded. FIG. 2 presents Continuous Cooling Transformation
25  (CCT) diagrams for two low alloy carbon steels likely to be used as pipeline materials,
designated as steel A and steel B. The transformation kinetics are greatly effected by the carbon
and alloy variations in these steels.
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I n continuous cooling applications, such as found in welding, it has been
observed in mcroalloyed GM steels that the lath structure of bainite
coarsens with decreasing cooling rate, along with greater anmounts of
(p[r(r)]eult ectoid }‘erri te being present (Faul kner, 1989). Thaul ow, et al.

aulow et al., 1987), in a study of mcroall oyed steels, obs
the structure of PP 20 steel s they studiyed was upper bglfé‘nlﬁgsgbg{ima
cooling rate of t[err] = 24 seconds (t[err] is the tine required to cool
from 800[ err] C t o 500KeelsMih vefir lawichrbon batiterits anddelativelchiglsmanganese fevels, such as steel

m crostructure consi St ] tri ' bai njtj ' .
containing di sper‘°s@ﬁ%?ge‘?%bif?‘gf%c)é}ﬁ?%eé“nﬁzﬁalgﬁ\égusm%%olﬁ&g&ﬁgrdg%%%g%) .
ggguga;tggl of b? ;?lt@ﬁﬁﬁi OBnﬂa'&tb"erhisgﬁ? 'thwwwblead f e o

e sanme conposition |t e- '
e s L bk o e e e b s
and ferrite p??g%ﬁ%h&ggﬁépwtﬂéw@ﬂ'cgﬂh%e%m%@le@ﬁnﬁdﬂ patfifciers s that the weld zone

acicular ferr erage grain size | ess than 1 mcron may be

achi eved. The hi ghrapidly aoll] leadingtoantagicilatfadite stopcture. .\\O 96/ 25267

PCT/ US96/ 02074 in bainite gives an even greater strength increase than this
grain refinenent alone (Hulka et at., 1985). Martensite 5

Martensite in steel i StaisfEtAaéeModedatearboh conternt/sacirassteehB roFIG. 2B withmetiform a

tetragonal crystal structure forned by diffusjonless, tr f [
aust e%i te at )r/el épgg}ch'&cu]abmtem Hg@Sc.ooling om auste%ite. ﬁ?ssml?crhrrn%ré Bﬁel)(r) Io achieve a

10  tough microstructure in these steels by slow cooling to form a fine grained ferrite-pearlite

structure. It must be remembered, however, that prior austenite grain size has a strong effect on

cooling transformations. To achieve a fine grained ferrite-pearlite structure requires that the

prior austenite grain size not be large.

15 In HPW, the interface zone at the weld gets very hot, leading to excessive austenite grain
growth. This austenite grain size must be refined before transformation on cooling if a ferrite-
pearlite structure is to be expected. The method available for potentially achieving this in HPW
is the application of upset, or deformation. It is plausible that if sufficient upset is applied during
the weld cooling cycle, the large grained austenite will be deformed enough to either recrystallize

20 into a fine grained austenite or remain as highly deformed austenite with a large surface to
volume (Sv) ratio, providing an increased number of ferrite nucleation sites. Even with this
austenite grain refinement, it is expected that 800-500°C cooling times on the order of a minute
or more may be required for transformation to a fully ferrite-pearlite structure.

25 A ferrite-pearlite structure is also achievable in a homopolar weld if a post weld
normalizing treatment is applied. It is possible to normalize the weld zone by applying another
homopolar pulse after the weld zone has cooled to below 500°C. This normalizing puise must
have sufficient current density to reheat the weld zone into the austenitizing range without
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Martensite has been found to fracture on the {100} and {211} cleavage
pl anes, and Martensite- austenite islands are commonly found in weld and

HAZ mcrostructures. These islands act as deformable particles in ductile
tearing, but act as nondefornable particles in cleavage of ferrite 10 '
matrices. Precipitation In a study of vanadi um m croal |l oyed 0.15% C steel s,
Bepari (Beparwp9oug®e) determ ned that the volunme fraction ofPCHUS2/INMAt eS
and their size or distribution are responsible for ferrite 15 grain size

refi nement. %g%m#,gﬁ%%ﬂ%ﬁgﬁme%am&ua{e@%g Fﬁb:):ﬁg%?ﬂe B¥st'bl S0k AR

of austenite grain an bgrain arres by fin or carbonitride
preci pi t at es.toPrwlugs afermepearlite nficrostaygtiirey steels with nultiple mcroal |l oying
el enents are conplex, with various conpositions and norphol ogi es present in
the:sane steel. 20 METHODS TO | MPROVE TOUGHNESS | N HPW VELDI NG There are .

tWwo mi crostruct ur éthe fsliovihg édainples afeiinoladet @0 ddindrbivitepicfeiell embodigedts bf the

netals that would | ead, opti pum. i npact properties; acicular ferrite and a
fi ne- gr ai Aed mmlpv-elt&ligf spBeciaiad by those o6 il In e antBiat the trsiawes disslopsd jo dhgr <

| s nost easi '%ﬁﬁﬂk@p&%%ﬁ&&ﬂi&%%ﬁ%@&@%@ﬂﬁam fﬁ{&’n&ﬂ%ﬂmtﬂé the

pi pe being wel ded. G 2 presents Continuous Cooling Transtfornation 25
(CCT) di agr anpradtige of the invention| andythuscam bercansideted to ¢anstitytepeefereedumasigs fog its

pi peline materials, i . . formatian

i heti co ar e Bpaict TRF pERBLE O RUE Bowdhsh Mg s Preodt RishoBHE Phr¥ive B

st eel s. many changes may be made in the specific embodiments that are disclosed and still obtain a like
10  or similar result without departing_from the spirit and scope of the invention.

EXAMPLE I
Circumferentially uniform homopolar pulse welds were readily produced in API 5L X-52
carbon steel linepipe during this study. Tensile strength was found to be strongly dependent on
15  generator discharge parameters and required a nominal upset displacement for full strength welds
to be produced. Weld line microstructure and impact toughness were altered by weld process
- parameter variations. Weld cooling rate was found to be strongly dependent on electrode
location. Homopolar pulse normalizing was found to be a viable means of improving the impact

toughness of homopolar pulse welds.

20
WELDING METHODS
A Typical Weld Sequence
A typical weld sequence consisted of the following steps:
25 Pipe End Preparation

The pipe sections were cut to 4.5 inch lengths (or less if a shorter electrode configuration
is used). The pipe ends were lathe turned to provide parallel faces and a 53 microinch root-
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PCT/ US96/ 02074 Steels with very | ow carbon contents and relatively high
manganese | evels, such as steel Ain FIG 2A wll forman acicular ferrite
m crostructure upon cooling of austenite at internediate cooling rates.
This steel would have to be cooled at a very slowrate to obtain a
ferrite-pearliteWR¥2¥0ructure. If this steel were to be homog&TAHPHeq,
it woul d be expected 5 t hat toughness of the weld could be inproved by
sel ecting wel d paecantieksfifich, (e facehi@wersedpdd forpeotéction apd i pipe ontbresirfatecwati Ny
to an acicular ferrjite strucitu‘riqe. Steels with nore no eraéee carbon content,
such as steel B isardblaged ond clignedt r%?v'&ﬁ‘ﬁfiﬁqtﬂﬁﬁ hedesradesterrite
structure upon cooling fromaustenite. It is nuch nore likely to achieve a
10 . tough microstructure in these steels by slow cooling to forma fine
grained ferrite-pear| RipsSections pled I Elegidese r enenber ed, however, that

prior austenite grai n. gl z of i je -
To achieve a #i ne gra?ﬁ%é‘s?%rr?@e‘?%ée@rg%fi%&g% freﬁc Sgg‘mrdé%“yégﬂ@?g{%gm ed.
prior austenite @G hdepicselertbddpladeareniand tlectrode distance émpiptsattionsmsed in cleef present
zone at the weld, gets very, hot, |eading to,excessive stenit r al

Gront h Thi s ausfbiien gk fetsods St aqitigiréd B F MERerenaliin fbks SrPRLID asopast
cooling if a ferpeffiunPpiate!tid ServdsalHe®as. iStotd Fere Quid BRGle8th sothf g dtvsibecomes a

avai l able for potentially achievi g[l%st his in HPWis the application of .
upset, or def or nepnesntricring jof fipgers. Jhi lendsiof thes¢ fingsrsrware fagtened tp thepipevigppallapwith a

e th q . , . ! .
enough 1 0. ef Ther it Bpienf o 16 ol HEoUPRARE PUSIER nfeoll bl A A fe
as hi ghly def or nfhgers siagemiathinedisb khanit was tpeges thah thegipemuten diametef 81d) contatt was only at
i di ' d nynh f ferrit | eat i ites. E i th thi
Gusteni te grain riER MRS AR iafating 55 as placed or e g et bpse and diiotnt o prefiesd
on the order of lediribiicOn@ét alihest poits. DEn inSlatingafkeit Was bisuallg placedrinsidd thé electrodes to

fully ferrite-pearlite structure. .
limit allowable platen movement during the upset cycle.

15
El le-Pipe 2 bly M 1in P
The upper electrode-pipe assembly was bolted onto the bottom face of the upper platen of
a vertical uniaxial press. The lower electrode-pipe assembly was placed on the lower press
platen and the pipe sections are axially aligned. The platens are then adjusted to correct for
20  parallel alignment of the pipe faces. The platens also serve as part of the current path from the
generator to the electrodes. In this arrangement, the current flows from the generator through
buswork to a platen, from the platen to the electrode base, and then from the electrode fingers to

the workpiece.

