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" ABSTRACT

The eleetrosiag Welding (ESN).process has been investigated
utilizing coesumable guide welding preceduresr .Electroelag Welding
employing large square eross—section electrodes was also studied; |

The study of‘the process parameters is of importance in
understaﬁding‘the role which they play in determining the grain size
attained in the heat affected zone of tﬁe reeultant weld. ‘The‘iarge
grain size adrersely effects tﬁe impact strength:. the.grain size
is a direct consequence of the thermal history.

The thermal histery of the base metal was determined dUring
welding for various physical configurations and ﬁelding echedules.
~ The Weiding parameters heying the major effect on the thermal history
are: mode ef welding, electrode immersion depth, slag depth, welding
' velocity aﬁd specific ﬁower input. The penetration of the parent
metal and size ef the heat—affected zone as well as the grain size"
have been shown to be a consequence ef the thermal Bistory.' The
qua71—steadv state electrlcal and temperature dlstrlbutlons in the slag.

are seen to determine the temperature dlstrlbutlon in the metal.

The preferred modes of welding are alternating current
(AC) and direct'cerrent reverse polarity (DCRP) with direct
eurrent straight polarity'(DCSP) being’unacceptabie due to the high
inclusion content of the weld when DCSP is empleyed.

fhe>e1ectrode immersion depth, or interelectrode gap,

has been found to determine the volume of the effective heat source
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and thus the tempefaturé agd electriéélldis;ribﬁtioﬁs. bThe slag depth
and electrode veldcity are the principal féétors which deterﬁine the
interelectrode gép when the slag chemistry and phfsical cénfiguration
.are constant. - There-exist fanges of slag depth and electrode velocity
’ valuesloutside of which welding is not»achiéved.;j.-.

An analytical model has béeﬁ.embloyed whicﬁ adequately
deséribes thick plate welding practice, but which only applies to
: thinvplate‘welds in‘a qualitative maﬁner,' In this,model; an
empirical equatioﬁ has been used fo.calcuiate eleétrode immersion
values which compafe favoufably with fhe.measured values. In
addition;the’Bastein‘method of:grain size.célculatioh'has been applied
to the thermal historieé 6btained experimentaily ané has been found
~ to be applicable. |

In welds where impact strength is‘an iﬁportaht désign.
criteria the weld/HAZ grain size.is an important variable. We B
concludé that no combination of ESﬁ process pérémetgrs will.lead
to an'acceptable.HAZ grain size giving PAZ impact values'comparable
' with the pafent plate. 1In such éaseé full ﬁeat treatment of-thé .

HAZ would be mandatory.
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CHAPTER .1

~ INTRODUCTION

1.1 Introduction

Sinoe the end of World War.II there nas oeen a marked increase in fhe.
size of fabricated equipment which in turn has caueed‘a marked-incfease in
the demand for efficient methods of 301n1ng.or weldlng of large component
parts. The increase in demand for weldlng heavier sections ‘has lead to the
development of lower»cost,'faster methods, one of which is electroelag melding
(ESW). ESW was'deVeloped by Prof. B.E. Paton.et the E. GI‘Paton Elecfric
Weldlng Instltute of the Acadeny of Sc1ences of the U. S S.R. and his book (l) o
.1s the only authorltatlve book avallable on ESW.

-There.has been a steadily‘increasing demand.for the use of ESW,
especially in the following.areas:

1.‘ Long, heavy section, nertical or neer—Vertical butf and T-type .

.welds.. | | |

2. Lerge,_heavy section ciroumferentiai welds.

3. Joining of large -ingots " for subsequent forging.

4, Suffecingvof both flat and cylindrioai surfaces.

5. As e.meplacement for automatic submerged arc.

6. Joining of large castings,



1.2 Nature of the Process

ESW is a weldlng process utlllZlng the heat produced by an electrlc
current pas31ng through a molten slag to produce a flnlshed weld in a 51ngle
pass.v Theé parent metal components are placed in a vertlcal p051tion ‘and
'secured with a gap between them (Flg. 1). The bottom of the weld is started.,
_1n a comstructed sump and the top of the weld ended in a set of run—out
blocks. A set of water cooled copper shoes‘(or molds) are afflxed agalnst
the side of the pareht_metal, overlapping the gap completely. The shoes may :'
A be_either the cbntihuous‘lehgth'of the.weld or moved up as welding proceeds.’
_The electrode is lowered into the sump until arcing.starts‘at which time:
the.granulated slag is added slowly tovextinguish the arc and thus provide
the slag pool.. Enough slag is added to prevent arc1ng,and keep the process'
stable. The electrode is lowered at a constant rate, ‘with slag belng added
contlnuously unt11 the weld has progressed into the run-out blocks ‘and the
~electrode is stopped. |
| .There are varlous types of ESW that have been patented and are in use:
1. Standard ESW employing from 1 to 15 bare electrode w1res from

2 to 5 mm. in.diameter.  This is basically the process developed
by’Prof. B.E. Paton.. |
2.‘ Consumable Guide‘ESW. .The guide may be flux coated or hare'and

". consists of a.non—moving'nozzle‘throughout'the length of the weld.
It is essentlally a statlonary electrode w1th a moving electrode
in 1ts centre. Both the wire and the guide are thus filler metals
.(1,2,3,4,5); The consumable gulde is usually coated w1th a slag

.. with a comp031t10n the same as the worklng slag, and the: gulde o

performs the function of insulating the wire and‘providing make—up



slag. “This method is the most common. when welding w1th wires and
weld lengths that . are less than 3 m. (Figure 1).

3. .Plate Electrode ESW employs an electrode or electrodes that have
the shape of the gap . between Lhe .parent metal conponents.. There
vﬁaydbe one or more plates some of which may 31mply be filler metalv__

.,(1 e. electrically neutral)(6 7 8 9 10).

4- Use of an additlonal filler metal, granulated in.teiture, to act
es a.filler.or as ‘an. alloying agent is prectical with any‘of-the
above three standard processes.. |

Various other ESW procedures have been tried but‘few are in .common use

and are not dealt with herein.

1.2.1. Current Type .and Polarity

There are two electrodes, the filler metal and the'parent metal, as in
all welding processes;' The welding can he accomplished by one of three
'methods: |

'_l.- Direct current,.straight polarity (i.e. electrode or filler metal
is negative) which isidesignated D;C.S.E.'(This.method is not
commonly used.in ESW). | | | |

2. »Direct current, reverse polarity‘(i.e; electrode or'filler’metal-
is- positive) which is .designated D.C.R.P.

3. .Alternating.current designated A.C. V

lhere are distinct differences between these methods with respect to'.
the welding conditions.and resultant physical properties. D.C.S. P _is
v1rtually unused because. of deleterious inclusion contents when the slag/
metal pool“interface.is.positive.. D.C.R.P. and'AJC._are common and both  °

are used, but A.C. is more common. When employing ESW (and. other .



welding processes), 1t is advantageous to have . a flat weldlng characterlstlc
'(Fig. 2) or, as it is sometimes called, a constant voltage source. ESW does
not lend 1tself to a constant-current-type power supply.v The constant-
voltage—type source allows varlatlon of the current without varylng the
voltage 51gn1f1cantly
Variation of the welding current in ESW is accompllshed by varylng the

electrode feed rate uh1ch in turn controls the welding rate. Thls explains
why A.C .is used more than D. C R.P. it ls almost 1mposs1ble to construct
economically a D.C. welder w1th a completely constant voltage character—
istic .and consequently most welding of this type has a dr00p1ng character—
istic . (w1th 1ncrea81ng current. voltage drops). Wlth A C. it'is p0351b1e to
vary the current over a very wide range without a change in VOltage. ThlS
feature is very 1mportant because it allows for a more stable nrocess if
voltage and,current.can be varied almost independently. |

l The mode of weldlng also dlstrlbutes the current differently, thus
dlstrlbutlng the heat dlfferently._ Thus, in actual oractlce, dlfferent weld-

ing schedules are necessary for D.C.R.P. and A.C. in order to achieve the

same end results.

1.2.2 Esw slags

Slags or fluxes used for the ESW process must have the followlng
- features:i | |
: 1. .The flux must allow the process'tolbe started.easlly and maintained
over a range of slag depths, welding voltages and amperages.
2. The slag must wet the melting parent metal.surfaces'in order to

attain complete fusion and controllable penetrationg
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3. The slag should not become too condﬁctive‘at high temperaturés.of

efficiency.wiil sﬁffer accordingly. | |

4. The sélidified élag should'be_readily rémovaﬁlé.

5. Chemiéal_coﬁpatibility Qiththe system to:bg wélded;’_::L

The electrical condhctiyity and the visqbsity of the é1ag are'ité
two>m§st important’properﬁies. .Highly conductive éiags facilitate the B
>starting of thg préceésAand the sﬁability éfAthe process. The eieétrical',
conductivity also governs1thevamountbof heat generatéd_by the current
passage and thus the Welding rate attainablé.» The.ViSCOSity aof the siag is.
also important in the:process from both a praétical and operating point of
view. If the viscosify is too low (i.é. a “iong” slaé), the slég:will .
leak between the shdeé and the.plates; if the.viscosity is tooihigh, the
shoes commonly acquire’ very lafge 'bui1dubs' éna weld.uhdercutﬁihg‘éan ocquf.
Aiso, the visdosity-partially’governs the motion of the slag whiqh'gréatly
IaffeCts thermal distribﬁtion in the siag and éonsequently the aBiliﬁy toi
weld.“

Table 1 indicates thé méjor slags and theif_compositidns ﬁsed in the
U.S{S.R. (thé mést common quofed in the liferature). ESW slags are low in -
SiO2 and high in MnO because both éllow_far betterstability.1 Calcium“>‘;
fluoride is adaed to,iﬁcreaseithe electrical conductivity and 1ower the
viscosity. The-cheﬁical actiQity of the slég is also very imﬁortant bé—
cause it is.necessary to wet the oxidizéd surfaées.‘ Thus, aislag is  .
requirea_that éan.reduce ﬁhe oxide‘films whicﬁ'forﬁ.on the weld edges>
- when the surface preparatioh consisté of flame cutting-bnly.. Thié

- results in one of the advantages of ESW.



1

.TABLE 1

Common electroslag welding fluxes

ANF-6

35

Designation Chemieal composition in weight'pefcenfageé ’
510, 'A1203 MnO - ca0- Mg0 CaF, " Others
AN-8 33-36 11-15 21-26 . 47 5-7 13-19
AN-8M 35-38 5.5 max. 28-32 4-8 1.0 max. 12-16
AN-22 18-21.5  19-23 7-9 12-15 11.5-15 20-24
FTs-7. 46-48 3 max. 264-26 3 max,  16-18 56
AN-25 6-9 - - 12-15 24 33-40 £ 30-40 110,
ANF-1 5 max., - - ' - 92 min, '
ANF-7 - - - 20 80
- - 65




1.3 -Propertles of Electroslag.Welding

The most outstandlné features of the process are the hlgh dep051t10n
rate and the slow weldlng rate, hence its many advantages and its fewA
dlsadvantages. The so called "soft" thermal cycle. (Fig. 3) leads to the
uniqueness of ESW compared to other processes. Any point'in the parent
metal w1lltreach a particular temperature more slowly‘and also.cool more
slowly. ThlS is due to the low welding veloc1ty and comparatlvely hlgh
‘heat 1nput of ESW. The slow cooling rate allows for the welding of
steels that are susceptlble to. undes1rable decomp031t10n products at h1gh |
coollng rates. Also preheatlng is ‘eliminated because the initial heatlng
is accomplished by radlatlon from the slag surface and conduction from the
. slag. However, the longer time at higher temperatures causes-excessive
grain growth in the heat affected zone,

‘The advantages of the process are:
i. lncreased efficiency compared to.nanual or.submerged arc; once
a weld nas commenced,.the operator efficiency is 1007 for’ESW
compared to 40-60% for manual Orvsubmerged arc weldingf A
greater:current efficienCy also results,‘20'g per amp-hr for
ESW versus 15 g. per amp-hr (6) for submerged arc; also 1.5 kWH/kg
for ESW versus 2.5 kWH/kg for submerged arc (13) (Flgure 4)

ii. V1rtually no edge preparatlon is necessary for ESW except where

the faces are in contact with the cooling shoes;

iii. There is a decrease in the p0581b111ty of porosity due to the slown

moving solldlflcatlon front and the continuous molten slag cover.

iv. There is less distortion in ESW because the weld is made in a

"single pass (12).d The gingle pass feature also decreases-weld

inspection costs.



v. The proceés is very efficient thermally, With Paton quoting
1.2% of the enefgy input being lost to radiation and 7.8% to
the cooling water (1); thevpercentage of total heat lost to
the shoes decreases substanﬁiallijith thickness (12).
vi. There is usually no néed té underﬁake any finishing procedures
oéher than>the removal of fhg single slag"layerbfrom both éides.
The disadvantages in ESW are two fold in nature, i.e. operating and
metallurgical. The operating disadvantages are: o
i. Set up and iﬁitial capital outlay is expensive for shoes and
- electrode feeders.
ii. A power failure reéults in a large defect that must be manually
'repaired.
iii. Multiwire feeding machines are complicated and requirevstrict
maintenance.A
" As stated earlier the ESW process is characterized by the slow heating
and cooling rates whichilead to the metallurgicél problems associated with
ESW welds. The HAZ is above 1100°C for a long period of time, thus causing
the austenite grains to grow excessively large and fhe cooling rate is so.
slow that the austenite decomposition to its products is slowed.» The final
structure on cooling is usually coarse grained ferritic/pearlitic or ferritic/
bainitic, with some refained‘austenite or martensite (14) in the HAZ immediately
adjacent to the fusion boundary. The supérheating of this region can also
have other effects if the steel is micro-alloyed; the carbo-nitrides will
dissolve in this zone and, again, grain growth will occur.(this is also

true of the ALN precipitates.).



The problem with ESW‘properties is esséntially_é probiem of tough—
ness. In the HAZ'it can be.alleviated by adding aluminum and nitrogen |
(CaCNz), norﬁalizing, ér.quenching and tempering. FHowéQer,vin ﬁost
cases, theée sQlutioné aré‘ﬁnéconémical ér impréctical and the tough-
ness problem in the HAZ of sﬁructural steel Qeld# add_in thé high
'_hardenabilityisteels remainé.unsoived. This is true eveﬁ.wﬁén AlN is
used t6~stabiliée tﬁe small gfain size at very bigﬁ temberature.. Tﬁis )

is due to ‘the long time at high temperatufe.'

1.4 Nature of the Problem

The problem of large grain size in the HAZ can only be appfbached by
~altering the thermal cycle‘of the process; This can only be achieved by
" understanding how the_heat.is distributed during the process and what -

variables can be used to change the thermal generation and distribution.

1.5 Previous Work

The-thermal distributioh,during:ESW has'beeﬁ measured mény times.
References i, 13 and 15 through 20 are typical. Some inﬁéstigétors (16—195 _;
- have attémpted to predict'the thérﬁal'cycle with good suécess (but have not.

tried to alfer the'cygie).>'Eregin has attempted to use these thérmal cyciés
fo pre&ict penetration (21). However these invesfigators have not vafiéd
:the welding‘conditions deliberatéiy to:detepmiﬁe if‘the thermal cycle_aﬁd
consequenf.penetration could be deliberately codproiled'and (i;e. the
welding cpnditions) to-minimize tﬁe penetration whiie attaiﬁing completé
fusion.

The approach that has been taken is one of firstly producing a sound

.welding technique and then studying the resultant macrostructures, micro-
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-TABLE 2

Welding'Conditions for Thermal Cycles
In Figure 5 (from Patton, Ref. 1)

. ESW ESW  ESW ' = Multi-Pass

ggezéz%zgs One 3 mm Two. 3 mm 12 mm x 110 mm - Submerged
nad 1.n ~ Electrode Electrodes Plate . . Arc :
' 1 2
Mode - DC . AC . AC
- Welding o , _ : S
- Velocity (cm/sec) .019 - .028 .022° - 1.111 1.111
Voltage (Volts) 38-40 . 44-46 30-32 32-34  32-34
Current (Amps). 450 450 950 500 500

Slag Depth (mm) 40 55 = ’ _ 25-30 ' - -
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struétures and physiéal propérties‘(22-38),»and thén developing a heat
treatﬁent schedule.o; ailoying.treatment tﬁ.alieViate any problems caused
by the wélding technique. Many investigators have t;ie&.Varying the
weiaing péraﬁetgrs to vary:the weldment and/qr HAZ (28, 39-58) étructureé
witﬁ ﬁarying degrees éf success'agd.disagreement.' | |
Dilawari et al (76) havevdeveloped a model of the ESR'proCéss whiéﬁ
.‘indicates how the metal. flows during the process. Thé'model.is-useful‘:

- in describing the observed metal flow in ESW.

1.5.1 Thermal Temperature Measurements

Paton (1) reports the thermal cycle tFig. 5) fo: varidﬁs wélding con-
ditions (Table 25 and makesrcomments'on.the slow.thermal cycle forlESW'_
versus.submerged arc but does not éommeﬁt on the differenée be#weeﬁ>wireﬁ_

_ electrqdes and plate electrodes. Lefevré (12) measu?és the thermal cycle
and plots a cbntour map of isothermg'around,the electrode position but

“makes no comﬁent on the extremely high temperatures attained aﬁd how this .
éffected'the HAZ (note:' the wéldiné coﬁditions for‘the graphs wére_nqt.
pfovided).} Mei'bafd‘<15)vplots a type of thermal cycle for the HAz;;thev
plot (Fig. 6) shoﬁing that there is very significant “preheating" of the
parenf métai abo?e the.élag surface; He also reports tﬁe mgaﬁ temberatﬁ?e ofv
tﬁe slag pool (abqut 1700° C) aﬁd the temperature profile from the slag pool
surface to the,molteﬁ mgtal-péol bottom (Fig. 7).' These éata are used to
-'postuiate that the current‘pésses in the férﬁ.of a.coné from the electrode
btip to the slag/ﬁolteh metal pool interféce, bﬁt no measuremeﬁt of the cur-
rent distribution was undertéken. Voloshkevich (39) stétes that "negrly all
 the heatvis trénsferred to the parent metal thrbugﬁ tbe weld puddle surface'"..
Pugiﬁ and Pertsovskii (16) havé developed a model for the heét'disf

tribution by assuming a series of three moving linear heat sources and found
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1very good agreement.with their measured thermal cycle. However they used an
actual efficiency of 58%, 32.5% being lost to the coollng water and 9.5% b
.radlatlon' these are unreallstlcally high flgures (1,12,17 18) The only
reported heat balance calculatlons are those of Paton (l) and they are not

" referenced in his book.

1.5.2 Calculation of Penetration

One.model by Eregin (21), has been derived to calculate-penetratlon
and was .reported to.be in good agreement with the actual penetration.
' However most of .the welding parameters were not presented and thus the model
could not be evaluated correetly No other references have attempted to

~calculate penetratlon as a function of changing weldlng parameters.

1.5.3 Solutlons to Low HA7 Toughness_

Rote (23) has 1nvest1gated the ESW of various grade steels from A 285
to a hlgh carbon, air hardenlng steel (Lukens D6AC). Only the A 212B and
HY-80 were tested in the as welded condition, all other weldments were tested
' after.nariousecomplicated heat.treatments. Typical of many investigations,
.the results were 1nconclus1ve, in some welds the weldment had better ductility
and 1mpact strength than the parent metal. and in other welds vice versa.
Sometimes the HAZ had better impact strength than either the weldment or
parent metal, |

Zeke. (24 32,56,57 59) has done exhaustlve studles of ESW and written
a review paper (59) for its use in the production of steel pressure vessels.
He has determined that notch ductility is too low in the HAZ and has
undertaken various heat treatment procedures on,welds'and specimens of parent
metal to determine if the physical properties could be improved. : it was

determined that where the steel was subjected to a very complicated heat-
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treatment (740°C/15 hr./air + 650°C/15 hr. /alr), rhe propertles of the parent
metal could be achieved. Makara (34) studied the effect of heat treat—.
ments between.the ACl and AC3 temperatures for ESW welded 1QlOIand 1015

:and fdund:essentially the same reeults ean be achieved'byVSFhr. at'780°C

‘ follewed‘ty‘furnace cooling. Makara (35)_ﬁas also shown that 1015 ean be
heat treated sﬁccessfully by tempering at 650°C fotv2bhté., furnacevceoled..
to 300°C and then eir cooled. Eichhorh (37).studied'annealing between

AC1 and AC3 for carbonitride former microalloyedvsteels to achieve-im— v
proved impact strengths without normelizing (5 hours et 730°c, air'eooied
plus 4 hours at 630°C, air cooied) and achieved tery goodvIzod impact values,
Zeke and.others (28) studied the weidmetal itself by electroslag remelting
the weldlng wire and testlng the as cast metal and the metal after various
heat treatments. These studies commonly indicated that there is some
suitable heat treatment'schedule ﬁhich will give the Qeldment good phyeical
propertles, but it is felt that this is an unreasonable way to sLudy the

HAZ problem. Woodley (25) ESW welded. Lloyds grade B and Lloyds E and-
conducted w1de plate fracture analy31s and Charpy'V-notch tests and con-
- cluded that both tests showed that the weldment and parent metal were at
1east as good as ﬁhen submerged arc Welded.‘ fﬁe.plates usuaily failed in

the HAZ and the impact values iﬁ the HAZ were.lower than either the_patent
metal.or weldment.. WOodley (27) aiso ESW welded JTAllOl (a nermaliZed,
-silicon‘killed,,carbon—manganese steel of boiler quaiity) and performed fuli -
.plate slow bend tests and charpy V-notch impact tests (Fig. 8). Malinoveka,
and Htivnak (28) studied various heat:treatﬁents between-the A. and A3 to :

1

' ellmlnate the large HAZ grains in mlld steel and found annealing between Al

and A3 could. replace normalizing. Bentley (31) welded mild steel (Nb added)

and performed Charpy V-notch tests in the HAZ for the welded, normalized and
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double normalized conditions. He found that the HAZ was severely embrittled"
and the embrittlemeﬁt could be eliminated by single or double normalizing,
~ but double normalizing could lower the toughﬁess of the parent metal.

Tempering of an ESW welded complex chromium-manganese steel (0.05% Ti,
0.5% Mo, 0.25% C) embrittles the HAZ according to Braun (33), normalizing will
improve the toughness sufficiently. Novikov (36) has shown that plates can
be locally normalized or tempered using industrial frequency current for
plates up to 200 mm thick. This procedure gave very acceptéblevimpact vélues
and eliminated the fequireﬁents for very large furnaces, but does not appear
to have been accepted commercially for plates over 50 mm.

The use of carbonitride formers to prevent the grain growth in high
energy input welding has been investigated very extensively by Ikino et al (38).
They found that only TiN could maintain the grain siée at temperatures
approaching 1400°C and; if enough TiN particles of less than 0.1 y diameter
were present, then the grain siée in the HAZ cpuld be kept at less than 100 u.
This is an advance in sfeel makiﬁg technology and does not solvé»the general

problem of ESW welding of structural and pressure vessel steels in existing

specifications.

1.5.4 Process Parameter Investigations

Paton (1) has made a summary (Table 3) of the general effect éf most
of the process variables in ESW and devotes part of chapter 2 of his book
(pp. 20-54) to this subject,

Gotal'skii (40) first (1954) proposed that the chemistry of ESW slégs ]
should be differént from submerged arc slags based on the electrolytic react-
ions that take place during the process. Gotal'skii (41) showed that the basi-—
city of the élag plays a major role in the reduction of silicon and increase

in manganese, and that the electrical conductivity increases with basicity.
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TABLE 3
Relation Between Welding Schedule and Weld
" Shape (from Patton, Ref. 1)

Welding Conditions in Direction of
Increasing Values '

Weld From 400 Amp Welding Slag

Characteristic . or Higher -~ Voltage ~ Depth
Pool Depth Increases _. - S8light Slight

. . ' ) ~ Increase _ Deqrease
Weld Width ' Decreases | - Increases Decreases .

(Penetration)
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Hoﬁever,othese-slags.cootainéd no fiuorspar and'as such are not. used ex-
tensively;'oGotal'skii (42) thenoinvestigated ohe effecté of silicaAénd fluor—
spar in. ESW slags.: He conoluded that 1ow_silioa,fluxes would make the process
more stable. _He.based his conclusionvonbthe detefminétioh of.ohe.deoth of>. 
- the slag pool when_arcing would.initiate; when lowvsilica slags Wefe‘used he .
found arcing Qould commence only when the pool became verj shailow;_ He |

also suggested that fiuorspar-would.increase the conducti&ity of the slag

and thuo improve the stability.0f the pfocess. He made no conclusionsﬂon'
.the effect of the slag depth.onAthe;welds pfoaoced or.on the thermal chaoges
that musf ﬁave occurred when the slag pool depth increased.