25 Initial Contact Pressure and Upset Pressure Set
The load controller for the hydraulically actuated press was set for the initial contact load,
which is the load that maintains contact pressure between the pipe faces during the weld pulse.
At this time, the upset delay and upset load were also set on the controller. The upset delay
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25 A ferrite-pearlite structure is also achievable in a honopol ar
weld if a post weld normalizing_ treatnent is..appled—+—+s—possibte 10 -
nortmalize the weld zone by appl yi ng anot her honopol ar pul se after the weld
zone has cooled to below 500[err]C. This normnalizing pul se must have
sufficient current density to reheat the weld zone into thepﬁﬂﬁgﬁtﬂh | zi ng
range wt houlV09¢352%67  \\p 96/ 25267 &

- PCT/ US96/ 02074 exceeding the grain coarsening tenperature and the
subsequent cdeériniigs how enuch Sithetvell slapsv betwaey Itimtomrpntq:dlsc endapphication of theapset t e

m crostructure, The follo ex I ncl uded denonstrat e
preferred en)BB‘Honﬂ)rﬁeE" )%%35 ﬁ%ﬁ@éﬁ?ﬂ nes el"l"%i"'ﬁ“p?fr“@#&f%ﬁy t hose
of skill in the art that the techniques di sclosed in the exanpl es represent
techni ques dlscovered pursuant to the |nvent|on to function well in the
practice of the iMROSIRK crated-apd Discharged consi dered to constitute
preferred nodes f 24 shded above (ﬁ&%af#c dbﬁwever
in Iight q'i’of t he pﬁ{egeﬁ{mg g%%gﬁ?%ﬁg’;%}oggrat gﬁteﬁgt many cha E‘Lee

made i n the byieailit notersthTk metotsoverddiscoanestadi and Imﬁ\edemmaslcbasnbg down,ahel i ke

10 or S|mlar resul t t departing fromthe 'r C th
i nventi on. ESCARPIEWas @%ﬁ?ﬁ@i%ﬂ‘?ﬁ% ‘%ﬁ?‘%ﬂ# “"Bﬂlpg% &g‘fe&fg P@’
rT eadi : y pr Od%@lﬁctlrdﬂeé\fmd lﬂge iﬁr&biﬂlﬁ‘g’:\lfdmm}& h&g.hg hmgiamee ld#ﬁnlS mmeruoﬁtaatngcwpe
ensile strength was found to, be stron epende n
di schar ge pafuiegse Adtenthg presehselay Yvas APRIY dqﬁ"g'bl"&?éﬁé‘?ﬂ’ %’ef‘ﬁ‘fl‘i"
strengt § gnel ds

ASSESSMENT OF WELDS

Tensile Strength

For most of the welds produced, two tensile tests were performed. The tensile specimens

were dimensioned as per ASTM A370 alternative strip specimen specification. The specimen
15  width in the two inch gauge length was nominally 0.500 inch, with the weld line centered in the
gauge length. Typically, one specimen for each weld was not machined on the inside diameter
(ID) and outside diameter (OD) surfaces, leaving the weld lips and pipe curvature intact. The
calculated cross sectional area used in determining stress values for these contoured specimens
was the product of the measured width and the nominal pipe wall thickness. In the present
20  studies, a 3 inch nominal OD pipe was generally used.

A flat specimen was typically prepared for each weld by machining the ID and OD
surfaces to remove weld lips and curvature. The samples were cut axially so that the direction of
pull during the test leaves the weld line at right angles to the direction of pull. The final

25  thickness for these specimens was nominally 0.390 inch. The calculated cross sectional area
used in determining stress values for the flat specimens was based on the measured gauge width
and thickness.

-15-



to be produced. Weld |ine mcrostructure and inpact toughness were altered
by wel d process paraneter variations. Wl d cooling rate was found to be
strongly dependent on el ectrode | ocation. Honopol ar pul se normalizi ng was
found to be a viable neans of inproving the inpact toughness of hormpol ar
pul se welds. 20 WELDI NG METHODS A Typi cal Wel d Sequence A typic
sequence consi st eYO8226% f ol | owi ng steps: 25 Pi pe Eﬁta‘l‘lll 2074
Preparati on The pipe sections were cut to 4.5 inch lengths (or less if a
;shorter 3' eCtroldle lcopﬁﬂﬂwﬂéﬁﬂsWSrelpsﬁchnechQnMsﬁmmddlmtBstingtﬂ'metananmdtant
0 provide paralle aces ang_a 53 m croinch r.oo 13- . 96/ 252

PCT/ US96/ 02074 nn‘%i?ﬁs &P@df’g% mayminge, Quring testing, éhetlg‘i!fgﬂ""rgﬁ'r‘mb P ﬁ%‘eaﬂa chart

the pipe outer eg Ptﬁ/\@?oo%ﬂfiﬁllseaé&ddapéik%a%ﬂ@wepyrerdqmﬂgh@@ﬁﬂnacmmm

with the electro | pe Sections Munted in El ectrodes

pi pe sections wer appbd:@teé weterread frona the chartsafer completinn of tha test Thepergent slopgation after

S0 L6, S B e g ks g .o

pi pe secti ons use r
as a copper-beryldwcum}ﬁgaagylengmstened to a copper-

=—
-

Impact Toughness

Charpy V-notch impact tests were performed on full size specimens dimensioned as per

10 ASTM A370 (10mm X 10mm X 55mm) specifications. Notches were cut in the specimens with
a commercial V-notch cutting machine manufactured specifically for this purpose. All notches
on all specimens were cut on the same machine using the same broach. Weld specimens were
machined so that the weld line was centered in the specimen. The V-notches were cut on a side
of the specimen corresponding to either the inside or outside diameter surfaces of the pipe before

15  machining. The impact tests were performed at room temperature on a Tinius-Olsen impact test
machine. Two Charpy specimens were prepared and tested for each weld, except in the cases
where it was apparent the bonded weld area was not wide enough to extend completely across a
full size Charpy specimen.

20 Macrostructure
Metallurgical specimens were cut from each weld and mounted in bakelite. After
conventional grinding and polishing, the specimens were etched by immersion in a 5% Nital
solution. Macrographs were taken at 2 magnification of 6.6X. These macrographs were used to
make comparisons between welds regarding weld contour and shape, extent of heat affected zone

25  and presence or lack of "white line” phenomena.

The condition of the weld edges at ID and OD were recorded with micrographs taken at
100X magnification. For these micrographs, weld specimens were successively ground on 240,
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berylliumplate that serves as the base. Slots were cut in the sleeve so

that the sl eeve becones a concentric ring aof _fingers. The ends of-these—— —

fingers were fastened to the pipe via a collar with a 10 series of

j ackscrews, one for each electrode finger. The sleeve internal dianeter
away fromthe fingers was machined so that it was |arger than the

outer di amet NOB2Eont act was only at the fingers. An insuPGE g‘tgc was
pl aced between the el ectrode base and the pipe to prevent el ectrl caI

contact at t320£400Qhd 660 grivkilicof barbide Paper, 1oiphtpolisied u&tﬂeﬂthlmmﬂldlaﬁs ﬁdﬂ t he
el ectrodes to limt allowable platen_npvement during the upset %B

The ‘upper el eolishsd &%mﬂ%ﬁ%%mpmﬂ%wﬂ%?mw (] tPIt
upper platen Q{W&Vﬁéuéﬁtftpatgé'cmef o betWeéh thOWR] pifé REfisrR4PMP Wl tine was

assenbly was placed on 't press platen and the pl pe sections are

axi al |y al i grphdtogfiphedhrauginan epticalthicrescope o8 beth thed Dorsd iQJ2 sidésor 20

paral | el gl I gnnent of the pipe faces. The platens al so serve as part of the
current path fromthe generator to the electrodes. In this arrangenent, the
current flows fropficistnsier at or through buswork to a platen, fromthe

platen to the el ectrode base, n fromth el ec rode f|n rs to.the
wor kpi ece. 25 “W‘Wﬂs%&ﬁ‘ﬁg e&‘ﬂ’d”%g’&'e E’g Lﬂ%@'@gta The

| oad contr ol | fgentfibrddios ToEKaH ns@kl sma%m {:&i’m&fs%&. $05cub Rbm itk pipdBint and

initial contact Foa which is the |oad that maintains contact pressure
bet ween t he physbined Satoncuend mill prionte being moywted inrbakelite, Themountedespenimens wees ay

and ups o lo asqcé@srn?elférﬁgndsﬂ 4‘6?356320(9&'&%8 H’x%lwox Q&bi& %ﬁﬁer Qﬁhﬂx mﬁhﬁ “polishing
with 6 micron diamond and final polishing with 0.05 micron alumina. Etching was performed by

immersion in a 2% Nital solution.

Weld Cooling Temperature
15 On selected welds, surface temperatures were collected during welding near the weld
interface and the resulting weld line. This was done by spot welding Type K thermocouples at
selected distances from the weld interface, typically 1/8 and/or 1/4 inch. Data were collected on
a Yokogawa Hokushin Electric Model 3087-64 Portable Hybrid Recorder, a multichannel strip
chart recorder that plotted one data point per channel every 5 seconds. The recorder was started
20  well before discharge of the weld current pulse and collected data until the measured

temperatures were well below 500°C.

The timing of the weld current pulse was completely independent of the 5 second data
collection rate of the recorder. The weld current discharge could have been initiated at any point
25  between consecutive data points. For this reason there is a 5 second margin of error in relating
measured temperatures to the current pulse and this must be considered when comparing data
collected from different welds.
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determ nes how nuch time will elapse between the current pulse and
application of the upset |oad (0-10 seconds). The upset |oad setting
determ nes the upset force or upset pressure. 5 The generator was

accelerated to a rotational speed above the di scharge speed via hydraulic
nmot ors. The not orO#IS67di sconnect ed and as t he generator was cjcﬁé'ﬁ" 074

down, the generator was discharged at a predeterm ned rotational speed. The
current pul se travel ed through the el ect r odEXAMRLEIIpe, providing both bul k

preset dalay, the upset | oad EECHOFEFGTROME GRERNEOGERTe KAFE o 2 o
19 ASSESSVENT OF Y&uctkmlfethe LifecEbff Rt itbdle 10EHtioNOf Weld zohd ooty ltarapteistits clseribyst

tensile tests were performed. The tensil e speci mens were di nensioned as _per

ASTM A370 al t er naweldewas performesiin which thedistandes from dhe edge ef the electrodes tothe weld mtgrface

in the two inch . enqt W pal : ﬁ@ﬁs i i Esurfac
cgnt e(raedwionl? e gau S’aﬁ'%ﬂo\gﬁ%pgﬁﬁl y,+%ﬁgt§%§'&h n %@%ﬂéﬁg%éé not ¢
machi ned on the i fsofhnatldistandes of §.173) and 0@ Sdnthsrahe theivackdinterfa¢eOB)s edagirddecgap was

| i th Id |i i t intact.  Th | cul d

Socti onal ar en useEeRRIaSBOR MepoCupls vl aiipd  figfnR pEHethiT 0 R from te
Speci mens was thein&frﬁéé!%egi%dﬁs‘immmemcdbdbs@mném;ﬂm&iimdfacajmdm,kvas

t hi ckness. In the present studies, a 3[err] .inch nom nal i pe. was

oD
general |y used. Auisetat 3@seesindnwpsoiiolaysall ather|weldsin s series ware Betawmsahheingial contact
machi ning tg ol D A8 ahiifiis hibub AR Wi dhalchiluoRl Sy le!” &bk efp bethéen the

sanpl es were “cut AR y SO ection of
electrodes was increased, generator discharge rpm was increased to compensate for the increased

bulk resistance between the electrodes. Table 1 presents the welds performed in this series with
pertinent weld parameters and thermocouple locations. Electrode gap, as used herein, is the
distance between the leading edges of the electrodes. In all cases, the weld interface was

15  centered between the electrodes. . '
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pull during the test |eaves the weld line at right angles to the direction
of pull. The final 25 thi ckness for these_specinens was—hom-Rakty--0:-396—
inch. The cal cul ated cross sectional area used in determ ning stress val ues
for the flat speci nens was based on the neasured gauge wi dt h and t hi ckness.
WD 96/ 25267 PCT/ US96/ 02074
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a constant crosshead speed of 2 mimnute. During testing, the |oad
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speci fi cal | y ffror—thrs—purpose—AH—notches—jonr—at+—specinens
sane machi ne |ReakGurreat e br oacH.33%el d speBnmens wePE2 machi 7so tha
the weld |ing n the ci men.}lhie V-nofghes were t on a
e et O o | ML BRRbe iy 7 TTE [SpPCT e | Spe Vool ghes verd o oAl .
surfaces of tnﬁ)sptmdné(ksa 15 rmhi ni ng.| 3he i npag¢B.2tests we3.2 perfofnmed
at room tenpg ﬁpset Eelay (sg;;lldlsl)l TS Siie({r e Lno;ee:lL none none
Thermocouple Locations 0.125 0.125 0.125 0.125
(distance from interface in 0.25 0.25 0.25 0.25
inches)
0.5 0.5 0.5
1.0 1.0
{15

5  Temperatures Near Weld Line During Cooling

FIG. 3 is a plot of temperatures 0.25 inch from the weld line as a function of time after
the last ambient reading for a weld. As indicated in FIG. 3 and Table 1, data from welds with
one to four inch electrode gaps are included, and show considerable variation in weld heating due
to the increased bulk resistance as electrode gap increased. Weld discharge rpm was increased as

10  electrode gap increased to compensate for this resistance, but it can be seen from the FIG. 3 that

the weld with the four inch electro;le gap did not get as hot as the other welds. Of note is the rate
of change of temperature as a function of electrode gap. As may be seen, the rate of change in
general increases with decreases in electrode gap.
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machi ne. Two Charpy speci nens were prepared and tested for each weld,
except in the cases where it was apparent the bonded weld area was not w de
enough to extend conpletely across a full size Charpy specinen. 20
Macrostructure Metallurgical specinmens were cut fromeach weld and nount ed
I n bakelite. After conventional grinding and polishing, the specinens WIAY
etched by i mer si WO 9/RS267 5% Nital sol uti on. Macrographs were t aREHUE602Y74
magni fi cati on of 6.6X. These nmacrographs were used to nmake conpari sons
between wel ds regar di ng cRinfbaBOREOMEastfbIWeRP2Ne eodling tatefs tikatithe mbdirdiferdhe

he veld eSSSspéfifoﬁém%iéfaaﬁ&gwc reg . AR 3 e o i it e o

magnl fication. I "
ground on 240 PO ool 25 DS kB Tom HE WHIEIBRA TRRRGUPSRIGHELARH] 46 botn in these

PCT/ US96/ 02074 32@;udté©,0thant¢ctmﬁ3 lopation signifiely indlupncaeweld seelingr@egh pol i shed
with 6 mcron dianond and final polished with 0.05 mcron alum na. Etching
was per forned %y imersion in a 2% Nital solution. The base of the edge
crack or joint between the two pipe sections KaWldé® weld |ine was
phot ogr aphed t hrough an_opti ¢a . .the ID.and OD sides. 5

ROO® -

M crostructure DOINS. 4 HIIS
Weld Number 423 424 425 426
Electrode Gap (inches) 1.0 2.0 3.0 4.0
tg/s (seconds) 138 41.8 71.7 92.9

0.125 inch from interface

tgs (seconds) 13.0 39.2 7.7 102

0.25 inch from interface

Temperature Distribution between Electrodes

10 With the electrode configuration used in this study, the electrodes remain in contact with
the pipe during weld cooling. The beryllium copper electrodes have a high thermal conductivity
and act as a heat sink, increasing the weld zone cooling rate. FIG. 4 is a plot of surface
temperatures during cool down of weld 425, with a 3.0 inch electrode gap. Surface temperatures
are plotted at distances of 0.125, 0.25, 0.5 and 1 inch from the v&eld interface. These studies

15  show that as distance from the weld line increases, peak temperature decreases and near the
electrodes cooling rate increases. One inch from the weld interface equals 0.5 inch from the

electrode leading edge in this plot.
EFFECT OF UPSET DELAY - 4 INCH ELECTRODE GAP

20 To evaluate the effects of upset delay on welds with a slower cooling rate, a series of

welds were produced with the electrodes mounted 2.0 inches from each side of the weld line.
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Optical m crographs of the weld zone center of each weld were typically

obt ai ned at magnlflcatlons of 100 X and 2
cut fromihe pipe joint and machined flat on an end m |

nmounted i n bakelite.

The nounted speci nens were 10

prior to being
successi vely ground on

240, 320, 400 and 600 grit silicon carbide paper prior to rough

with 6 mcrofogs

was performed by imersion in a 2% Nt al
15 CnhsahanWedmm&hﬁﬁmnmuﬂﬁﬁnmmmanﬁhmanwmmmamﬂm&pmmhManbmdmmhmnag

wel di ng near t,he wel d interface
by ‘spot wel dfGOSERS ﬁ'{ﬁdﬁgﬁ?’e

typically 1/ 8 and/ or

i'nt erface,

Ihe res [ti,n

ith;3 “’Q‘é‘f SO

sol uti on.

weld |ine.

55

Hokushi n El ectri c Model 3087-64 Portabl e gybrl dtRecor der
b‘(ﬁFﬁQ 2

strip chart recorHe&

10  melting in one quadrant of the weld interface. Specimens for mechanical testing were taken from
sections of the weld outside this quadrant.

discharge pmp for the series of

seconds. cThe ;g&gﬂr I
current puI <3 ‘g’gﬁrﬁ%@ daﬁégggu%%ﬂm\%
bel ow 500] er instead diftbe 20 ksi nspdpreviduslyysnl tuatdh:rmahupspuwgﬂd ot de excepdive, es no upset
I ndependent of the ec da coIIe lon, rate .of. t

current di scﬁ&?&'@sf?gﬁl ‘ﬁgﬂ’é W[Bﬁp
consecutive glpresBitedinTableq! Dabi onﬁ euemms 1 tlmél&décﬁn thidtabR
error in relating neasured tenperatures to }i

be consi der e¥nifgrawelddusipapipbiem with the vslding

set3f 1944, ‘i‘hﬁ

neasured te

he current

s that resplt

et

e e

feuls

bhd and fi nal polishing with 0.05 ni cr on P&F
Wl d Cool i ng Tenperature

Thi s was done
€t ances fromthe weld
1/4 inch. Data were collected on a Yokogawa
a mul ti channel

Wbe initiab pntast
sﬂk&zﬁ%elw

ures were well

9 i}

i§whs £hon-
ul se_and thjs rrust

OverbFaiog andipsalized

Table 3
15 |
Weld Number 427 429 430 431

Upset Delay (seconds) 3.0 9.0 1.0 6.0
Discharge Speed (rpm) 3268 3284 3272 3368
Peak Current (kA) >348 318 320 345
Actual Upset (inches) 0.260 0.096 0.321 0.148
UTS -Lips (ksi) 84.7 69.6 88.2 94.5
% Elongation - Lips 26 0 27 24
UTS - Flat (ksi) 84.8 80.9 814 70
% Elongation - Flat 27 0 24 0
CVN (ft-lbs) 32 18 16 34

37 22 32 53
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WD 96/ 25267

PCT/ US96/ 02074 EXAMPLE |1 EFFECT OF ELECTRODE GAP ON COOLI NG RATE To
determ ne the effect of electrode |ocation on weld zone cooling
characteristics, a series of welds was perforned in which the di stange?
fromthe edeof trodes to the weld interface 5 were varie rom
0.5to0 2.0 ?ncheswal’ éﬁ‘i t her nocoupl es were spot welded to thel%r 5’6'02079
surface at nom nal distances._of 0.125 and 0.25 inch fromthe weld
interface. As el ROSDVELDNORMALIING sed, additional t her nmocoupl es wer e

Pt oduced wi th the. el eLpia bofhufing Rad Vet rech il A g o ASere iupacs ighness o
upset at 3.0 sec mbﬁhepola&eélds,iaichy thesé étudiéshmﬂm&mbf thdhdr%ﬂp&lﬁﬁ@d‘m%ﬁ)r‘wélﬁtom@ﬁ?acljnze
upset, the initi ntact 10 ressure,_was, rral tai ned throughout the we
and cool down cyiﬂl“e""8 WW@SQ‘H’SS‘&@F&E Prelimin TRRglizin kemopolar welds

generator di sghargg Famanw& deﬂﬁhmmtﬂasﬁﬁmﬁﬂﬁﬂizﬁngc% uﬁﬁ}sve laﬁa&ﬁ@ﬂ%@ybmw

resi stance between the el ectrodes. Table | presents t he wel ds per
this series w thwsldst Straight spetions ptpipgwere hom tpnbrctmhmpﬂémgdiummfrbmopolm

Che el octr odes. * PYSERSAREEL"ollSidd iy Hrotb AR o SholfSRuls Vol REAIEA ofBATR vive

the el ectrodes. sectidfl Shirigiiarhimeéters previously demonstrated to produce a full strength weld joint. Each of

PCT/ US96/ 02074 T?}Pelsg fuh size homopolar welded pipe sections were then postweld normalized with a single

10  curmrent pulse from the homopelar generator and the microstructure and mechanical properties of
the normalized weld joint evaluated.

Preliminary Furnace Normalizing
To demonstrate that postweld normalizing has the potential for improving impact
15  toughness of homopolar welded pipe, a Charpy V-notch impact specimen from an early
homopolar weld of the X-52 pipe steel used in this study was furnace normalized and tested.
Fumace normalizing was performed by placing the machined specimen in a box furnace at
950°C for nine minutes, followed by air cooling. Specimen temperature was not monitored
during this normalizing treatment, therefore a time at temperature profile is not available. The
20  room temperature Charpy V-notch impact energy of the normalized specimen was 54 ft-lbs, a
definite improvement over the as-welded toughness of 7 fi-Ibs, but less than the parent metal
average impact toughness of 81 ft-]bs.