Zaitse? (44) has.determine& that fluorspar based slégs ha&e‘a'stronger
desulphurizing action than silicate based slags and that'loweriﬁg the current
and increasing the voltage.helos desulphurizing.: This data was produced on
‘a small electroslog réfining unit. |

Shcherbina et al (60) have.invostigated slég compositions with regérd to
coﬁtrolling the temperature of the molten pool. They conclude that the>:_
cause .of  the extremely high femperotures in the olag'pool (1800—2000°C (15))
is fheoresult.of tho high mélting and.boiling-points of tﬁo.slaé componéﬁts

.‘(SiOZ, Can, A1203, Ca0 and MnO etc.)f, Théy blame this‘excessive'temperatufe

- for the high tempefatures in-the HAZ and ‘were unable with standard fluxeé to .
'.kéep the slag pool_cooler.and still keep the process stable. They proposed
tﬁat the slag chemistry could bo altered so that.the temperatufe of tho-
stable process could be lowered and.thos the penetration would be achieved by
wettihg.and not by excessive heat. They used.a flux with a fluoride~chloridé—_
‘boride base and stabilized the_proceés withvbora£ ﬁhich has a low boiling
point (1575°C). This slag was used .to ESW clad an 18-8 type stoinless steel

on a mild steel backing. A completely continuous bond was produced with no
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- penetration of the mild steel. They were aiso able to clad steel with brass

by lowering the slag temperature even further by adding alkaline metal car-

Bonates. They concluded fhat welding in this manner would decrease gfain

growth ih the HAZ, allow higher welding rates and decrease power consumption.
~ Ostrovskaya (43) investigated the ﬁelding of SAE 1010 tp-1045 grade

2035 32% MnO, 5% Ca0)

and varying the voltage, current (i.e. electrode feed rate) and the thickness

2,

steels using AN8 flux (22% Si02,v20% Al,0,, 21% CaF

of weld per wire to determine the causes of solidification craéking. It was
foundvthat; if the columnar grains growing into the weld centerline met nearly
head on, centerline cracks would develop. Otherwise all the cracks ob-
served.were between adjoining dendrite arms. The shape factor (weld wid;h
divided by weld depth, ) was shown to be the critical parameter; the lower
the shape factor the more 1ikeiy‘solidification cracking wiil occur. It was
found that increasing carbon content was more critical than any other element
(e.g..S, Si, P and Mn) and. that welding of SAE 1040 or.above would likely
vresult.iﬁ crystallization cracks. Increésiné ﬁhe current (i.e. the électréde
feed rate) decreases the pehetraﬁion»and decreases the shape factor, thus
~causing .solidification cfacking. It was also found ﬁha£ increasing the
voltage has the opposite effect, because the penefration-increases. |
Poznyak (46) welded 100 mm spheroidal (magnesium treated) cast iron
uéing plate electrodes of the same material and determined that, at a fairly
high heat input (160 kcal. cm—l), the slow thermal cycle in the HAZ actually
does not destroy the :sphereoidization structure as arc weldiﬁg,would using
standard_practice.
" Kozulin (47) aﬁd.Dubovestkii (4) have investigated the ESW process using

5 mm diameter wire instead of the normal 3 mm diameter wire.in order to increase
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the output of tﬁe process. They found that the welding rate could be
increased But subsequent heat treatment was necessary before the HAZ impact
strength could be realized, thus little if any gain was achieved.

Ivochkin (49) researched the addition of fine iron_powdér into the slég :
pool to lower the slag pool temperature, increase the electrical efficiency
and to .demonstrate thé capability of alloying in the same manner. This
method doubled the wire-only welding velocity, decréased penetration and
increased the HAZ Charpy impact values. The process should work more
. efficiently the finer the‘ébwder as the supérheating of the melted granules
should not be excessive as it is for large droplets.

Makara (51) showed that the use of ANF—6_fluoride slag (60-70% CaF2

and 30—40Z.A1203) permitted lowér volfages and shallower slag depths due
to the higher conductivity of ANF versus the common AN-8. R

.Ando et al (52) have undertaken an extensive program to study the major
parameters in ESW that affect the resultant weld. They postulated that the
convection currents in the slag are primarily caused by the electrical dis- -
tribution. The electrical distribution was measured using an electrically
insulated layer in the weld (i.e. a section of metal in the horizontal plaﬁe).
The eiectrical distribution was subsequently measured and it was concluded
that 21% of the total current was concentrated below the electrode tip té
the slag/molten metal interface. Close examination of the measuring tech-
nique allows .criticism as the insulated layers can be sﬁéwn to affect greatly
the thermal distribution.if the.insuiated layers are placed on Both sides of
the plate. .Also fhe current that was measured from bélow and for the layer
was not caiculated into. current densities to give‘a true flux. This cufrent
distribution can.be used to predict.the convection pattern they assume and

‘the penetration profile they observed. Other current distributions could also
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produce.ofher conve;tidn currents:resuiting in the same penetfétionAprofile;
They found.thatvin‘the standard .reverse polarity (electfode poSifivé) _

the electrode melted more quickly and was deeper in tﬁevslég than for  ”,
stfaighﬁ polarity (electrode.negative);for the same welding.¢0naitions.. In
.'straight.polafityuthe current,disfribution:wés’62% to the metal Béléw fhé
insulatedllayer and‘the eleétrode ﬁoré deeplj immérsed‘(Fig. 9).

'v Ando et al (53) in their second report investigated the volfage and
‘currenf effects on penetraﬁibn using direct current reverse polarity. They
“related the penetration.to currént'for,three Qoltages:(ﬁig.'lO) and two slag "

depths (Fig. 11). It should be noted here.tﬁat Ando et al in‘ref. 52 andv53‘
used.a submerged arc flux (38 SiOZ; 26 MnO, 10 CaO; 17 Aléos) gnd not an '1
ESW slag. In their third report“(54).they studied slag éomposifion coﬁ_ 
ductivity at high‘tempefafure (Fig.Alé).: They found that, with a flux that
hasvhigh.conductiVity;at.low temperature, the penetfation &aévless than for a
'flux'that haé low coﬁdudtivity.at ﬁigh teﬁperature. ‘This is nof surprisiﬁg
in View.ofAtﬁe Russiaﬁ li#eratuﬁe'that has shown_thét'penetratign can be
decreasedAusiﬂg 1ower'meltiﬁg point‘slégs:(éo). 

‘Feldmann et al (55)1inv¢$tigated'tﬁé.uée of manﬁal arc welding, eléc~"'
.tron Beam welding and eiectroélag welding in the'construétion éf a largé
316 L bubble éhamber; ‘They were able to’utiiize Esw;onlvahere_the exceséivé
grain éfowth in the HAZ did nbt ¢éuse.a significanf décréasé_in the impact -.
.streﬁgth or where impact stfength was no£ iﬁﬁortént;

 Lanyie and Zeke researched~the effect of cufrent; polarity.and atmoéphéfé
on the weld metai.during electroslag welding. As with>ﬁost studies of this
type, there was no actual.welding,'simply electroslag remelﬁing éf thé‘welding‘.
‘wire into a small water cooled.copper .crucible. All the iﬁgots were heat’

treated after the remelting and impact values found to be satisféctory. _He
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determined the relative impact strengths in increasing order were electrode
‘ negative, alternating current, electrode positive. The differences were

attributed to electro—chemietry. He also concluded that nitrogen and argon
are superior atmospheres ﬁo air, argon plus.oxygen or nitrogen plus oxygen.‘

Shaheeb (58) has seudied the influence of process parameters on the
.properties of ESW welds to determine if furnace normalizing could be
eliminated. He also deterﬁined that alternating cerrent and reverse polarity
were much superior to straight polarity. He cencluded that a heat treat-
ment pre&ucing complete or partial transformation of the structure was
necessary to achieve the desired impact strengths.

Sharapov (59) has inveetigated the grain growtﬁ of austenite 'in ESW of
Cr—Mo—V'steels and, by simulating the thermal cycle, has been able to show
the effect of the thermal cycle. He reports the time above-AC3 to be
critical to austenite grain growth and the initial part of the cooiing cycle
to be critical to the partial decomposition of austenite.

Vinokuruv (75) has predicted the transient stress and deformations around

an ESW weld caused by structure changes and cooling rates.

1.5.5 The Present Research Program

The purpose of the present work is tovdetermlne the effect of certaln
process variables on the thermal cycle, and thus be able to minimize the
‘inherent problems associated with ESW welding. An analytlcal model (63,64)
will he compared with experlmental data to determine if the model can
be used to write welding schedules. In order to do this the prdcess_paf~
meters will have to be varied and understood before the model can be used.

Since weli defined ESW structures are to be produced, a useful side
approach is to detefmine if chemieal differenceg between the modes of welding
lead to different dinclusion compositions and thus affecting weldment Charpy

values.
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- CHAPTER 2 '

MODELS AND CALCULATIONS

2.1 Introduction

Rosenthel (61;62) and Rykalin.(63) developed ali the basics for the
development of analytical models in the field_of heat flowdin_welding;
Rosenthal first introduced the "quasi—stationary" state theory of heet‘fiow
~as applied to a moving heat source in 1935 (64)f Rykalin'e book (63) titledh
"Calculation of Heat Flow in Welding' greatly expande Rosenthal's work and
applles the equatlons to most weldlng appllcatlons of the late 19405

‘The study of the thermal: propertles of weldlng requlres a deflnltion .*'”>
:iof heatlng andbcoollng cycles-of the'metal the heat source(s) and 31nk(s)
The object of the welding exercise is to provide a.heat eource_by an economrc
" means such that the parentvmetal components are joined by a fused‘boundary.
The quasi-steady state theory has been applied by Rosenthal (615 and
Rykalin (63) to predict the temperature dlstrlbutlon around a 51ngle mov1ng
heat source in the following eppllcatlonS' |

i. rate of fusion of the welding electrode in arc welding :

2. .aro welding of thin plates

3. flame cutting

'4. 'eubmerged arc or manual arc‘welding'

5. TIG and MIG welding

6. predicting the cooling rates after welding
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ﬁost récently Goldack et al (65,66) have applied the'iheor§ in Electron
Beam Welding to predict the thermal distiibution (65) and tﬁe micro-
structures (66) of EB welded eutectoid steeis with good.agreeméﬁt.

The theory haé also been appiiedvto FSW by Pugip (16), Sharapov (17,18),.
and Irepbv (19) with some success but not applying reaiistic_thermal.,
efficiencies from.actﬁal heat balances or uéiﬁg reélisticVAistributions

of heat sources.
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2.3 An Analytical Model

2.3.1 Assumptions

Equation [2.1] is the equation.developed_(63,64) for the,ﬁrediction
of the thermal cycle for a single moving heat source. However we wish to
incorpofate the concepts of preheat and multiple heat:sources. The equation
by simpie addition becomes: ' ,. :
3 q Vzti ' A | |
T = To + 2:: E%E e” 2a Ko [(Vzti + yz) -3—5 +-g | [2.1]

. o 31 .
where 9 is the péwer of the ith moving linear heat source and;ti incorporates
the position of the ith source, To is the initial preheat tempetature. The
use of equation [2.1] vrequires a knowledge of the position of the three heat
sources. If we assume the literature is correct and that the highest heat
evolution is between the electrode and slag/molten metal pool interface,
then we can assume a configuration as shown in Fig. 13. The important decisions
to bé-made~are with regérd to application of the three heat sources, their
relative strengths and positions. -Pugin.(l6) has éssumed that 9 is the at
‘the slag surface, q, is intermediate between the electrbdé and the molten pool
and 43 is positioned at half the depth of the mﬁlten pool. Using this
assumption the position of dq is always known, q, can be measured (but not pre-
dicted) and 3 is assumed forra particular welding schedule as measured éfter
‘sectiohiné. The relative values of heat input are assumed to be 25%/50%/25%
for 995 4, and'q3 as is the efficiency n(n = ﬁz.qi/Q, where Q is the total
available energy) by Pugin. o

:The presént reséarch will try.to show that the position of the heat

sources can be. assigned so that for a given set of welding conditions the



- 24 -

predicted welding thermal cycle is compafable to the actual welding.thermal

~cycle.

2.2.2 Calculation of the Interelectrode Gap

The position of 4y is in.the.center of the interelectrode gap:and con-
'Isequently if it‘could be calculated‘then the position of q, could be |
predicted.i | |

,Pertsovskii 67) has’reseérched the ﬁassage of the cufrent through the
pobl in ESW using a two dimensiénal model cénsiéting of.copper cut—outs.
to represent fhe metal components and potaésiuﬁ permanganate soaked paper to
.represent the slag. The power source was. a 12V battery supply. The model
did confirm.the obéervations.made when ESW is in operation:

1. the currént_denéityAis highest around fhe electrode tip

2.‘ mdre current leaves the end of the.electrode than‘the sides,

ﬁhenvthe intefelecfrodé gap is small |

He:thén éroposed an expression for the abptoximate'caicglation_ofvthe resis- 1

tance of the slag to current flow. The expression is: -

o ., 2L | - .
= - - 2.11
R 4L In( x ) _ : : [ ]
where: R = total apparent resistance [ohms.]
p = specific resistance of the slag [ohm—cm]‘
L_v=‘ depth of the immersed electrode [cm]
't = radius of the electrode [cm]

Thus if the total apparent resistance of the slag pool and the specific resis-

tance is known, the depth of immersion of the electrode can he calculated, or
if the immersion. is known and the resistance drop caleculated then the -

specific resistance can be calculated. Once the specific resistance is cal--
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culated the immersion can be calculated for any total re31stance (i.e.

voltage and amperage readlng)

2.3 Application of ‘the Analytical Equation

2.3.1 Data Generated'by‘thé‘Equation‘

The application of the model is falrly 51mple and ls accompllshed
us1ng any digital computer. U31ng the computer the temperature can be cal—-
culated for a series of points in the barent metal as a function of the
position of,the wveld itself (i.e. the bottom of the electrode) and the
thermal cycle for each point calculated ThlS dlgltal data can be then fed
into a plotting device and a plot of the thermal cycle can be arrived at
for any selected point. The data can alSO»be'contoured to give a mapping
of theltemperature field at any deeired isethermal eontour.interval

The thermal cycle plots can be used to predlct mlcrostructural changes )
at each p01nt w1th the help of Cohtlnuous Coollng Transformatlon (C C.T.)
curves 1f an approprlate C. C T. curve is avallable.‘ The cbntours-of isotherms

allow the penetratlon to be read d1rect1y from the map.

2.3.2 Manipulation of the Data
| Bastien et al k68) have characterised the ehtire mechanical properties

~ of the HAZ of wel&s using‘three independent vefiables:

1. The austenitising parameter |

2. The rate of‘cooling

3. . The tembering perameter

The cooling rates can be calculated- u51ng Rykalin's (69) or Adam s (70)
formulae both of whlch are derived from Rosenthal s equatlon. Adam' s

Equation, which is
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Vc=2ﬂkpc<§;)2(T—To>3, (21

calculates the cooling rate from temperature T, for two dimensional‘heat flow
- and is usually applied to thin plates. .Hoﬁevef,_due to the naﬁure.of ESW
elready described,vit can be applied to the thermal cyclevin ESW. This .
rete can:also’be arrived et by taking the slope at the.apéropriate poine from
the thermal cycle plotted from the analytical model generated data.

The austentising and tempering paramoterc allow the dllecr use of the
temperature versus time curves and diffusioneprinciplesvand ere represented

by a parameter P:

. 1-2.3 R ¢ 1 ' ’ ,
P-= T AH Log to . : ' o [2'131
where: T = temperature in °K
AH = activation heat for the pérticular phenomenon
t = time
to = time unit

and is expressed as an equlvalent temperature for a thermal cycle for which - .
the holding temperature_equals the . time un}t to. The‘tlﬁe,‘t; at holdlng

"is calculated by integrating the aree'under tﬁe'curve above a certaln
temperature, Tp (850°C for austentising)Aend eonverting this ﬁd a rectangular

- thermal cycle of the same area and maximum temperature, Ty. Now
Ty?

STy - Ty = R o ' ’ ~ v[‘2.14.]_

°F tw T V_aH B | e
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The activation enthalpy has been found (71) to be 110 kcal/mole for
austenitisation and 92.5 kcal/mole for tempering over a wide range of steels.
We can now calculate P in degrees Kelvin and using Figure 14 determine the

average austenitic grain size.

2.4 Summary

An analytical equation has been presented which will be used to predict
temperature-time cycles. ' The parameters that can be varied have been
identified and incorporated into -the equation. The formulae‘for the calculation
of the interelectrode gap and austenite grain size have been presented.

However, other than for the analytical model there is no published data
relating these theories to éctual field or experimental results. This has
been undertaken in this experimental program. The procedures used are |
developed in Chapter 3, the results obtained in Chapter 4 and the comparisons

with the equation and calculations in Chapter 6.
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CHAPTER 3

EXPERIMENTAL PROGRAM

3.1 ESW Devices at U.B.C.

3.1.1 Wire or Consumable Guide Welders

When welding in the D.C. mode, power was supplied by a Hobaft RC 750
welder with 750 amperes.and operating volﬁage of 10-50 Qolts. The.ﬁelder
. was partially controlled by a rheostat which varies the degree of séturaﬁion
of its reactor. 'ihe rectification was not:pérfect and resulted in approxi-
mately 10% RMS of the tétal D.C. current. When this power supply was'used'
bfor ﬁire or consumable guide'electrodes, it was used in conjunction-with an
Arcos.Vertomatic‘GSp Wire'feéder and welding controllér. This controller
was a prototype and, as such, was never marketed in the form employed at
_U.B.Cf; The controller was wired into the Hobart RC 750 in such_é wéy that 
the saturation.of tﬁe reactor was varied at the contfollerr ' The 6nly con-
trols used in the experiments conducted“at U.B.C. were the voltage and wire
feeding .controls. The voltage control éssentially replaced the Hobart
;heostat and the wire feedihg éontrol_adjusted the amperage. vihe volfage
and amperage can be read difectly at the control panel.

A Hobart Model T-500 AC pbwer éupply was used in conjunction with the
Arcos vertomatic wire feeder_wﬁen welding in the AC ﬁode. In this case both
fhe voltége and current  were measured externally, not at the controller.

The voltage was adjusted using various tap connections with a fine control
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varying the primary voltage to the step down transformers (tap changes can be

made on-load).

3.1.2 Bar or Plate Electrodes

The U.B.C. electroslag remelting furnace was used for large cross-
section electrodes, It is designed to undertake abrange of research pro-
jects and has been described in detail by Etienne (72). It was used in

the preliminary and final stages of the present research.

3.2 Initijal Experimental Procedures

3.2.1 Stage One

To determine if there were significant differences in fhe three avail-
able modes of operating, and to see at.the outset if ESW-welds could be made
using the U.B.C. remelting furnace, three welds were made, each using a
different mode (D.C.R.P.,VD.C.S.P. and AC). These welds were made utilizing a
colorlith plate (3/4”>thick) between the base plate and a steel plate. The
material to be welded was 5%" x 5%" x 12" in heightkfrom Western Canada Steel
continuous east strand)AISI 1020 steel. ‘The electrode was a 1 3/8" diameter
AIST 1018 rod. Thus, for remelting, the water cooled eopper mould was replaced
with a solid billet of square cross section. The slag was 75 weight percent
calcium fluoride (courtesy of Eldorado .Nuclear Co.) and 25 weight percent
alumina (Norton Abrasive Ltd.).. Twenty four chromel/alumel thermocouples
were pleced in a grid. This grid consisted of four different distances from
the vertical axis at six different heights. The thermocouple wires were
sheathed in 1/8", double bore, alumina tubing and the end beaded by welding.
Holes 3/16" in diameter were drilled into the blocks to four depths and the

thermocouples inserted with pressure. The end of the holes were 1/4", 1/2",
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3/4" and 1" from the surface of thé axial hole in the horizontal plane
(Fig. 15). 1t required.a positive force to insert the sheathed‘thermo—
couples,dqe to the non-round sheathing and, once the thermocouple was in con-
tact wifh the base metal, it did not move. A multimeter, placed on resistance,
was used to .ensure the thermocouple bead made contact with the base metal, |
This unconventional configuration was chosen for the following reasonsf
1. There was very little preparation fequired to determine if the.
equipment set up waé applicable to welding as well as remelting.
2. The blocks completely rembved theﬂpfoblems associated with water
cooled copper shoeéior moulds.
3. There was no slag loss, because there were no shoes, and con-
sequently no slag had to be added during the operation.
4. The slag had been uéed successfully by othersvto remelt steels
with relatiye ease (72,73).
5.. It should show the main differences between the temperature time
distributionsbfor the three modes of welding.
6. The set-up would allow testing of the thermocouple placement .
technique.b | |
The weld was started coid.usingra compact. consisting of metal turnings
of AIST 1018 and calcium fluoride. The compacts were approximately 40 mm‘
in height'and contained 100 gms of calcium fluoridé. The electrode is forced
down onto the compact and the granulated, pre-fluxed slag is poﬁred around |
the electrode and compact.. The compact melts, due to its resistaﬁce, when
the power is turned on and the process commences with a molten slag.
The voitage and amperage were measured and recorded_using Sargent Model
SR 10 Millivolt recorders (voltage required a 100:1 divider and amperage a

calibrated shunt) when the operating mode was direct current. In order to
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operate in the A.C.bmode,it was necessary to start.using D.C_-and then
change power supplies once the-process was stabilized. . The voltage was -
‘measured using an RMS AC Voltmeter (model Eico 250) -and recorded manually.
The amperage was measured using an AC to DC convertor.and'recotded usihg'a
Assrgent Model SR Millivoit.recorder. "The therhocoupie odtput emf. was
recorded using a Texas Instrument Multi—ooint kecorder set oo_its fastest

" speed (one reading per sec.). The‘other process parametersifecorded were:
1. The.total electrode travel'from'start'

2. The time from a fixed point

3. The electrode drive motor speed setting

3.2.2 Stage Two, Consumable Guide ESW

Stage two of the experimental setup was'designed to research the ESW.
parameters for the Consomeble Guide process. ‘The single wire non—consumable'
guide technlque was not studled because of the complex1ty of travelllng
cooling shoes on the relatlvely short welds produced in our laboratory
Instead it was dec1ded to study the process w1thout the problems associated
with the compllcated heat sink created by a slag skin and water cooling.

The welds were produced in 54" diameter, 24" long ATIST 1020 and 4340
steel cyllnders with a 1}%" diameter ax1ally bored hole. The electrode wire:
was AIST 1010 and 1040 (2.4 mm and 2.5 mm diameter respectively) | The

slagsiwere Arcos BV8‘(an electroslag flux: 42 CaF,, 26 A1.0 24 Ca0O, 8 SlO

203> 2)

and Hobart PF 201 (an electroslag flux: 10 A1203, 5 MgO 35 Ca0 + CaF2
.15 MnO 30 Si0 ) The wire was fed through a nomlnal 1/8" mild steel pipe
'whlch was used as the consumable electrode. Two methods were used to in-

sulate this consumable guide from the sides of the hole and to keep the

electrode central in the hole:
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1. Silica tubes approximately 3/4" long were flared to give approki—
. métely 180° included éngle. A wire was wrapéed around.the piﬁe
-andbfixed by 3 very small tackrwelds. The éilica tube was then
_ sliﬁped 6ver the.pipe and the flared flange lay.on thebwiré. A
_ 1/16" thick flat, six-pointed mild steel disk was then placéd 0n
tOpkof'the flaré. "The silica acted as an insulator-and,the disk
as a positioner-(Fig.zl6).
2. The silica insulators_wefe replaced by énvipsuiated guide forbthe
top 8" of the‘pipev(Fic. 17);1 Thisiwas'found to be.supériorvtd the
silica guides.which tended to.break.v This guide also allowed the
ﬁse 6f the verticalvtravel of the wire feedei itseif} Thus?'in
the event of the wire fusing With the pipe, ﬁhe consumable guide
" was lowerea and became the actiye electrode until the wire once
again started feeding. o
- The ﬁhermal cycies were monitored usingvl4 intefnal thefmocouples at
éeven different depthélét 1/4& intervals stértiﬁg 1/8" from.thé hole'surfacé.
;Sixlthermocouples were placed on the surface of.thé‘cylinders By spbfb.
welding at posifions between the internal thefmocoupleé.. This thermocouplé.
set—upbis shown in Figure 18, and was usedAfor ;he first iO'exberiméﬁts;
The remainder of the runs were monitored using 24 intefnal thermocouples-as
" shown in Figure 19. |
The weid was started by adjusting the power rheostat at the highest‘ 
possible reading to provide the highest voltage. _The wire advance rate was .
kept very low aﬁd as soon as the wire sfarted to arc éome slag was added to
extinguiéh the.arc. This procedure was continued until the wire advaﬁced
without‘arcing ény further, at thié point the poﬁer'wés reduced until the

required voltage was just exceeded. The wire rate was then increased until
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the desired.current was attained. During this period the desired amount §f~
- slag was added, The‘éntire start-up brocedﬁre ﬁas completed befofevthé.

» mélteﬁ_metal was._above tﬁe top of the run-in sump. During thé remaiﬁder of‘
. the weld, the voltage and amperage ﬁere kept as close as possible to the
desired“valués. The'weldxwas.stopﬁed‘onée the molten slag surface was even

- with the top of the cylinder.

.3.2.3 .SlagATehperature Measurements

The.slag'temperaﬁures were measured during the,fun using a W3R¢/W25Re
_thermbéouple with a borqn nitride sheathing(Fig. 20). The thermocouple was
held in-two eye-loops aﬁd; to prevénf therﬁal shock;_the molten slag was
. aliowedﬁto:approéch the sheathed end at the welding velocity.~‘0n¢e ;he slag
was'tquched the thermocouﬁle-wés 1oweréd at 10 mm intervals until the |
sheaﬁhing'waé'destroyed_and the.tﬁermocouplé céased.working.' The thermo-

couplé emf. was recorded on a Sargent Model SR4 Millivolt recorder.

3.2.4 Eiecﬁrode>1mmersion
fhé immersion of'thé electrode was measured. using a ratﬁer’simple

mécﬁanicalAmeans and was on1y7§6§éib1e when the fixed headr(with insulated
ihbles) was in use. Two straight tungstgn wires, each with a circular 1o§p
at right angles (Fig. 21) were placed over thé noézle and moved to the top
of the.cylindéx and hel& by the tép fixiﬁg head. When the slag surface
approached the level df thé lowest thermocouple position, the-iower 1oo§
ﬁas lbwered down the nozzle énd o&er tﬁe exﬁénding wire with a small'iateral
vforce, As .soon as .the loop moved sideways,‘it was immediately‘withdrawn
and held at the fixed head by bending it over.