Straight Pipe Normalizing

25 Straight sections of pipe, without a weld interface, were pulsed in the welding fixture to
determine a suitable discharge rpm for homopolar normalizing. These normalizing tests were
done at two electrode gaps, 1.0 and 5.0 inches. Thermocouples were mounted on the surface of

the pipe midway between the electrodes and temperature readings were recorded every 5 seconds
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Wl ds Performed to Determ ne the Effect of Electrode Gap on Cooling Rate

Vel d Number 423 424 425 426

El éctrode Gap (i nches) 1.0 2.0 3.0 4.0

Di scharge Speed (rnp) 2800 3000 3100 3228 Peak
Current (Ka) 332 ' 337 332 317 Initial
Pressure (ksiW096/252673. 2 3.2 3.2 3. PCOAISE020 eSS ur e
(ksi) 20 3.2 3.2 3.2 Upset Del ay (seconds)
3.0 . R URES Hpiiﬁ !ﬂﬁgi' .
0.125 8 1%?00! domaga‘%gxglnuomly dul1(5’21251 |{sv{§g£r?ge romin go?@g%ng 1}urt]xat:on
0.25 0. ofithe dischargerpulsg. The discharge spdiwas initidllyGetow for a given(léstrode gap and

0.5 1.0 [ Vel.d Lijne Durjng. Cooling FIG
3 s a pl ot Spd chonthefering then LS Hoblefiient 5es Ugh peul RodBhE i e B o1
time after tB@0°Caeds recohlednThe pipelambeléctrodeassemily wis allowitd éaitsoll bélow 50€ betwednd
Table 1, data.from vvei dsﬂwg{qh one t.o ffour inph éegrod_e gaps are included,
and s how Sc onSOSRAUSTHH PLIsES, 1Bt FTUoR? @‘R?e‘&sl‘ﬁbde fiesd ‘Pﬂ@"%ﬂ"e&@éﬁﬁ“b‘bﬂk
resistance afor eec1cl e Barbiesls, biffof 2 given eliéldde g%;fﬁtbgfpg%& H&Fr%&eﬂ%&ﬁttﬁé RS

10 el ectrode gap_ increased to conpensate S resistance, I't can
be seen fronbetweensubsequent pulses; Fablod peesents dischargespaeds, ielectods|gaps, fieldsumyents atidd

not get as h nﬁ&epﬁlﬁr; L e | rate of change of
tenperature gésakgé'ﬁcggetlon 0 y\@}‘g‘%ﬁ@ggagél%ﬂ%&%gsy be seen, the rate of

change in

10 Table 4
Solid Pipe N lizing T
Test Electrode Field Current Discharge Peak
Number (Gap (in) (Amp) Speed (rpm) | Temperature (°C)
SP 7.1 1.0 300 2012 359
SP72 1.0 300 2504 605
SP73 1.0 300 2802 816
SP8.1 1.0 300 2810 573
SpP8.2 1.0 300 3266 811
SP11.1 50 300 1500 104
SP11.2 5.0 300 2000 209
SP11.3 5.0 300 2800 449
SP114 5.0 300 3400 707
SP11.5 5.0 300 3700 852

Straight Pipe Postpulse Cooling
There are two relationships that are evident from Table 4. Decreasing the field current
15  (and hence the magnetic flux cut by the rotor) required an increase in discharge rpm to obtain the



general increases with decreases in electrode gap. -19- WO 96/ 25267

PCT/ US96/ 02074 A comonly used neasure of weld zone cooling rate—s the
time required for the tenperature to fall from800[err]C to 500[err]C
(t[err]). Table 2 lists the t[err] for this series of welds at points 0.125
and 0.25 inch fr |d Iine as a function of electrode gap in
t hese studi es, tﬁgbtgpgs@ﬁode | ocation significantly influences we s%@o ‘l‘ng
rate. 5 Table 2 Cool ier;lg(j Times (800 - 500C) for Welds Wth Varying El ectrode
~Gaps Wel d Nunber same peak surface temperature. Jingreasing the electtnde gap also necegsitated an increase in

426 _El ect rode Gapg;.Li : 3.0 4.0
{[err] (seconds) Risthdg Bto achleveafgx}ngsg'ablepeaksmq’emperamre.?l. 3 92 9
0.125 inch frominterface t[err] (seconds) 13.0 39.2

71. 7 102 0.25.j nch fr i.nterface Tenperature Distributiqn between
B ectrodes 10 Thagae pish ghenulsed e scstipne sapled wansutogly depeniiton e igptrode
the el ectrodes rgamiFIG. 5 plolyPoapllstiehperatufe 43iaFanciioh bNMEm¥Rr dolidsipd teéls SF 18, SP 8.2
beryl i um copper el ectrodes ‘have a hlfgh thermal conductivity
and SP 11.5. The time required for the temperature to fall from 800°C to 500°C was on the order
of 20 seconds when the electrode gap was 1.0 inch; this time was increased to 200 seconds when
the electrode gap was increased to 5.0 inches. It is interesting to note that in the case of the 5.0
inch electrode gap, the temperature plot changes slope between 725°C and 625°C on cooling.

10  This may be attributed to cooling transformations occurring in this temperature range.

Pulse Normalized Straight Pipe Microstructure
The microstructure of the 5.0 inch electrode gap pulse normalized straight pipe midway
between the electrodes was a grain refined ferrite-pearlite structure. Near the leading edges of
15  the electrodes partial recrystallization was evident, and outside of the electrode leading edges the

microstructure was the parent metal ferrite-pearlite.

Mechanical Properties

Impact and tensile specimens from the solid pipe pulsed with the 5.0 inch electrode gap were
20  prepared and tested. Specimens were not prepared from the solid pipe pulsed with the 1.0 inch

electrode gap. Impact and tensile values of the pulse normalized pipe were significantly

improved over parent metal values, the exception being percent elongation after failure. Table 5

compares the impact and tensile values of the pulse normalized pipe with parent metal values

presented earlier.



and act as a heat sink, increasing the weld zone cooling rate. FIG 4 is a
plot of surface tenperatures during cool down of weld 425 with a 3 0 inch ..
el éCtrode gap. Surface tenperatures are plotted at distances of 0.125,

0.25, 0.5 and 1 inch fromthe weld interface. These studies 15 show tgat

as distance fromthe weld line increases, peak tenperature decreases an

near the el ecVP3¥¥2% 00l ing rate increases. One inch from t RETKEH2074
interface equals 0.5 inch fromthe el ectrode | eading edge in this plot.

EFFECT OF UPSET DELAY - 4 | NCH ELECTRODE Table 520 To eval uate the

Afte Jdpmonelar Qeneral Q& ach si de

of the wel d T ——20——TO PO 25207 ' —
PCT/-US96/ 0274 The obj ective has VIS @Der nijne% Blongatiomychce EVN{IBdbs) i ni vlg
and di spl ac4ngpi I'd zone| g§ ruct urle rupsetjg Y‘%l S wWih a
reduced coolfi ng !r“g?nghe di s:?a?gﬂeﬁrpmfor tﬁghgeri es o g/eh §gwas set a
3300 rpm THe initial contact| 3 e 3.2 ksi ahg the set

pr essur‘)e wad_set _at 12 ksi T1|§%7E%§§§&§££<Z@i O%edipl_e“&esdfnp}eit ead Oj
the 20 ksi AflerPilMibg@us| y, spot.bgflaty he totiglo (Aayet woul H11¥0dveage €XCESSI VE,
as no upset S\Pinach sledtpdeisPd. The wel dirjg parameters pnd nmechani cal tegt

results for pp series of wel 659 fdoRiofed 118 cdntouldd)! © 3(2%&’9%32{@6]3}3@ ?r
and

431 is inclyded in this tablejalthough thig wds a non- uhifg

a problemw *'“’}*haf"’mtlﬂaf'ﬂ

| ocal i zed .
The improvements in both ultimate tensile strength and impact toughness may be

5  attributed to grain refinement. There was an interesting feature discovered in the tensile tests that
must be noted, the parent metal specimens exhibited a lower yield point phenomenon whereas
the pulsed specimens did not. This is difficult to explain, perhaps constant loads imposed by the
welding fixture introduced sufficient unpinned dislocations to negate the lower yield point
phenomenon. This is further complicated by the observation that this lower yield point

10  phenomena was observed in a pulse normalized homopolar weld, to be presented later.

Pulsed Postweld Normalizing
Welds were postweld pulsed in an attempt to improve impact toughness, two with a 1.0
inch electrode gap and one with a 3.0 inch electrode gap. These results are presented in Table 6.
15 An improvement in impact toughness was noted in the case where the 3.0 inch electrode gap
was used, although it must also be noted that the postweld pulse heating in cases where the
shorter electrode gap was used did not show much effect.

Weld 420 was postweld pulsed with a 1.0 inch electrode gap and weld 423 was postweld

20  pulsed with a 3.0 inch electrode gap. Table 6 shows the weld and postweld pulse parameters and
measured values for welds 415, 420 and 423. These welds were all produced with a 3.2 ksi
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10 nmelting in one quadrant of the weld interface. Specinens for
mechani cal testing were taken from sections of the weld outside this

guadrant. Table 3 Welds Performed Wth 4.0 Inch El ectrode Gap and Varyi ng
Upset Delay 15 Wel d Nunber 427 429 430 h431
Upset Del ay (sec 3.0 9.0 1.0 sc ar
Speed (rpn qv&ig"ﬁ%’s 3284 3272 3368 Peak Cu ‘?
>348 318 320 345 Actual Upset (inches) 0. 260
0. 096 0. 321 initigl qoptact presside; 2sksi wpsey pressure applied at 3.0 secogds and an 0.0625 iich upset
88. 2 94.5 %d ongation - Lips 26 0 27
24 UTS - Flat (ksi 84. 8 80.9 81.4
70 % El ongation - Fl at 27 0 24 . 0 C,\/N22

= 16 34 37
gzt | bs) 53 -21- %p%w?’z of6331°§:inweld420wasconsiderablelowerthanthepeak

PCT/ US96/ 02084 Relnpitbaute JH@Rb4Y reedrdkd in straight pipe pulsing test SP 7.3 (see Table 4), even though the
generator discharge speed and field current were the same. This is attributed to the increase in

- cross sectional area due to displacement bulging at the weld line.