. The second-loép was lowered after the ﬁppermost thermocouple position

had been passedbby the slag metal pool interface. The same procedure was
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-used for the second loop as for the first. The electrode immersion was

assumed to be the same as the length of wetted (slag coated) tungsten wire.

3.2.5' Other.E§perimental Proeedures
| The welding Velocity.was caleulated by recording the time for'the
entire length of the. final weld. However, ﬁecause the exact boint of the.
- welding start wasvnever actuaily.known, it wes deeided to add tungsten
' powder,before'the slag/air interfaee'reached the boﬁtom thermocouples aﬁd
after the molten metai/metél interface passed the last therﬁecouple. The
times .of addition<were‘reeorded and the position determined after sectioning .
of'the‘deposited metal. .
In some instances 304 S,S, 1/8" pipe censpmabie nozzles were use& instead

eof the.mild steel pipe commonlyvused.b These experiments were sectioned

and 4% nital etchs - were used to determine if the stalnless components were

evenly dlstrlbuted durlng the welding process.,

3.3 Butt Welds using Consumable Guide ESW

Once the parameters and pfocedures 1n§olv1ng the. cylinders Qere falrly
swell‘understood it was dec1aed to produce full scale. productlon type welds
using the Arcos Vertomatic GSP wire feeder, Hobart A. C and D.C. welders
'aﬁd water.coeled.copper shoes. This decision led to many changes in_ﬁhe
equipment and procedures.. It neeessitated the design of‘a welding jig,e
'vwatef cooled copper shoes, a fixed head for fhe consumable guide, run-in and
.run—oet sumps and some method for eddlng slag  The essential diffe:ences

'between the cyllnders and 14" plates are:
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1. Thgre is heat lost to the moﬁlding shoes and this must.bé meésured
. and.accounted for in the power iﬁput.
2. There‘is a continualbléés of.slag.to the faées pf the cobiing
shoes and this slag mﬁst,be.réplenished ét frequént equal inter-

vals or at a constant rate.

3.3.1 The Welding Jig

The wéldipg jig wag'designed t§ perform the following functions:
1. The jig would ﬁold the plateé vertical s§ that there was no.play
or .movement perpendicular to the plates and at the samevtime allow
a slight movement pérallel to . the plateé." |
2. ’The jig must have fhe fixed.head.attaéheé to it éoAthét, by
éligning the head and jig once, the consumable guide would .
remain in the éenter of the gap;
3.  The jig would hold the water cooléd éobper mouiding éhoeé as
tightly against .the plates.és feasible witﬁout distérting thebshoeé.
The jig was.désignea.and.constructed.out of mild steel as shown in Figufe.Zé.
The twelve scfews in.the_vertical members were rounded on th¢ conﬁact ends
.'to.bravide movémenﬁ éf the plates in the plane of the plates. 'fhe.boftoﬁ
of each plate was sﬁimmed to-pro&ide a'vertiéal gap; HThe top of the verticél
AmemBers.were.drilled.and thréaded to hdld the fixed ﬁead. The jig was
elevated with two I-beams to accommodate.the fun-invsump; “Two séts éf_hori—
zontal clamps were used .to hold the copper shoes in alignﬁent throughout"
'the weld, . Steei. bars were sometimes- used to back up -the copper shoes when
the:platesAwere not flat; this allowed the qlamping sérews to be torqued
very high and forced the shoes to conform.to any bénd in the plafes.. This

jig, with no changes, was used for the remainder of the experiments.
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3.3.2 The Water Cooled Copper Shoes .

Therg are three types of water cooled copper shoes Commercially usedt 
1. The moving shoe which is.approximateiy 8-12" long and 3" wide with
- water channels'through a solid block. ‘These shoes move upvboth. '
sides.of the plate at ﬁhe welding velocity and'retéin"the molten
metal and slag. |
2. The‘walking shoe is any length from 8" td 36". Tﬁe:walking‘shde -
can be désigﬁed‘in a number of Wayé:to éccoﬁmodate the water flow
but is usually‘formed froﬁ a so0lid block of copper with milled out
 water chanﬁelé and.a facing plate. The water enters the botﬁom and
exits from.the topAof.the shoe. The walking shoe method requires |
four shoes, two for each side,vahe procedure involves plééing
two shoes at the start of. the weld and welding until ﬁhe slag/air.
face is a few minﬁtes from the top of the.shoé. 'The‘gecond set 6f
b_shoes'is.then attached abbve the first set and, when the.wéld is
in.the éécond.set, tﬁe fifst set . is removed and blacéd.aboﬁe the -
second‘set,3thus the-soféalled walking'éhoe method;:
v3.. Full length shoes are also used in circumstaﬁces'which warfént"
a large capiial investment. They are usually used‘when the weld
is not vertical; ndt straight or has section changesbﬁhroughout
its length. .It can also be used when many.weldsiof e#aqtly the
same configuration are being made. | | ‘
 The full length shoe (24") was used for the following réésons:
'_i. The probléms‘aésdciated with the moving shoe and wire feeder
were immediately eliminated. |
2, The.procedure.of walking shées is time consuming, requifes more

materials and cooling connections than the single shoe.
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3.. The length of the welds in the present program was constant (22 in.)
and short enough to use one set of shoes. (The set of shoes conld
'ne considered the first.set of shoes:in the‘nalking shoesmethod).
The shoes were de51gned es shown in Flgure 23. A solid L" thick, 1 3/4"
.wide’and 22" long nas mllled 3/8” deep making a channel 1%" w1de, 211" |
"long. .A water inlet hole was. drilled at the bottom and an outlet hole at
the top and 1/4" nipples welded onto the back of the shoe. The channel was
then closed by heliarc welding a 1/8” thlck plate to the channel and the shoe
pressure tested. The 1/8" thlck plate is ‘the coollng surface and had to be
milled to contain the frozen slag. Therefore the milled channel was 1/16"
(1.6 mm) deep, 1 3/8" wide andv21 3/4" longr This allowed_for e slag:skin.
1/15" thick and 1/16" wider than the 1 l/é" widerroot.gap and ensured the
weld deposit would be at least as thick.end Wlde as the parent metal. = It
alsolallowed for 3/16" contact width with the plates on each side of the weld.
It.would have been preferable.to nave the 1/2"-5/8" contact width that is
- used commerc1ally but this. would have interfered w1th the placement of the
thermocouples. It should be noted that thevshoes d1d wear out and had to
;.be replaced.with a second set. This set was made using 1 3/4" x,l/Zﬁ_‘-
.strnctural grade channel instead of a copper chennel.'.The facing'plate‘
“was the same as before because the thermal conductivity‘of copper‘is essen;
tial for the requiredrheat'transfer.' The new set nas used'for the remalnder
"of the. experlments and performed as well as the entlrely copper shoes.
The shoes were cooled u31ngva mixture of hot and cold water to prov1de
v ZSBC Water, which would not condense water vapour from the air. The_flow
: of this'watervwas.controlled,using a rotameter and the tempereture measured

using -thermistors on the inlet and outlet water flows.
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3.3.3 The Consumable Guide Fixed Head
The fixed head and jig ﬁere really one solid coﬁponent;once the heaa
was attached to the jig. It performed fhe following functions:-
1. It held thé guide so thaﬁ'thefe.was virtually‘nobmovemenﬁ of the
guide, and electriéally insulated tﬁe guide from the'péreht métal
.as_shoﬁn in Fig. 24. | |
2, It containea other'guidés for slag temperafure measurement and'>.
electrode immersion'measurements. |
3. It held the tube for the addition of‘;ungstenApowder and make—up.
slag; | |
4, »It also allowed for the vertical movement:of fhe'consumable gﬁidevl'
if the welding wire becaﬁe fused to the gﬁide. |
The head was electrically insulated from the jig_and parent metal by a
120 plate of~color1}th,lqolorlith sleeves for the bolt holes, and rubber
washers ﬁnder the stéel_washérs. The four vertical ﬁosts_were.machiﬁed wifh.
 two steps‘to hold the horizoﬁtal gﬁidé plateé. The. bottom guide ﬁlate had
fouf.holésbwith ekactly the same.diameter of the middle section of tﬂe
Vertical posts. This)provided,thé pivot point fof the aligning of thg con-
.sumable guidevwith the rectangular section to be welded. The top guidev'
.platé-had four holes 1/16" iarger in diameter than the diametér of the top
'sectign of.the veftical.postsg This play allowéd_movement of the top gﬁide
plate parallel and perpendicular to thevplétes ana thﬁs the ability to _. |
center thé électrode ana guide with.respectvto the bottom of the plates.  This,
in cénjunction‘with the jig screws,?rovided for alignment of the guide along.

the centerline of the entire gap between the shoes and plates.
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3.3.4 Run—in Sump-and Run-out Blocks

' The run—in'sumpAWas constructed out. of l'l/4" square bars providing a
._suhp 2“ deep. The suup was cohstructed this uay to ensure the penetration
of the. parent metal before the slag metal. 1nterface reached the actual blocks.
The l 1/4" thickness was used hecause it had adequate strength to hold the
plates and yet was thin enough to prov1de a poor heat sink and allow over—.
heating. The overheatlng ensured penetratlon of the base metal in the
sump and at‘the start of the weld | The- sump was’ fahrlcated by partlal pene—
tratlou,.manual arc welding; - it was ground off so the shoe faces would fit
the sump faces and prevent slag run—outs. R |

‘The run-out blocks were 1 1/4" square and simply tack welded‘to.the
top of:the plates to prOVide a sump'to containdthe slag afterdweldiug was ébm—"’
plete.r.They were only 2" high to ensure the weld ended in the plate and
to permit4observatioﬁ'of the metal/slag interface after welding. In actual

practice they are 3-4" high to ensure the weld is complete above the plates.

3.3. 5' Thermocouple Positions . .

Chromel/alumel thermocouples were inserted 1nto the plates as.shown in
Flgure 25. There were two ngUDS of thermocouples used w1th 20 thermo—.
couples in each ?roup (sometimes only one block). Each group consisted of |
five rows.of. thermocouples at. four depths. The'four depths were 1/4" l/2"
3/4" h,and ' l"v from the original surface of the plate and 5/8" deep into
the plate. Five thermocouples at each depth were used to establish if the -
weldinghuas“in,steady state (i.e. if all five reached:thevsame_milliV01tr |
readings;’then steady.state.was achieved), The millivolt output uas_re—
cordednon a,prlntihg HP Model 2070 A Datalogger uith a visual digital

display. This device allowed quick, accurate collection of data. The
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lowest, closest thermocouple in the group was recorded continuously (using
a'Sargent Model SR 4) as a reference for-all the‘other thermocouples. The
second :block of thermocoupleé.was used for two applications during the test-
work. . Firstly, if the first set of . thermocouples was found to be in steady
stateﬂthroughqut fhe range, the_second group could be used to see how "steady"
the process really was-0ver a . long period of time. Secon&ly, the second

set could .be used.for a second experiment if the first group was in steady
state. . Therefore, . the welding parameters could be chanéed between thermocouple
groups and a second weld.achieved from the same set-up. This second method was
used as often as possible to provide the most data possible from‘one‘experiment.
It should be noted that the change in the groups meant that the cooling

cycle was not completely recorded for many of the uppermost thermocouples,

and this necessitated using thevcooling.cycle for the first one, two or

three thermocouples at each depth to obtain the entire thermal cycle. Also,
the first thermocouple was sometimes found to‘be not in the steady state
condition when the other four were (the first always read low if this

happened) and then the readings from this first thermocouple were disregarded.

3.3.6 Slag Additions and Other Procedures

Appropriate élag additions were made in 5 gm amounts at intervals de-
pending upon the welding rate. Tungsten powder additions were made at the
start and finish of the thermocouple readings for each block. Both additions

were made using the slag addition tube on the fixed head.

3.3.7 Electrical Current Distribution Measurements

Electrical .current measurements were made by placing plates in the
parent metal and electrically.insulating these plates from each other and

the shoes by the use of asbestos sheets. These plates were 1/4" thick,
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‘1_1/8" wide and 2 inches longer than theboarent'metal‘plates;(see-Figure 26);
A shunt was bolted to the end of each plate and theIOther end of the shunt

to the sane-side of'the welder. as the parent metalt ]The‘preciseelocation.of B
each shunt. was recorded withgresnect to a thernocouple-infthe.hlock'opposited ;
:the shunt. The‘millivolt'drop.across each shunt'nas'continnonsly*monitored:w
using Sargent Model SR 4 and 10 recorders as the weld passed the shunt.

Thus the current dlstrlbutlon was recorded as the weld passed the shunt.

This procedure was only poss1ble while neldlng in the D.C. mode. When weldlng
ln-the.A.C; mode;bonly hne piate was.used with'one‘Shunt and.the:A.C..mllll—
volt drop was converted to.D.C..using a HP Model 8807 A A.C. to D;C..con—
verter—-amplifier. Only one plate was used.becanse-only one converter was
'.available.v However,hthe moning current'dlstribution.was:measured and the

relative position of the shunt and interfaces calculated.

3.4 Butt Welds Using Bar Electrodes )

‘.Once consumable gulde electrode weldlng was completed, 1t was decidedvtoh
study . the 1arge or plate electrode method of ESW This necessitated few
changes_from the consumable_guide process and? with the exceptionvof'the r:
electrode feed mechanisn, fixed electrode guide and slag additioncmethod, no
changes were made. uThedelectrodes'for the.majorityyof the welds were 3/49 ,h
squarevleaVing a'gap of 1/4" on all four sldes of the electrode for misalignf‘
. ﬁent or.deviation.during electrode travel..'The electrOdesiwere fabricated

by cutting 3/4"'slabs off the parentvmetallsectionshandlcutting the slabs to
'{3/4" x .3/4" x 18". The ends_of these bars.were bored and tappedAtolreceive
.a l/ZfﬂN.C. bolt and joined together. uThree and‘one;half lSh electrodes |
.were,joined,using;l/Z" bolts to.provide the electrode forvone weldt The

welds were started using calcium fluoride Armco iron compacts that had been
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shaped to fit the 1 1/4” sduare gap.. . The electrode feed mechanism was the - ~
.mechanlsm of the electroslag reflnlng unit descrlbed by Etienne (72)- The.
slag was contlnuously added u31ng the electroslag reflnlng slag feeder __‘.
_descrlbed by Josh1 (74) .and recallbrated for the approprlate electroslag .

slag.

'3.4;1 ‘The Fiied‘Head
| The_most extenslve.change required to weld using large electrodes>was

the welding head. :Both.horizontal:plates had to be.nodified to:accdmﬁodate"
the larger electrode; The head was rebuilt so that the upper plate became
" the pivot point and the electrode drive the gulde point. Alignment was most

important'during,large‘electrode welding because thevgap was.very’narrOW. |
':between the.electrode and parent metal. "The actual guides were made out of “
colorlith to allow for the electrodes not belng perfectly square and not .
the same 51ze for each section of the»electrode; Essentially-the:fixed'gnided;

serves the same purpose as in consumable guide ESW.

'3,5_AEvaluation of Weld Properties

3.5.1 Hardness Values

Hardness traverses werehperformed using a‘Vickers Pyramid Hardness
Testlng Machine. Transverse sections were cut and surface'ground so that
" the transverse sides‘weré parallel One 51de was polished to a l u flnlsh
band lightly etched using 27 nital to dlstlngulsh the fu51on boundary and
HAZ. The hardness readings were taken at 1/8" intervals from the centerline
. of the.ﬁeld into the parent metal. The maJorlty of the traverses were per-’

formed using a 10 kllogram load and a2/3 obJectlve lens.,f
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‘3.5.2 vToughness Values-r_'

- A 11n1ted series of Charpy Impact tests were perforned cn plate welded_
cast T-1 equivalent steel (ASTM 487 (Q7)) provided by Esco Ltd These’
tests were made using Warnock Hersey Internatlonals Charpy testlng machine  ‘
‘:and in accordance_w1th ASTM—37O at 40 F. The spec1mens were taken so that
the 2 mm V-notch was. located at 1/4" 1ntervals from the weld centerline

into:the‘parent metal. Only AC and DCRP were toughness tested.

v_3.5;3' Inclusion Distributions
Transverse samples were taken across the Weld'in 1/4" cubes fot oxygenbl
vanalysis using a digital readout Leco oxygen analyser. Polished sectlons ‘
were taken adJacent to the samples for oxygen- analysls and the 1nclu51on
distribution determined using the Ouantimet with the microscope attachment.

This procedure was used on two welds for each mode of welding.

3;6A'ExperimentalvRecords

The foilowing parameters'Were.recorded for each tun when applicabiea:
1. Welding mode; AC, DCRP, DCSP
2. Weld type; block, cylinder,vplate_
3. ﬁlectrode type;"consumable guide;'plate'
4. Materials;. slag, electrode, patent.metal
5, Voltage, recorder |
6. Ampefage, recorder
7. Power setting
8. Sldg addition tates

‘9. Temperatures, slag and parent metal
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11,

12.

13.

14,

15.

16.

17.

18.

= 44 -

Time, recorder
Tungsten addition times

Immersion times and depths

Time slag temperatures taken

‘Cooling water flow rate and temperature change

Slag skin thickness

Final Slag depth.

'Léngth of weld

Operational problems
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. CHAPTER 4
* RESULTS

4.1 Power Characteristics

4.1.1 Published Power ChéraCtéristics

- Figures 27 and:28'réspectively show the published‘voltage amperage
characteristics for D.C. and A.C. welders used in this research. Figure
29 shows the variable resistance device constructed to measure the

voltage amperage characteristics of .the welders; these appear as the .
lines through the dots on Flgure 27 and the lower Voltage curves on

Flgure 28

4.1.2 Measured Power Charééteristics,. \
" The.voltage amperage“charécteristics.inéicateithé working réﬁge
| within which theAwélders'wouid.have fo bé'oéerated fo'attain‘the feduired :,
input,enérgy eséential.fdr a.séund weld. Im both cases, A C. and D. C
the welders requlred much higher settlngs than the publlshed data by the

'manufacturer 1ndicated
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4,2 Industrial Experiments

4.2.1 Experimental Conditions .

_A-serieé of welds were made at Canren Limieed.esing the veltégeg
amperage settings sHoWn'iﬁ Ta£ie 4. The othef>folloﬁiﬁg‘eonditionSaueed ;i'
were: B |

1) .D.C_.R.P.
'ii)j 3.18 cm feot gap o | |
1i1) 'j-A 441 Grade C hot iric‘>11e'd plate (see Table 5 .
iv) eHobartﬂPE_ZOl flux;(3.81 cm opeﬁating_depth)-
V)‘ HB 25P wire (see Table 5) |

vi) 1. 27 cm dlameter consumable gulde

4.2.2 Experimental Results

The weld reglons were examlned for the 1nc1u31on dlstrlbutlon (Flg; 30),v '
oxygen distrlbutlon and . penetratlon (Flgs. 31 and 32), and HAZ (Fagure 33)
e.The results were used to predlct the actuai weld veloc1ty requlred to pro~. 

duce an eeeeptable weld in the 1aboratory, u51ng dlfferent weld crossectlonai :'m
‘ areas.(Flgure 34). These. dafa were used in later wire welﬁlng technlquee' 
butvwere alse used to determ;ne the melt rate—energy requirements for

‘the large electrode experiments.

4,3 Initial Large Electrode Experiments

4.3.1 Heat Balance and Thermal Profiles

The .thermal profile (verus position) for the three modes of operation

are shown,in'Figuresl35—37;l S



TABLE 4

Canron LimitedIWeiding Conditions

Oscillation " Wire Feed ’
: Approx.

’Thickqess”,b Root = Elgétrode ©- . Arc Distance ~~  Speed Tnch | _
~of Plate Openingi T e Voltage - : ~ Amperage |
in. (in.) ype ‘ ?%g.) , in/min S per min , ,
3/4 1.1/4 7083 .3/32 . 38-39 - - 1000 - 400
1 11/4  .E083  3/32 3839 - .- 110 - 450
11/4 11/4 - E7083 3/32 38-39 - - 120 - 500
11/2 11/4 E70S3  3/32  39-41 . - - 13 . 500
1 3/4 11/4  E7083 . 3/32 ©  39-41 11/2 35 140 . 525
2 11/4 E70S3 . 3/32 - 39-41 11/2 35 . 150 550
2 1/4 C11/4 . E7083  3/32 41-44 11/2 35 . 160 - 600
2 3/8 11/4  E70S3  3/32 . 4l-44 11/2 35 165 . 650
21/2 11/4 . E7083 3/32 4144 112 35 120 700
2 3/4 11/4 . E7083 - 3/32  4l-46 11/2 35 180 700
3 1 | 11/2 35 S190 . 750

1/4 - E7083. - 3/32 4l-44

- Iy -




..48_

TABLE 5

Canron Limited Welding Analysis

BASE METAL SPECIFICATION AND COMPOSITION A441 to A44]

Base Metal Carbon Manganese Silicon Cu \'f P. S.
AL4L 0.20 - 1.10 0.023 0.26 0.06 0.011 0.019
FILLER METAL COMPOSITION E70S-3 (Hobart HB-25P) Typical
Type  Carbon Manganese Silicon | P.Max. S.Max.
HB-25P 0.11 1.20 - W50 0.020 . 0.019
DEPOSITED METAL ANALYSIS Hobart PF201 Flux
Type Carbon Manganese Silicon Cu \' P. S.
HB-25P 0.14 1.11 0.45 0.20 0.03 .008 .019
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Figure 38 compares the thermal profiles for DCRP, DCSP and AC for a thermo—~

couple positioned 1/4 inch from tﬁe>original surfacevof the weld.

4.3.2 Power Characteristics and Apparent Resistance ofcthe Slag

The apparent resistance of the slag was found to be:

Mode ' Volts . Amps - R()

'DCRP 23 +.4 . 1135 + 152 .0229

DCSP. 23 % .9 1107 £ 100 .0169
*

AC . 26.5 .1 1387 + 45 . 0285

It should be noted that the A.C. experlments u31ng\the U.B. C. Electroslag
Remeltlng furnace must be started u51ng D.C.S. P untll the slag is entlrely
molten and thus the-apparent resistance-for«the A.C. exﬁeriment could be
affected by the electrolytlc reactions durlng the D, C. portlon of the ex-
periment. The specific slag resistance can not be calculated because of the

relatively large electrode diameter, low current density and a conical

shaped melting electrode.

4.3.3 Deposition Rate or Welding Velocity

-The deposition rates and welding velocities were:

‘melt rate (g.s.”1) - welding velocity (cm.sec™l)
DCRP - 4.28 o . .018
pcsp - - 4.51 . - ,019
AC 7.13 - .030

‘with corresponding power inputs in terms of Kcal.gm,_1 of:

DCRP 1.49 Kecal gm:l
bcsp 1.24 Keal gm .
AC 0.81 Kcal gm

and K‘cal.cm_1 of weld: 353 Kcal cm:l respectively
' ‘ ‘ ‘ 293 Keal cm_ :
193 Kcal cm
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4,3.4 Penetration and Inclusion Distribution

The penetrations, measured as the maximum plus the minimum divided

by two, minus the original hole diameter were found to be:

" mode . penetration (cm)
" DCRP .. , | 4.53 cm
DCSP 1.06 cm
AC 0.91 cm

Figures 39-41 show the inclusion distribution for crossections of the

above three welds.

4.3.5 Hardness Traverses

Figure 42 presents the hardness traverses through the same sections
from which the oxygen and inclusion analyses were obtained. The measured

‘penetration is also shown. (R.G. is the original root gap.)

4.3.6 Oxygen Analyses

Figure 43 represents the oxygen gradient along the same traverses used

for the hardness surveys.

4,4 Consumable Guide ESW in Cylinders

4,4,1 Introduction

A total of thirteen successful experiments were performed using the
consumable guide method described in Chapter 3. Table 6 presents the

data obtained or calculated for the experimental conditions.

4.4,2 Slag Temperature Measurements

" The slag temperature was measured twice for each D.C. mode and once
for the A.C. mode. The temperatures are plotted with the corresponding weld

profile, electrode immersion and interelectrode gap in Figures 44-49,



TABLE 6

Experimental Conditions foeronéﬁmable Guide Electroslag
Welding (CGESW) in Cylinders

Weld  Slag Apparent  Specific

Immersion

Exgiiizint Opﬁggzing Volts .Amps Peneg;atiop 'Velocity’-Depth  em Resistance Power
» : o : cm sec™!t cem . ohms _ kcal/cm
1 ~ DCRP 4. 370 .15 .0351  3.18  1.74 108 100
2 DCRP 41 510 .079  .0361  8.26  2.63 .080 140
5  DCRP 40 460 318 ,0303 - 5.84 2,35 .087 147
10  DCRP 52 435 079 - .0330  6.60 1,49 120 165
11 © DCRP . 40 460 4300 ,0301  3.81  2.35 - .087 150
12 DCRP 38 400 406 0357 4.45 2,08  ,095 115
3 Dese 41 460,318 0328  5.08  2.01 .089 140
4 DCSP 40 390  ,000 .0305 5,08 . 1.64 .03 125
6 Dese 41 440 .238 . L0252 6.35  1.89 .093 170
7 DCSP 40 540 - ,040 .0254 6,10 - 2.59 o074 205
8 pcsP 38 600 - .000 ~  .0338  6.60 3,20 ,063 160
9

pcsP 40 . 500  .000  ,0328 . 7.10 2,33 080 145

14 . AC 36 843 .238 . .0357  7.00 = 4.89 043 205

- TG -
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4;4.3. Slag'Depth,'Immersion and IntetelectrodeVGap.ﬁeasurements ‘

Table 7 shows the slag'depth and immersion-as measured.physically
during éﬁd after the experiment.(aboﬁe andAbelowethe‘thermqeoﬁple'region)
ueing the tungsten wire'method. The samevtable giveg-theimeasuted eiectrode

immersion and calculated interelectrode gap distance.’