10

Table 6

Weld Number 415 420 423
Electrode Gap (inches) 1.0 1.0 1.0
Discharge Speed (rpm) 2788 2788 2800
Initial Contact Pressure (ksi) 20 20 20
Upset Delay (seconds) 3.0 3.0 3.0
Postweld Pulsed No Yes Yes
Pulse Electrode Gap (inches) -— 1.0 3.0
Pulse Discharge Speed (rpm) — 2808 3500
Peak Temperature (°C) ——— 633 790
(near weld line)
UTS-Contoured (ksi) 94.6 91.0 93.9
% Elongation-Contoured 20.0 17.0 225
UTS-Flat (ksi) 90.1 89.6 86.3
% Elongation-Flat 21.0 17.0 20.0
CVN Energy (ft-lbs) 24 28 45
34 34 49
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Postwel d nornmalizing has been recognized as a neans to restore inpact
t oughness to honopol ar_welds, and in _these studies, utilization of the

honopol ar generator itself to nornmalize the weld zone was investi gated.
Prelimnary furnace normalizing of early honmopolar welds 5 was perforned
to denonstrate that postweld normalizing can inprove inpact toughness of
these wel ds. WO%E28M{ sections of pipe were honopol ar pul sedPCGTISP§ROWe| di ng
fixture of honopol ar pul se normalizing. Follow ng this procedure, honopol ar
wel ds were produced between two pipe sections using paranmeters previously
demgnstrated_t o produce a full strength weld joint. Each of these full size
honopol ar weMeshanical Eropertiess Weld423  hen postwel d normalized with a single
10 current puls OdPeti ) Qa&; re and
mechani cal pr oper'ﬁn%g of @ﬁg@%@%’ﬁ%gﬁd\}eﬁf?%ﬁ?ﬂg{/ﬁfﬂg%é rdéél(\g%i I nary
Fur nace Nor nexhibited goathultimatetensileistrengths although the fldt specimen tensitegstriamgth aeslightly

pot enti aly f O, JePRLOY] ' ughmess. of -honppal ded .pi pe, a
Char py Vonot E?H‘el npaﬁ%"&gﬁﬁeé(@%e&%e%%h% %0%3@1;%70%% 0 ‘3&8\7@? Sawg# °‘ftﬂgg9ftg?

pi pe Is_te_el uwekizbﬁemhidﬁctgbgﬁihionml _memﬂv&ug\&15md4m%&&iﬁﬂsilgﬁyécﬁﬁﬁﬁf
nor mal i zi ng S r p .ng the machi ned specinen in a box furnace
at 950[ err] C}l‘\g'ﬂrvpeﬁ{ %"g fgﬁm é&ewél‘ﬁ‘?eowg ops;sidg of the,fratyrg surfase being flat, having the
tenperat ure Mpearite ofR Bt TRCtuA ind e biibiSsidA V) e/ tsledt b6

atine at tenperature profile is noteavai Ilablae.éThetﬁgO e room %‘%’r?p@?éltsg’?{éfe
Char py V- not%ﬂ“q“iﬂﬁ@t“r%nergy of the normalized specinen was 54 ft-1bs, a
defini tgq nprovenent over the as-wel ded toughness of 7 ft-Ibs, but |ess
than the parent nmetal average inpact toughness of 81 ft-Ibs. Straight Pipe

Normal i zing 2 5 Ofnoteis tifat incthejlobd-slengadtedsloto bf the weld 428 ténsilé spacittiehs] the lower

I nterface, wer ulsed in the welding fixture_to
ywl% pgmt ghenomenon was present, Q‘enslile tests of the parent metal exhibited lower yield

point behavior, but this feature was absent in other homopolar weld tensile tests. Weld 423 had a
lower yield point of 70.5 ksi for the contoured specimen and 65.0 ks for the flat specimen.

15  Parent metal lower yield points were 62.4 ksi for a contoured specimen and 60.5 ksi for a flat
specimen.

There was an improvement in Charpy V-notch impact toughness as a result of postweld
pulsing weld 423. The impact values of 45 and 49 fi-lbs present the best average impact

20  toughness of any of the homopolar welds tested in this study, with the exception of furnace
normalized specimens.

Weld 420, after postweld pulsing, had no improvement in mechanical properties over
weld 415, which was not postweld pulsed. Unfortunately the peak temperature achieved in the
25  postweld pulse, 633°C, was much lower than desired and did not have much apparent effect.
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determ ne a suitable discharge rpmfor honopol ar normalizing. These
normalizing tests were done at two el ectrode gaps, 1.0 and 5.0 inches.

Ther nocoupl es were nounted on the surface of the pipe m dway between the

el ectrodes and tenperature readi ngs were recorded every 5 seconds -22-

WD 96/ 25267 L PCT/ US96/ 02074
duri ng cool downWeRe?2826#ti nuously during the first few seconds PCA{PEEAN,
following initiation of the discharge pul se. The di scharge speed was
initially set | ouadreétrsctteven el ectrode gap and field current setting, then
rai sed on subsequent pulses until a peak tenperature in excess, of 800[err]C
was” recorded. The pi ﬁ%wémﬁmewa%mm%lmw %H’eldéa'cfb'&la’ﬂ@?‘{)w ]
50[ err] C betwee W INEY ) i e ' Périck ;
used for the 5. a%lncehéée}lbfei%t r odéedggﬂgégge&@e?ﬁgﬁs?lbﬁwﬁgqﬁ%ﬁﬁ gap ‘%Heetg% ISD side
but for a given teminting diesgtaphe duefagei pe was not renoved fromthe fixture

bet ween subsequent pul ses. Table 4 presents discharge speeds, el ectrode
gaps, field Burrents and peak surface tenperatures for. these nornmalizing

pul se tests. 10 postpulse Cooling Table 4 Solid Pipe

N el 2109 oSt Tost o eyela ooyt applich a2l i s 2SRt o

([err]CQ) SP 7.1 in a ntudh flatt Ise &Ofing curve than the péétweld pulses applied widb®1.6P
7.2 1 o Tesulted in a niuch fiatter postpulse eOoog B pastield pulses app

inch electrode gap. The postweld pulse cooling curve for weld 423 was much flatter than the

10  weld cooling curve, although the weld, performed with a 1.0 inch electrode gap, attained a much
higher peak temperature. FIG. 6 plots the weld and postweld pulse cooling curves from weld
423 obtained via thermocouples mounted in the pipe outside surface one quarter inch from the
original weld interface. The t§,5 for the original weld was 13 seconds and the tg/s for the postweld
pulse was 112 seconds. |

15

The bulging at the weld line was responsible for non uniform heating during the

normalizing pulse. The increase in cross sectional area at the weld zone resulted in less
resistance heating in the weld zone than the adjacent metal on either side. The cooling rate in the
pulsed region, however, increased as the electrodes were approached. These effects resulted in

20 the weld zone being heated to a lower peak temperature but cooled at a slower rate than adjacent
areas. FIG. 7 plots the postpulse cooling temperatures, obtained via surface thermocouples

various distances from the original weld line, for the weld 423 normalizing pulse.
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SP 7.3 ' 1.0 300 2802 816 SP 8.1
1

1.0 300 2810 573.SpP.8. 2 16

300 3266 811 SP 11.1 5.0 300

1500 104 SP 11.2 5.0 300 2000
209 SP 11.3 5.0 300 2800 449 SP
11. 4 WO 9125267 300 3400 TRFAME96192074
5.0 300 3700 852 Straight Pipe Postpul se

Cool i ng TherReckivell Hupdiess 6f Weltsd23ps t hat are evident from Table 4.
Decreasing the field, current 15 nd h e the netic flux cut by the
rotdr) required ﬁ@%?%&“?ﬁs"&ﬁ@éﬁﬁgﬂ?‘iﬁmai%w@ {19m a spgeimen cyigrom

96/ 25267  weld 423. The specimen was cut as a longitudinal strip and included maté?fal S {oGA THe
sane peak surface tenperature. Increasing the electrode gap also

necessi t at ectlegtrodeloeatignson bothisidesh Thisspeqimen wasnachingd on betheptsides taprovidea

surface te re. t ' b | QNS was

St ong! y> dopih Qb o iad HeTud ertitazh shilSshlbly it RS ARG BB o

t enper at ur e 69 geit.f Twe Rockwell B hardness measaieinents pieredaliea ©h thiSkurfacSat thifwéld inand

SP 11.5. The tinme required_for the.tenperature fall fro 0C t

500 e 1] C. eSO SHETY AUPASF HER TR SRR Lok QA oF B oshet GEP sl dhenweld

inch; this tjRE THeRshlROr BASKRESs thiverse RE PR I IG. 8. Peak hardness values are found
beginning just within the electrode locations, 1.5 inches on either side of the weld line. These

10  areas are also those that would likely have experienced the fastest cooling rates following the

normalizing pulse.

Electrode Location
The size of the gap between the electrodes had a large impact on post pulse cooling
15  characteristics, with cooling rate on the pipe surface midway between the electi'odes decreasing
with increasing electrode gap. In welds, increasing the electrode gap from 1.0 to 4.0 inches
resulted in the tys increasing from 13 to 102 seconds. Similar results were found in postpulse
cooling of solid pipe sections, where increasing the electrode gap from 1.0 to 5.0 seconds
increased the tg,s from 20 to 200 seconds.
20
Increasing the electrode gap increases the resistance between the electrodes, requiring an
increase in generator discharge rpm to achieve the same pulse peak current. The increased mass
of pipe between the electrodes leads to a higher proportion of the pulse energy being required for
bulk heating. The increase in mass being heated is one of the factors contributing to reduction in
25  the cooling rate. One other factor is the electrodes themselves, they have high thermal
conductivity and act as a heat sink. Increasing the electrode gap lengthens the conduction path
through the lower conductivity steel pipe.
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the'electrode-gap was increased to 5.0 inches. It is interesting to note
that in the case of the 5.0 inch electrode gap, the tenperature plot
changes. sl ope between 725[err]C and 625[err]C on cooling. 10 This may be
attributed to cooling transformations occurring in this tenperature range.
Pul se Normalized Strai ght Pipe Mcrostructure The m crostructur uﬁs’ﬂﬁl .0
i nch el ectrode gaﬂoﬁﬂ?-'%@- normal i zed strai ght pipe nmidway bet vveeﬁcﬁ{% "

el ectrodes was a grain refined ferrite-pearlite structure. Near the |eading
edges of 15 the el etheraodhig getrcould be slowed evenifirthenby emoving theslestndes afienhe
outside of the electrode l.eading ed the mer Sl he par

metal ferrite- pe‘é‘l‘rfﬁ"[%'ﬂ ARPCa an%%%%%’?’t%?éns&'?%%fa‘%#&é#ﬁ en§’|" 5%&2‘3@?&%5?6
fromthe solid ppRamatitalsdr bidrdulichlly denitedn The edoting ranoinaybeyexpets t3 e somewhat
prepared and tested. Specinens were not prepared from.the soli I pe, pul s
with the 1.0 i ncHerepdsst prdrsighapd c%mmﬁﬁeﬁ)‘v@wgi%wa%n& higrang ﬁ@c'ﬁmegéﬁem%%
normal i zed pigpe ¥RhEwih @ aniﬁﬁéi&'iciforé,M%?iﬁe%rﬂﬁ%e&%nﬂﬁés%lshdﬁd bsvalubi2® in the
exception being percent elongation after failure. Table 5 conpares the

i npact and t ensi Hesigngiroaess. of t he pul se nornalized pipe with parent netal

val ues presented earlier. -24- WD 96/ 25267

PCT/ US96/ 02074 Tabl e 5 Mechani cal Properties of X52 Pipe Before and After
Honmopol ar Gener at or Pwosk égthe invention has demonstrated that cooling rate may be varied an order of

magnitude simply by changing the spacing between the electrodes. This may be a very effective

10 tool in controlling the cooling rate following welding and/or postweld pulse normalizing. The
optimum cooling rate will likely be dependent on the specific alloy chemistry of the pipe being
welded. '

Homopolar Pulse Normalizing

15 Postweld pulse normalizing was performed using an electrode gap of 3.0 inches. The
measured surface temperature at the weld line during the normalizing pulse peaked at 790°C,
lower than the expected optimum range of 900-950°C. While the weld zone heating was low, the
impact toughness values of the two Charpy V-notch specimens cut from this weld were 45 and
49 fi-1bs; an improvement over previous as-welded specimens.