~4.4.4 Velocity Measurements

' The welding velecity was measured ﬁsing eﬂree differeﬁt methode:
i) the fotal length of the‘weid in cm dividedebyetheetotal.tiﬁe
of welding in sec.
ii) the tungsten‘marker,bed'éﬁove and beiow the:thermoeouple region
iii) the time between temperature maxima on thermocouples as recerded
by ehe Hewlett faekard DVM‘oetpet. .

These results are presented in Table 8.

4.4.5 Temneratufe Time Cvcles.

Tﬁe thermal profiles for each mode of operation are presented‘in
Figﬁfes 50-52. The ehermocoﬁﬁle'arrangeﬁent eilowedhfer‘averaging the pro-
files because_four thermocouples were available for each position only
in the later experiments; A new thermocouple.set—up described_in Chapter3
measured four levels at six depths.” Only the average thefmal profile
is plotted in Figures 50f52. There is no cemparisoﬁibf the actual profilee
with any fheoretieal model beeause this exﬁerimentation wae designed to
determihe the differences between the.modes for actual welding during the

later stages of the research program.
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Slag Depth, Immersion and Interelectrode Gap Measurements

Slag Depth (cm)

Experiment After Below Above Ave Im@ersion (cm) .‘Ihtereiectrodg (cm)
Number " Run Thermocouple _ . Measured“ . Gap Calc.
1 ©3.00 3,30 3,05 - 3.18 1.8 177
8.0 8.40 8.15 ~  8.28 2.80 5.42
5 5.70 . 5.90 5.75 5.84 2,50 3.3
10— 665 6.55 6.60  1.65 4,95
1 3,40 '3.80 - 3,82 . 3,81 . 2,55 1.26
12 4,20 4.60 630 445 2.20 o225
3 4.8 515 500 . 508 . 2,50 258
4 4.85 5.5 5,00 5,08 - 1.85 3,23
6 6.15 6.45  6.25  6.35 C2,05 4,30
7 5.5 6.30 5,90 6.0 2,65 3.5
8 6.20 6,70 6.50 6,60 - 3,35 - 3,25
9

6,90 7.20 7,00 7,10 . 2.50 4,60

14 . 6.65  7.20 6.80 7.00 5,00 L 2,00 -
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TABLE 8

' Welding Velocity Measurements

Experiment Total Weld . Tungsten = Time Betw?en
Rer e e 2o Sarad
Y H - -
9 - ' L0361 ' . - . '. | _
5 .0303 - .0295
10 Lm0 0330 ;0330
.11, , ~.0301 - .os
12 ~.0357 7 L03ss - .o308
3 | 0328 | - -
v L0305 - . .0300
6 0303 - o8
;o 0256 L s
8  .033%9  .0340 . .0335
9 o 0328 - ) L0314

% . .0357 ©.0355 .0355
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4.4.6 Penetration

The penetratlon depth or fusion boundary pe31t10n; was determlned op—
"tically by dlrect meesurement after macroetchlng. -The penetratlon was also
' determlned.using_changes in VPN and microstructure..iFlgure 53 presents
typicaluVPN traverses for each mede and differeﬁce between.4340 and mild

steel. Figure 53 also presents the fusion boundary and HAZ positions.

4, 4 7. Oxygen Analyses

Figure 54 presents the oxygen traverses from the weld centerllne

through the fusion boundary for the three modes of weldlng.

4.4.8 Use of a 304 S.S. Consumable Guide
Figure 55 shows the nital etched surface of an experiment where the
consumable guide was a 304 S.S. 1/8" pipe instead of the standard mild steel

1/8" pipe.

4.5 Consﬁmable Guide ESW with A 36 Plates.

4.5,1 :Introductibn

A rotameter floﬁmeter was'calibrated to give a>consistent'15 liters
of water per minute.to each cooling shoe in order to produce a uniform |
'elag thickness of approximately 1.0 mm. This.was echieved‘in a preliminary
set of experiments designed to confirm tﬁe general velee of the welding
set—up. Table 9 presents the actual and caiculeted.experimental cenditions
for seventeen experiments. The slag feederfwas_elso celibtated tovdeliyer
the necesséry material to replace that lost to the elag skin, and thus

maintain a constant slag depth throughout the experiment (see Figure 56).



’I’ABLE 9

- Experimental Conditions for Consumable Guide Electroslag .
Weldlng (CGESW) with A 36 Plates

Weld  Slag Apparent ' Specific

Immersion

Ex§§;§25nt Opﬁzzting Volts Ampsv‘Penez;atioé Veloc1tz Depth cm | Resistance Power_
v cm sec cm : ohms - kcal.cm
P13 DCRP 32 685 381 .0159 - 1.59 1.42 - .047 340
P14 DCRP 36 760 .669 .0232 1.91 .11 L047 - 215
P15 " DCRP 35 690 ©o.191 .0205 2.06 1.59 - ,051 280
P18 " DCRP. 38 750 254 .0191 1.50 1.27 .051 - 360
P20 DCRP 39 . 570 - .320 0174 3,65 - 6.79 ,068 - 310
P21 DCRP . 39 ° 565 »318 - ,0189 3,9 - 0,79 w069 - 280
P16 " DCSP 36 735 064 .0223 ° 3,18 1,62 ,049 270
P22 " DCSP 40 590 254 -,0200 3.18 0.95 ~ .068 - 285
P04 AC -~ 35 450 C 0 .325 .0166 2.86 1.10 .078 . 230
P05 AC 42 490 - 445 - ,0140 3.18 1,03 -~ .086 . - 350
P06 - AC 40 520 © . .,191 . 0147 2,86 2,06 - - ,077 340
P08 : AC - 35 500 -+ 1,207 ,0131 3.49 0,95 070 320
P09 AC - 40 530 254 .0217 1,91 - 1,11 - - ,075 . 230
P10  AC 35 450 - ,699 .0228 - 1.91 - 0.95 - .,078 © 170
P11 AC 40 560 . ,445 0194 1,27 0.64 - - .,071 275
P12 - - AC 44 510 445 ,0202 3.49 0,95 - - ,086 = 265

P23 - AC 45 510 - . .508 .0227 4,13 - '0,79> : .088 245

- 96 -



4.5.2- Tenperature Time Cvcles

Figures 57- 60 present the raw data from one experiment showlng the
five thermal . proflles for each of the four thermocouple p031t10nst Flgure-6l
..-presents the same profiles when. shlfted by the welding veloc1ty d1v1ded by
the dlstance between the thermocouples and then -averaged. A1l four'thermo— o
" couple p051tions were then plotted on a single graph.’ The thermal profiles
- for the other experlments were plotted in the same manner and are: presented

in Flgures 62-73.

4.5.3 " Penetration and HAZ Values .

The penetration was measured using a scale and correcting for any
closure of the gap between the parent plates after welding. The HAZ was
determined by microstructural and VPN analysis. 'The‘results,are presented

in Table 10.

4.5.4 Hardness Traverses

In . Figure 74 three .typical hardness traverses are shown for the widest
range of penetrations in order to indicate the effect of grain size on -~

. VPN values.

4,5.5 Inclusions
~.i) Table 12 preeents the cumulative percentage eize dietribution
for six typical welds as'determined using the.Quantimet.
ii) Figure 75 presents the oxygen content>treverse along the same
section as the above inclusion counting was taken. =
| iii) Figures 76-77 are scanning electron microgrepns of inclusions from

the same specimens used for the sizing survey.
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. TABLE 10

Penetration and Heat Affected Zone (HAZ)
Values for the Experiments in Table 9

Experiment . - Penetration S Heat Affected

Number ' . cm, - _ s zone Clt.. .
P13 RERT:t: A 132
P14  ' '  699 - - o - V_'é.os_
P15 - L1 P | 1;46» |
P18 - - LT | B o Lsss
P20 . o a0 092
P21S - 1,318 i S 1.65
P16 o oes .54
'P22S R L2564 - 1,40
PO4 . | o .325 - 2.3
P05 IR 445 | o o - 2.02
P06  | o 01 3 - ”1.86.
P08 | 1,207 R 2.68
P09 - T L2546 - 1.49
P10 | 699 | 1.65
1 s 108
P12 L s o 0.1
P238 -~ .508 o . -

P13 to P21S above are DCRP mode
P16 to P22S above are DCSP mode
P04 to P23S above are AC mode
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- TABLE 11

Grain SiZe-in‘the Heat Affected Zone .
of CGESW of A36. Plates '

Experiméht: Thermocouple ASTM - - ASTM L Diameter

Number Position* Grain Size Grain Size - of Average
: ' . Number . . Number © Grain*=®
Measured =  Determined - mm.
P13 1 1-2 1.0 . 254
2 6-7 7.0 .032
- P14 1 7 7.75 .025
2 10 10.75 .0094
P15 1 7 8.0 L0224
' 2 11 12.0 .00561
P18 1 6.5 6.5 .038
P218 1 6.0 - 6.5 ‘ .038
R 2 11, . 11.25 ©.0070
P16 1 7 S 7.75 .025
P225 1 9 ~ 10.00° .0112
P04 1 5 5.5, L0534
2 9.5 10.75 .008
PO5 1 6 6.5 - .038
P08 2 8.5 9.0 ~.0159
P10 1 4 4.0 . .0898
' 2 7.5 8.0 L0224 .
P11 1 6 6.5 .038
P08 2 8.5 9.0 .0159
P10 1 4 4.0 .0898
2 7.5 8.0 | .0224
. P11 1 6.5 6.75 : .0350
| 2 10 10.50 ©.0094
P23S 1 6.5 6.75 .0350 -

- % Positions 1 and 2 are 6.34mm &) and 12.70mm (1") from
the original roof gap surface.

*% Average diameter of grain is for calculated. grain size number.
"P13 to PZJS above are DCRP mode

P16 to P22S above are DCSP mode
P04 to P23S above are AC mode



TABLE 12

Inclusion Distributions in CGESW of A 36 Plates

DCRP 14

Experiment - DCRP 13 DCRP l8i DCSP 16 AQ P5 - o AC P10 .
Number Ind?% CumZ? Ind7% Cum? Ind?% Cum7? Ind% - Cum%Z Ind7 Cum? - Ind%Z  CumZ
Size u »

0- 0.5 3.1 100.0 34.2 100.0 33.8 100.0 33.9 100.0 34.4 100.0  32.3 100.0
0.52 - 1.04  28.1  65.9 28.8 65.7: 27,1 66.2  29.6  66.1 30.4  65.6 27.6 67.7
1.04 - 1.82 22,0 = 37.8 23,9 37,0 22,5  39.1 22.8  36.5 2.3 35.2! 23.1  40.1
1.82 - 2.60 . 10.1 15.8 9.1 13,1 12,2 16,6 8.7 13,7 8.5 13,9 12,4  17.o.f
2.60 - 3.90  14.2. 5.7 2.6 4.0 3.1 44 2.6 - 5.0 2.7 5.4 3.4 4.6

>3.90 1.5 L5 14 14 13 L3 2.4 2.4 2.7 2.7 L2 12
Total Number 1549 1186 967 840 1201 -

1783

U9 -



4.5.6 Grain Size Analysis

Grain size analysis was sfudied optically and compared to a standard
ASTM grain size chart to obtain an ASTM grain size number. .Figurés 78
and 79 show typical gréin sizes obtained at various positions for both
DCSP and DCRP. Table 11 fresents the grain éize for many experiments at
the séme‘positions.‘ The grain size numbers were obtained by comparing
é transparent ASTM overlay over the translucent viewing plate of a Unitron

microscope at 100 X magnification.

4.5.7 Charpy Traverses and Fracture Surfaces

Standard Charpy V-notch Impact tests (30°) (ASTM E23) were performed
with the center of the notch in the weld, adjacent to the F.B. in HAZ
0.5 to 3 mm from the fusion boundary and 5 mm into the HAZ. The tests were
performed at room temperature.and the fesults tabulated in Table 13 for all
three modes of welding. SEM fractographs Qere taken of the fracture surfaces,

Figures 80-86.

4.6 ESW Utilizing Bar Electrodes

4.6.1 Introduction

Eleven welds were made with bar electrodes and'plates of the same
material. Eight of the welds were made from ASTM A36 plate and bars and
four of the welds were made using cast T-1 equivalent plate and bars. Table

14 presents the data obtained or calculated for the operating conditions.

4.6.2 Temperature Time Cvcles

‘Figures 87-94 are the thermal profiles for the three modes of welding

under the operating conditions presented in Table 14. Figure 95 compares
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'-vTABLE 13

Charpy Values‘at Various Positions in
Welded A 36 Plate

Experiment : " Position of Charpy Impact

at Room . Temp.
Number . V—nptch " fr.lbs.
DCRP P21 WELD CENTER . 116
' © 0.5 mm into HAZ o _ 27
1 mm into HAZ o . 75
2 mm into HAZ - ‘ Off Scale*
'3 mm into HAZ Off Scale
DCSP P22 | WELD CENTER | 70
0.5 mm into HAZ ' 37
1 mm into HAZ B 41

spheroidized region (C 2 mm). Off Scale

AC P23 WELD CENTER 95

Half way into weld R 55
- Adjacent to F.B. in parent metal 18

0.5 mm into HAZ .29 -

1.5 mm into HAZ ’ _ 3Q -

* Off scale denotes off scale'above 220
ft. 1bs. or the specimen did not
completely break.



TABLE 14

. Experimental Conditions for ESW Utilizing Bar Electrodes

Weld . Slag Appareht " Specific -

Experiment Operating Volts. Aﬁps 'Penetration Velocity Depth Resistance - - Power
Number Mode : . em cm sec—1 cm ~ohms . kcal cm”
PP3 ~ DCRP A 36 35 - 690 | 0.417 .0767 2.69 »‘. 051 75
PP4  DCRP A 36 24 | 610 1.270  .oli1 3;81_ ' L0390 321
Pp5 DCRP A 36 33 725 - 0.826 0582 2.7 046 - 99
PP6 DCRP A 36 36 640 _ _0.635,_ _:‘ 0609 2.22 .056  _7 92
PP7 ‘_’ DCRP A 36 34_ , 716_ 0.640 _'.osiz 3.68  .048 ~,A~'7113
P DoRP Tl 38 625 0.826  .04k0 1,27 el o128
', £2 DCRP T-1 34 _725‘ 1080 .0364  2.86 - | 047 160
B2 DCRP -1 30 575 0.826 0334 2.5 052 o
PP1  DCSP A 36 40 775 1,27 . .0685 ':0.953 | ’,r;dsz;-. 110
PP8  AC A 36 33 730,950 0546 4.06 o045 106

E4 AC T-1 28 750 L0646 L0440 1,27 L037 115

- €9 _
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one thermocouple position for the three most different specific power inputs

in the D.C. modé‘of welding.

.2_ 4.6.3 Penetration

Figure 96 indicates the measured and hardness determined penetration
for both the A36 and T-1 eQuivalent welds. One penetration for each mode
welding A36 and each penetration for all the T-1 equivalent weld specific

power inputs is shown in Figure 97.

4.6.4 * Hardness Traverses

'Hardﬁess traverses were only cafried ouf on the T-1 eﬁuivalent plate.
Tﬂese traverses were éafried out at 6.35 mm (.25 in.) intervals on horizontal
 sections along the center line of the section and parallel to the center—.
line near the surfaéé of the plate (see Figuré 98); The traverse along the
plate edge was considered necessary because of the high hardness that can be
achiéve& in T-1, even when only air quenched.» Tﬁe hardness traverse values

were made using a Wilson Rockwell Hardness tester on the Rockwell C scale.

4.6.5 Chagpvaraverses
Standard Charpy V-notch Impact tests (30°) (ASTM E32) were performed
on the base metal, weld metal and in the HAZ adjacent to the fusion boundary

at - 40°C. Table 15 presents the impacts values determined.

4.7 Electrical Distribution

‘Figures 99-101 indicate the quasi-steady state electrical distribution
~determined as described in Chapter 3. In addition, each figure shows the .
quasi-steady state physical and thermal characteristics of the weld.

Figures 102-104 show the experimental arrangement.
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TABLE 15 - -

‘Charpy Values at Various Positions in ESW
- Welded T-1 Equivalent Plate

Experiment - Operating’ o Charpy Impact Value and Position
Number . ° Mode : . ft.lbs. at - 40°C
El » DCRP Base Metal 56

Weld Deposit 22.5
HAZ Adjacent to F.B. 8

. E2 ' ~ DCRP - Base Metal 52
: ' Weld Deposit 21
HAZ Adjacent to F.B. 11.5

E3 ~ DCRP © Base Metal 52.5
. . ' ©  Weld Deposit 22.5 :
HAZ Adjacent to F.B. 10

E4 - : - AC _ - Base Metal 56
I Weld Deposit 23
HAZ Adjacent to F.B. 8
HAZ 6.4 mm from F.B. 13.5
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4,8 General Observations

Figure 105 illustrates the shape.of the penetration in vertical Qnd '
horizontal positions during a typical AC weld kPPB).

Figure 106 illustrates the shape of the penetration when welding in the-
DCRP mode using bar electrodes.

Figures 107 and 108 show the resultant welds using Consumable Guide
Electroslag welding for unstable and stable conditions respectively.

Figure,lOQ shows the surféce obtained from a good weld. Figure 110
shows the surfaces of the welds used to determine the electrical distribution;

Figure 111 indicates the situation when the penétration becomes so
great as to cause the slag and molten metal to run out around the shoe.

Figure 112 shbws two welds in vertical and horizontal séction.plus
the hardness test indentatioms.

Figure 113 is actually a casting and was obtained during Consumable
Guide Electroslag.welding when the slag depthvwas approximately 10 cﬁ deep.
The peﬁetration was ﬁniform on b&th sides but only about 4 cm below the slag/
air interface; the molten filler metal and parent metal simply flowed

dowvnward and formed a casting.
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CHAPTER 5

_ DISCUSSION OF RESULTS .

5.1 Power Supply Characteristics

Both the Hobart welders used'were,éonétant voitagg type.wélders in
that the siope of the vbltage amperage curve was 16.65‘(see~fig, 27)..,It
is probable that the published data were obtained by uée of a variable
resistance across the terminals with no lead wifes, and readings were téken
from .the pénel mounted gauges for voltage and émﬁerage.  The input Volfagei
(publishéd) was 230 volts to the.welder and, in the.exferiments carried
out in .the pfesent fesearch, the input voltage waé'only 206 volts. This
would account for some of the loss in power as would thé resiétanée of the
leads used iﬁ the experiments. The natﬁre of‘the‘resistance of the:siag
fool is not reallybknown.at fhis time but it certainly‘involves the
.temperature dependence of the qdnductivity of.the slag, and the.polarity
and the mode of welding. | |

|  Eor these réésoné, each welding configuration and mode‘wiil be'dis—
cussed later; the dead load curves_showﬁ in Figures 27 and 281aré probably
ﬁot applicable to the resistance that the weldiﬁg sﬁpply exberiencés dufing
actual welding. There is one well established observation thfoughout
- this research - AC always presents a greater overall resiétance than eitﬁef

DCRP -or DCSP. This result is possibly explained by the fact that the
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polarization field during AC is very much smaller than during bc, because
- of the change in polarity every 60 seconds. During DC the formation of
highly conduéting:surface layers (77) may reduce'the apparent resistance drop

significantly as the polarization fields are much'largef.

5.2 Industrial Experiments at Canron

" 5.2.1 The Resistance of the Slag Pool

V‘The series of welds made at Canron were made using Hobart 750 _'v

"~ welders aﬁd thus the weld reéults should havg geen usefui in predicting
and obtaining the volfage and amperége characteristics desired. Because
the slag depth waé constant,vand the only desired property was fﬁll pene~- -
tration of the wel&s, most.of the ofher-variabies wefe eliminéted.

Figure 114 presents the émperage—voltage cﬁaracteristics ahd Figure 115'
presents the amperage—éppafent.resistance characteristics. Tﬁe voitagé
amperage characteristic is approximately what'was-expected;vit would be
expected .to be a étraight line through origin if the reéistance was con- -
stant .and not dependent on the slag temperature and ﬁéld configufation.:

The apparent élag.resistance drops dramatically with incfeasiﬁg curfeht dug
to the.increase in temperature. figuresvll6 and 117 show that the amperage
is markediy;increased when the wire feed rate is increased, and that the
fésistancé drdps markedly with.increaéihg wire feed Qelocity. This can be
explained by the probability that the faéter wiré rate allows for a greater'
immersion. of the wife before it melts off, and thus the intérelectrode gap
. is smaller .and the current density higher, causing a higher temperature below
the électrode tip. It is also.possible thét the higher current density

is achieved when the wire setting is higher, and thus a higher temperature
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is achieved in the slag pool and a lower apparent resistance.

5.2.2 Energy Requirements:

Figure_118 presents the energy fequifed to melt one gn of_deposited 
metal as a‘fﬁnction of the mélt_ratév(orIWire velocity). This'may be
"explained by the lower resiétance aﬁd inCreésed:amperage when #he meit'_
fratg is high. Thié view is simplistic because it doeé‘nbt take'into account
. the degree of melting éf the parent ﬁétal, or the ingréaéing loss of heét
to the wate£.cooled’copper_shoes“as the wire velocity decreasés. However,
it would apﬁear thét if a hiéher melt rate is achieved,jthe energy and.thus

the power requirement is lower for the same weld.

5.3 Relating Published Experimental and Production Welding Parameters

Table 16 presents the.operating conditions for éxperimental and.pro;
duction welding from the references cited.

Figure 119 indicates that the. data from the literature must be in-
tefpretéd.carefully before any predictions can be made for the correct
welding procedure. There should be some relafion Between voltage and
émperage that is ﬁearly a straight line, or curves as shown in Figure 114,
Figure 119 can only mean that the welding condiﬁipns_of.the present program
must differ appreciably from the welding condifions of the puﬁlished
work. | |

- Figure 120 again éhows the.rélationShip between welding rate and am-
perage.. In general an increase in amperage causes the welding_rate to
~increase. However, for AC, this is not the case and cannot be accounted

“for by a change in voltage (see Table 16.).



TABLE 16

Experimental and Industrial Welding Conditions from the Literature

: : - Thermal Welding Resistance - Energy - Melt.
Reference Mode Volts =~ Amps " Energy - Rate ' . . ’ " Rate
: .. kcal sec™ cm sec™l ohms keal gm'l . gm sec1
4 DCRP 33 - 405 3.2 - .115 .081 1.67 - - 1.92
. DCRP 36 415 3.6 .104 .086 - 1.75 - 2.06
DCRP 39 415 3.9 .092 094 - 1.75 02,23
DCRP 39 425 4.0 061 .092 o 2.00 2.00
DCRP 39 475 44 .056 - .082 2.25 - 1,96
DCRP 40 500 4.8 ,051 C - .080. © 2,50 1.92
DCRP 40 -~ 525 5.0 . 057 .076 ‘ 3.08 , 1.62-
DCRP 40 - 550 5.3 .051 .073 3.08 - 1,72
DCRP 40 - 550 5.3 . 047 . .073 3.08 01,72
DCRP - 40 550 5,3 046 .073 - 3,08 - 1.72
DCRP 42 575, 5.8 . 040 . -.,073 3,42 . 1,70
. DCRP. 46 575 6.3 .026 .080 - 3,42 1,84
DCRP ~~ 34 . ° 450 . 6.3 .089 ©.076 3,78 ' 1.67
DCRP 40 600 5,8 .061 .067 : o .
. DCRP 40 500 4,8 042 . ,080 2,80 . 1,71
. DCRP 40 - 700 6.7 042 057 , AR
DCRP 40 450 4,3 .061 .08 . 2,21 1,95
DCRP - 40 450 4.3 .056 - ,089 2.35 1.83
DCRP 40 . 600 5.8 064 .- 067 . 1.88 3.09
DCRP 40 - 550 5.3 047 .073 - 2,36 . 2,25
DCRP 42 450 - 4.5 .036 .093 - 2,29 ' 1.97
" DCRP 40 470 4,5 : .08 A -
DCRP 40 450 4.3 .056 - .089 2,32 1.85
4.5 '

DCRP 40 - 470

- 0L -



 TABLE 16 (cont.)

= . o Thermal Welding ‘Resistance Energy Melt
Reference  Mode Volts Amps Energy .- Rate : o "Rate
: ' kecal sec™l. cm sec—l ohms keal gm‘l gm sec‘lb'
23 AC 42 500 5.0 .029 .084 : .72 - 2,91
~AC 39 - 650 6.1 .025 - .060 21.27 4.80
AC 44 625 6.6 .020 .070 2.10 3,14
AC 47 500 5.6 .035 .094 1.20 - 4,67
AC 41 550 5.4 032 . 075 1.95 2.77
AC 44 1625 6.6 .028 ' 070 . 2,01 3.28
AC 48 550 6.3 .029 : .087 1,85 - 3,41
-"AC 46 - 475 5.2 .037 .097 - 1.59 . 3.,27
16 - 34 480 3.9 .0157 : 071 - 2,73 1.43
L - 35.5 650 . 5.5 ., 0240 .05 2.51 2,19
- 53 390 . 5.0 L0153 - 136 . 2,98 . 1.68
- 42 900 ~ 9,1 . 0350 047 . 0 1,78 5,62
52 DCRP 36 280 2,42 . ,0268 .129 J1.65 1,47
E AC © 36 280 2,42 .0225 - ,129 - 1,96 1,23
DCRP 43 300 - 3.10 ‘ ,0279 »143 2,03 1.53
DCRP . 41 250 ' 2,46 .0252 © . 164 1.78 1.38
DCRP 41 280 . - 2,76 .0266 ’ .146 1.90. 1.46
DCRP = 41 300 2,95 . - .0273 - ,137 1,97 1.49
DCRP 41 350 3.44 ' .0327 - L1117 - 1.92 1.79
41 1.99

DCRP



TABLE 16 (cont.)