20

Electrode gap spacing may be adjusted prior to postweld pulsing to provide a desired

cooling rate in the weld zone. In the solid pipe pulsing tests performed as part of the present
study, pulsing to comparable peak temperatures resulted in a tys of about 20 seconds fora 1.0
inch electrode gap and a tg;5 of 200 seconds for a 5.0 inch electrode gap. The postweld pulsed

25  weld with an electrode gap of 3.0 inches had a tg/s of 112 seconds.
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UTS (ksi) % El ongati on CVN (ft-1bs) Parent Metal 89.1

(flat) 29 (flat) . 8l.average 89..7 {contouret)— 32 (cm'rt-ovreﬂ)—"—
(8 sanples) After Pul sing 91.6 (flat) 19 (flat) 115
average (with 5.0 inch el ectrode gap) 93.9 (contoured)

18 (contoured) (2 sanples at 110 and 120 ft-1bs) The irrproverrent; I n
both ultinat WOWRSTe strength and i npact toughness may be BEFUSEPNMY,) i eg
to grain refinenment. There was an interesting feature discovered in the
tensile tests thJhe costihg Rase ifitressds clofee taohe elettraties dile t6 prrrdighthemak éundidtivity of

| ower vyield point phenomenon whereas th ul seqd specinens did not. This is
Gi1Ticult t desisstaler. Spgtoee 38 @B wﬁtwe?&gagn?v e wcnlw“?frs&gre
i'ntroduced Sgbfdonipfiibn bRk Bixecht PhiSd, GA Me VN thad a RPEPERIihE Ritd i9\B¥ired, sBtifasROT Nt

phenomenon. This I's further conplicat edlb%(‘| t he observation that this | ower
o

yi el d poi nt pra@iuce girsicolee fesrigtucters in ¥ steel ohsuitablg chemistay, the slectrade-gapumnay|bgr
I d, b L7
we tog be sRJr%ﬁ?J‘én%% Qgch%g%ﬁ?% bRt itE g glglgr A ce £d %XS%:\%D oi\glﬁﬁ 410

post wel dspul sed Th an a | mprove | np ughness,
inch el ectrode gap and one with-a 3.0 inch el ectrode gap. These results are

Phe case wher et Fiecds e BPmhF el Tep-rag b aonn) PR QMU PPN TafEs |
be noted th%&h%@%ﬂ(‘ﬁ'ﬂsﬁ&kﬁﬂn&ﬁﬁiﬂcﬁﬁ@ tRe&QEncdibRivReh IR eRloRbdeind weld

el ectrode gap was used did not show nuch effect. Weld 420 was postwel d

pul sed wi t h inferface fiomahout GTinch trabgui?. G inghensesylterbia thedtws iversasing omebout b3itosed
Wth a 30 'aﬁ@ﬂ 162 §CbAR99n88 Bre 3 Bkl ReaSORWSE thiC FiG! HleriMhgRE Liklote BAY S©

paraneters a
results in a larger portion of the pipe on each side of the weld line experiencing bulk resistive

heating (increased heat input). Second, moving the high thermal conductivity copper alloy
electrodes away from the interface also increases the conduction path length through the lower
conductivity steel, resulting in a reduced thermal gradient at the weld.

15 .

It was found that substantial alterations in the microstructure at the weld line may be
obtained by varying process parameters. Delaying upset resulted in elimination of the "white
line,” which is a thin ferrite band at the weld line. Increasing the upset displacement had the
apparent effect of refining the bainitic microstructure in welds with an about 1.0 inch electrode

20  gap. Increasing electrode gap to about 4.0 inches reduced the proportion of bainite and increased
the proportion of proeutectoid ferrite in the microstructure.

Homopolar pulse normalizing is a viable means of improving the impact toughness of the
steel studied. Pulse normalizing straight pipe sections was demonstrated to refine the parent
25  metal microstructure and substantially increase the impact toughness. Pulse normalizing a weld
under optimum conditions may result in the weld having significantly greater impact toughness
than the parent metal.
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measured val ues for welds 415, 420 and 423. These welds were all produced
with a 3.2 ksi -25- WD 96/ 25267

PCT/ US96/ 02074 initial contact pressure, 20 ksi upset pressure applied at
3.0 seconds and an 0.0625 inch upset stop. The peak tenperature of 633C in
wel d 420 was consj bl e | ower than the peak 5 tenperature o C
recorded in stral ﬁt"’gﬂ 7: pul sing test SP 7.3 (see Table 4), evgﬁﬁaﬁs{cﬁé‘ﬂl
t he generator discharge speed and field current were the sane. This is
attributed to the increase in cross sectYonal* aref due to displ acenent
bulging at the weld line. Table 6 10 Wl d and Postwel d Pul se Paraneters
of Welds 415,420 and 423 Wel d Nunber 415

420 423 El ecThexpparcinpard metheds)disclosed and claimed hefei®may be made dhd@xecuted
1.0 -Di scharge Speed (rpm . .78 , 2788 . 2800
Initial Contact Mithe dﬁ“@e(q{‘g‘?’}mema“°n“2]€é’t°ﬁhemt§‘6§°m While the gppapatys and

Del ay (second_,s) methods of this inventibnthave been describeddn terms of prefefrederdbudiniits] itwil1 bed
No Yes Pul se El ectrode Gap (inches)

1.0 3 0 apnarenttoshese lofiskilb indhe arg thay yasiations may be applied to the appargtey methods and
3500 in the steps or in the sequence of steps of the method 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

10 by the appended claims.
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Peak Tenperature ([err]C) -- 633 790 (near

wel d |ine) UTS-Contoured (ksi) 94,.6. ... .. 91..0

93. 9 9% Erongati on- Cont our ed 20.0 17.0 22.5
UTS-Fl at (ksi) 90.1 89.6 86.3 %

El ongati on- Fl at 21.0 17.0 20. 0 CVN Energy
(ft-1bs) WO 96125267 24 28 45 34  PCT/US96/02074

49 -26- WD 96/ 25267

PCT/ US96/ 02074 Mechani cal Properties -ppfgRER@gsTensi|e speci mens from wel d
423, postweld pulsed with a 3.0 inch el ectrode gap, exhibited good ultinmate
tensile strengths although the flat specinen tensile strength was slightly

Pai Led out si'de of TRUGHERE efiics fo g Uty BRI BBy FroliRL  ofe?
wel ds 415 andetiBGuppléferitdrpto thesesset forth heein)ae specificaliycincorgctated hértinby a¢feichee.

weld line, with one side of the fracture surface being flat, having the
appearan®e of a brittle fracture, and the other side having the typi cal cup

and cone nor BAGKOWSTREs of pfieiphiel 6n fefrite pialifsizeliR 0.15%C steels", Materials Science and
Fechnology, 5:13-19, 1989.

DiMicco and Davenport, "Austenite Recrystallization and Grain Growth During the Hot Rolling
10 of Microalloyed Steels", Thermomechanical Processing of Microalloyed Austenite, The
Metallurgical Society of AIME, pp. 59-81, 1982.

Fairchild, "Local Brittle Zones in Structural Welds", Welding Metallurgy of Structural Steels,
edited by Jay Koo, The Metallurgical Society, pp. 303-318, 1987.
15
Faulkner, "Influence of phosphorus on weld heat affected zone toughness in niobium
microalloyed steels", Materials Science and Technology, 5:1095-1101, 1989.

Honeycombe, "Carbide Precipitation in Ferrite", Phase Transformations in Ferrous Alloys,
20 edited by A.R. Marder and J.1. Goldstein, The Metallurgical Society of AIME, pp. 259-
280, 1983.

Hongsheng et al., "The Formation and Morphology of Granular Bainite and Granular Structure”,

HSLA Steels: Metallurgy and Applications, Proc. of Int. Conf. on HSLA Steels, pp. 359-
25 367, Beijing, China, 1985.
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O note is that in the | oad-el ongated plots of the weld 423 tensile

speci nens, the lower yield point phenonenon was present. Tensile tests of
the parent netal exhibited |ower yield point behavior, but this feature was
absent- in other honopolar weld tensile tests. Weld 423 had a | ower yield
poi nt of 70.5 ksi for the contoured specinmen and 65.0 ksi for the flat

speci nen. 15  PaMSh928¥Fal | ower yield points were 62.4 ksi forPCE/DS96/02074
contoured specinmen and 60.5 ksi for a flat specinmen. There was an

i rrlpr overrenlt OIi n2 gmmﬁyezw.n-magmswip?msmag&ge?amfd?u} Enﬁfonﬁeﬁtthpwdte)@ked Under
pul sing wel d 423. The i npact yal ues of 45 an t-1bs present the best
average inpact 20 t&?@ﬁﬁ&%Rﬂum&%n‘BFmtshéqW%@ﬁ Metaflursyand dgplicgtions, Procsof Int.

study, with the exceptdogﬁogysuwgiepﬂjwm‘i, Befing e R0gs. Vel d 420, after
! . b .

postael d pul sing, had no | nprovement I n mechanical properties over weld
415, which was not postweld pul sed. Unfortunately the peak tenperature

achi eved in the (e¥:A 1 [ wa C ower n
o Tosang 455 Peresbh VRl s VBE) oSl SOUE AR beratr
PCT/ US96/ 02074 Macr os'lof Srescatral Steels, edited by Uast Koo) theNetalhagicsllSdciety(sp. 21-44, 1987. '

consistent wwth other welds at simlar weld paraneters. The wel d edges were
relatively snooth, with the weld |ine edge crack on the ID side term nating

close to the surfggReborg er al., "Microalloyed Ferrite-Pearlite Forging Steels with Improved Toughness”,
| HSLA Steels: Metallurgy and Applications, Proc. of Int. Conf. on HSLA Steels, pp. 863-
10 873, Beijing, China, 1985.

Ridley, "The Pearlite Transformation”, Phase Transformations in Ferrous Alloys, edited by A.R.
Marder and J.1. Goldstein, The Metallurgical Society of AIME, pp. 201-236, 1983.

15  Samuels, "Optical Microscopy of Carbon Steels", American Society for Metals, Metals Park,
Ohio, p. 36, 1980.

Shouhua et al., "Deformation and Fracture of a Microalloyed 12SiMoVNDb Steel with Granular
Bainite Structure”, HSLA Steels: Metallurgy and Applications, Proc. of Int. Conf. on

20 HSLA Steels, pp. 113-120, Beijing, China, 1985.

Thaulow et al., "The Heat-Affected Zone Toughness of Low-Carbon Microalloyed Steels",
Welding Journal, :266s-279s, 1987.
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Post pul se Cooling The postweld normalizing pul se applied to weld 423, with

a 3.0 inch electrode gap, resulted in.a much fl atter-postpulse—~coong
curve than the postweld pul ses applied with a 1.0 inch el ectrode gap. The
postwel d pul se cooling curve for weld 423 was nuch flatter than the 10
wel d cooling curve, although the we jlih a 1.0 inch el ectrode
gap, attai nedvQ96R5261 hi gher peak temmﬁullnﬂﬂcﬁﬂ pl ot s PEEUSEPANTHNd
postwel d pul se cooling curves from wel d 423 dbt & ned via thernocoupl es
mount ed i n tYWeLOT PECLAIMEIRISGUr f ace one quarter inch fromthe original weld

interface. The t[err] for the original weld was 13 seconds and the t[err]
for the postweld pul se was 112 seconds. 15 The bulging at the weld line was

résponsi bl e {or ' ' i hetdl .21
i ncrease in ldr 0329@8%5?‘?2022 ar gglhgt%?ﬂfgr&%fé{ zongﬂ%élh%t eg %ﬂpﬁ%ggﬁ&e
resi st ance heealdinggysiem,comprigidgi zone than the adjacent netal on either side.

The cooli_ng rate in the pul sed. regi on owever..increased .Lh | ectrodes
wer e apptsoached. Qﬂ@‘g‘@géﬁf%‘@fgﬁr e iaﬁe%queﬁgaﬁa% Bmﬁgﬁpépeﬁg? f?émﬂe"éeg‘gd
to a | ower peak tenpenddrizce but cooled at a slower rate than adjacent
areas. FIG 7 plots the postpul se cooling tenperatures, obtained via _
surface t her nocodfuptngafisstelectrode ?‘&MQW?P‘B?MM"F’QFCHH?"W sgid|seeead pipsy

the weld 423 nor hfhd W 1 thetSelectri : : .y .
PCT/ USO6/ 02074 Houhfingd W 108 6h thermSelectric ti¥nsiidbroneach pipe proximate said interface;

resistively heating said weld interface by discharging sufficient energy from a homopolar
10 generator through said electrodes and said electrode gap to form a welded pipe
segment; and
measuring the temperature of said welded pipe segment as indicated by said transducers
at periodic time intervals following such discharge to determine a cooling rate for
said welded pipe segment.
15

2. The method according to claim 1, wherein the first and second electrodes of a second pair
of pipes are moved relative to the positions of said first pair of electrodes and their respective
weld interfaces to change the cooling rate of a weld of the second paur of pipes relative to the

20  cooling rate of a weld of said first pair of pipes.

3. ‘The method according to claim 1, wherein the thermoelectric transducers are
thermocouples.
25

4, A method for controlling the cooling rate of metal alloy pipe in an electrical resistance
welding process in a homopolar welding system, comprising:



Rockwel | Hardness of Weld 423 A hardness traverse using the Rockwell B

scal e_was obtained froma specinen cut-fro : speci nen was cut
as a longitudinal strip and included rmaterial extendi past the el ectrode
| ocations on both sides. This specinen m&‘mﬁu‘ﬁﬂkth cut sides to
provide a 5 fla e. One side wam“ uccessi LRSS
silicon carbide gh@%%gpaper to 600 grit. T Rockflvell B hardr'%)(aé?}s“)éma;dzIilﬁ
measurenents were taken on this surface at the weld |line and every quarter
inch fromthe wel d | i pesitianifig 4 end ahe Brsbyaid pipeand anend of axsecong:saidpinede faym a weld
weld line. The results of fnrgr%c%ardness traverse are plotted in FIG 8.
Peak hardness val ues are foun eginning just within the el ectrode

| ocations, 1.5 inchesnoantingdfirst movible@lectrénde oneshid firstipipe akd @ aovalide secaridasdertradecon

al so those that would |ikely, have experjenced. t he fastest . cooling rates,

fol | owi ng the normali zi ng i#ﬂi‘&‘?n%@'%"%f‘?‘bggtﬁ Eﬁ‘f‘?eolﬁt“ﬁ?és%‘g%é“ﬁ‘?t?%@aﬁﬁﬁ‘dmnd
bet ween the ekectrodes hadelectiodé Bfines'Réléctote gpst pul se cooling 15
characteristics, with cooling rate on the pipe surface m dway between the

el ectrodes decr easi ngadipstingispid eleatsods gap brmpying said glgctrades glafivesto anp anathes toprovide
the electrode gap from 1.0, td Iy .resulted in the t[err] increasing
from1l3 to 102 seconds. Si ﬁé%ﬁd?gg%{}?’\/\ere found in postpul se cooling of
sol i d pi pe sections, wisistively heatingsaidhyeldlimterfice by dischargjogerergyifroin @hdroopslad generator

seconds increased the t[er fro 0 ta 200 seconds. 20 Increasing the .
el ectrode gap increases thﬁedorugéf’aén{lglﬁ%(aﬁse?@\ég e[éﬁig’dglggﬁPr%%gg‘f"?b?g%ﬂdrsf‘??@dgwes
i ncrease in generator discaasigeveldiftetfaceas forvwdlte fipesegmertsadpeak current.

The increased nmass of pipe between the el ectrodes | eads to a higher
proportion of the pul e@@ﬂ%fﬂwslé?mpwqmtéam&r

5. The method according to claim 4, wherein the ends of a first pipe and a second pipe are

15  prepared for electrical resistance welding in 2 homopolar welding system;

6. A method of welding two sections of pipe end-to-end which comprises:
resistancé welding a plurality of sets of two opposing ends of pipe sections at an
20 elevated welding temperature;
cooling the sets at different rates; and
analyzing the resulting welds for one or more metallurgical properties to provide

cooling parameters correlating cooling rate with each such property.

25
7. The method according to claim 6, in which the electrodes supplying the welding current
to the pipe sections are spaced from each other at different electrode gaps to vary the cooling
rate.
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bul k heating. The increase in nmass being heated is one of the factors
contributing to reduction in 25 _the cooling r . '
el ectrodes thensel ves, they have high thermal conductivity and act as a
heat sink. Increasing the el ect+ode—gaptengthens the conduction path
t hrough the | ower conductivity steel pipe. -29- WO 96/ 252.6 0S96/02074

PCT/ US96/ 02073V 1#25¥301 i ng rate H Iwmnﬁnlmw%en further” b novi ng
e an option in an

the el ectrodes after the current
i ndustrial welding fixture, where the eledtrdded are pneumatical ly or
hydraaulically actuated. The cooling rate may be expected to be somewhat
dependent on design and constructional features of the welding fixture and

el ectrode assgnbl A §stemaforhgnopiolah pulsewelding sectiohveitagiven pipecsnd-ac-exd, pdichal |
t hi ckness, and these should be evaluated in the design process. Wrk on the
i nventi on hascoOBPREf¥st rated that cooling rate may be varied an order of

magni tude gsi nply lygy chageh daa:gttﬂ@exé&ﬁaéma%mfm pul@ gBh&sby GIRD sectidh of Y
be a very effective 10" tool" in controlling the cooling rate follown
wel di ng and/ or post wel givprpipe prexsinese ¢nds pfithe Retionyie bawielded tagether, said ¢ s
| i kel y be dependent on speei fi I A of the pipe being
wel ded. Honopol ar Pul sgééﬁfgﬁ%#%e%ﬁm%%%é%ml d pul se normali zi ng
was performed usifg) anhehemildrpdlingalie edéctrodds withashfficienTérergy to weld the ends of the
sections;
10 (¢)  measuring the rate of cooling of the resulting weld;
(d)  repeating steps (a)-(c) for different pairs of sections of said pipe and for different
said electrode gaps; and
(e) analyzing the resulting welds for one or more metallurgical properties to provide
cooling parameters correlating said cooling rates with each said property.

15

9. The method according to claim 8, which further comprises applying a sufficient
homopolar pulse to the weld at a weld temperature less than about 500°C to reheat the weld to a
temperature sufficient to promote growth of austenite crystals but not coarser grains; and

20 thereafter cooling the reheated weld at a rate sufficiently slow to produce a ferrite-pearlite
structure in the weld.

10.  The method according to claim 8, wherein the electrode gap of the electrodes employed
25  inthe homopolar pulses is increased to slow the cooling rate of the weld or decreased to increase

the cooling rate of the weld, as necessary.
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measured surface tenperature at the weld line during the normalizing pul se
peaked at 790[err]C, lower than the expected optinumrange of

900-950[err]C. Wiile the weld zone h I e inpact toughness

val ues of the two Charpy V-notch spe m Hmilﬁut Wﬂtm is weld were 45 and
49 ft-1bs; an inprove over previous as-we | mens.

gap spaci ng nay bgloa?&%%ed prior to postweld pulsing to provi dé’% g%ggéd
cooling rate in the weld zone, In the solid pipe pulsing tests perforned as
part of the presdit smugthoqmﬂxmreagmg@fwtmaﬁiﬁmmmaewﬁ@petméwhmhsuﬁmmis

in at[err] of about 0_se ne | e de an e

of 200 seconds for OgoRY ﬁ%lﬁ’“éfgg{df“&d% ?fgﬁsmgﬁf@ ‘ﬂé’f%‘% p%goégng\”écieapxpe

with an el ectrodgo;gmnﬁinu%ﬁsmmnhadda t[err] of 112 seconds. -30-

96/ 25267 PCT/ US96/ 02074

The cooling rate i ncr 83Rlvee yfficient upsst tathe wpléﬁwmégnmomqfﬁ@wgwrsﬁwm

conductivity g@f taﬁ&erﬁie%ﬁuﬂ ?éduc«.sﬁi&? ideNg May be reduced by renoving the

el ectrodes fromthe pi surface after conpletion of the current pulse. In

the event that a rapid cooling rate is desired, such as to produce an

acicular ferrite structure in a steel of suitable chem stry, the el ectrode

gap may be 5 shortened and the electrodes left in contact wth the pipe

- surface to accel aaateThomleihu@)of&iinclll; indehich the svelded joim i Hebted wed Bmperhmrd afaeleast
serves to control éﬁg wel d ldg{'sg rate. In the present invention, it was

det er ni ned that S0 odre s “ﬁ nce between the el ectrode and wel d

13. The method of claim 0 in which the weld is cooled from about 800°C to about 500°C

over a period of at least about a minute.

15
14. A method of controlling the cooling rate of a metal pipe weld produced by homopolar
pulse welding employing electrodes connected to the pipe which comprises increasing the
electrode distance from the weld interface to decrease the cooling rate, and decreasing the
electrode distance from the weld interface to increase the cooling rate.