‘Thermal  Welding °

: ' Resistance Energy Melt
Reference Mode Volts  Amps . Energy Rate ‘ e Rate
: kcal sec™ cm sec™ L ohms  keal gm~t - gm sec—1
52 . DCRP 41 400 3.94 , .0386 . .013 1.86 2,11
DCRP 41 440 4.33 - .0429 ..093 1.84 2.35
DCSP 41 450 4.43 -, 0466 .091 1.74 2.55
DCSP 41 250 2.46 .0193 .164 2.33 1.06
DCSP 41 -300 2.95 ‘ .0214 .137 2,52 1.17
DCSP - 41 345 3.39 .0252 <119 - 2.46 1.38
DCSP 41 380 3.74 0268 .108 - 2,55 1.47
DCSP 41 . 420 4,13 »0322 . ,098 . 2,34 1.76
DCSP 41 450 4,43 0375 .091 2,16 2,05
17 DCRP - . 38 2600 - 23,7 . 0097 ,015 .86
.DCRP 39 2500 = 23.4 ,0083 ,016 <99
DCRP 45 2000 21,6 .0090 S .023 1,83
DCRP - 54 1500 . 19.4 - ,033 ,036 .84
. DCRP -~ 43 1600 16,5 - ,029 ,027 - .77
47 - 54 1400 18,1 , ,056 - - ,039 S .95
- 48 825 9,5 +075 .058 . .50

- T



TABLE 16 (cont.)

Thermal Welding ‘Resistance Energy " Melt

Reference ~Mode ' Volts  Amps Energy Rate _ o v Rate
) : kcal sec~l cm sec™l ohms kcal gm‘1 gm sec—l

2 DC 27 575 3.7 - .0635 <047 1.70 2.18

- DC 29 . 575 4.0 .0508 ~ ,050 1.71 . 2.35

DC 33 575 4.6 .0339 - .057 1.45 - 3.18

DC 37 585 . 5.2 .0339 - ,063 " 0.84 6.21

DC 49 - 585 6.9 .0169 .084 0.94 '7.38

AC 51 585 7.2 .0169 .087 0.65 11.00

DC 42 585 5.9 ~.0203 - .072 1.11 5.29

35 DCRP 42 700 . . 7.1 .053 . .060 1,31 5.42

DCRP 43 900 9.3 .081 .048 1.12 - 8.28

DCRP 43 750 . . 7.7 - .063 : .057 1,20 6.44

" DCRP 43 925 - 9.5 .086 L 046 2.01 4,72

DCRP 43 = 925 9,5 .086 .046 2.01 4,72

DCRP 33 925 7.3 112 .036 1,22 5.97

_DCRP - 33 925 7.3 112 ,036 1,22 . 5,97

34 AC 54 - 700 9.1 017,077 1.78 5,11

7.1

~DCRP- 42 . 700 050 - .060 1,32 . 5,38
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»Figure 121 indicates fhat in general the apparent resistance decreases
with‘an increase in‘welding.rate. This effect can be attributed to highef
.current causing a higher temperatpre and; coﬁeequentiy, a higﬁer conductivity
- of the slag or, alternatively, that the interelectrode.gap at-higher welding
V fates is smaller and the resistance path-sherter;” There is a'problemewith
both.of.fhese interpretations beeause the higher temperature'ceuses the
electrode ﬁo meit more quiekly and thusvincreases'theintereleCtrode gAp,_ :
which ehould*increase the.fesistance causingvthe temperature to rise. This
synergistie effect apparently gives rise-to a quasi~steady state fesietance,
temperature distribution and intereleetrode.gap.

The ehergy required to deposit a gm of metai.decreases rapidly to

approximately 1 kcal per gm as the melt rate increases (See Figure 122).

5.4 1Initial Large Electrode Experiments

5.4.1 Comparison of the Temperature Time Cycles

Figure 38'indicates the difference between the three modes of welding '

using large electrodes and a high conduct1v1ty slag (75/ CaF, and 254 Al 03).

2
vThe resultant thermal proflles show that the softness of the thermal cycle
in order of increasing softness is: DCRP, DCSP, AC. Thls suggests that

the order'of.increasing penetration_wouldube DCRP, DCSP and AC which,‘iﬁr
turn, suggests tha; if maximum energy utilization at minimum penetration_is
desired, then.the.wela velocity shouie increase in the following ofder;
DCRP, DCSP, AC. However, decreased penetretionkcan also be achieved by
decreasing the electrode immersion (i.e. the welding-amperage or.resistence

of the slag). If the immersion is decreased, the heat source volume will be

expanded to a larger area and the penetration decreased. The shape of the
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thermal profiles seen in Figure 38 are of utmost importance as the ob—
jective is to achieve the least penetratlon p0331ble whlle still obtalnlng

complete fusion, and thls is only possible w1th a soft thermal profile.

5.4.2 .Resistance.of the Slag

As stated in Chapter 4, the resistances are 017 -.023 and f029 ohms
for DCRP, DCSP and AC respectlvely. Under normal electrolytic reastions,
where the 1nterelectrode gap remains constant, it would be expected that the
resistance for DCSP would be less than for the DCRP mode due to the hlgher
'productlon of Fe0 in the DCSP mode. In this case 1trmust be.assumed that
the apparent resistance of the DCRP is due to a very pointed electrode tlp
which actually results in produc1ng a small interelectrode gap and resultant
small .resistance path. ThlS small electxode gap could only be due to the
_current distribution .in the slag, and radlatlon plus convection of the slag
The AC resistance is always higher regardless of the type of electroslag
weldlng or refining, and is belleyed to be due to the small polarization
fields around the'electrode“and parent metals' surfaces - which leads to an
' essentially ohmic.resistance.. With the hlgher resistance the 1ntere1ectrode
gap becomes 1arger and, consequently, Lhe heat source is expanded leading to
‘a softer thermal regime. Unfortunately, in the AC experiment thevslag was
‘inadvertently deeper which also causes a highervresistance' however, the
weldlng velocity was 1.6 times faster and this conld rule out the deeper

- slag as a prime cause of the higher resistance.

5.4.3 Energy Requirements .
- The .energy requirements per gram of,deposited metal are 1.49, 1.24
and 0.81 kcal per cm of weld height for .DCRP, DCSP and AC respectlvely. This

would appear to mean that the most eff1c1ent energy utlllzatlon order would
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be AC DCRP and DCSP, but this. does not account for the great d1£ferences
in penetration for the three modes. When the cyllnder of penetrated metal
" is taken into cons1derat10n, the energy for melting the metal per gram be~”

comes 0. 88 1 06 and 0.71 kecal for DCRP DCSP and AC respectlvely

5.4.4 Use of Inciusion Distribetion Measﬁrements

Figures 39-41 show the inclusions to be unifotmly'sma11 end'very
numerous. The inclusion disttibutions could te censtrued-te mean that :
the impact.valees are adversely affected by the inclusions, but'probablysA
no:more-than in normal welding due to the smail size (ueually less Suﬁ);
Except‘fot the size, shape and frequency of the inclusions, the usefulnese

of these data is minimal without other data (i.e. oxygen and silicon analysis).

5.4.5‘-Measuring Penetration and the Heat Affected Zone using Hardness

Traverses

- The Vickers Pyramid Number. (VPN) traverse is considered to be a useful
technique fer determiﬁing the fusion boundary'(FB) and heat affected zone
" (HAZ).. If the steel can Be.sectioned, polished and viewed micrestructually,
this is the best method. However, in many cases this is not possible and
tHe use of the hardnese traverse is very easy in comparison.  The hardness
Valueejdrop significahtly at the fusion boundery and slowly tise again in
the grainrefined#phereidized region. This is considered to be due mainly to.
a Hall—Petcﬁ.type relationship. Figurev42 sths the microstructufal FB
and HAZland'the VPN determined FB and HAZ; the egreement is‘very good
end, thus, ﬁardnessltraverses have been used throughout this research to

confirm macroetched and microetched surfaces. (R.G. denotes the original

- preweld root gap position.)
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5.4.6 Oxygen Analysis and the Intérpretation of Results

Figure 43'represents‘the oxygen anaiysis across. the three modes of
wélding. It‘ié obvious tﬁat the DCSP is high%iﬁ.oxygen,_apﬁroximételf six
. tiﬁes DCRP pf AC.v_Thié is due to pro&uction‘of QXygeﬁ at the anode'(metal .
pool surface). The ékygen‘ahéiysés.make the inclusionndistfibution values -
mofé meaniﬁgfﬁl in that fherebare many_more>silica.inclusions in DCSP than.
DCRP or AC. Since they are more’harmful to impact values, these latter

are also lower for DCSP.

5.5 Consumable Guide ESW in Cylinders

5.5.1 An Overview of the Experimental Operating Conditions

This series of éxperiments (see Table 5) was undertaken té determine
the variables of the proéeés not mentioned in the literaturé. There were
hq reliable measurements of slaé temperature distributions for electroslag1
welding.  There were no valués of cﬁrrent distribution when electroslag
wglding with an electroslag slag. There werebno valueé fbr electrode -
immersion during welding. The presenf-éxperiments were’deéigned to determine
these values and to éttempt to explain.thé observed thermal profiles.and pené»
tration mechanism. Figure 123 represents the electrode immersion for both
DC modes of operating as a fuﬁction of the slag:resistance.»AIt seems
reasonable that the eiéétrode immersion should increase with decreasing

resistance,because the joule heating decreases.

.5.5.2 Interpretation of the Slag Temperature Distribution
The slag temperature measurements are only indicative of the real temp-

erature because the power had to be turned off and the boron nitride
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sheafhing‘dissdlved quickly. In addition,the ﬁillivolt.readinés Qefevbnly
'.over a range of 20 mv to épproximately 30 mv during a very brief time iﬁter—"
" val. Plus or minus O;S'Cﬁ or 0.5 mﬁ ﬁas observed and is conSidéred fé bé*'
the.erfor in:the Figures 44, 46 and 48. All three modes_have the highést
temperafure.region at thé boftom of thé'electréde or just below thié pdint.  :
_However; DCRP has the steepest teﬁperature grédient‘and AC the'lowest'

' temperaturé gradient. The electrode immersion wouid appeér'to haﬁe the
greatest gffeét on the temperature gradients but this is.ambigﬁouS'as the
slag resistancé.Will drop with‘increasing temperature caﬁsing more’ current.

to flow through the hot region and thus also regulate the immersion.

5.5.3 The Effect of Slag Depth, Polarity and the Resultant Immersion

and Electrode Gap on Penetration

Figure 124 indicates that there is a maximum in thé immersion versus
energy per cm of weld prodﬁced. This curvature is‘interﬁreted as the inter-
-play between the velocity of the electrode forcing it further into the
slag andiineréasing,energy'avéilable td melt. the eléctrode.‘ Tﬁis effect
appéars to be independent of . slag aepth and therefore it should fe possible
. to seleét a slag depth which will utiiize the immersion_data té produce,thel
desired interelectrode gaﬁ. This allows for.an estimate ﬁo be made to-
‘attain.the'desired penetration. - The higher energy fof‘the same immeréion '
for DCSP .is considered to be due to the lower resistance in the DCSP modé.

Figure 125 indicates there.is a definite relationship between pene—l
tration and energy input per cm of weld. The penetration shows a'maximﬁm ‘
for botﬁ ﬁC modeé, with DCSP requiring more‘enefgy'than DCRP. - With a con-
stént slag depth.this can‘be explained by assuming.the.héatbis génerated
mostly .in the interelectrode gap and, therefore, the maximum in the

penetration curve is caused by the same effect as the maximum in the
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'imﬁersion curve. Once agaln the hlgher conduct1v1ty of the. slag 1n the
DCSP mode Shlfts the penetration maximum to hlgher energy requirements.
Figure 126 1nd1cates the penetration for both slag depth and 1nter—.b
'electrode gap values . The points to the rlght of the vertlcal llne are t
due to,the slag depth and 1ntere1ectrode gap values being too high and

presumabiy the current path is to the sides and not to the molten steel pool. -

5.5.4 Velocity Measurements.and Their Reliabiiity-

Three methods were used.and the resultslare coﬁpiled ih Tahle 8.
 There is a great deal of discrepancy between the methods, particularly
when one divides the total'length of the weld hy the time taken to produce
‘the weld. The tungstenbmarker bed givee.good reshlts if the.tungsten can
be cut through and is not too thick. The meaauremeht of the time differ-
ential between the maxima on the thermal profiles for thermocouples, the
same distance from the fusion.houndary; gave eoneistently good.results.

The ptobiemuwith calculating the velocity using the total lehgth ief
that the. sump does not necessarily fill up; slag is often 1eft behind withv
some metal and this amount of metal varies_With each experiment;: Because

of this prohlem the marker.bed'method, or more often the distance between

peak maxima, has been used for the remainder of the interpretations.

.5.5.5 Explanation of the Thermal Profiles

| Three thermal profiles are shown at positiona~.318 or .636Vintefvals
from the original_position of the.root gap. .These three therﬁal profilesv'
correspond with three sets of slag temperatﬁre measurements in Figure 44;'
46, 68. Experiment number lb shows a fairly shaliow‘rise‘but iarge high-
temperature region adjacent te the molten slag, Expetiment number 8 shows

a slow rise to a small high temperature region and a subsequent drop in
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temperature;. Experiment numBer 14.shows a much slower rise in temperature
and small region that is fairly_hot. The respective Qeld vélécities were
.0330,-,0339,..0557'ém sec—l and, therefore, tﬁe compressed nature of thé.
Iprbfiles.canhot be cahSed»by lérge changes in velocity. They all have
approximately the éame'slag depth (6.60—7.00'cﬁ) and, therefore, the slaé
depth has not caused thé’change in profiies.; This suggests that the onlyv
'cause.for the compression is the observed slag temperatures which are prob-
-ably céused by the immersion.variation with polarity; DCRP 1;49‘cﬁ, DCSP
3.20 and AC 4.89, ~The time ébéveIQOOéC for DCRP, DCSP and AC for thek
thermobouple .318 cm from the original root gap was lOO sec, 0 sec,v25 sec
respectively. This is consistent with the peﬁetration_observed when thé'

‘ electfodeﬂimmersion is taken into account. It-will Be shown later that

this is due in part to the current distribution.

5.5.6 Penetration and Thermal Profiles

When a cross sectioned view is taken (see Figure 127) of the thermal
profiles, it becomes significant that the steeper the gradient the larger
the penetration. When this is integrated with the time above 900°C, the

order of penetration becomes rational. -

5.5.7 Hardness Traverses

Care has to be taken when analysing the hardness data és some welds
were made with AIST 1020 wire into A 36 tylindérs, some with AIST 1042 into
A 36 cylinders and somé with AISI 1042 into AISI 4340 and A 36 cylinders.
Welds made with AISI 1042 wire into Av36 cylinders.(i.e. experiment.lO and
,'experimenﬁ 8) show a dramatic decrease in hardﬁess aé_the fusion boundary
due to .lower carbon content and increased grain size. Those with AISI 1020

into A 36 show a small decrease in hardness due to increased grain size.
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vThe welds with AISI 1042 1nto AISI 4340 show an increase in hardness due

to the alloylng constituents of the AISI 4340 produc1ng a bainitic structure
~ on cqollng. _Allvwelds}show_a sllght increase in hardness at theIHAZ due

to grain.refinement andvspheroidizatien’of the carhide banding; Figure 53
indicates.typical hardneSS»traverses;; the mlcrostructurally determlned
fusion boundary (FB) and the heat affected zone (HAZ) are also showh. »There.

is good agreement between" the m1crostructure and hardness changes.

5.5.8 Oxygen Analysis Results

The oxygen analysis indicates that.DCRP ahd AC have advantagee over
' DCSP. The weld regien.for DCRP.ahd AC has an‘oxygen content very close
to the base metal analysis butvthe DCSf is up to>100Vppm (or four times
the base metal analysie)r This weuld_lead to hiéher susceptibility of

DCSP welds to brittle fracture in the weld zone (see Figure 54).

5.5.9 Stainless Steel Consumable Guide andeMixing in the Liquid Steel Pool
Figure'SS shows the distribution.of the 304 S.S. nozzle as it has
solidified after melting the‘noazle.-.When the consumable ghide'melts during

welding, it‘does not do so steadily hut melts at regular intervals. This
leads to the banding seen in most welds and,‘in the case where the nozzle is
stainless steel, a simple nital etch reveale the pattern of the solldlflcatlon
front. In thls case it is seen that the 304 S.s. does not mix w1th the AISI
‘1042 to any appreciable extent. A trace across one of the bands using the
electron m1croprobe revealed very loﬁ concentratlon of nickel in the areas
between the 304 S.S. bands. This is true for both the transverse and

longitudinal sections.
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5.6 Consumable Guide ESW with A 36 Plates °

5.6.1 An Overview of the Eiperimental.Operating Conditions

This series of experiments (see Table 9) was undertaken to pfovide
1nformat10n pertlnent to productlon weldlng as the procedures used were
as close to those used in 1ndustry as it is possible to achleve in the
1aboratory. Again the thermal profiles were measured\with time but emphasis
.was given to DCRP and AC.because of their low oxygen,con£ent and Wioe in-
dustrial use. A series of three exoeriments, one for each mode, was underc
taken.to orovide deta for determination of the.electfical distribution.

Figure>128 shows the electrode immersion as a function of the appefent
resistance. The electrode immereion increaees with decreasing apparentn |
resistance because there‘ie less heating of the.molten slag even though‘the
.amperage is increasing. The apparent systematlc difference between the AC
.and DCRP modes may be due to an error in measuring the RMS voltage and
current, or a phase shift when welding in the AC mode. Figure 129 indi-
cates tnat the ampefage decreases fanidly with increasing resistance and
therefore the heating of the molten slag should be higher and the immereion

shallower.

5.6.2 Explanation of the Temperatnre TimeICvcleé

" The thermal profiles are fresented in Figures 61 to 73. The seme
figores also indicatejthe time position of the eleg/air_interfece, the
elecﬁrode immereion and slag/molten steel interface.. The profiles ere,for
thermocouples.at 6.35 mm (1/4 inch) spacing with nnmber one 6.35 mm from
the .original parent metal root gap edge. The profile for the number one

thermal couple 6.35 mm from this surface‘simplyrmeans that a thermal profile
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for a thermocouple at the suyface'would Ee sﬁifted #o the left on figures-
.61 to 73 and would indicate a much higher_temperatﬁre; |

All the tﬁermal pfofiles shbw that significant héating of the parént
metal takes piace.loné before ﬁhe slagfair'intefface'is reached. - |

When ghé'slag is mediﬁm depth and the electrode immersion fairly
shallow as invexperiments P04, PO5, POS, PZZS; P23S.(Figures_62—64, 723_73)
the thermal profiles are much-éhailower. Tﬁe heat”generated is diétributedv
over a much longer parent metal/siag surface for a greatér périod of time.'

ih all cases a large amount of heat is 1iberatéd from tﬁe molten steel
pool as can be seen from the profiles; hqwevér this would éppéar to be less
than the‘slag heat.vThe heaf from the molten steel.pool‘is both superheat
and latent heat.of fusion.

" The comparisén bétween AC and D¢RP profiles Will be discussed later

in section 5.7.

.5.6.3.Penetration and the Heat Affected Zone as a Function of the ThefmalTALlﬂ

Profiles .
~ The méasured peneﬁration and heat affected zone for these
experimental weldé are presented in Table 10. Experiments(P13 through
PZi afe DCRP, P16 and.PZZS are‘DCS? and.EO4 throﬁgh P23SvarebAC, DCRP,
"as a generélization,_haé less penetration than AC.'This is.érobably dqe
to the deeper elec;rode immersion and shallower slag depth with the _

exception of P20S and P21S which -



_ 8 -
‘were opefated with a deeper slég depth for the electricai.distribution
measureﬁents. _In_AC thé peﬁetrafioﬁ is deeper evén with tﬁe shallow "
thermal profiles ahd deeper slag;:‘If‘the'slag as ianlO (Figure 65) is
éhallower'and the-#rbfile steeper, the fenefraﬁion is evenvdeepef."P08 
(Figuré 64) seems to be aﬁomalous 5ut»the innermoét théfmocogples were melted

and thus the penetration is believed to be correct.

5.6.4 - Hardness Traverses

Figure 74 presents the root ga§ (RG), fusion boundéry (FB) and heat -
affected-zone (HAZ)‘as determined microstructurally. >It also presénﬁs ther
Vickers Pyramid Numbér (VPN) hardness traverses; lThere isva very good
correlation'between.the two methods. The hardness change at the fusion -
boundary is dﬁe to the very l;rgé grain siZe.and the increase at the en& ”.

" of the heat affected zone is due to the small grain size and spheroidization

" _'An attempt has been made to apply the autenitizing parameter of Bastien

et al (68) to predict the austenite grain size for regions that are in the
austenite phase fegion for a significant length of time (i.e. greater than

10 seconds at temperatures over 850°C).

~ 5.6.5 Measured Grain Size and Austenite Grain Size

Table 11 compares the measured grain size and the calculated grain
size. The calculated grain size is obtained by a semi-empirical relation-

ship which defines an austentiziﬁg parameter P:

1 R t 1
Po= (- -apleets)
E
where TE = the equivalent maximum temperature over a period t, °K
AH = the activation energy for austenite grain growth,

110,000 cal mol L.



-t = time in the austenitizing phase region
tO = time unit, 1 sec.
' :and TE f TM - R'Zﬁ
where.. TM = ' the maximum temperature attalned
R = the unlversal gas constant 1.98 cal mol -1 °K—;

A nomograph, Figure_l&, is. used ‘to determine the grain size of the austenltev

rgrains prior to decomposition. As seen ;n.Tablevll, the decomposition

grain size.is (within error of the measuring techmnique) the.same size as

the austenite grain.size calculated by thisvmethod. In the two phese field,

alpha plus gamma, there is no formula that can be ahplied to calculate the

ferrite.and pearIite grain'sizes; However, the large grain size observed

and calculated suggests that the heat affected zone near.the fusion.bohndary

would. cause a decrease_in the impact strength‘of this region; |
'Figures 78 and 79 show thevgrain size for DCRP and DCSP respectively

‘at various positions.through the weld zone into the unaffected parent'metal,

-5.6.6 Inclusion Ahalysis

Table 12 presents the Quahtlmet inclu31on analysis of six Weld‘sections
and Flgure 75 the oxygen analysis from the correspondlng sections. The
same total area was observed in each case and thus, even though the oxygen
analysis was as expected, the total area frectlon of inclusions was found to
be higher for DCRP than for DCSP at AC. This reyerse order of area fraction
with respect to DC modes can not be explained by the oxygen analysis as .
1nc1u51on dlstrlbutions.

The.inclusions were ekaminedAat.3000 X magnification on the scanning

electron microscope and analysed for qualitative chemistry. Figure 76 is a-
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photo of the.DCRP mode and Figure 77 of the DCS? mode; The DCRP iueiusipns
were found robbe very high in ﬁnS with some Si. The DCéP inclusions

were feund to be very high.in'Si.end JTow in sulphur.e This can he explained'
by the much deeper penetratlon in the DCRP mode. than in the DCSP mode and

thus much more sulphur has to be removed due to greater dllutlon. .

" 5.6.7 Charpy Impact Values

The Charpy impact values using the ASTM,V—noteh,techhiquehare not
meanr to be accurate, only relative; .they are PresentedAin'Teble 12, .fhe_'
VnotCh was oriented in the plane‘of the plate parallel to the welding direc-
tidn. Table 13 is consistent with the faet rhet DCRP has greater penetretion
due to higher temperatures and thus the grain size.effect causes a very
large drop in the relative impact strength. This is.aiso.dbserved ih DCSP
and AC. The very low value of 18 ft. 1bs. obtained for the AC weld is only'
due'to rhe notch being.almesr at the fusion boundary but still iu.the heat
affected zone.'.Figures 80 through 86 are fractographs of the Charpy fracture

surfaces.

5.7 Electrical Distribution in Consumable Guide ESW

5.7.1 Possible Interpretation of Current Distribution

" Figures .99 through 101 give the electrical distribution for‘DCRP, DCSP
end AC for very similar operating conditions. Between the DC modes there is
very little difference in the‘current distributioh. This is cohfirmatiun
vof-the.thermal distribution shown in Figures 50 and Sl; Also this is
verified by the essentially same shapes of the thermel profiles for rhe DC

modes. YAC oh the other hand appears to have an almost evenbcurrent dis-

‘tribution and this is confirmed by the thermal distribution in the slag



...87_

(Figure 52) but only slightly in the thermal profiles‘

It is very significant that the electrical distribution in the slag
is assumed in the literature to be almost always from the electrode tip to
the molten.liquid steel and very little to the side walls. The presenﬁ
reseapch would indicate that, within a 25% margin of efror in the position
of the slag with respect to the shunt positions, the current to the molten
péol does not exceed 50% of the total current. It is very poésible that the
difference between the present research findings and published research find-
ings is due to current being carried by the consumable guide which has.very
shallow immersion and thus would tend to pass current to the side walls.and
not the molten steel pool. .The current distribution to molten pool would be
much higher if the slag were shallower or the immersion much deeper. However,
in the present experiments fhe slag depth was only slightly greater than in
industrial practice. According to Dilawari et al (76) the slag flow is
dominated by transport caused by the applied current over convectiye

transport.

5.7.2 Correlation with Slag Temperature Distribution

The temperature in the slag is achieved at a quasi-steady state simply
by the abiiity of the slag surroundings to remove heat from the slag
and the source(s) of heat generation. _The current distribution of all
modes of operation shows the maximum current is just below the electrode
tip (figures 99 to 101) and the temperature distributions also show a
maximum below the electrode tip for conditions of deep slag and shallow
immersion (Figures 50 and 51). This would appear to be reasonable becaﬁse
the current is high, the slag will heat up due tc resistance heating;
and once it does its conductivity increases until steady state is

achieved between the current, temperature and conductivity. However,
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the‘induced flow that is obvious from the écooped out'nature_of the
benetration shows that there is considerable flow due to electromagnetic
forces and this flow is toward the side of weld away from the electrode.