20
15.  An apparatus for welding two sections of pipe end-to-end comprising:

hydraulically actuated mounting members to support the pipe sections end-to-end ata
weld interface and actuable to press the ends together at different pressures;
25 a first electrode attachable to a first said pipe section in axially adjustable relation with

the first said pipe section;
a second electrode attachable to a second said pipe section and in axially adjustable

relation with the second said pipe section; and



interface fromabout 0.5 inch to about 2.0 inches resulted in the t[err]
I ncreasing fromabout 13 to 10 about 102 seconds.—Fhrere—are—two—tTkety

reasons for this. First, increasi ﬂ gap results in a larger
portion of the pipe on each si dem"“mmimﬂmllw experienci ng bul k
resistive heating (increased heat % ngut}. 'Second, noving the high thermnal
conduct i vi t y WIB8267a] | oy el ectrodes away from the interfadeCTHRH0: cases
t he conduction path length through the | ower conductivity steel, resulting
i In a reduced t heﬁn{&hplgﬂa&dhaaﬁer&i-atéﬂwnn?edtofagiél@cn\oﬂs' abdgﬁdaﬂlbha_tsup%ljbzt anti al
alterations in the mcrostructure at the we i pe may he obt ajpe

varyi ng process para @‘.“W%Vi'-ﬁfgeliﬁ??@f”?@@lﬂ‘gﬁﬂp? B?‘Psrﬁﬁ%"iw 10t he
“white line, " which ignf atviidedpffelsbdienpand at the weld line. Increasing the
upset di splacenent had the apparent effect of refining the bainitic

m crostructure in welds with an about. 1.0 inch el ectrode 20 gap.
Increasigg el ectrode gap to about 4.0 inches reduced the proportion of

bai nite and increased the proportion of proeutectoid ferrite in the

m crostruct uee. Mhesppatatus apeording tocolaiml 1i57whigh fisther conpitises arteraperatade senspr ovi ng
t he i nmpact toughness of the steel studied., Pul.se normgljzing straight pipe
S0t | One. v SPEFRMIB R BFARTE B (SPERTIRA  todisd RORIIon 61 8 SHLPIRE SHER hePPel s sl
and subst antaiirhde dnl S48 Bi@fdcdle | npact toughness. Pul se nornmalizing a weld
under optimum conditions may result in the weld having significantly

greater inpact toughness than the parent netal. -31-
10

17.  The apparatus according to claim 16, which further comprises a reference member
correlating metallurgical parameters of a weld for a given pipe with positions of the electrodes
relative to the weld interface, the energy supplied by the homopolar pulse generator, and
temperatures indicated by the temperature sensor as the weld cools following its formation.

15

18. A method of controlling a metallurgical parameter of a weld joining two pipe sections

end-to-end by homopolar pulse welding in which energy is transmitted to the pipe sections

through electrodes attached to the pipe sections, said method comprising:

20 homopolar pulse welding a sufficient plurality of pairs of pipe sections of a given pipe at
different welding energies, electrode gaps, and weld cooling rates;

analyzing the resulting welds for the values of a given metallurgical parameter;
correlating said values with said energies, electrode gaps and cooling rates; and
controlling the value of said parameter for a said weld of a particular pair of said given

25 pipes in accordance with such a correlation.

~-30-
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* * * The apparatus and nethods disclosed and clained.herein may he . _
made and executed wi thout undue experinmentation in |light of the present

di scl osure. Wile the apparatus and 5 met hods of this invention have been
described in terns of preferred enbodinents, it will be apparent to those
of skill in th¥OMB%hat variations may be applied to the apB&FABYL2074

nmet hods and in the steps or in the sequence of steps of the nethod
described herein without departing fromt## concept, spirit and scope of
“the invention. Al substitutes and nodifications gpparent to those skilled
in the art are deenmed to be within the spirit, dnd concept of the

i nvention as defined 10 by the appended cl aips. RA267
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interface; mounting a first electrode on said first pipe and a second

el ectrode on said second pipe: mounting at | east aone thermelectric
transducer on each pipe proximate said interface; resistively heating said
weld interface by discharging sufficient energy froma honopol ar 10

gener at or througﬁmagkg el ectrodes and said el ectrode gap to forma wel ded
pi pe segment; and measuring the tenperature of said wel ded piB¢A/US2N20T4t as
i ndi cated by said transducers at periodic tinme intervals follow ng such

di scharge to determne a cooling rate for said wel ded pi pe segnent. 15 2.
The net hod according to claim1, wherein thggfirst and second el ectrodes of
a second pair of pipes are noved relative to the positions of said first
pair of electrodes and their respective weld interfaces to change the
cooli-ng rate of a weld of the second pair of pipes relative to the 20

cooling rate of a weld of said first pair of pipes. 3. The net hod
according to claiml1l, wherein the thernoelectric transducers are
t her nocoupl es. 25 4. A nmethod for controlling the cooling rate of netal

alloy pipe in an electrical resistance welding process in a honopol ar
‘wel ding system conp®Psigg® - 35-
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positioning-an end of_a first said pipe and a i

forma weld interface; nounting a first novable el ectrode on said first

pi pe and a novabl e second el ectrode on said second pipe, such that a

di stance bet L first electrode and said second 5 PCT/US96/02074

el ectrode definesS an el ectrode gap; adjusting said el ectrode gap by noving
said electrodes relative to one another to provide a selected cooling rate;

resistively heating said weld interface di schargi ng energy froma
honopol ar generator through said electrodes and said el ectrode gap to weld
said.first and second pipes 10 at said weld interface to

forma wel ded pi pe segnent; and allowi ng said wel ded pi pe segnent to cool.
5. - The nethod according to claim4, wherein the ends of a first pipe and
a second pipe are 15 prepared for electrical resistance welding in a
honmopol ar wel di ng system 6. A net hod of welding two sections of pipe
end-to-end which conpgg resi stance welding a plurality of sets of two
opposi ng ends of pipe sedions at an 20 el evat ed wel di ng tenperature;
cooling the sets at ®%feyent rates; and analyzing the resulting welds for
one or nore netall ur %fal '.ﬁma;%erti es to provide cooling paraneters
correlating cooling rate Eth é&@ﬂw§uch property. 25
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7. The nethod according to claim6, in which the electrodes supplying

the weldingcurrent to the pipe sections are spaced fromeach other at

different electrode gaps to vary the cooling rate. -36- WO 96/ 25267 8.
A system for honopol ar pul se wel ding sections of a given pipe end-to-end,
whi ch conpri seg; (a) positioning the el ectrodes _of a honopol ar
pul se generatgiogﬁmpﬁb sections of the given pipe proximte SHOAHH e
sections to be wel ded together, said el ectrodes defining an el ectrode gap
spanni ng said ends; (b) honopol ar pul si nggt he el ectrodes with sufficient
energy to weld the ends of the sections; 1 (c) measuring the
rate. of cooling of the resulting weld; (d) repeating steps (a)-(c) for
different pairs of sections of said pipe and for different said el ectrode
gapsr and (e) analyzing the resulting welds for one or nore netall urgical
properties to provide cooling paraneters correlating said cooling rates
with each said property. 15 9. The met hod according to claim8, which

further conprises applying a sufficient
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honopol ar pulse to the weld at a weld tenperature | ess than about 500[err]C
to reheat—theweld to—atenperature—sufficien

austenite crystals but not coarser grains; and 20 thereafter cooling the
reheated weld at a rate sufficiently slow to produce a ferrite-pearlite
structure in %@fwﬁﬁ g The net hod according to claim8, wherein the
el ectrode gap e ect rodes enployed 25 in the honopol BFTHHFEWA | S
increased to slow the cooling rate of the weld or decreased to increase the
cooling rate of the weld, as necessary. -37- WO 96/ 25267

PCT/ US96/ 02074 11. A nethod of incread®ng a ferrite-pearlite structure in
a steel pipe weld which conprises: honopol ar pul se wel di ng t he opposi ng
ends*of two | engths of pipe to forma wel ded pipe joint containing
austenite grains; and applying sufficient upset to the welded joint during
cooling of the joint to reformthe 5 austenite grains or reduce their

grain size. 12. The M|UO423fNUrmgnz CoblihdCuflgied joint is
heated to a tenperature of at |east 800 durln wel di ng. 10 13.
The met hod of cl ai myghei @ which the weld |s cooled fronlabout 800[err]Cto
about 500[err]C overm% ggrqu of at l|east about a mnute.,
¢
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15 14. A nmethod of controlling the cooling rate of a netal pipe weld -
produced by homppol-ar pulseweldi-ng—enpl oyi ng—el ectrodes conrectedto the —
pi pe which conprises increasing the el ectrode distance fromthe weld
interface to decrease the cooling rate, and decreasing the el ectrode

-di stance fronyhpﬁﬁgﬁﬁd interface to increase the cooling rate. 20 15. An
~apparatus for wel'ding two sections of pipe end-to-end conpriRGHHgE96/02074
hydraulically actuated nounting nmenbers to support the pipe sections
end-to-end at a weld interface and actuable to press the ends together at

di fferent pressures; 25 a first electrode attachable to a first
sai d- pi pe section in axially adjustable re&8/8tion with the first said pipe
sectfon; a second electrode attachable to a second said pipe section and in
axiaktly adjustable relation with the second said pipe section, and - 38-

. WD-96/ 25267

PCT/ US96/ 02074 a honopol ar pul se generator connected to said el ectrodes and
operabl e to supply sufficient energy to the el ectrodes to weld the pipe
sections at said intewdage to formla wel ded pi pe segnmgnt. 5
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16. The™uppar at us according to cIa|n115 whi ch fug@hﬁ@pqnypfkses a
tenperature sensor operable t.o neasure the tenpefature at a sel-ected —
pesition on a said pipe section between its said el ectrode and said
'|nterface 10 17. The apparatus according to claim 16, MhIC;':‘

conprises a reference nmenber correlating netal lurgical paranmegs

for a given pi pPGIE h posi t iR WTELEERIAL PRORREY RS Ntive to N
e o e el

follgq mgmmmm'nfwmﬁls A| et [Huniingfuatioesh Pblidaticn Ngmber: et al WO R6R5267
paranﬁtern_zﬂxml d joining two pip¢Addc by hgpp
- welding in which energy is transnitied %’&{?‘MPSQB&%T%%S t 1T ‘%“’h%(&%&?

elecﬁrodes attached to the pipe ] 0.
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.| (54) Title: DETERMINING, CONTROLLING ELECTRICAL RESISTANCE
(57) Abstract

The system of the present invention includes a 101
homopolar generator, a hydraulic uniaxial press to hold . 10

the metal alloys to be welded (102), and electrical )

connections {101) set at selected distances from the

weld interface {(103) to provide a desired cooling rate
for metal alloys (102) being welded. A method is
disclosed for determining a cooling rate for a metal alloy
pipe (102) in an electrical resistance welding process
in a homopolar weld{ng system following the resistive
heating of 2 weld interface (103) by discharging energy
from a homopolar generator through electrodes (101)
attached to each of first and second pipes (102) to form

;l

a welded pipe segment. The temperature of the welded ot

pipe segment is measured at periodic time intervals to

determine a cooling rate for the welded pipe segment. A 108

desired range for the cooling rate may be determined by | f o5
adjusting the electrode gap (105) for repeated samples 'ﬂ

and analyzing the resulting metallurgical properties for
cach sample. In a further aspect, 2 method is disclosed

for controlling the cooling rate of metal alloy pipe 1oy

(102) by varying the electrode gap (105) to provide a

desired cooling rate following resistive heating of the

weld interface (103) and allowing the welded pipe (102) 1

segment to cool at the desired cooling rate.
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