Most ofvthe publications that cite slag tempefatures also.show a :
maximum temperature in the slag abéve the élag/metal interface. The
temperatures in the literature are not for the common electroslag weld fluxes
and therefore the actual temperatures cannot bé compared with those obtained in
the present research. Temperatures have been cited aé high as 2000°C (52)
using a submerged arc welding flux for electroslag welding.

Dilawari and Szekely (76) have modelled the electroslag process for
an unusual physical configuration, but have shown that the electromagnetic
forces in small electrodes (i.e. wire) are predominant and the mass flow
is as shown in Figure 130, Unfortunately the current distribution assumed
" is not reported but the flow is not unreasonable when referred to the current

distribution reported in the present research.

5.8 ESW Utilizing Bar Electrodes

5.8.1 Overview of the Experimental Operating Conditions

The bar electrode welding conditions (see Table 14) were‘found to be
much different from those of consumable guide welding. Voltage was con-
sistently lower, amperage higher and the welding velocity extremely high.
The specific power was lower than for wire welding except‘for PP4 where_the
low voltage apparently cauéed the excessive penetrgtion'and low velocity. |
All but .three of the welds were made ﬁsing DCRP. :The slag depth varied
signifiéantly because the degree of melting of the starting compact in the

sump was not uniform. The addition of slag was kept constant throughout the



experiméntQI Generally the electrode immersion was constant and'never»more_
.‘than 5 mm average. The elépt;ode always melted‘off with a small cone in
the center andffoﬁr sharp corners whichliﬁ éfféct made the electrode surfaéé
flat (figure 131). | |

| "Table 14 also indicates.that; using bar élecﬁrodes, tﬁe depoéition rgte
in g se'c_l is much higher. N

While the eleétrical distribution was not measured in Bar eléctrdde
ESW, it is apparent from Figure 106 that the current must be near the sur— -
'face, as would be expected from the very shallow'immersion;_ The figure:is
téken from the end of the experiment and thereforé‘shows:the effect of the
. runout bloéks, but the transverse sections show thatAﬁhe‘weld is sound and
it is a typical weld.achieved when elecfroslég.welding with bars. The
penetration does start at upper surface of the slag érea and not lower down,
as in wire welding. Dilawari et al (76) have shown fhat, within-the.limits
of the restrictions of their model, the flow:is reversed with large eleg—
trodes.(cbmpared with wire electrbdes) and this could explain the penetration
starting at the top{. Iﬁ this case the buoyancy forces are assumed to be
bpre—dominant over the'electrbmagnetic forces. .BuqyanCy forces are simply
naturél convection. DiIuWari et al (76).have assumed for their model cal-
culétions a linear velocity in the slag pool of 0.40 m.sec—1 for wire and
0.02 IIn.sec_l for bar electrodes. While velocities were never measured in
'the_presént research, there is no doubt from visual obsérvation of the slag
_surfaée that the wire system has a much higher velqcity thaﬁ the bar system.
It is felt that the penetratioﬁ morphology is due to the actual

interelectrode gap occurring between the electrode and'thebparenﬁ metal and

not between the electrode and the molten metal pool.
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5.8.2 Explanation of the Temperatﬁre Time Cvecles

The thermal profiles are steeper (see Figureé 87-94) than for con-
sumabie»guide welding, as might be.expected for much higher welding velo-
cities. However, in many cases the maximum temperature reached by the -
thermocouplé closest to the weld is lower. This generalization applies
to A 36‘p1ates and bars welded in the DCRP mode.

Experiments El through E4 were made utilizing casf T-1 equivalent
plate and with intentionally shallow slag depths. These experimenté re-
sulted in much steeper thermal gradients.

One explanation for steeper gradients in bar electrode welding could
be the reverse direction of the slag flow and lower overall flow rate of
the slag itself as predicted by Dilawari et al (76). The héat shouid then
be more concentrated in the smaller slag vdlume'(due to the higher fill ratio)
and probably transferréd in the upper regions where the current should
pass, this being the smallest interelectrode gap. Figure 106 shows that
the penetration does.start at the top of the slag. The transverse section
of the same figure also shows the uneven penetration due to misalignment
of the electfode; the position of thé thermocouples was at the side
cloéest to the electrode, thus measuring the maximum temperatures obtained
in the weld.

The values of penetration presented in Table 14 show that in the DC
mode of opération the values of penetration are all ﬁigh with respect to
consumable guide electroslag welding. In the AC mode however,.the pene-
tration is comparable to consumable guide electroslag welding. If the same
argument is applicable to penetration as to the thermal profiles,.then,

because the current and temperature are very concentrated, one would expect
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. a therﬁocouple near the fusion Boundary to give a vefy high réadingb(i.e. the
liquidus temperature'of fhé base metal). However, if ekpérimeqt PP4 is‘
used as an.ekample,'fhen number l.thermocoufle which is 0.635 mm from the -
parent.metal'face should héve_reéorded a millivolt readiug‘equél to tﬁe
1iquidus'és the penetration was.0;640 mm. This is true for ﬁany of the> _"
bar eléctrode éxﬁeriments'and’was investigated aftef tﬁe first reédings on
PP1. The_thefmocouples were affixed as usual to a plate of the same‘
thickness, placed'in a furnace and heated to approximately 1000°C and
vcooled,ireadings being taken with exactiy the same recording.device used in
the welding ekperiments. No logical explanation cén'be.suggeéted for this
discrepancy;' the.readings were reasonable in theﬂfurﬁage. Furthermore,
" the readiﬁgs for E3'andbE4 shbwed that the liquidus was reached;. aftef
that point tﬁe_readings wé?e'erratic and unusable. |

.The .problem with experiments PPl>through PP7 was the inaBilify to keep
‘the electréde aligned exactly in.ﬁhe center. This resulted iﬁ the pene- -
tration being more to 6ne side, the side the électrodé approééhed moré_
.closely. :This fesulted in abnormally deep penetration on one side and-
'.shallow penetrétion on the éther. If thé thermocoupleé-were situétéd on
the sﬁallow side, there would be.intermittenﬁ slag iﬁclusiéns or even a
- slight slag skiﬁ and, even'though tﬁe profilé'Was steep, the absolute values
: wéuld be low. Therefore the profiles are not as informatiQe as the total
1penetrati6n. For experiments PP8 thfough E4 the guiding apparatus was
improved aﬁd the profiles were more consistent with much higher temper;tures

recorded.



- 92 -

5.8.3 Hardness and Charpy Values

‘Figures 96-98 show the hardness Qalues obtained for A 36 and T-1
equivaleﬁt. The values Wére és expected with the T-1 being very much harder
except adjacént to the fusion boundary in the heét‘afféctéd zone. |

Ef Figure 114 demonstraﬁes that the éffect 6f>ﬁhé sufface-cdoling by
the water.cooled_shoes is non—existent and thé quenghing by fhe parent metal.
is at least as effedtiﬁe. | | |

| The Charpy values,»Table 15; indicate agaiﬁlthat the'weldment.haé
sufficient“ndtch‘foughness. However,'the area adjacent to‘tﬁevfﬁsion boun-
dary in the heat affected zone was unacceptéblé for most applications if a
post heat treatment procedgre is not employed; This ié completely consis-
tent with the decreased Charpy valueé obtained for A 36 at‘room temferaturé,

when welded using consumable guide electroslag.

5.9  Llarge Electrode Technology and Its Implication .

~

5.9.1 Potential Advantages and Disadvantages

- The utilization of large (i.e., plate) electrodes leéds io severél'-
advantages{ |

1) siﬁplé mechanical feeding in comparison with;multiwire feeding.

>2) relatively cheap‘filler'metal.. |

3) good chemical controi in comparison with multiwire .

4) a shorﬁ term power intéruption does ﬁot resﬁlt ih a larée defect, o

such as lack of penetration or slag inclusions;

i5) the process is very stable duriﬁg opération.

However, there are significant disadvantages:

1) Long set-up times are required.
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2) A larger gap between the parent metal plates is required and

‘thus more energy is required.

©5.9.2 Potential Uses

The field of greatest potentiai uée.for 1érge.e1e¢trodes is iﬁ.heavy
section weiding. The production of 1arge.ingots (lOOVtén) can be achieved °
in many ways. The most important choice iﬁ»fabricatiOn 
is the_deciéioh to weid tb;thé finished size before or after forging and
heat treatment. 'Thé choice ié.dictated'bylmetallurgical reasons,-éince
the HAZ developed in the weid is extremely large. For static.aﬁplicatiOQS} -
" this may well be of no disadvantage'and weiding of'tw0'of more componeﬁts
"may be acceptable. In the.casg where a heat treatmentbsequence is man-
bdatory for the final_propérties,'elec;roslag welding must be-accompiished

before such a heat treatment. In this latter case, there is no advgntage_‘
in having'a harrow gap, or smali HAZ, and theréfore electroslag welding |
- with plateé is desirable because of process reliability. |

| ESW utilizing plate électrodés”is.potentially very.usefply whén many
heavy‘section itemé of thé same geomefry aré to weldedvand subsequently-‘

"heat treated.
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CHAPTER 6

DISCUSSION OF MODELS .

.6.1 Introduction

There are essentially three equatidns to be évaluaﬁed for the ESW
process in the present work. The first is the»aﬁalytical solution.(64,65)
for the temperature field in the plates being joined. The>secoﬁd is the
eﬁpirical model of Pertsovskii (67) for calculating the immersion of the -
electrode during welding.  The third is the applicétiqn of the austenising
parameter of Bastien et al (68) to calculate grain size in the heat affected

zone.

6;1.1 The Analytical Solution Equatioﬁ

The‘analytical solution equation was solved for those_expe;iments
utili;ing a consumable guide and a wire electrode. A comparison of the
temperatures, calculated and measured, is made.

The analytical solution equation was solved fdr tempefaturé—time
distributions published in the literature (16,17,18,19).. A qomparison

~of the temperatures, calculated and measured, is made.



Parameter

Preheat Temp »
Voltage
Amperage

Weld Velocity
Conductivity
Specific heat
Density |
Iime step
Thickness
Efficiency
Slag Depth
Immersion
Pool Depth

Percentage
Top Heat Source

Percentage
Middle Source

Percentage
- Bottom Source

Root Gap

Surface Heat

Transfer coeff.;

Math
Symbol

T

\Y

C

d

se

(o}

W

k

p

t

rg

TABLE 17

Input Data Used for Solving the Analytical Solution for Consumable
Guide Electroslag Welding (CGESW) with A36 Plates :

Combuter
Symbol

PREH
VOLT
AMP
VEL
AK
CEPE
RHO .
ATIME
THICK
EFF
SLDEP

POOLDP
SORST

SORS2

SORS3

~ RTGAP

SHTC

cm

Units
CGS

.°C
volt

- amp

cm,sec-1

cal.cm-1sec-1°C-1
cal.gm—i°C—l
gm.cm-3

sec

cm

%

cm

cm

.cal,cm-2sec~1°C-1

PO5
25.
42,

490,
L0140 -
0.1

.163
7.5
20.
3,18
58,
3.18

. 0,93
1.60

25,
50,
25.

3.18

.0005

- PO6

25.
40.0
520.
.0147
0.1
.163
7.5
20;
3.18
58,
2.86
1.10.
1.40

30,

' 40,

30.

3,18

.0005

Experiment Number

P08
25.
35.
500.
.0131
0.1
.163

7.5

20.

3.18

58.
3.49
1,27
1.75
30.

40,
30,

3.18

.0005

P09
25.
40.
530.
.0217
0.1
1163
7.5
20. -
3.18
58,

1,91 -

1.15
.95
30,

50.

20,

©3.18

.0005

P10 P11
25. 25,
'35. - 40.
450, 560.
©.0228 .0194
0.1~ 0.1
.163 163
7.5 7.5
20, 20.
3,18 3.18
58, 58.
1.91  1.27
1.10  1.00
95 .70
30, . 20,
40.  60.
30, 20.
3.18 - 3.18

,0005 0005

P12

25,

44,

510,
.0202

0.1
.163

7.5

20.

3,18
58,

3.49
.93
1,70
20,

60.

20.

3,18
.0005
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Parameter

Preheat Temp.
Voltage
Amperage

Weld Velocity
Conductivity
Specific Heat
Density

Time step -
Thickness
Efficiency

~ Slag Depth
Immersion
.Pool Depth

Percentage
Top Heat Source

Percentage
- middle Source

Percentage
Bottom Source

Root Gap

‘Surface Heat
" Transfer coeff,

Math,
Symbol

To

rg

Computer
Symbol
PREH -
VOLT
Avp
VEL

AK
CEPE
RHO
ATIME
THICK
EFF
SLDEP
AIMMER
POOLDP
SORSI

SORS2
SORS3

RTGAP.
SHTC -

TABLE 17 (continued)

Units
CGS

. °C

volt’

amp

-cm,sgc-l
- cal.cm-lsec-1°C-1
cal.gm-1°C-1 -

gm.cm—3

secC

cm

%

cm

cm

cm

>e

cmo

cal,chZSec—l°C

P13

25.
32.
685.

.0159

0.1
.163

80,
15'
3.18
,0005

Experiment Number

- P14

25.
36.
760.

-.0232

0.1.
.163

75

20.
3.18
58.

1,91
1.42

.95
25‘ .

50,

- 25,

3.18
,0005

P18
25.
38.
750.

.0191

0.1

.163

7.5

20.

3.18
58,
1.50
1,27

-,.lo. | ..
50,
40, -

3,18

.0005

P20

25.
39.
570.
L0174
0.1
.163
7.5
20.

'3.18
58.

- 3.65.

.81

- 1.80

15

65,
20,

3.18
©,0005

- 96
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6.1.2 The Electrode Immersion Equation

The electrode immersion equation is solved and a comparlson of the

calculated and measured immersions is made.

6.1.3 Grain Size Determination

lhe method of Bestien et.al (68) is.applied to a number of experiments
and a comparison of ‘the predlcted and observed grain size determinations
-is made. The results of the calculations (Appendlx B) are hresented in

Table 20.

6.2 Application of the Analytical Model

6.2.1 Model farameters
The value of the various.terms in equation [2.1) were assigned
thexvalues shown in Table 17 or values calculated from data 1n Table 17.:
'The values from Table 9 are 1ncorporated in Table 17 and the model input
.data. |
The thermophysical properties are obtainedbfrom the literature
(l6, 17,.18 and 19).These values vary significantly with temperaturehand
thus should be varied during computation; but this is impossihle when applying .
an analytical solution. |
. The efficiency of 58 percent is one that is used‘by other’ 1nvest1gators
(15,16) and is close to the value in thlS research " The low eff1c1ency
is due to the relatively thin plates (3. 18 cm) and the consequent high

heat loss to the cooling water.
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6.2.2 Relative Position of the Heat Sources

The relative p031t10n of the three heat sources, ql, qz, and‘q3, is
shown in Flgure 13 ql is situated at the upper surface of the slag
pool, q, is intermediate betweeh the bottom of the electrode ena thehslag/
liquid steel interface end q3 is 31tuated at the p031t10n equal to one half
the depth of the llquld steel pool Thls relatlve §051t10n is based upon
. the dlstrlbutlon assumed by Pugln (16) The percentage of the total
" heat ‘available dlstrlbuted to each p031t10n is determlned by the re]atlve

strength of the sources and thus their relative p051t10ns
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6.3 Comparison of the Model'Generated and Measured Thermal

Profiles fer CCESW

6.3.1 Computer Calculatlons Dlgltal Qutput and Grapblcal Output

A elmple computer program was used to generate the temperature/tlme
data required td plot the isothermal.coutours and temperature/tlme graphs ’
displayed in figures 132f142. The computer input data is tabuleted in
Table 17. The temperature/time data obtained experimentally for this
data are represented.by a series of points fer one thermocouple p031t10n
on the same figures. The‘computerfprogram and an example of the output

are in Appendix C. .

6.3.2. Analysis of Graphical Results

The predicted temperatures are always greater_than the experimental
- temperatures. This difference is very large, with the experimentald |
values sometimes onlyvone half of the predicted’value. The predicted
temueratures are felt to be toovhigh and the experimental teuperature

to be'relatively accurate. The curves have.thebsame shape, and heating
and cooliug rates are approximately the same. The major difference is
caused by the maxima in the predicted temperatures. These values could
be ea511y reduced by addition of a correction factor to the analytlcal

_ solution but this would simply be an exercise in curve fltt;ug end would
have no basis in theory. 'it.is evident here and in the next section,
that when the predicted temperatures are not above the melting point,

the experimental and predicted values do not differ greatly.
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" The experimental results are believed to be more accurate because -
there are experimental results for thermocouples mhich ceased functioning
© just priorvto a run-out occurrlng and these thermocouples gave millivolt
~output readings con31stent with the meltlng p01nt with no discontinuities
in. the heating curve. In addition, the predicted temperatures would lead
to the run-out condition if they were attained.

The actual lower temperatures realized may be a consequence of the
consumable guide to some degree. The only data avallable for pure wire
'welding ‘is shown in the next section where the correlation is better.

The use of a consumable nozzle leads to the electrode alternating |
between a single wire electrode and a combination wire-nozzle electrode.
The.alternating between a high and low current den31ty process may cause

the temperature profiles to be less sharp and thus give lower maxima.

6.4 Comparison of the Model Generated and Measured Thermal Profiles

for Published Results

" 6.4.1  Computer Calculations, Digital and Graphical Output

iAnother, essentially the same computer Program was used to generate‘
the predicted results for the temperature/time relationships. The plotted
and digital output is compared to the values in the literature. The
comparison data is'from Pugin (16), Sharapov (17,18)-and Trepou (19).
The_data used in the computer information input file is tabulated in
Table 19.with those values which have been estimated or a351gned noted

by an asterisk (these values were not given in the literature cited).



TABLE 18

Input Data Used for the Analytical Solution for Published Temperature-Time

Relationships

Literature Thermocouple Experiment _ : L _ '

Reference Placement Designation Voltage Amperage Thickness Welding  Thermal Slag Electrode Pool
from Plate ‘ : ' Velocity Efficiency Depth Immersion Depth
edge cm, Volts amps, cm., ~ °  cm.sec-l % cm..  cm.. cm.

Pugin (16) 1.8,3.0 1(a) 34, . 480. 5.0 .0157 = 58 3.35 2.25% 1.40
4.3,5.0 _ _ - o o B

Pugin (16)  1.5,2.7 1) 34, - 480, 5.0 - .0163 55 2,50  1.50%  1.50

: 3.0,5.5 | - | : o | , ‘

Pugin (16) 2.2,3.4 2 © 35.5 . 650. - 5.0 .0240 55 2.30 - 1.30% 2.00
4.5,5.0 B : . | . | E o | .

Pugin (16) 1.0,2.0 3 53. 390. 6.0 .0153 60 3,60 2.50% - 1.40

_ 3.0,4.0 S _ I : ' : ' -

Sharpov(17) 1.0,2.5 . 1 - ' 38. © 2600.  65.0 . - .0097 88 4,00 1,40  2.00
3.5,4.0 S . o _ i - R

Sharpov(l7) 0.5,1.5 1(b) 39. - 2500, - 65.0 .0083 83 4,00 1.40 2.00
2.5,5.0 | o o - 3 S

Sharapov(17)1.0,2.0 - 3 39. 2000.  30.0 .0090 - 88 4,50 3,30 3,00
3.0,4.0 » ' . ' S ,

Sharapov(17)1.0,2.8 4 54, 1500, 16,0 °~  .0330 87 7.50 - 1.37 7.50

, 4.,0,5.0 . o o - . : | _—
Sharapas(17)1.0,2.0 5 43, - 1600, 17.0 .0290 . 83 4,50 2,50 3,40
3.0,4,0 - : e ‘ ' . S P o
" Sharapov(18)1.0,2.0 - -~ 40. . 3500, 65,0  .0180 85 3,00 . 2,50 2.50
- 3.0,4.0 o | - . S S
Trepov (19) 1.0,1.5 = 1 . . 40. 360, 1.8 ©.0517 52 . 2,50 1.50 1.50
A _ 2.0,5.0 : _ L , : o B . :
Trepov (19) 1.0,1.5 2 ' 38, . 400, 7.0 - .0150 61 2,00 . 1,75 1.00
' 2.0,5.0 o : - : : . , o .

- T0T =



. TABLE 18 (continued)

N.B. 1) All other paraméters are the same as those

tabulated in Table 17.

2) The heat source allocations‘are q1
' ' - 9
‘q3

in all cases, these are assumed . by

25% (top)
507% (middle)
257% (bottom)

the authors. |

- 20T -
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6.4.2 Analysié qf the Predicted Temperature—Time Rélationéhipg

The predigted vélues énd experimentél‘values compare favourably;
Once again, the_experiméntal-valueé are lqwer}than the predicfed value.
The'predicted temperatﬁre/time cufﬁes, see figufés 143 t§ 153,:héve |
maxima in the region 1050-1150°C and as with the earlier lower temp-
eratﬁre compafisons the correlation is Better at these loﬁervtemperatures.
The reason the predicted tempergturés are.much lower for_fhese'ekperiments
ére fhe specific powef‘input is 30 to 40 kcachﬁfz for the literature
cited and 50 to 110 k_cal.cm—2 for thevpfeéent research. This différence :
in power required is‘usually attributed to the plate thicknéss.being
greater for the eﬁperiments in the literature and.thus the relative loss
of heat to the Coéling Qater being much_smallef. Héﬁever, the thermél
efficiencies used are not'lOO% higher as would be réquired (fhey are 35%
higher). The énalytiéaiAsolution does predict the ﬁemperaturgs realized

experimentally for these thicker plate experiments. -

6.5 Application of the Analytical Solution to a

Large Electroslag Weld

An attempt was made to apply the.analytical éolution predictiqns"
to a large eiectroslag weld. -The wela in quéstion was méde with the
following conditioﬁs:_ |

| Welé configurétion
.— parent metal 200 cm. cubic_blocks
- root gap = 10.cm;

—'slag depth ~ 7,5 cm.
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- pool depth n 10 cm.
- plate electrodes.
Weldiﬁg conditioné |
.‘-'péwer'800 kilowatts.
- voltage 40 volts.
4 4vamperage 20,000 amps.
»I— ﬁelding velocity .00833 cm/sec.

- welding fime n 7 hours.

The'aﬁalytical solution program is applied .to this weld fhe same WAy it
is applied to the CGESW. This means the electrode immérsion must bé
.assigned a value. . The value assigned.wés 2 cm.

The resultant contour map ffom the digital butput
was used tonestiaate the depth of penetration, this contour map.is pre—.
sented in figure 154, Thé pénetration.is estimated tolpe equal to the-
' ﬁoéition in the parent ﬁetal that reéches'l450°C. The ‘depth of the
heat affecte& zone is assumed to'bé equal to the position in the parent
metal that reaches 850°C. | |

The predicfed penetration is 2.6 cm and the HAZ is‘13Acm, "These
‘results seem reasoﬁablé for a wela of this sizé as a deép pénetration
is necesséry and should be large to ensure a sound Weld. _Tﬁe results
are compatible (i.e., a ¥ value of 1.5) with ﬁhe results desired by ;he
vweldingbprocedute design. |

The model predicts resuits that are consistent with large electro-

slag welding technology and are reasonable.
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TABLE 19

Electrode Immersion Values

~ CGESW Using PF 201 Slag and Plates

Alternating Current (AC)

Experiment.. Immersion

Measured

PO4 . . 1.10
P05 R 1.03
P06 | | 2.06
P08 o 0.95
P09 S 1.1
P10 , , . 0.95
P11 - 0.64
P12 _ © o 0.95
P13 o 0.79

Direct Current Reverse Polarity

Experiment Immersion

o , Measured
P13 N o 1.42
P14 - | 1.11
P15 o 1.59
P18 - S 1.27
P20 S .. 0.79
P21 - - 0.79

Direct Current Staright Polarity

Experiment Immersion :
. Measured

P16 . | 1.62
P22 0.95

Calculated

1.10

0.93
1.10

1.27
1.15

1.10

~1.00
- 0.93

0.89

Calculated

1.42
1.42

1.27

1.27
0.81

0.79

Calculated
1.62 '
0.995
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6.6 Application of the Electrode Immersion Equation

Eqﬁation (2.17) was proposed by.Pertsovskii (67) to be applicaﬁle ﬁo
ESWland was developed from é two diﬁeﬁsionél analogue. The equation has
_been applied inbthe present research té both CGESW of plates and. into
»cyiinders. Thé results compariﬁg the calculated éﬁd meaéured immérsions_
are'giQén in Téblé:l9.

| The calculation reéuires use of spécific resistances.from the 1lit-
erature (67) fdr slags of siﬁilar composition and in the same témperature
range. However, it>ﬁa$ found thatian'accéptablg.teéhniqﬁe was to céléulate
fhe specific resistance from oné'immersion valﬁe knéwn to be.accuraté..-
This specific resiétance was then used to.calculaﬁe the.other electrode
iﬁmeréion valueé. Thié fechnique was uéed,to obtain the values'in Téblé 18.
The measufed and calcﬁlatéd values corfeléfe reasonably considering the
fvariafion of the specifi¢ resisténce:with temperature. The_calculatioﬁ

téchnique for electrode immersion is given in Appendix B.



TABLE 20

Grain Size Determined for CGESW A 36 Plate Experiments

LOT

" Experiment "Thermocouple Maximum , Time above Equivalent Austenizing ASTM
- Number Position - - Temperature 850°C, t. ‘Maximum Parameter - Microgram
: Attained, TMf : , Temperature, Ty (to = 1 sec)  Size
°K ' : sec. . °K _ °K °C Number
P13 1 1628 S 325 1580 1891 1618 = 1.0
2 1323 205 1291 - 1473 1200 -
P14 1 1308 . 120 1277 1260 1161 7.75
2 1173 ' 75 1148 . 1434 987 10.50 -
P15 1 1243 .. 165 ' 1215~ . 1368 1095 - 8.0
2 1123 20 1100 . 1169 896 12.0
P18 1 1353 . 220 1320 . 1514 1241 . 6.5 |
P21S 1 1353 - 225 1320 ' 1515 1942 6.5 '
, 2. 1138 g0 1114 - _ 1221 948 11.35
P16 1 1283 . 160 . - 1268 1434 1161 7.75 .
- P225 1 1183 165 : 1158 ' 1296 1023 10.0
P04 1 1393 © 230 1358 . 1566 1293 ' 5.5
-2 1173 70 1148 - 1258 985 . 10,75
PO5 1 1333 . 450 1301 1518 1245 6.5
POS8 2 1223 . 210 S 1196 ' 1351 1078 9.0
P10 1 1473 ' 270 - 1249 - 1518 1244 6.75
| 2 1278 160 ’ 1320 . 1266 993 10.50
P11 1 1353 20 1320 1518 1244 . 6.75
2 1173 . 90 1148 : - 1266 993 10.50
P23S 1

1338 235 1305 1497 1224 . 6.75
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6.7 Application of the Bastien et al (68) Model to
| CGESW of A36 Plate

~The grginvsize for‘the plate -welds produced by copsumaﬁlé”électro—
slag welding was oﬁtically determinéd at 100X magﬁificétion by uée of a
comparétive transparent ASTM grain‘sizé overlay. The grain'size nuﬁber_'
was élso calcuiatéd and détefmined.using the.method of Bastienfet él (68).
The.¢élculated‘grain‘size méthod isbpresented in Appendix C and the results
presentéd in Table 20.

The-cdmparable'number for the experimental.grain éizé and the éalv
culated grain size are presented in Table 11. _Tﬁé‘cofrelation‘between
'the_grain size numbers‘is felt to be good and aétﬁally the same wﬁen the
experimental errof poséible is taken ihto acéount. ‘However,vthere
is a deviation ihat is constantband may be the réSultvof.the éléétroslag
proéess; The actual (expefimental) grain size iS»sméller.thaﬁ the pre-
dicted grain size when the gréin sizebis iarge (i.e., for Sméll grain
size numbers) and the actual grain size is larger than pfediéted when
the grain sizé.is smaller. This could be v18ua1ized as a result of the
applicgble nomogram having a shallower slope‘than in figdre 140

" It should be noted that the grain'sizeé ﬁeasured and predicted ére‘
apprdximately the same and the variation across the distanée of 1.27-cm
is §ery large.v This gives rise to‘the impact strength problems. It
also leads to the unfortﬁnate fesult, that continuous coéling curﬁes
_(¢.C.T.) are not appliéable throughout this region. Two or mbré C.C.T.
.cﬁfves would be required to account for the extrehe change in grain size;

In ofdér ﬁo evaluate the changes in structures oﬁ the basis of tHe ex-
perimentél or predicted tﬁermal_cycleé‘a correction would have to:be

made for the grain size variation within the heat affected zone.
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CHAPTER 7

~ CONCLUSIONS

The technique of investigating electroslag welding by use of.a hollow

cylinder has been found to be useful in'investigating the process

variables. This technique removes the problems associated with

‘cooling water and a sleg skin. In effect, the cyllnder could be used

as a temperature/tlme simulator for the high temperature history

of electroslag parent metal.

Hardness traverse data are useful in determlnlng the depth of pen-
etration and extent of the HAZ This technlque_could be used with'a..
section through the cut-off run-out block assembly used in many

welding ehops.

‘It has been shown, from the oxide inclusion and'consequent weld metal

impact strength that the DC reverse polarlty and AC modes of weldlng
are preferable for electroslag welding.

The slag temperature dlstrlbutlons 1nddcate the maximum temperature
1svapprox1mately 1700 C and DCRP has the steepest gradient and AC

the shallowest.

It can be concluded, from the maxima in the penetration and immersion

versus specific power input data, that the DCSP mode requires more
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energy due to the-lower‘resistivity of the slag when Welding.in-

“this mode.

It has been concluded there is little mixing in the liquid pool

because the nickel from the stainless steel nozzle did not distribute

,tb any degree through the weldment.

The slgg depth and immersion (interelectrode gap).would appear to haﬁe
thebgreatest effeét on the‘rate 6f heating and cooling as'plotted on .
the temperature/time'prdfiles. Thué, these two parameters have the
greatest effect on the dégtee of‘péngtratién.and the sizé'of.the HAZ.
The DCRP mode has the greatest>degree of.penefration for equivalent
welding cénditioﬁs and thus, the largest grain size and lowest'impact
strength. |

AC is the besf welding mode to aéhieve penétration witﬁ a modest
thermal profile while producing the lowest degree of grain groﬁth.i
When the cbnsumable gﬁide techﬁique_is‘utilized, the welding currenﬁ
is found to be distributéd over.the deﬁth of the slag ﬁool and |
.approximately 50% the éurrent passes to the molten liquid pool.

Thié is signifiéant in that most of the literaﬁuré assﬁmes more 

than 807 of the current passes through the iiduid metai/slag inter—b

face.. The current distribution is confirmed by the temperature

distribution.

‘The bar electrode method of eleétroslag welding when compared to 

consumable guide electrode welding has the following features:
- low specific power requirements. -

~ shallow electrode immersion.



12)

13)

_ 14)

S- 111 -

~ high deposition rates.
~ shallow slag depth requirements.
- greater degree of penetration.

greater loss of impact strength;

- The analytical model is not very useful when ‘applied to the CGESW

‘experiments in the present research. It is, however, useful for

welding schedﬁlesincorporatimg thicker plates uﬁ to 200 cm.

The Pertsovskii electrode immersion equation is applicable to CGESW.
Thé Bastien et ai aUstentising péraméter is useful'inbdetermining'
the grain size of the austenite in the HAZ adjacent to the‘fusiOn

boundary and thus the effect on the impact Strength,in‘the HAZ.
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CHAPTER '8

SUGGESTIONS FOR ADDITIONAL RESEARCH

The analytical model used in this research has not been found to be
- of practical value for the prediction of the penetration or extent
~of -the HAZ for consumable guide electroslag welding of thin plates.

The use of the hallow cylinder technique allows use of cylindrical

symmetry and thus heat flows'only ih the 1ongitudinal and_radials
directions. . A fiﬁité differenée technique could be developed éna
would proBably be useful in predicting many of the steady sﬁate
welding conditions. | . |

The electrode immersion, interelectrode gap and slag depth interrelation- .

. ships could be investigated utilizing a single slag, a non-consumable

. electrode and a cylindrical parent metal. In the steady state con-

dition the temperature and current distributions could also be invest-

igated.

It would also be enlightening to sthdy the effect of adding a large

percentage of the filler metal as a powder. This would decrease

the temperature of the slag pool and allow for chemistry changes in

thé weldment.
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Investigation of 1owerAmelting point slags and slags that react.

vigorausly with the parent metal surface chemically or byiwetting

" would be useful. These slags would allow for penetration without

excessive austenite grain growth.
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APPENDIX A

CALCULATION OF IMMERSION

A.1 The Equation

The equation to be used is

-D 1n 2L,

R = &)

where: R is the apparent resistance in ohms, p is the specific
. . -1 . . . L
resistance in ohms cm. =, L is the electrode immersion in

cm. and r is the radius in cm.

A.2 Determination of the Parameters

Thé apparenﬁ resistance is found by dividing the overall voltagé

‘ By the overall amperage. The»specifiC'resistaﬁce cén either ﬁe cél—
culated pr'éan be used to calculate the immersion by usé'of a ;omputer-
.program. The radius is a constant 0.12 cm, (diametef is 3/32 inch. or -
0.24 cm.). Thus if the immersion is known, then thé specific resistance‘
éan be calculated.. The épparent-resistancé and measurea immersions are

presented in Table 9.



- - 120 ~

A.3 Calculation of the Specific Resistance

If the measured immersion for the first experiment in each mode is
used (i.e., PO4 for AC, P13 for DCRP and P16 for DCSP) the specific

resistance is:

1) for AC,

_ 2R _ 21(1.10)(.078) _ ' .
- ln(ZL) , n[2(l 10)] | 0.185 ohm cm.

2) for DSRP,

L 2m(1.42) (L047)
b= 1n[2(l 42)]

0.133 ohm cm.

3) for DCSP,

2m(1.62)(.049) = 151 ohm em. %

ln[2(l 62)]

These specific resistances are then utilized to calculate further

immersions.

A.4_.Calcu1ation of Immersions

The immersions of each mode were calculated using the above
specific resistances. The calculation involves a solution using a

IBM program and the following derivation:


http://ln.2d.62
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L = ‘Z‘;ﬁ N | S e
) = P m &y g
F(X) = 57 In &) -R
Af(X ) o ' (1 - In QL)'
oL 2qL% T
’x.l =X, - £/ X)) R BRI

- Equation [A.2] can be solved by an iterative process until the solution -
converges to a value. The immersions calculated by this method are .

preseﬁted in Table 18.
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APPENDIX B

" GRAIN SIZE CALCULATION

B.1 Introduction

The.calculation of the austentizing»parameter, P, requires two
experimentaliy determined values. These values are the maximuﬁ temp-
erature éttained and the time above the austentizing ﬁemperature, 850°C..
Figures 61-73, the tempefature/fime relatioﬁships for CGESW of A36 plates,
- are psed to directly obtain the maximum fémperéturg for the pbsitioﬁ and

the time above the austentizing temperature.

B.2 The Equivalent Maximum Temperature

An equivalent.maximum temﬁerature must be caiculated because the
temperature/tiﬁe relationship is not reétangulér. The calcﬁlation allows
for the'heatiﬁg and céoling cycle portions of the temperature/time re-—
lationship.

Mathematically the equiValent»maximum temperéture, TE ié célculated
as folléws:

2 .
T - T = M [B.1]

- RT
M E NG



where -

AH

and reWriting fc

1

'

and for PO4 (see

Jar’
fl
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the maximum temperature experimentally -

achieved, °K.

the universal gas constant, 1.98 cal.mol.—

1

°K

-1

- the activation energy for austentite grain growth.

-11, 

-
T, - [RT,? /(1))
Table 20),

(970 + 273) - [ (1.98)(1243)7/110,000] °K

1215 °K

B,3 The Austentizing Parameter

[B.2]

The austentizing parameter, P, is calculated aé follows for PO4:

I

1 R 1o Lt ..-1
[T - E (t 1]

E o)

1 1.98 1n ,165.,-1

[

Y1215 ~ 110,000 Sl

' [.000823 - .000018 (5.1059)] %
" 1(.000823) - (.0000919)] %
(.000731)'1 _

1368°K or 1095°C

[B.31
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where f = 165 sec. is the time above 850°C from the temperature/time
relationship and to = 1 sec. is used'sbbfigure 14 can be used directly

"(figure 14 is plotted for (to = I'SEC- only).

B.4 Grain Size Determination

The grain size is.determined.from the nomogram, figure 14, Qhere
the austenitiziné temperature;is_ébtéiﬁed by'éalculation‘és in ¢.3 énd‘
- the AFNOR‘grain size number is readf. Thé AFNOR gfain siée is thé same”
‘as the ASTM Micrograin Size Number from ASTM E-112. The Grain Size Number is
equal to the number of nomipal_grains per square inch ét 100X magnification.
The resulté of the abéve‘calculations and grain size determinations_aré

presented in Table 20.
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APPENDIX C

COMPUTER CALCULATIONS AND'OUTPUT’

C.1. Introduction |

~~ The temperature at any positioﬁ in the plate and any Eimé are~_'
caléulated using equation (2.16) and the.rélative positions‘are
calculated ﬁsing equation (2.17). ‘The ¢0mputer.programs written
.and.used to‘solvé_thesevtwo equations are THEORY and DROG respeétively,

and are presented below.

C.2 . THEORY Program

This program wés qsed to éélve equafion (2ji6)_with the input
data frém Téble'17. The progfam generateé ﬁhe déta reduired t6
.chafacteriZe the Welding‘proéedure. This data‘is stored in a per- .
manent‘file titled ”rﬁn nuﬁber - s" (e;g., 058 _ ). The.progfém
also.generates the'timé temperature relationship data required to
plot thermal profiles and isothermal pfofilés. Somé of this data
-;is stored in a.permanentbfile titled "run number - S1" (e.g.;

OSSi). Two printed plotter outputs.are also generated to evaluate
the input data and célculations before the fiﬁal'plotting and contoui
mapping is undertaken.

An example THEORY program is:
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1
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DIMENSION QS({3),Y(10),TINE (200), POSH(J) EXTZ3M (3) ,RADIUS (3) :

DI“B¥STONY SQTERM(3), BESTEV(3), BFUN(3), CONTEER(3), TEMP{10, 200)

DI¥ZNSION S (3), POSIT{207), T(3), TT{3), TEMPI (200,4)

RFAD (5, 1) NUARNIN

READ (5,2) PR=H,

READ (5, 3) SLOED?, AIiNER, POOLDP,
RTGAP, SHTC, START '

Y{1)=3 : ' )

po 35 J=2,8 . :

Y () =Y {3-1) +1.

CONTINUE

POYEE=0.2U% VOLT*ANP*PFP

SPWR=POYEP/THICK

TPR=1./{2.%3. 14155264%AK) -

aK, CEPE, RHO, DTIME,
SO0RS51, SORS2, SORS3,

VOLT, aMP, VEL, THICK, ETP

~ PHRS1=SOBS1*SPWR/100.

PHRS2=SORS2*SPHR/ 100.
PERS3=SORS3*SPAR/100. : » ,
QS { 1) =PWRS 1*TPK , : -
QS (2) =PWRS2*TPK .

QS {3) =P¥RS3I*TPK

BEE=2. #SHTC/ (THICK *2HO*CEPE)

- DIPPUS=AK/(RHO*CEPE)

BEYA=BFE/DIFFUS

“SEP1={SLDEP+AIMMER) /2.

SEP2=SLDEP+{POOLDP /2. )
Y1=START*VEL
TINE(1)=START

S {1)=—SEP1

S (2)=0.

S(3)=SBEP2-SEP1
TT(1)=-SEP1/VEL

TT (2) =0.

7T (3)= (STP2-SEP1) /VEL
ELGAP=SLDEP-AIXMER
QBY=POTFR/(EFF*TEL=1000.)
(6,5) NUMROYN
{6,6)

(6,7) RHO

(6,8) AK

(6,9) CEPE

L S

WRITE
dBITE
WRITE
d4RITE
WRITE
WRITE
WRITE
ARITZ
JRIT™
¥IITC
WZITT
WRITE
ARITE
WPITE
']('L".'.'-:
w‘rr-rn

"L-—i
WRITE

{6,10)
{(6,11)
{6,12)
{6,13)
(6,14)
(6,15)
(6,16)
(6,17)
{6,18)
(6,19)
(£,23)
(6,21)
(6,22)
(6,23)

{H,20)

(6,25)
(6,26)

(6,27)

DIFFUS

VOLT

Anp

SPHR

THICK

045

EPT, POWER
SHTC

{2s (1) ,I1=1,3)

VEL
SLDEP
POOLDP
AIMMER
ELGAP

S{N. 5{2), s(3)
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WREITZ (6,29) TT({1), TT{2), TTI(3)
WRITE (7,39) S
WRITE (7,31)
pDC 60 X=1,200

POSE (1) =X1-SEP1

POSHN {2) =X 1

POSYN (3)=POSY (1) +SED2

po 50 3=1,8

Do 40 I=1,3

EXTERM (I)={~0.5%VEL*50SN {I}) /DIFFUS
RADITS (I)=SQRT(POSN (I) *POSN (I} +Y (J) *Y (J))
SOTERR ()= ({ (VEL*YTL) / (4. *DITFIS#DIFFUS)) +BBYA)
BESTER (I) =RADIUS(I) *SQRT {SQTERM {I))
BFUN (I) =BESSKO (BESTER({I))
CONTER (I) =0S(I) *EXP (EXTERMN (I} ) #*BFUN (I)

40 CONTINUE

_ TENP (J,K)=PREH*CONTER (1) +CONTER {2) +CONTER {3) .
50 CONTINUE

TIKE(K+1)=TINE(K) ¢+DTIME

X1=X1=- VEL=*DTINZ

T(2)=TIUE (X)

POSIT{K)=POSN {2) _ :
¥RITE {7,32) T(2), POSIT(X), (TEMP{J,K),J=1,8)
60 CONTINUE . . _

AA=.5

CALL DRAWC (TEMP,POSIT,J,Y)

CALL ALABL{NUMRUN,VOLT,ANP,SLDEP,AIMHER, POOLDP VEL,AR, TIICK, QU4)

CALL OUTPLT (TEMP,POSIT,VEL)

CALL ALABL (¥JURUN,VOLT,ANP,SLDEP,ALIAMER,POOLD?,VEL,Ad, THICK, Q44

CALL PLOTED

‘STOD -

FGRNAT (I4)

FORXAT(8F10.5)

PORMAT {8 F10.5)

FORMAT(4F10.5) _

FORMAT (* **xexdxxtihxkrx? s/ 1Y, 14'//, 1X, PR¥FXREEIFRXRIERY /1) /)

PORMAT{1X,'**** THE POLLOWING ARE THE THERMOPHYSICAL DPROPERTIES %

1xxt//7)) '

7 FORHAT(TX,'DENSITY =?,3X,P10.2,'GM.CM1.-3*,////)

8 TORMAT({1X,"THERMAL CONDNCTIVITY =' FT10.5,'CAL.SEC.~1CY.-1D3G.C.~ 1"
1 /77 /) o ,

9 FORMAT(1X,'SPECIFIC HEAT= ',6X,F10.5,"CAL.GN.~1DEG.C.~ 1" ////)

10 PORMAT (1X,'THERMAL DIPFUSIVITY =',.1X,F10.5,5X,'C4.2 SEC--1',////)

17 FPORMAT({I1X,'"**>* THE FPOLLOYING ARE THR 9ELDING COMDITIONS wRERY LSS
1 /) ' ‘

12 FO2UNTOIC, "YOLTAGE =1, 13¢,712.1,3%, Y YOLTS ,////)

13 FORMAT(IC,"ANPERAGE =1,12X,F10.0,5%,"AU2S",////) o

14 PORAAT(1X,'HEAT INPUT PER NUNIT THICXYESS',2X, F10-0,'CAL-SEC-~1',/)

15 PORMAT(1X,?PLATE THICKNESS =',5X, F1O 2,5X'C.%,////)

16 FORMAT(1X,'SPECIFIC POYER INPUT = *',P10.0,'KCAL.CH=1",////)
17 ®»rafaT (1%, 'HEAT INDUT AT',2x,Fu.2,2x,'=',2x,r6.0,2x,'CAL-ssc.-1cn.
A=V, 2277 ’

13 FORMAT({1X,'SURFACE HEAT TRANSFER CCEEFICIENT = ',E10.3,5X,'CAL.CH.
1-2.SEC.—1 DEG.C.~1',////) |
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19 FORMAT{1X,'THE THREE HEAT SOURCES IN CAL.CX.~-1SEC.-1 ARE:*,////)
290 PORHAT(?X,1OX,'Q(1)°,10X,'Q(2) ,10%X,°0(3)',//,3P10.0)
21 FORMAT({1X,'WELDING VELOCITY = *,5X,F8.5,5%, vca-svco—tvgf///;
22 TCIMAT(1X,'SLAG DEPTH =',10X,F4.2,5%,'Ci*, /) ‘
23 FORMAT{1X,'DPOOL DEP®TY =',10%,F8.2,5K,°CH®,/)
28 FORMAT{1X,'IMMNERSION =1 ,10X,F4.2,5X,°CH, /)
. 25 PORMAT{1¥,? ELECTRODI GAP "ot , BX,FU.2,5X,°CN", ////)
26 FORMAT {1X,'TH2 RELATIVE POSITION OF THE HEAT SOURCES :%,////)
27 PORMAT(1X,?Q{(1)",2X,F6.3,2Y,'CH*,/,1X,'Q{2)",2X,F6.3,2X,°'Cli.*, /, 1
1 X,°0{3)",2X,r6.3,2X,'CH.*, ////)
23 FORMAT(1X,'THZ RELATIVE TIMES OF THE HETAT SOURCES :%,////)
29 PORMAT(1X,'Q{1)*,2X,P6.1,2X,'SEC*,/,1%X,°0(2) *,2X,P6.1,2L,%SEC*,/,
1 1X,°0{(3) *,2X,F6.1,2%,°SBC*, ////) . N
30 FORMAT({1H1) ' S
31 PORAAT(1X,'TIHE',3X, ' POSITION®,5X,* THERNOCOUPLE POSITION?,/,1X,*'SE
1CONDS? ,3X,°CH?,3X,? ONE CENTIMETER INTERVALS *,//)
32 PORAAT{1X,E10.2,4X,F8.3,4X,10F8.0)
END :
SUBROUTINE DRAWC {TENP,POSH,J,Y)
DIBRENSION TEHNP {4,200), POSN(200), T(a), 1(10), TEAPI (200, B)

DO 20 K=1,200

po 10 J=1,8
: TENPI (K,J)=TENP (J,K)
10 CONTINUE

20 CONTINUE
XBIN=POSN (1)

DO 30 K=1,200 ‘
POS Y {K) =POSH {K) -XHIN
30 CONTINOE

XMIU=2058 (1)

YMAX=POSN (200)

DX=(XN¥AX~- XHIH)/10.

YHIN=0.0

YMAX=5.0

AMELT1=723. : : .

AMBLT2=1450. _ _ -

NY=5./7.
DO 40 K=1,200
POSYN (K) = (POSN (K) -XMIN) /DX .
L0 CONTINUE ‘ 5 .

DO 45 J=1,4 | : _ .

T (1) =Y (J) /DY :

CCRTINGE .

CALL AXIS(O.,0.,'POSITION ALONG WELD CENTERLINE*, - 30,10.,0.,
1 XMIN,-DX)

CALL AXIS(O.,O.,'DISTAHCE FROM WELD CENTERLINE®,29, 7-.90-,111w,
1N 7

C&LL CNTOUR(PO5Y,200,7,
CALL CWTOUR (P0SN, 200 Y,
DO 70 K=1,200

4 TE‘ 200 A"}BL 1 u— ,.\H,Ll")
4,TE¥®I,200,AMELT2,8. ,A8ELT2)
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POSV(K)*POSN(K)*DX
CONTINUE.

DO 80 J=1,4

Y (J) =Y {J)*DY
CONTINUE

RETURN

END

SUBRODOTINE ALABL(HUHRUN V,AMP SD,H,PD VW AR DELTA Quu)_

RUNNTYN FLOAT(NUHRUV)

HT=.07

E=AA+2.25
CC=B3+0.5
CALL SYNMBOL (AA, 6 5,HT, *E2XP NU¥3ERY,O .,10)
CALL NUMBER {BB,6. 5,HT,RONNTH 20ap = 1)y
CALL SYMBOL (AAR,S. 25,HT,‘VOLTAGE' 0.,7)
CALL SYMBOL{CC,6.25,HT, "VOLTS?, 0-,5)

. CALII ﬁuHBBR (BB,G@ZS,HT,V,O‘,; - 1)

CALL SYBBOL[AA,6.0,HT, " ANCERAGE", 0., 8)
CALL SYMBOL {CC,6.0,HT, 'ANPS",0. ,U4)

. CALL NUMBER(BB,6.0,HT,Al1P,0., - 1)

CALL SYMBOL (AA,5.75,HT,'SLAG DEPTH*, 0.,10)
CALL SYMBOL {CC,5.75,HT,'CH.',0.,3) '
CALL NUMBER (BB, 5. 75, HT, SD, 0., 2) .

CALL SY®BOL (AA,5.5 HL,‘IHHEPSION',O.,9)
CALL SYMBOL(CC,5.5,AT, 'CM.",0.,3) .

CALL NUX¥BER(BB,5.5,HT,E,O0.,2) _ :
CALL SYMBOL (AA,5. 25 HT,'POOL DEPTH*,0.,10)
CALL SYHBOL(cc,s.zs,HT,'cm.',o.,3)

CALL NUMBER (BB,5.25,HT,PD,0.,2)

CALL ‘SYABOL (AA,5.0,HT, "WELD VELOCITY',0.,13)
CALL SY¥BOL {CC,5.0,HT, *CMH.SEC-1%,0.,8)

- CALL NUMDBER(BB,5.0,HT,VVW,0.,3)

CALL SYHBOL{AA;Q.?S,HT,'THICKWESS’,O-,9)
CALL SYMBOL (CC,4.75,HT,'CM.*,0.,3)"
CALL NU%3ER(33,4. 7),H1 DTLTA, o-,7)

CALL SY230L (AA,4.5,HT, 'SPZCIFIC EFOYER INPW”‘ 0. ,20)

CALL SYMBOL (CC, 4.5, HT *KCAL.CH.—-1°,0.,10)
CALL nntER(BB 4.5,8T,Q44,0., ~ 1)
. RETURN . '
~ END

10

20

SUBROUTINn OUTPLT(T”HP POSN, VW)

DINENSION TEXP (10, 200), POSH (200) , Y(10), TI?L(ZOO), n(zoO)

DO 10 K=1,200 :
TIME (K)=POSN (K) /V¥ "
CONTINUE .

XMIN=TIN® (1)

- XMAK=TI "9(7”0)

DO 20 K=1,200

TINE(K) =TIAE(K) ~XMIN

CONTINTE

X¥IN=TIME (1)
XMAX=TIN®(200)

DX= (XMA X=-X8IN) /10,
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DO 30 x=1,270
"I!E(K)—TIHP(K)/D{

'CONTINTE _

YMIN=0.0

YRAX=1400.

DY=200.

CALL PLOT{18.,0., - 3) - : o o
CALL AXIS({0.,0.,*TINE IN SECONDS'*, - 15,10.,0.,XNIN,DX)
CALL AXIS(O:,O.,'TEHP IN DEG. C.:? ,15,7.,90°,YHIN,DY)

DO 50 J=1,8
DO 40 K=1,200
W(X) = T“HU(J x)/ny
‘CONTINDE

CALL LIBRE{TIME,¥,200, + 1)
CONTINUE

RETNURN

END
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C.3 THEORY Program Qutput

The complete output data from a computer run of THEORY results
in the creation of two files and two printer plotter outputs. The
listing of two example files 05S and 0551 and the corresponding

printer plottings follow below (this output is for experiment PO5).

Y

P Y TR IE L]

AR R ERA AL LS ]

0w N W PN =

19 #3xe THE FCLLOWING ARE THE ThecAMCPHYSICAL PROPERTISS esex-

15 CENSITY = 14506 JCHo=3

18 L i L ) et e e e

20 THER¥AL CONCULCTIVITY 2 0, ICCOCCAL oSECa~1CMe~1CEGoCum1

T2e SPECTFTC AEATS - CTEIINTALLCH . ~ITEG. Cul

30 TRERN AL CIFFLSIVITY = - . 0.(8180 . CMe2 SECe=i
31 — — = T

40 VOLTAC G5 T%3.0 . VOLTS

45 ANFIRAGE = : 490, AMP§

£Q " HEAY INFUT PEP UNIT THICKAESS

5T5.CAL JSEC.-1




' ("M B FUATE TrTIvaEss s T8 T T e : ) -
SPECTFIC PNWr INPLT =
. - . - . - EI—
FEAT IMPUT AT (37 =
. . - -
i5
7 T R - T
17 Gty 0(2) ’ ne:
78 o o o i
16 "TTT229, TasT, T 229,77 ’
2o T AELDING VELECITY = - 0. 1400 CHeSFCa~1
81 : .. :
87 I ‘
EX) :
g4 i
¢ §e .
! g6
| 3 : !
i e

ag

ut

160
151 QML) -2.C55 C»
12 Qt2)- 0,0 cr,
163 70 QU3 T 1,.52577C

1Cs iy

195
106
te7
108
124
119
_ 111

[T N

i
i
-
J

e e

-TeT


http://ii.Hr

112 ]
113 “cHny -146.8  SEC

M - Q2,0 SEC . . .
115 QO3 713757 sec

116 s

Y

L CSS1

e eCSITION

METER TNTERVALS

"SECONDS €M L GNE CENTI

0.15E+(C4
0.15E4C4
Coe1SE$C4 . —

,0.1EE+CA

- !
O DD~ OV n P WA e

13 0o 16E+C4

14 C.17E4C4 ;
TS D 17E4C4 :

16 L CelTEeC4

1 - 0.17F+C4

0.17€+04 .
CalEE+C4

0. 1BE+04 -
0.1EE+CH

0.15E+04
0. 1GE¢C4 -
0,15E+C4

0.15E¢04
Qe l1SE# L4
0.2CF#C4

+ Qe 2CE+C4
0.20F#C4
0,2CE+04

Ca2CE+C4
0.21€404
0.21E+404

36 L C.ZIEeCh s
TR 0.21E404
L 0.21EeCH

G, 22E+ 04
0,22F4C4 !
0,2264C¢

0. 22E+C4
0.22E+04%
0,22E+4C4

D.22E+C4
0.23E4C4 & A -
0,2364C4 i . 206,  202.

* THERMCCCUFLE FCSITICA ‘ o ' L :

€eT -



( PX] 0,22E4C4 $.240 223, 215, FER 2¢T.
49 Cu24E+Ca 8.56C 236, 2%1. 22¢. 215,
50 . Ce24EeC4 8,680 250, . 245, 239. 231,
51 0.24E40% 8,400 266, 26Ca 253, 245,
€2 0e24F+C4 8,120 - 283. 27¢. 208, 259,
\ 53 0.24E4C4 1,640 300, 253, 284, 274,
s 54 0,25E+C4 7,560 320. Mz 302, 25¢,
5% 04 25E+C4 1,280 341, 331, 320, 3C8, ‘
386 0G25E€C4 7,000 3e3, 353, 240, 32¢. )
s T TR, 25+ 04 6.720 347, 375, 1€l 345, X
58 Co25E¢C4 €440 413, 43C, 364. 366, i
59 0.,26E404 £,160 - 442, 4z¢, 408, 3ee, -
€0 0, 2€E+C4 5.880 %12, 458, 434, 411, i
3 0426E¢C4 |, £.600 5CS. 4EE, 4e2, 436, !
&2 0.26€404 £.320 541, SEe [ 4Sle 42, o e o :
€3 0. 26E4Ch 75,040 580, 553, 522. 4S¢, !
&4 0.2TE+C4 4.7¢0 e22, 551, ‘555, 515, F
65 0.27E+04 4,430 668, 621, 551, 520, !
&6 0, 21E4C4 4,200 718, 674, 628, SEZ. i
67 0.27E+C4 2,520 1zC, €6, €1, |
&8 0427E+04 3,640 . 1€8a _ TCBy _ _&%5Ca. e e !
€9 0. 2EE+C4 3.3EC T 819, 750, 6ES. :
70 0,28E¢04 - 3,080 §7z.. 753, 122, :
SN 0, 28E+C4 2,800 92¢€. 838, 15¢, ;
: 72 0.28E+(4 2.52¢ SE2, EE3. 756 !
73 0.28E404 24240 10374 S2te 833, :
3 74 0429E+04 1,560 __1loslL, S712. . B1C. R
75 T0.25E+C4 1.680 1145, 1Cl6. 906,
76 0,29E+404 1,400 - 11%€s  1C38, 5424
17 0,25E+C4 1.120 1245. 1098, 915,
78 0,29E+C4 £.€40 1481, 1136,  10(T.
75 043CE+04 €560 ° 13340 11T0. 1027, o ’
8 0.3CE+C4 £e280 't 1580. 1370, 1203,  1064._ . R S
81 0.30E+C4 =Cl.C00 . 1ei8 1403, 1220, 1CES,
€2 04 30E+04 -€,280 v 1644e 1428, 1284, 1lic, i
83 0.3CE¢C4 ~€.569 - 1659, - 1446, 1272. 1128, i
84 0.31E+C4 ~€.840 T 165, 14%E. 1261, 1143,
€5 0,21E+C4 -1.120 1663, 14¢4. 1297,
. . &6 0.31E+CH =1.400 (€35, 14€5, 1302,
0.31E¢C4 T=14680 T 1€4207 T 146Ce T 13C4
0,21F+C4 S =1e560 - i 1622, S 1451. ; 1301,
0.32E4C4 S =2.240 7 15964 > 1437, 1256,
0s32E¢C4 -2,520 (1565, 1415, . 12687,
0.22E+04 ~2.,800 .} 153te 1355, 1275,
0.32E4C4 ~3.080 ;- 1494s- 1376, " 1261, 11
) Ce32E4C4 <3,360 1 1456, T1361s l246.
0,33E+C4 ~3.640 - o 1419.  1325. . 1229
95 0.33£40% =3,820 ... '1382.  125%.  lzlls
GE C.33E4C4 <4,200 .- 1347, 1213, 1192,
97 L 0e33E404 .. . =6,480 ‘43140 - 71247, 00 1173,
98 _0.33E404 L~4.760 12824 " 1222, _ 11%4,
T $9 0.34€E%C4 TT=5.040 1251,
100 0.34E¢04 - ~€,320 1223.
101 0.34E+04 -5,600 - 1195
. 102 0. 34E+C4 =5.860 71169
103 0.34E¢04 -€.160 Y1144,
. . 1cs 0s35E¢Ch ~64440 11204
RN T T R M T X3 64120 1091,
196 0435€¢04 -7.000 1075.
1c7 0.35§¢C4 -7.280 T " 1055. - J
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C.4 DROG Program

The DROG program was run in_interactive *IF made of fortran

and thus the output from this program was not in hard cbpy. - The

program is presented below.

75

800

76

11

19

999

nannnnannann

THIS PBOG?QB IS5 USED TO C&LCULET” THZ IEHE“SLOH

" THE ELECTRODE DURING BLECTROSLAG WELDING,IP TI®
'FOLLOWING PARANETERS ARE Kuovn- ‘
. VOLTAGE .
AHDPERAGE _
OYEZALL RESISTANCE [V/I)
SLAG BESISTIVITY (RHO) -
RADIUS OF THE ELECTRODE (RAD)
REO=0.151
‘RAD=.238

- READ({5,800,END= 999) R DELR

PORHAT (2710. 5) -

H=0

E=¥+1

DP=RHO/ (6.283*XL**2)* {1.~ALOG {2. *XL/BAD))
P=RHO/ (6. 283*XL)*ALOG(2 #XL/RAD) R
X1=XL-P/DP

PX=X1-XL

IP{ABS[DX/X %) .LT.0. 01) GO TO 10
I?(¥.G6T.50) GO TO 11

XL=X1 '

‘GO TO 1

WRITE(5,2) XL,¥,R , _
PORNAT(1%,"IEABRSION IN CH. EQUALS',/F10.5,/,7%',/13,

ALY, 'RESISTANCE=", 3X,F10.5)

GO TU 19

WRETEZ (5, 3)

PORMAT (1X,*TO0 MANY ITERATIONS')
R=R+DTLR .
IF{2.GT--03) GO TO 999

GO TO 76

STI?

~ END
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. This data (i.e,,‘immersion) was used Lo caleulate the reiative
positions of the three heat sources and thercfore became 1nput data-
for THEORY. It could ea51ly be incorporated in THEORY and be run

simultaneously as a single program.

C.3 Computer-Output Considerations

_The computer generated. data could have beee used to generate
cooling curves .and then these curves‘ceuld be plotted ever a:stored'
. CCT cefve and.then the.combined plots eeuld haﬁe been.used to predict
the resultant expected microstructures; A major problem ardse_because
there are few, if any, CCT curves availabie for the range.of grain
_sizes.observed. The cooling times.for various tempefaﬁure renges:'

for experiment PO5 and two positions from the weld counterline are

shown:
Temperature . Time - ‘Time
Range ‘ (2 cm) (4 cm)
900 - 500 1000 sec. 1000 sec;
700 - 500 700 sec. - 680 sec.
700'— 606 | 360 eec.' 280Vsec;
800 - 500 820 sec. 860 sec.

lThe cooling rates are not signifieantly different for the SOQ—SOOO_C
cooling time eﬁd are applicable to a curve‘tﬁat ie shifted far to

the fight. Thes it would be expected that the.franefermation'weuld
not be affec;ed as greatly for these slow cooling rates.'-Eveﬁ though

CCT curves are not available for the large grain sizes obtained in ESW,
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the grain size effect on hardenability is ébvioqsly minimized.'_It
should'Be noted that in the HAZ adjacent to the fusion_boundaf&ia
‘bainitic sﬁructure was observea (aléd éome retained‘austenitg and some
. martensite) and thus-the éﬁrve was shiffed very far to tﬂe rightlfor

large grain sizes. -



ELECTROSLAG WELDING ‘
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-l HAZ :"— —=  l—Penetration . . ' Weldment - H ‘
i i b H Plafe H
! ' Thickness
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SECTION IN PLANE OF PLATE ASECT‘O_N‘ PERPENDICULAR TO .

PLANE OF PLATE

_ Figurev 1 Schematic representations of Consumable Guide Elecrtrosiag Wélding (CCESW)
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Increasing Controller
Setting

Voltage —+

Amperage ——

Figure 2  Schematic flat welding characteristic
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Jemperatuze, ¢

S eme, men ‘-

_ Thermal cycles in welding with covered éle'ctrodes,
by submerged arc, and electroslag welding: 1—Heating;
ll—maximum temperature; lll—cooling '

Figure 3 Schematic comparison of thermal cycles; a,'covered electrodes;
: b, submerged arc; ¢, ESW (Ref.6) '

Relative Deposition
Rates For Welding
(Ref 13)
Electroslag r : j V 1 '
3 Electrode
Electroslag ' —
2 Electrode B
EleCfrOS‘Og ——
| Electrode |
Submerged —
Arc (I Arc)
Flux Cored —
Monua!l "4" —
- E7024
' | 1 1
O 50 100 150
Deposition Rate (Ib./hr)

Figure 4 Relative deposition rates for various welding processés (Ref.13)
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Elect

—X— Arc welding

roslag welding

i
!
i
!
i
T
i
t
i

(2)
rec
N g
z,
1000 HRVA Ve
800 \\A
TN
600 |— z HIWH
" ; ‘? v -
Sioffy 0/ \
wol— I

200

- (b)

Figure 5

N

S 26,50

a—Distance from fusion line

Thermal cycle:

12 ]ﬁ

20 24

2 . .
28 Time, mimn

(a) arc and electroslag welding of steel, 100 mm
thick, using one electrode; (b) electroslag welding of steel, 100 mm thick,

using two electrodes (solxd lines), and electroslag weldmg of same steel using
a[ﬂMeekdmﬁe(dmmdluwg

Thermal cycles for welding conditions. in Table 2

(Ref.1 .‘)
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2 /X . N\ 50 20mm.
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E- o X v olo~0-n ~a
g o/x/- v D/f/_a‘ - o
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X v 00
/ Yy D
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-20 O
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‘Distance of Thermocouple From g
Slag Surface {(mm) -

Figure 6 Thermal cycles from Mel-bard - (Ref. 15).

Temperature, °C

1

2000} _ . _ © Case |
1900} @/ x—2 “w
x
1800} /
1600} o
n

ISOO 1 1 [ ]

0] 10 20 30 40

Figure 7 Slag temperatures from Mel'bard .(Ref. 15)

Distance (mm.) From Sl.og Surface
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ng K " Fusion line IA ld'}d ]
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DISTANCE FROM FUSION 'UNE,in.

Charpy V-notch impact test results for different regions ()f “eld .

and HA/ at -

~ Figure 8

C10°C.

Chafpy impact traverse values for ESW from Woodley et al
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s = T I, !
///)///,
g™ — 1
c
e— T — 1
|
lem E
—t
DCSP 1,= 245 Amps . DCRP 1,=45 Amps
lg= 23 Amps lg=85 Amps
le= 72 Amps lc=210 Amps
ITO,°|=34O Amps : I‘Tm'= 340 Amps
Voltage = 4-8 Volts
Slag Depth = 50 mm.
Root Gap =25 mm.
Vy=2-9 cm.sec]' : V=33 cm.sec.’

Figure 9 DCRP and DCSP immersion and electrical distribution (Ref. 53) _
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Figure 11
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S | B T T 7
O — 43 Volts o S
25 B —36 Volts -~ - 7
A— 30 Volts. :
20+ : : .
|'5-. . @/O : T
. - ey
To]= / 8- .
5h / A .
: Q///'Zf’—_ A
O A 1 1

200 300 400 500 600 700 800
Amperoge —

Penetracion versvr amperage for various voltages

Penetrotion {mm.)

— — N N
Q. - O» O 9}

&)

B} L 1 ¥ Ll ] Ll
A—30 mm. Slag Depth - _
- ©8—50 mm. Slag Depth T
— /.A—\A\

. 200 300 400 500 600 7OO 8OO

Amperage —

Penetration versus amperage for two slag depths

(Ref. 54)

(Ref. 54)
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! L ¢ ¥

o O-—Slog I 380 SiO 264 Mn0O |01Ca0} " . !
12k 4-8 FeO . -
A-Slag T 6403!02 36:0 Mg0
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> | _ ' /. i
- 5 / / .
Sc 8 /)
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> [0} A
2 o/ £
A( o .

1000 1400 |800 2200
Temperature (°C) —»
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c 20F o ' o -
o . S
5 st o i
® /
a IO"_ / -
Y
5 8/ . -
1 | 1 1
200 400 . 600 = 800

Amperage =

Figure 12  Penetration versus amperage for slags of differeﬁt conductivﬁy
(Ref., 54) :
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Figure 76 Inclusions in DCRP ( %3000 X magnification)

Figure 77  Inclusions in DCSP ( 3000 X magnification)
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b, 0.55mm into HAZ4200X
Figure 80 Fractograph of Charpy fracture surface (P21)
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Figure 81 Fractograph of Charpy fracture surface 3.0mm into HAZ (P21)
(47 200X)

Figure 82  Fractograph of Charpy fracture surface in weld zone showing
ductility and inclusions (P22) (a/1000X)



Figure 83
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Fractograph of Charpy failure
surface (P22) (41000X)



Figure 84

Fractograph of Charpy fracture surface in spheroidized zone (P22)
(#7200X).
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Fractograph of Charpy fracture surface (P23) @/ 200X)
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c. 1.5mm into HAZ from F.B.
Figure 85 Fractograph of Charpy fracture surface (P23) (&2200X)
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Figure 86  Fractograph of Charpy surface 1.5mm into HAZ from F.B.
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Figure 92 Thermal profile for E2.
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Electrical distribution in AC




Figure 102

Figure 104

Shunt set-up for P23S, AC




Figure 105

Typical
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horizontal and vertical sections of a pGESW weld,
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Figure 106 Penetration shape with bar electrodes in the DCRP mode.
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Figure 107 Macroetched longitudinal section of a weld produced during
unstable welding conditions.
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Figure 108 Macroetched longitudinal section of a weld produced during
stable welding conditions.
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Figure 109 Typical electroslag weld surface.



Figure 110 Electroslag surface for DCRP and AC.
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Weld run-out.
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Figure 112
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Figure 115 Amperage versus apparent resistance for Canron welds.



800 v r T
Canron Welds S
Arcos PF20! Slag o K
750 . 4
i DCRP : _ /
200k 3-8lcm. Slag Depth A A i
650 4
[
o
"~ 2 800F b

QO

o. .

E ssop ]
500+ 1
4501 .
400 e t L 1. : !

4 5- 6 7, 8 9
Wire Velocity (cm.sec” ') —

Figure 116 Amperage as a function of wire velocity.

¥ T T ¥ - 1 ]
(o] .
09k v Conron Welds J
- Arcos PF20! Slag
g (¢) . 3-8l cm. Slag Depth _
S
< -o8} -
3 | N |
c . .. [o)
-0 . . .
» \O\ .
e o7k \\\0 o
€ ' Q '
o
(=)
- , o
< .06} _ o o\ i
‘ o)
AN
-05 L hd 1 1 1 ) 1
4 .5 6 7 - 8 9
Wire Velocity (cm.sec™') —

Figure 117 Apparent resistance as a function of wire velocity
T for Canron welds. ' '



- L4090 T

5 : . . :
l Canron Welds : |
® Arcos PF20I Slag T
' ‘ 3-8l cm. Slag Depth oo
- (5] -
; 4 o
'S |
o i
.0 ®
e 3 -
@
2
5 \
(2
% 2 L \@ -
= ' '
| b _ ® .
_'\ea
O 1 ‘ 1 1 1

O - I 2 3 4 5
Energy Per Gm. of Metal
Deposited
_ - (kcal.gm™) e .
.Figyre 118 Energy per gram of metal deposit for_gﬁgggg,welds.:_;_
- [] T . ¥ ) [ [] ) § ]
A ' - |  oRefls
.60 _ . O Ref. 18 .
O Ref. 52
- & Ref 2
_ 3 . - o Ref 35 1
50k | I _ S aRef 23 -
a8y - ORef.4
a Cf _ : @%_ |
40 _. S AP ‘ N
—————— present
'30_ research N
| 1

1 1 1 ] 1 1 v
O} 200 400 600 800 1000 1200 1400 1600
- Amperage — |

Figure 119 Literature cited voltage—amperage characteristics

s



= 249 -

900

T

800

700 .

Amperage

500}

400

300f

600}

——-—— Present Research -~

O Ref.6 DCRP
o Ref. 52 DCRP
© Ref52 DCSP

A Ret23 Ac R
S
’/ . -
Y4 '
~
\\A .
A .
/O’ D/D
- ]
8]
o

Figure 120 Literature cited amperage-welding rate relationships.

Ay A |

[ 1 1 1 1
-0I0 0I5 -020 025 ‘030 ‘035 040 045

Welding Rate (cm.sec™)—




14 .l T~ T ¥ ' T : T T T
© Ref. 52 DCRP
O Ref 52 DCSP

O Ref.i6 DCRP
A Ref 2

© @ Ref 23, AC
' Ref. 4, Industriol

N o
1 H 1
o—"0 ot
-] .
/ |
2 1

o
5/

o

Apparent Resistance
6 & & o .
3 9 8
T T T

—
[/;/ D
o o
L]
]
> >
1 1

/
/
|

\
04f ' .
03} i
02} _
Ol 1 1 1 1 | 1 1
-0l 02 -03 ‘04 05 06 07 08 -Q9

Welding .Velocity (cm.sec.™)—

Figure 121 Literature cited apparent resistance dependence on welding
velocity, ‘ R : E e




- 251 -

st . ARetis
. x Ref 52 DCRP
O Ref52 DCSP

! @ Ref 2
2L I B Ref 35
A Ref 4
T -~ Present - Research
. _
6 © \
_ \ A
B
Y

Melt Rate (gm.sec.”™)

‘X \\ . g
Al . '
2r i T
Ve \ Y zﬁ\g\A
X ;p?g( RA
| X \\OO\\ ~\
\\
. 1 1 | |. | | 1
C)O _ | 2 3 4 5
Energy Per Gm. of Metal Deposa'red——

(Kcal.gm?™) -

Figure 122 Literature cited energy requirements.




| ) ¥ H T
10 o0 -
g 09 ﬁ o -
£ .
°
@ 08 .
c
o
o 07TF -
.0 :
iz
06... =
‘05 -
‘04 £ 1 L » i 1
I 2 ‘ 3

“Immersion (cm.) —

" Figure 123  Electrode immersion versus apparent slag resistance.-

—_ .4 v T T T T T —T T T T 1 T
g DCRP :
= 3 . Cylinders _ .
o O~ .
g oL F 9.9\ - o
£ ) . : . L .
E - 0\- . .
] e L E e  rm—
DCSP
5+ Cylinders ]
& a4} | | -
s 8
o 3 0%
Y 9 '
g o o
= 2r ® -
%v////; |
I - . . . -
1 i I | 1 1 4 1 1 ' !
90 100 IO 120 130 140 150 (60 170 180 190 200 210

-1
Kcal. cm.

Figure 124 Electrode immersion versus energy input.




~ 253 -

: 14 [ ! T ¥ . T T 1 |
' : DCsP
‘4 _ : Cylinders T
s L ' o

B 2r . . —4
c
Q
a

I = -

0 et
5k ‘ DCRP -
' Cylinders

e -
°

= _
)
c
QU

& -

® ) ]

\

1 1 ] 1 1 1 | 1

0] .
100 110 120 130 140 150 160 170 180

Kcal.cm™

Figure 125 Penetratien versus energy input

190

200 210




- 254 -

] I T T 1 I !

DCRP

05k Cylinders
foar | /@\\\f
-g O3r- /® ®\
2
© o2} //
O+ ° ®
0 1 1 1 i L1 1

3 4 5 6 7 8 9
: ‘Slag Depth (cm.)

05

504r '_///9\\\\
_ _
= o
o r
E 02 k
& 3
Ol o o
oL ) I L R
oF | - 2 3 4 5 6 7

Interelectrode Gap (cm.)

Figure 126 Penetration versus slag depth.




- 255 -

T
H

1200 R T
: : Pen.
X DCRP N°li0  -079
O DCSP N°8 -Q00

1100 A AC  N°14 238 |

1000

{e/

O

O
T

@

O

O
T

Temperdfure, °oC

600

T

500

4001

N
O
(@)
1
| _ReotGop

L 1

Distance From Weld Centerline (cm)—

\

Figﬁre 127  Temperature profile across weld secfions




- 256 -

T T T B [ T ¥ ]
0O DCRP
X DCSP
O AC
3 v -
S SN
o SRV o
o 2 \ N - , _
E D
= \ N
E ] N |
. No
- @\ _ & ) _
0] 1 1 1 ! 1 L L
‘04 05 -06 -O? 08 09 10 Il 12 13
o - R=V/I .
Figure 128 Immersion as a funétion'qf apparent resisfance,
800 u' ¥ T 1
\ C.GESW -
X% I 174" A36 Plates
] \ B 042 Wire
700 N 'x DCRP 1
' O AC
X1 a
S 600 4 |
) !
a A
£ :
<< o
_ @ |
500 O ‘() o
()
400 i l. i i
‘04 -06 08 - -0

Figure 129 Amperage

Resistance (ohms) —

as a function of apparent resistance




- 257 -

[ . et e e O
| - ELECTRODE -~ 7T : : "l
' -— t
t N\t '
: + - - - - // \ : , s
: ' \\ \\‘8 2 !
: ¢ . e / /ﬂ" . g - IIOcm/secg
¢ 5 :
. [
3 ~ \\' \ g
- - ~— =
RN VIEaN
| VT S
% | ~ 2
TNV
& > e
3 —— £
O AN NN
- - —_— . e
Foe - :. ..\. ..\’_._}_. N *.._,_‘;Sfog—meml
s e et e e e . e e s oa interface
e P
[, R WL ST [
o} 4 8 12 16 20 24 28 .32 35

Radial distance (cm) : :

The computed velocity field in an industrial»scale:
ESR system - - '

Figure 130 Theoretical slag flow pattern from
' Dilawari (75)




_ 258'_

Figure 131 Typical bar electrode tips
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